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Renal Physiology

A New CJASN Series: Renal Physiology for the Clinician

Mark L. Zeidel,* Melanie P. Hoenig,* and Paul M. Palevsky†

Clin J Am Soc Nephrol 9: 1271, 2014. doi: 10.2215/CJN.10191012

Introduction
With this issue, CJASN begins a new series of review
articles designed to reconnect clinical nephrologists and
trainees with the fundamentals of renal physiology and
pathophysiology. For many of us, our initial interest in
nephrology was the result of fascination with clinical
fluid and electrolyte disturbances and fascination with
the intricate underlying pathophysiologic mechanisms.
However, in modern nephrology practice and training,
several factors reduce the familiarity of practitioners and
fellows with the fundamentals of renal physiology that
initially piqued their interest. Increasingly, nephrology
consultation in hospitals focuses on the management of
AKI or the inpatient management of patients with CKD
and ESRD, with fewer consults for electrolyte and acid–
base disturbances. Moreover, the intensity of inpatient
practice and outpatient care of CKD and ESRD patients
often makes it difficult to focus on physiologic mecha-
nisms, even when nephrologists are called on to help
manage electrolyte and acid–base disorders. Finally,
modern research training of renal fellows does not
lend itself to the development of an in-depth under-
standing of renal physiology. In earlier eras, renal fel-
lows were likely to perform research involving isolated
perfused tubules, micropuncture, or other model sys-
tems, which emphasized renal physiology. In the current
era, there is a greater emphasis on clinically oriented
research and a decreased emphasis on basic physiology.
Those nephrologists who embark on basic research often
focus intently on detailed molecular pathways or genetic
studies, which do not emphasize the systems physiology
of renal homeostasis (1).

The renal community has made several efforts to
reconnect clinicians and trainees with physiology.
These efforts included the “Milestones in Nephrol-
ogy” series, which ran from 1997 to 2001 in the Jour-
nal of the American Society of Nephrology, didactic and
scientific sessions at every one of our national and
international meetings, and for renal fellows, the Na-
tional Course for Renal Fellows: The Origins of Renal

Physiology, which is held annually at the Mount Des-
ert Island Biologic Laboratories, near Acadia National
Park in Maine (1).
With this series, we seek to answer the question

posed originally by Claude Bernard in the mid 1800s
(2): “How does the kidney maintain the constancy of
the internal milieu?” How does the kidney maintain
constant serum osmolality, potassium, pH, calcium,
and overall volume in the face of constant environ-
mental challenges? We have invited a truly distin-
guished group of renal physiologists to address this
overall question, starting with review articles on the
control of glomerular filtration and segment by seg-
ment tubular function, and ending with articles de-
scribing the integrative function of the kidney in
achieving homeostasis. The reviews will be brief but
comprehensive, and, therefore, they will be accessible
to practicing nephrologists, clinician educators, and
trainees, but of sufficient heft to provide a focused
review for renal physiologists. To enhance clarity,
we will try to use a single visual vocabulary for dia-
grams of tubules and glomerular cells to make sure
that the illustrations are consistent across the different
review articles in the series. We hope that these re-
views will be helpful to practitioners and trainees and
useful as they teach physiology to the next generation
of residents and medical students.
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Renal Physiology

Homeostasis, the Milieu Intérieur, and the Wisdom of
the Nephron

Melanie P. Hoenig and Mark L. Zeidel

Abstract
The concept of homeostasis has been inextricably linked to the function of the kidneys for more than a century
when it was recognized that the kidneys had the ability to maintain the “internal milieu” and allow organisms the
“physiologic freedom” to move into varying environments and take in varying diets and fluids. Early ingenious,
albeit rudimentary, experiments unlocked a wealth of secrets on the mechanisms involved in the formation of
urine and renal handling of the gamut of electrolytes, as well as that of water, acid, and protein. Recent scientific
advances have confirmed these prescient postulates such that the modern clinician is the beneficiary of a rich
understanding of the nephron and the kidney’s critical role in homeostasis down to the molecular level. This
review summarizes those early achievements and provides a framework and introduction for the new CJASN
series on renal physiology.

Clin J Am Soc Nephrol 9: 1272–1281, 2014. doi: 10.2215/CJN.08860813

Introduction
Critical advances in our understanding of renal phys-
iology are unfolding at a rapid pace. Yet, remarkably,
the lessons learned from early crude measurements and
careful study still hold true; indeed, classic articles still
serve as the basis for introductory textbooks on renal
physiology and provide a solid working knowledge to
clinicians. Drawings with just a handful of transporters
at each nephron segment, known for more than half
a century, are sufficient to understand basic mecha-
nisms of autoregulation, clearance, and the effects of
diuretics—the tools needed to care for patients. Yet we
clinicians also benefit from a treasure trove of subse-
quent scientific advances, which have given us a de-
tailed and comprehensive understanding of how the
kidney maintains stable body chemistries and volume
balance.

The layers of complexity and the mysteries that
continue to unravel make it difficult to stay abreast
of current research. Still, the modern nephrologist is
in good company. In 1959, a medical student wrote
to Homer Smith, the uncontested patriarch of modern
nephrology at the time, to inquire about his recti-
linear depiction of the nephron (Figure 1) and why
he failed to mention the counter current theory in
his famous 1956 textbook, the Principles of Renal
Physiology (1,2). Indeed, the structure of the loop
of Henle had been well known since the mid-
1800s, but the importance of that eponymous struc-
ture, the gradient that it generated, and its role in
the final product urine was only just elucidated at
the time of the student’s correspondence. Before
this, Homer Smith felt that the hairpin turn was
just a vestige of embryology. This student’s mis-
sive was a curiosity, rather than a criticism. Care-
fully framed questions have always served to

advance our understanding. In this overview, we
will describe, all too briefly, the ingenious methods
used by early investigators and the secrets they
unlocked to help create the in-depth understanding
of renal physiology and pathophysiology that we
enjoy today. Additional details will follow in the
new CJASN series of review articles on the physiology
of the kidney.

The Milieu Intérieur and the Kidney’s Essential
Role
In the early 1800s, Darwin’s Theory of Evolution

combined with the recognition that the body chemis-
tries of many disparate species were remarkably
similar led Claude Bernard to develop his theory
of the Milieu Intérieur: “The constancy of the inter-
nal environment is the condition of a free and in-
dependent existence” (3). By this, he meant that the
ability of our ancestor organisms to leave the oceans
required that they develop the ability to “carry the
ocean with them” in the form of an internal ocean,
bathing their cells constantly in fluids that resemble
the very seas from which they evolved. This concept,
although reminiscent of the notion of bodily humors
(4,5), marked an enormous advance because Bernard
described both the features of bodily fluids and the
need to maintain that internal milieu. Maintenance of
the internal milieu was first called the “wisdom of
the body” by Starling (6), who recognized that or-
ganisms must maintain the constancy of this internal
ocean despite great fluctuations in diet, fluid intake,
and other environmental conditions. The term homeo-
stasis was later coined by behaviorist Walter Cannon
to describe the physiologic processes that, in ag-
gregate, maintain the constancy of the internal
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chemistries, as well as BP, body temperature, and energy
balance (7).
The earliest insights into renal physiology came from the

assiduous study of anatomy because, to a large degree, renal
function follows structure. Meticulous drawings and histo-
logic study of the animal and human kidney from William
Bowman (8,9), Jacob Henle (10), and others, complete with
capsule, capillaries, and convoluted tubules were available
in Bernard’s time, yet the mechanisms for the formation of
urine and the kidney’s role in homeostasis were not em-
braced until the next century. Until the 1920s, a debate raged
on the mechanism of urine formation. Some researchers
championed a filtration doctrine and others ascribed secre-
tory power to both the glomerulus and tubules (11,12). The
secretory theory was more popular, however, because the
sheer volume of blood that would first need to be filtered
and then reabsorbed by the kidney was enormous. Homer
Smith noted that the filter-reabsorption strategy “seemed
extravagant and physiologically complicated” (2).

Early Investigations Form the Framework
An interest in comparative physiology and the advent of

the marine biologic laboratories that studded the Atlantic
coast at the turn of the century helped frame an early
understanding of the kidney and its role in evolution.
Remarkably, increasingly complex fish with salty interiors
adapted to fresh water, whereas amphibians rose from the
sea to face the challenges mandated by scarce water. In his
famed opus, Smith summarized the observations to date
and waxed poetic (and philosophic), declaring, “Superfi-
cially, it might be said that the function of the kidneys is to
make urine; but in a more considered view, one can say
that the kidneys make the stuff of philosophy itself” (13).
This impression, the sense of wonder at the intricate deal-
ings of the kidney, permeates the scientific writings from
that time to this day.

Studies performed in frogs, rabbits, and dogs in the early
1900s showed that the constituents of blood and urine
differed because urine contained urea, potassium, and
sodium salts, whereas blood contains protein, glucose, and
very little urea. Furthermore, balance studies suggested
that the volume and constituents of urine changed depend-
ing on changing intake or experimental infusions. In his
“The Secretion of Urine” monograph published in 1917,
Cushny summarized the available literature to date and
described the brisk diuresis that followed sodium chloride
infusions. He also reported findings that showed that the
kidney produced acid urine in humans and the carnivora,
whereas the herbivora had alkaline urine unless fed a pro-
tein diet (14). Despite this careful review and his presen-
tation of the “modern view” that acknowledged that both
filtration and secretion could exist, Cushny struggled with
the data and felt that the theories were “diametrically op-
posed” because secretion and reabsorption would result in
opposing currents along the renal epithelium. Clearly,
methods were needed that could allow direct measure-
ment of the filtrate and its modification along the nephron.
When Wearn and Richards introduced the micropunc-

ture technique to the study of the kidney (first in amphibia,
which had large renal structures amenable to manipula-
tion), the debate on the formation of urine was resolved
(11,15). By sampling the fluid elaborated from the glomer-
ular capsule of a frog, the team demonstrated a protein-
free filtrate that was otherwise similar to blood. By contrast,
the frog bladder urine had a different composition from
the blood and was free of glucose. These findings, in light
of earlier data, supported the notion that urine is formed
by glomerular filtration, and the urine is then modified in
the tubules, by a combination of reabsorption and secre-
tion. Subsequent studies by Walker and others inserted oil
“plugs” or “blocks” in various segments of the nephron
and distal to the sampling pipette so that the investigators
could avoid contamination but still study urine from

Figure 1. | Study of the kidney requires consideration of both the role of each segment and the three-dimensional architecture. (A) Homer
Smith’s rectilinear nephron mimics the straight trajectory of the fish nephron. (B) The human nephron is more intricate; the distal nephron greets its
own glomerulus before it returns to the environs established by the loop of Henle. TX, treatment. A is modified from reference 1, with permission.
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different segments of the nephron and, therefore, charac-
terize each segment’s function, the ions absorbed, and the
osmolarity of the fluid (16). These investigators then de-
veloped the “stop flow” technique in which they
placed a pipette distal to the oil droplet, infused fluid
into that segment, and then sampled the fluid at the end
of that segment to determine how the fluid had been
altered (Figure 2A) (17).
This meticulous work was confirmed in mammals by

extension of the micropuncture technique to rat and guinea
pig kidneys (Figure 2B). However, despite the ingenious
use of oil blocks to prevent upstream tubular fluid from
reaching downstream segments and then substituting ar-
tificial perfusates, micropuncture studies did not permit
control of the composition of fluids on both sides of the
tubular epithelium. This limitation was remedied after
World War II, when Hans Ussing developed his famed
chamber methods (Figure 3). With this strategy, transport
across isolated epithelia could be studied quantitatively by
systematically altering the ionic composition and voltages

of the solutions on either side of the epithelium (18). Care-
ful transport studies using model epithelia from nonmam-
mals, including the toad bladder, the turtle bladder, and
the flounder bladder, which anatomically and functionally
model collecting duct principal cells, collecting duct inter-
calated cells, and distal tubule cells, respectively, gave
important insights into transport mechanisms in these
segments. In the late 1960s, Burg and colleagues devel-
oped methods for isolating and perfusing individual
mammalian nephron segments, first from rabbits and
then from mice. These preparations, along with the ability
to measure minute quantities of ions and volumes from
these tubules with ion-specific electrodes, including the
picapnotherm (which measures minute quantities of carbon
dioxide), permitted investigators to examine in detail the
mechanisms, driving forces, and regulation of transport
across individual nephron segments (19). With painstaking
effort, investigators dissected tubules, perfused the segment
with fluid of specific ion concentrations, and collected the
“waste” fluid from the other end of the segment (Figure 4).

Figure 2. | Micropunctureand“stopflow”techniqueswereused tohelpdefine the roleof eachsegmentof thenephron. (A)Theproximal tubule from
the kidney of the aquatic salamander is illustrated here. A micropipette removes the filtrate at a point just proximal to a “plug” of mineral oil. To de-
termine the role of the tubule in handling of individual constituents (reabsorption, secretion, or diffusion), fluidwas injected into the tubule at different
locations and then collected distally. This “artificial” fluid could be altered to differ from the normal filtrate by one ormore constituents. (B) A sketch of
a camara lucida drawing of a guinea pig nephron after microdissection (these drawings were created with the aid of a light projector because pho-
tomicrographs were not readily available at the time). Oil or mercury blocks could be inserted at various points along the nephron and fluid from the
lumen could be collected and studied. A is modified from reference 17, with permission; B is modified from reference 16, with permission.
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This arrangement allowed investigation of individual
segments of the nephron to better characterize the features
of transport, electrochemical gradients, coupling with other
ions, active versus passive transport, the threshold for reab-
sorption, and the permeability to water (1). The resulting
flurry of studies, spanning nearly 2 decades, defined the
phenomenology and regulation of transport, and identified,
at least functionally, the transporter proteins responsible for
homeostasis (20).
Meanwhile, in the clinical realm, the flame photometer

became available in the late 1940s and this innovation made it
possible to measure more than a dozen samples of blood for
both sodium and potassium in under an hour. Before this
time, electrolyte measurements were onerous and involved
both chemical extractions and precipitations (21). Studies of
electrolytes and the metabolic derangements were now pos-
sible; when this process was linked to an autoanalyzer that
also provided chloride and total CO2, interest in acid-base
disorders soared and the concept of “Gamblegrams” flour-
ished (22). Dr. Gamble, a disciple of Henderson, studied a
range of different insults from gastrointestinal losses to ad-
vanced CKD and their effect on electrolytes, and described
the kidney as the “remarkable organ of regulation, the kidney
sustains the chemical structure of extracellular fluid” (23).
Later, availability of the automatic analyzers also spurred a

large literature using metabolic balance studies to character-
ize everything from bed rest orwater immersion to the effects

of pharmacologic agents like chlorothiazide (24,25). In these
detailed studies, investigators characterized vital signs,
weight, intake, excretion, electrolytes, clearance, plasma vol-
ume, and hormonal levels. These data helped solidify the
concepts of the steady state in homeostasis (26).
The stage was now set to identify specific renal trans-

porters, describe how they function, and characterize how
they are regulated. The remarkable reabsorptive task of the
nephron tubules requires energy and active transport. It
was not long after Nobel laureate Jens Skou’s 1957 discov-
ery of the Na-K-ATPase in crab nerve microsomes (27,28)
that this critical transporter was identified in the kidney.
Because of its abundance, the enzyme was identified in
crude homogenates of the renal cortex and medulla and
Na-K-ATPase activity was later measured in individual
segments of the nephron. The highest activity was in the
thick ascending limb and distal convoluted tubule (DCT)
and considerable activity was also observed in the proxi-
mal tubule. Further study helped identify the polarity of
the renal epithelial cells with the Na-K-ATPase at the baso-
lateral membrane. This finding helped solidify the concept
that energy generated from this housekeeping enzyme,
which maintains the normal cellular ion concentration, is
harnessed by the kidney to reabsorb the bulk of the filtered
sodium along with a host of other substances (29).
With a map in place for the role of each segment of the

nephron and a solid understanding of factors that influence

Figure 3. | TheUssingChamber can be used tomeasure ion transport between the two sides of an epithelial cellmembrane by polarized cells.
Here, a monolayer of epithelial cells separates two compartments. Fluid in the two compartments is identical to eliminate the contribution of
passive paracellular diffusion driven by differences in concentration, osmotic pressure, or hydrostatic pressure. Voltage electrodes placed near
the epithelial membrane maintain the potential difference at zero so that the current measured by the current electrodes reflects the movement
of ions by active transport through the epithelial cells.
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the actions in those segments, research efforts by a multitude
of investigators have set out to characterize the wide array
of transporters in the nephron, their molecular structure,
their distribution in the nephron, and their role in normal
physiology and disease. This effort has been aided by
sophisticated and rapidly evolving techniques with PCR,
cloning and amplification of cDNAs, and expression in
Xenopus oocytes, knockout mice, genome-wide association
studies, and other models.

The Ultrastructure of the Glomerulus, the Concept of
Clearance, and Autoregulation
Once the debate on the formation of urine was settled

and it was clear that urine was formed by filtration,
reabsorption, and secretion, mysteries of the elegant filtra-
tion design were explored and the concept of clearance was
developed. Use of scanning electron microscopy allowed
researchers to appreciate the three-dimensional structure of
the cells and the ingenious design of the glomerulus.
Podocytes were visualized extending their primary, sec-
ondary, and tertiary projections to interdigitate with neigh-
boring “feet” and form the filtration slit diaphragm.
Meanwhile, within the capillary bed, the delicate fenes-
trated endothelium drapes the basement membrane. A
series of investigations into the dynamics of glomerular
ultrafiltration, first in a unique strain of Wistar rats with
surface glomeruli and later in primates, helped define
factors that create the net driving force for filtration
and provided the mathematical framework for our current
understanding of these forces (30). In addition, studies on
the permselectivity of the glomerular capillary wall using
ferritin molecules of various sizes that were neutral, anionic,
or cationic revealed that particles were restricted based on
both charge and size; this explained the limited clearance of
albumin at 39 A°, which is smaller than the 42 A° pores
observed in the glomerular endothelial cell (31).
More recently, new techniques have helped further

characterize these observations. For example, models of
nephron development, such as the zebrafish, transparent
and rapidly growing fish with a single pair of nephrons,
have been indispensable to determining the effects of single
defects on kidney function and development (32). Myriad

proteins that form the filtration slit diaphragm are charac-
terized and defects in several of these proteins can predict-
ably cause the nephrotic syndrome. Details of the complex
meshwork of the basement membrane, a joint effort by the
endothelial and epithelial cells, can result in thin basement
membrane disease or hereditary syndromes, such as Alport
syndrome. The elixir, vascular endothelial growth factor, ap-
pears to support the endothelium; when it is compromised,
endothelial cells cannot sustain the regular challenges re-
quired to support normal structure and function of this
unique capillary bed and, thus, thrombosis and endothelial
injury can occur. In addition, direct micropuncture of glo-
meruli allowed a detailed description of normal glomerular
hemodynamics and identified the derangements in glomer-
ular function that occur with disease. Application of glo-
merular micropuncture in animals with glomerular
damage caused by hypertension, diabetes, or loss of renal
mass led directly to current therapies, including dietary
protein restriction and use of angiotensin-converting
enzyme inhibition.
The role of the glomerulus in “clearance” has provoked

significant inquiry as well. Early clinical investigators ex-
plored the clearance of urea and creatinine after ingestion
or determined the clearance with the infusion equilibrium
methods, first with inulin and later with a host of radio-
active markers, such as 125I-iothalamate. When it became
possible to measure the low concentrations of creatinine in
serum, use of endogenous creatinine to calculate and later
estimate clearance became possible. The pitfalls of this
strategy (e.g., contribution from secretion, variability based
on muscle mass, and the changes in serum levels related to
diet and volume status, all of which make it less precise
than the measured GFR) are more than balanced by the
convenience (33).
It was soon evident that massive daily glomerular

filtration could translate into life-threatening losses if there
were no mechanisms in place to limit them in the event of
low perfusion. Some researchers heralded these strategies
as “acute renal success” (34); however, further study of the
integrated response that maintains the GFR over a wide
range of perfusion pressures provided an understanding
of the roles of the juxtaglomerular apparatus in autoregu-
lation and tubuloglomerular feedback (35).

Figure 4. | Study of isolated perfused tubular segments allowed study of each of the different nephron segments independently. (A) A
photomicrograph of a portion of a rabbit proximal convoluted tubule during perfusion. (B) A schematic diagram of the technique. One end of
the dissected tubule was connected to a micropipette, which was used to perfuse the lumen, and the other end was connected to a collection
micropipette. Both the luminal fluid and the peritubular fluid could be controlled to assess tubular transport characteristics. A is reprinted with
permission from Burg MB: Perfusion of isolated renal tubules. Yale J Biol Med 45: 321–326, 1972.
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Sodium and Water Homeostasis
Sodium, the major extracellular cation, plays a pivotal

role in the maintenance of extracellular fluid volume and
perfusion of vital organs and capillary beds. The kidney
has an elaborate array of sodium transporters throughout
the nephron (36). In the proximal tubule, it is linked to an
elegant mechanism to reabsorb the filtered bicarbonate
load by excreting H1 ions with the electroneutral antipor-
ters or Na1/H1 exchangers. Reabsorption of the ample
filtered sodium also plays an important role in the reab-
sorption of glucose, sulfate, phosphate, and several amino
acids. The remaining fraction of filtered sodium is reabsorb-
ed with unique transporters in each of the subsequent
nephron segments in which apical reabsorption of sodium
is rate limiting. These transporters include the furosemide-
sensitive channel in the loop of Henle, the thiazide-sensitive
sodium chloride cotransporter that is primarily in the DCT,
and the epithelial sodium channel transporter that is located
primarily in the collecting tubules (Figure 5).
Our understanding of the mechanisms of sodium trans-

port along the nephron comes from disparate sources. The
advent of sulfonamides, investigated initially as much-
needed antibiotics after World War II, were promptly
recognized for their saluretic effects and soon revealed a
wealth of secrets regarding the transport of sodium
throughout the nephron (37). Genetic disorders also pro-
vided important clues. Endocrinologist Frederick Bartter
and others described a set of youths afflicted with growth
and mental retardation, muscle cramps, salt craving,

polyuria, and polydipsia. Bartter initially attributed his
eponymous syndrome to a state of aldosterone excess
with angiotensin resistance but when three-fourths adre-
nalectomy did not resolve the defect, he focused on the
loop of Henle. Subsequent contributions from physiolo-
gists helped distinguish this disorder from Gitelman’s syn-
drome and helped define the interplay of transporters in
the loop of Henle and the DCT. However, it was the stun-
ning characterizations by geneticists that helped identify
mutations in several genes; these discoveries explained the
subtle differences in the phenotype of these disorders and
will be carefully considered within this series (38,39)
An endocrinopathy was also the initial theory that Dr.

Liddle invoked to describe a family with early onset severe
hypertension and hypokalemia that was notable for sup-
pressed renin and aldosterone. As soon as the epithelial
sodium channel was characterized, investigators demon-
strated complete linkage in affected individuals with a
defect in this transporter that resulted in a constitutively
active sodium channel (40). Insights into the molecular bi-
ology, structure, function, and regulation of each of these
sodium transporters has clearly enriched our grasp of re-
nal physiology and complemented earlier predictions.
Hormonal and sympathetic nervous input can greatly

augment sodium reabsorption, particularly by angiotensin II
in the proximal tubule and aldosterone in the distal nephron,
whereas the effect of atrial natriuretic peptide in themedullary
collecting duct was found to be the opposite (41). Knowledge
of these transporters is critical to the understanding of the

Figure 5. | The unique transporters and cell structure of each segment of the nephron work in concert to maintain homeostasis. ENaC,
epithelial sodium channel; NKCC2, Na+-K+-2Cl cotransporter; ROMK, renal outer medullary potassium.
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clinical use of diuretics and the care of patients with a wide
variety of issues, from the patient with essential hypertension
to the complex patient with cirrhosis.
In the 1960s, Guyton proposed that all hypertension,

ultimately, is a result of the failure of the kidney to excrete
the excess of total body sodium with a normal pressure
natriuresis (42). Although this theory has been disputed
over the years, it is notable that monogenic defects that
lead to hypertension or hypotension are found exclusively
in genes that encode either renal transporter proteins or
proteins that regulate the function of renal transporter pro-
teins and ultimately renal sodium handling.
Despite mounting evidence on the importance of sodium

in the kidney’s role in homeostasis, investigators in the
1950s soon recognized that the measured serum sodium
correlated poorly with the total body sodium by compar-
ing these values in heterogeneous patients with a variety
of chronic conditions. Instead, the serum sodium corre-
lated well with the serum osmolality (particularly when
corrections were made for the osmotic contributions of
glucose and nonprotein nitrogen) (43). (Of note, the same
investigators also recognized that the Na21-K1/total body
water ratio correlated closely with “corrected” serum so-
dium and explained the importance for accounting of po-
tassium repletion during the treatment of hyponatremia.)
Maintenance of the plasma osmolality was noted to be
tightly regulated by both the release of vasopressin and
the kidneys’ response (44). This interplay between the two
is essential for water homeostasis, a critical factor in the
maintenance of cell volume. Although cells have devel-
oped strategies to deal with excess or insufficient water,
these volume regulatory changes require extrusion or in-
clusion of electrolytes, which alters the cellular interior
milieu and wreaks havoc on normal cellular function.
Later adaptations allow cells to return toward normalcy
but only within a small range. Water reabsorption requires
the ability to both establish an osmotic gradient in the
kidney and to reabsorb water from the urinary filtrate.
The kidney has an elegant strategy to concentrate or dilute
the urine by its response to vasopressin and the ability to
deploy aquaporins to the luminal membrane (45). At least
seven aquaporin isoforms are expressed in the kidney and
play important roles at different sites. In the proximal tu-
bule and thin descending limb, aquaporin 1 appears to
serve as the dominant gateway for water reabsorption,
whereas trafficking of aquaporin 2 along cytoskeletal ele-
ments in the collecting duct cells allows reabsorption of
water and urine concentration in the principal cells of
the collecting ducts (46). Detailed study of the molecular
structure and cell physiology of these transporters has al-
lowed insight into the rare genetic diseases that affect
aquaporins, such as congenital nephrogenic diabetes insipidus
and the common acquired defects related to lithium, cal-
cium, and even urinary obstruction. Similarly, study of the
vasopressin receptor has resulted in new strategies and
pharmacologic agents for the treatment of states of excess
antidiuretic hormone and polycystic kidney disease.

Acid-Base Homeostasis
Maintenance of pH is a critical activity of the kidney and

is essential for normal cellular function because the pH

dictates the charged state of proteins that affects confor-
mational shape, enzymatic activity, binding, and cellular
transport and, thus, allows proteins to perform essential
metabolic functions. Although some acid-base enthusiasts
enjoy consideration of the “strong ion difference” to rec-
oncile data, the normal kidney’s remarkable response to
subtle differences in pH or, more likely, intracellular CO2

does not take these differences into account. Although the
exact mechanisms used to sense pH are still not yet un-
derstood, it is well known that the kidney plays a domi-
nant role in the regulation of the acid-base balance (47).
Indeed, with acidosis, a complex intracellular cascade en-
sues, including activation of the electroneutral sodium-
coupled amino acid transporter for glutamine, an increase
in glutamine metabolism and ammoniagenesis, as well as
an increase in the expression of the sodium hydrogen anti-
porter (48,49). Additional orchestrated responses in the
distal nephron with the help of the machinery in the in-
tercalated cells and neighboring principal cells contribute
to the kidneys’ response to the challenges of acidemia (50).
By contrast, metabolic alkalosis can be easily and rapidly

handled by the kidney by excretion of excess filtered bi-
carbonate or may be perpetuated by the kidney because of a
response to volume depletion with secondary activation of
the renin-angiotensin and aldosterone axis or from primary
hyperaldosteronism. These processes are intimately linked to
the regulation of potassium as well. Finally, the kidney
responds to the challenges of primary respiratory disorders
to offset the effects of these disturbances in a predictable
fashion (51,52). In chronic respiratory alkalosis, the kidney
can decrease acid excretion by decreasing ammonia produc-
tion and bicarbonate retention; in respiratory acidosis, activ-
ity of the Na-H antiporter is augmented so that more
bicarbonate is reabsorbed (53). Understanding of these com-
plex processes helps in the care of actual patients who de-
velop acid-base disorders from a wide variety of insults.

Potassium Homeostasis
Excretion of potassium in excess of the amount filtered is

another triumph of the kidney in electrolyte homeostasis and
its mechanism, another important milestone in the under-
standing of renal pathophysiology (54–56). Potassium, the
major cation in the body, must be maintained in high con-
centrations in the intracellular space and a low concentration
in the extracellular fluid to allow both normal cellular func-
tion and the considerable gradient required for excitation of
nerves and contractions of muscles. The kidney plays its role
by reabsorption of nearly all of the filtered load proximally
and variable secretion in the distal nephron. Along the way,
potassium is secreted into the lumen with the help of the
renal outer medullary potassium transporter, which provides
sufficient substrate to the NaKC2 transporter, and by the
“big potassium,” “maxi,” or high conductance transporter
(57). Both appear to play an important role in the secretion
of potassium in the distal nephron dictated by the influence
of aldosterone and magnitude of distal flow (58).

Divalent Cations and Phosphate Homeostasis
The kidney plays a critical role in maintaining both normal

extracellular calcium ion levels and the vast repositories of
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calcium needed for normal intracellular function and main-
tenance of the skeleton. Integrated control by parathyroid
hormone and 1,25-dihydroxyvitamin D helps achieve this
end (59). Calcium is reabsorbed through a paracellular route
in the proximal tubule and the thick ascending limb,
whereas there are unique, well characterized transient recep-
tor potential ion channels in the DCT. Each of these regions
is controlled by local effects prescribed by the calcium sens-
ing receptor and modulated by the pH (60). There is also an
interesting pas de deux between sodium and calcium han-
dling. Volume depletion or decreased sodium delivery de-
creases urinary calcium either by increasing proximal
reabsorption or by promoting reabsorption in the DCT
with changes in the activity of the basolateral Na1/Ca1

exchanger or hyperpolarization of the luminal plasma
membrane (61,62). The fate of magnesium homeostasis is
intimately linked to that of other cations. In parallel to
calcium, the majority of filtered magnesium is reabsorbed
in the proximal tubule and thick ascending limb by para-
cellular movement mediated, in part, by the claudin pro-
teins, which govern ion movement through the otherwise
tight junctions in those regions (63). In addition, the action
of the renal outer medullary potassium transporter to sup-
ply more potassium in the lumen for the NaKC2 trans-
porter is thought to create a lumen-positive transepithelial
potential difference that can favor cation reabsorption in
this segment (64). By contrast, in the DCT, movement of
Mg21 is an active transcellular process. At this segment,
cation channels from the melastin transient receptor po-
tential subfamily play a major role in this endeavor, evi-
denced by Mg21 wasting seen in the rare genetic disorders
with defects in this channel (65).
Emerging details on phosphate metabolism have

identified a family of sodium phosphate transporters that
help reabsorb the bulk of the filtered phosphate in the
proximal tubule (66). These transporters appear to be affected
by a series of factors, including the recently characterized
fibroblast growth factor 23 and its obligate coreceptor Klotho,
which together, via the fibroblast growth factor receptor,
inhibit the reabsorption of sodium-dependent phosphate
reabsorption and lower vitamin D levels by downregulat-
ing the gene for 1a-hydroxylase (67). Phosphate that es-
capes proximal reabsorption and is delivered distally is
available to bind H1 as an important source of “titratable
acid” (68).

Protein Metabolism
Even Richard Bright (69) in the 1820s recognized that in

“dropsy” (or edema) of renal origin, urea was increased in
the blood and decreased in the urine such that urea could
serve as a marker of kidney failure. One hundred years later,
Thomas Addis tried to assess renal function using urea
clearance and “rest” the kidneys from the “work” of clearing
proteins by prescribing a low-protein diet (70). Landmark
studies by Brenner’s group suggested that this strategy was
correct because high-protein diets fed to laboratory animals
can be shown to increase renal blood flow and glomerular
filtration and subsequently contribute to the progression of
CKD (71). Nevertheless, the specific mediators that lead to
hyperfiltration and contribute to the changes seen with a
high-protein diet are yet to be determined.

Renal Physiology Has Significant Clinical Relevance
One of the considerable gifts to the field of nephrology is

that there is a deep and growing understanding of the
intricacies of kidney function and the ingeniousmethods that
the kidney uses to govern homeostasis. These discoveries
complement observations made with careful consideration
and primitive measurements in the past. Predictions on the
movement of ions have been translated by detailed charac-
terization, on the molecular level, of ion transporters and
provide insight into the integrated responses of the kidney to
the maintenance of the internal milieu. Those of us who are
privileged enough to care for patients with disorders of the
kidney can utilize knowledge gleaned in the laboratory to
understand real clinical concerns.
Because it is difficult for any practicing nephrologist to

stay abreast of the rapidly unfolding revelations, this new
renal physiology series will serve as an update to the
current understanding of the nephron. CJASN will provide
careful reviews of the nephron, sequentially, from the glo-
merulus to the collecting duct, followed by a review on the
control of urinary drainage and bladder function. Next,
there will be a series of cohesive reviews that will address
how the kidney factors in the integrated response to so-
dium and water homeostasis, potassium handling, acid-
base homeostasis, excretion of organic cations and anions,
and divalent cations and phosphate homeostasis. Protein
metabolism and control of renal nitrogen excretion as well
as sensory functions of the kidney will follow. Finally, the
role of the interstitium and hormonal function of the kid-
ney will be considered.
In jingoistic banter that many nephrologists can echo

with sincerity, Homer Smith asserted, “The responsibility
for maintaining the composition of [the internal milieu] . . .
devolves to the kidneys. It is no exaggeration to say that
the composition of the body fluids is determined not by
what the mouth takes in but by what the kidneys keep;
they are the master chemists of our internal environment”
(13).With this series in hand, the CJASN reader will be
privy to the cutting-edge science of nephrology; knowl-
edge of the dramatic advances in our understanding will
likely turn any nephrologist into a philosopher.

Authors’ Note
The landmark works described in this article are freely

accessible on the Internet for those who would like to
indulge in the primary sources. These texts and manu-
scripts have been made available as part of Google Scholar
and the Internet Archive, nonprofit digital libraries with
the mission to allow universal access to all knowledge.
These archival texts include Homer Smith’s The Principals
of Renal Physiology and From Fish to Philosopher, Bowman’s
treatise On the Structure and Use of the Malpighian Bodies of
the Kidney, and texts by Starling, Cushny, Cannon, and
Bernard.
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Renal Physiology

The Glomerulus: The Sphere of Influence

Martin R. Pollak,* Susan E. Quaggin,† Melanie P. Hoenig,* and Lance D. Dworkin‡

Abstract
The glomerulus, the filtering unit of the kidney, is a unique bundle of capillaries lined by delicate fenestrated
endothelia, a complex mesh of proteins that serve as the glomerular basement membrane and specialized
visceral epithelial cells that form the slit diaphragms between interdigitating foot processes. Taken together,
this arrangement allows continuous filtration of the plasma volume. The dynamic physical forces that
determine the single nephron glomerular filtration are considered. In addition, new insights into the cellular
and molecular components of the glomerular tuft and their contribution to glomerular disorders are
explored.

Clin J Am Soc Nephrol 9: 1461–1469, 2014. doi: 10.2215/CJN.09400913

The Glomerulus
The glomerulus, the filtering unit of the kidney, is a
specialized bundle of capillaries that are uniquely
situated between two resistance vessels (Figure 1).
These capillaries are each contained within the
Bowman’s capsule and they are the only capillary
beds in the body that are not surrounded by intersti-
tial tissue. Therefore, a unique support structure is
needed to maintain flow in these essential capillary
units. In fact, all of the major components of the filter
itself are unique compared with related structures in
other capillary beds. The proximal component layer
of the glomerular filter itself is a fenestrated endo-
thelium, characterized by the presence of individual
fenestrae on the order of 70–100 nm in diameter.
These cells drape the luminal aspect of the capillary
and permit filtration. The second layer of the filter,
the glomerular basement membrane (GBM), is a com-
plex mesh of extracellular proteins, including type IV
collagen, laminins, fibronectins, and proteoglycans.
The distal layer of the glomerular filter is composed
of the visceral epithelial cells, or podocytes. These re-
markable cells help to create the filtration slit dia-
phragm and serve as support to help sustain the
integrity of the free-standing capillary loops. A third
cell type, the mesangial cells, also contributes to the
integrity of the glomerular tuft and the dynamic na-
ture of filtration. Together, this elegant structure per-
mits the formation of the primary glomerular filtrate
that enters a space delimited by the visceral and pa-
rietal epithelial cells before modification during tran-
sit through the tubule.

Hemodynamic Control of Glomerular Filtration
at the Single Nephron Level

Although there is considerable variability, the average
human kidney is composed of approximately 1 million
individual functioning nephrons, each containing a
single glomerulus or filtering unit (1). The GFR for the

entire organism is then the sum of the individual fil-
tration rates of approximately 2 million glomeruli in
two kidneys. There can be significant differences in
the size and filtration rates of individual glomeruli
in different regions of the kidney. For example, juxta-
medullary nephrons tend to have a larger intraglo-
merular volume compared with superficial nephrons
(2). Intrarenal blood flow distribution varies in phys-
iologic and pathologic situations and this can also af-
fect total GFR for the organism (3,4). Indeed, medullary
blood flow appears to be greatest during a water di-
uresis and reduced in the setting of antidiuresis (4,5),
and also appears to be better preserved in renal hypo-
perfusion. This discussion focuses on the regulation of
filtration at the level of a single, typical glomerulus, by
which the precise hemodynamic control of glomerular
filtration is best understood. Although the majority of
the experimental findings were gleaned from work
done in Wistar rats (which have superficial glomeruli,
in contrast with most mammals), the principles re-
viewed here are thought to apply to human glomeruli
as well.

The Determinants of Glomerular Ultrafiltration
The transcapillary movement of water across the

glomerular capillaries is controlled by the same Starling
forces that control fluid movement across all capillary
beds. Filtration occurs because there is an imbalance
between the mean transcapillary hydraulic pressure
gradient (D�P), which favors filtration, and the mean
transcapillary oncotic pressure (D�p), which opposes fil-
tration. (Of note, we use the term hydraulic, rather than
hydrostatic, because the latter refers to pressure in a
static liquid, whereas hydraulic pressure refers to pres-
sure of fluid moving through tubes.) The resulting net
pressure gradient integrated over the entire filtering
portion of a single glomerular capillary network
is the mean net ultrafiltration pressure (�PUF). This
physiologic condition can be expressed mathemati-
cally by Equation 1:
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where SNGFR is the single nephron GFR, �PGC is the hy-
draulic pressure within the lumen of the glomerular capil-
lary that is generated by the pumping action of the heart,
and PT is the hydraulic pressure in Bowman’s space that is
typically measured as the pressure within an early proxi-
mal tubule segment. �pGC and pT are the oncotic pressures
within the glomerular capillary, generated by the plasma
proteins, and in Bowman’s space. Because the sieving
characteristics of the glomerular capillary wall that prevent
transcapillary filtration of all but small, low molecular
weight plasma proteins, pT is effectively zero. Kf is de-
termined by two factors: the hydraulic conductivity of the
glomerular capillary wall, which depends on both its in-
trinsic characteristics and the concentration polarization of
proteins (6) in the capillary (k), and the total capillary
surface area available for filtration (S). For any given mean
net filtration pressure, �PUF, the absolute amount of filtrate
formed will also depend on Kf.

Glomerular Transcapillary Hydraulic and Oncotic
Pressures, D�P and D�p. These relationships can also be
represented graphically as shown in Figure 2. In this con-
struct, the glomerular capillary network is imagined to be a
continuous single tube beginning at the termination of the
afferent arteriole, and ending at the origin of the efferent
arteriole. The x axis represents fractional distance along the
glomerular capillary. Both hydraulic and plasma oncotic
pressures are shown on the y axis. The values provided in
Figure 2 are typical of those observed in rats, which were
first directly measured by Brenner et al. (7) and subsequently
confirmed in many studies in rats (8) and squirrel monkeys
(9). PGC averages just ,50 mmHg in normal rats and is
nearly constant along the glomerular capillary network, a
value significantly higher than in systemic capillaries. The
oncotic pressure Dp rises from approximately 18 to 34
mmHg by the efferent end of the network, a consequence
of the filtration process during which water leaves the glo-
merular capillary lumen causing an increase in protein con-
centration. pGC equals DP by the end of the capillary,
resulting in a reduction of local filtration pressure from 17
to 0 mmHg (Figure 2).
The oncotic pressure profile is highly nonlinear and is a

consequence of (1) the greater local ultrafiltration pressure
near the afferent end of the capillary leading to more rapid
translocation of fluid and (2) the exponential relationship

Figure 1. | Structure of the renal corpuscle, looking into the Bowman’s capsule at glomerular capillary tuft. The capsule is linedwith parietal
epithelium, which gives way to the cells of the proximal tubule at the urinary pole on the right. At the left, the vascular pole of the glomerulus
includes both the afferent and efferent arterioles. In addition, the relationship between these arterioles and the specialized portion of the distal
nephron called the macula densa is illustrated. (Inset) The layers that comprise the filtration barrier are displayed. The outermost layer is
composed of the visceral epithelial cells, the podocytes, next the glomerular basementmembrane (GBM) and finally the fenestrated endothelial
cells.
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between the plasma protein concentration and the plasma
oncotic pressure (8). In fact, under equilibrium conditions,
the exact Dp curve cannot be determined. Curve A in Figure 2
is just one of an infinite number of possibilities.
Ultrafiltration Coefficient, Kf. As shown in Equation 1,

SNGFR equals the Kf multiplied by the net ultrafiltration pres-
sure integrated over the entire length of the glomerular capil-
lary. The mean net ultrafiltration pressure is represented
graphically in Figure 2 as the area between the DP and the
Dp curves (shaded blue). As discussed above, because an ex-
act Dp curve cannot be determined under the normal condi-
tion of filtration pressure equilibrium, the exact values for �PUF

and Kf can also not be determined. However, a minimum
value for Kf can be estimated using the dashed line in Figure
2 curve B, which gives a maximal possible value for �PUF.
Applying this approximation to values for SNGFR and D�P
obtained in rats, Kf has been estimated to range from at least
3.5 to 8 nl/min per mmHg. Using the value of S obtained for
rat glomeruli, the calculated value of k is approximately 2500
nl/min per mmHg per cm2. This value is one to two orders of
magnitude greater than reported for other capillary beds (8),
and this allows for the high rate of glomerular filtration
despite a net driving pressure of,10 mmHg, on average, along
the capillary.

The Effects of Selective Alterations in the Primary
Determinants of SNGFR
The four principal determinants of glomerular filtration at

the single nephron level are the Kf, the transcapillary

hydraulic pressure difference (D�P), the initial capillary on-
cotic pressure (pA), and the initial glomerular plasma flow
rate (QA) (Figure 3). Selective alteration in any of these four
primary determinants has predictable effects on SNGFR,
has been examined by mathematical modeling (10) and ex-
perimentally (8), and is described here. However, physio-
logic and pathophysiologic states often engender complex
combinations of alterations in multiple determinants that
may be additive or offsetting. Indeed, these determinants
are not truly independent variables; rather, they tend to
have complex and often reciprocal relationships.
Glomerular Capillary Ultrafiltration Coefficient, Kf.

Under conditions of filtration pressure equilibrium, which
are typically present when QA is normal to low, reductions in
Kf will not affect SNGFR (Figure 3A). Rather, because less
fluid exits the capillary at each point along the network, the
oncotic pressure curve is shifted down and to the right, mov-
ing the equilibrium point closer to the end of the capillary, as
if going from curve A to curve B in Figure 2. This change in
the oncotic pressure profile results in an increase in the area
between the DP and Dp, which is equivalent to an increase
in the mean net ultrafiltration pressure for the entire capil-
lary network (�PUF). This increase in �PUF exactly opposes and
offsets the decrease in Kf, resulting in constancy in SNGFR.
Once Kf is reduced enough to produce disequilibrium, typ-
ically by $50%, further reductions in Kf will be associated
with declines in SNGFR.
Because Kf is the product of the surface area available

for filtration and hydraulic conductivity, reductions in ei-
ther can affect Kf. Reductions in glomerular surface area
may occur in glomerular diseases, such as membranous
nephropathy (11) or physiologically, as a result of vaso-
constrictors, such as NE (12). Hydraulic conductivity may
also decline in glomerular diseases. This has been well
characterized in a model for membranous nephropathy
(13) and in anti-GBM–induced nephritis (14). In addition,
studies in patients with diabetic nephropathy suggest that
the hydraulic conductivity is progressively decreased (15).
Furthermore, changes in D�P (16) or a change in the plasma
protein concentration (16) (see below) have also been
shown to alter hydraulic conductivity.
Transcapillary Hydraulic PressureDifference,D�P. Until

DP exceeds pA, no filtration will occur (Figure 3B). Once the
hydraulic pressure exceeds the oncotic pressure, filtration rises
with increases in D�P. This relationship is not linear because
elevations in D�P are associated with more fluid filtration ear-
lier in the capillary as well as a more rapid rise in Dp, al-
though not enough to entirely offset the increase in D�P.
However, because of the offsetting increase in oncotic pressure
and because alterations in D�P of approximately .10 mmHg
are unusual under physiologic conditions (10), changes in D�P
generally result in relatively minor changes in SNGFR.
Oncotic Pressure, pA. SNGFR is predicted to vary inver-

sely with selective changes in pA (10) (Figure 3C). This is
because increases in oncotic pressure should reduce �PUF

and, thereby, SNGFR. However, changes in pA do not appear
to be an important factor in physiologic regulation of glo-
merular filtration. First, the plasma protein concentration is
relatively stable except in disease states that alter either the
production (e.g., in severe liver disease) or degradation or loss
of plasma proteins (e.g., in nephrotic syndrome). In addition,
changes in plasma protein concentration in mammals are

Figure 2. | Hydraulic and oncotic pressures along an idealized glo-
merular capillary and within Bowman’s space. The graph shows ideal-
ized hydraulic and oncotic pressure curves under conditions of filtration
pressure equilibrium (curve A) when the mean net ultrafiltration pressure
(�PUF) is equal to the shaded region between the DP and the Dp curves.
Curve B is a hypothetical linear profile of the oncotic pressure that would
occur with a minimum value of the Kf. By contrast, in curve C, filtration
equilibrium is never reached. Modified from Taal MW, Chertow GM,
Marsden PA, Skorecki K, Yu ASL, Brenner BM: Brenner and Rector’s The
Kidney, 9th Ed., Philadelphia, Elsevier Saunders, 2012, with permission.
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associated with reciprocal and offsetting alterations in Kf, such
that GFR is often unchanged. This is thought to be a result of
variation in the hydraulic conductivity of the GBM in response
to changes in serum albumin concentration (16), but the exact
mechanism is unknown. By contrast, GFR may be reduced in
pathologic states in which the oncotic pressure is very high and
exceeds hydraulic driving pressure. Case reports of AKI from
dextran infusions (17) and massive albumin infusions (18) sup-
port this possibility.
Glomerular Plasma Flow Rate, QA. Because glomerular

filtrate is essentially free of larger plasma proteins, conservation
of mass requires that the total amount of protein entering the
capillary is equal to the amount leaving it (Figure 3D), which is
expressed mathematically in Equation 2:

QACA5QECE (2)

where QA and QE are the afferent and efferent arteriolar
plasma flow rates and CA and CE are the respective afferent
and efferent arteriolar blood plasma protein concentrations,
respectively. Because QE5(QA–SNGFR), Equation 2 can be
rewritten as follows (Equation 3):

QACA5ðQA 2 SNGFRÞCE; (3)

which can be rearranged as follows (Equation 4):

SNGFR5ð12 ðCA=CEÞÞQA (4)

Although the relationship between the plasma protein
concentration C and the oncotic pressure �p is not linear, Equa-
tion 4 is approximately equal to the following (Equation 5):

SNGFR5ð12 ðpA=pEÞÞQA (5).

Because under conditions of filtration pressure equilibrium,
pE5D�P as follows (Equation 6):

SNGFR5
�
12

�
pA

�
D�P

��
QA (6).

Therefore, if pA and D�P are held constant, SNGFR will vary
directly with QA.
This relationship can also be understood graphically by

examining Figure 2. As the plasma flow rate increases,
there will be less contact time between the plasma flowing
through the capillary and any given point along the cap-
illary network. In that case, for any given pressure gradi-
ent at any given point, less fluid will leave the capillary as
filtrate. As a result, the oncotic pressure profile will be shifted
down and to the right, as if moving from curve A to curve B.
The equilibrium point is shifted closer to the efferent end of
the capillary, resulting in an increase in �PUF and SNGFR. On
the other hand, once QA is sufficiently large, disequilibrium
will occur, leading to less and less dependence of SNGFR on
changes in QA. In fact, for animals or under conditions that
are far from equilibrium, changes in QA are not predicted to
have major effects on SNGFR.

Afferent and Efferent Arteriolar Resistances, RA and RE

In most physiologic settings, alterations in pA, Kf, and PT

contribute little to the minute-to-minute regulation of
SNGFR. Instead, the filtration rate is regulated by changes
in �PGC and QA, and they in turn are controlled by alterations
in afferent and efferent arteriolar resistances (RA and RE,
respectively). The glomerular capillaries are unique in that
they are arranged in series between two resistance vessels,
the afferent and efferent arterioles. Selective modulation of
the relative resistances in these two vessels allows for precise

Figure 3. | The single nephron GFR (SNGFR) can be affected by alterations in each of the four major determinants of ultrafiltration. These
affects can be expressed in amathematical model, which helps illustrate the predicted effects of each change on the SNGFR. Normal values are
indicatedwith a dotted line in each graph.Unless otherwise indicated in the graph, the input values areKf5 0.095 nl/szmmHg,D�P5 35mmHg,pA

5 18mmHg, andQA5 135 nl/min. (A) Alterations in Kf; (B) alterations inDP; (C) alterations inpA; (D) alterations inQA.Modified fromBrenner
BM,Dworkin LD, Ichikawa I: Glomerular filtration. In: Brenner and Rector’s The Kidney, 3rd Ed., edited by Brenner BM, Rector FC Jr, Philadelphia,
Elsevier, 1986, with permission.
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and largely independent regulation of �PGC and D�P, QA, and
SNGFR. In addition, a large number of hormones, vasoac-
tive substances, growth factors, cytokines, and drugs alter
resistance in these vessels, selectively or in concert (12).

Renal Autoregulation
One important characteristic of the glomerular circula-

tion is autoregulation, by which not only QA but also D�P
and SNGFR are held constant over a wide range of renal
artery pressures (Figure 4). Robertson et al. examined the
precise glomerular hemodynamic mechanisms that ac-
count for renal autoregulation (10) by applying micro-
puncture techniques to rats. Graded reductions in renal
artery pressure were first associated with large declines
in RA, followed by significant increases in RE. By contrast,
an increase in renal plasma flow from vasodilatory sub-
stances was associated with a decline in RE and an increase
in QA but was offset by a decrease in Kf. These combina-
tions are predicted to be associated with near constancy of
D�P, QA, and SNGFR, which were indeed observed by these
authors for renal artery pressures from approximately 80
to 120 mmHg.

The mediators responsible for renal autoregulation in-
clude a myogenic response that is intrinsic to the blood
vessels as well as tubuloglomerular feedback by which
chloride uptake by the macula densa segment of the distal
tubule is sensed and then elicits effector pathways that
modulate RA and RE and maintain the SNGFR (3). In ad-
dition, changes in the filtration fraction will affect the on-
cotic pressure in peritubular capillaries and contribute to
glomerular tubular balance (19).

Glomerular Filtration of Macromolecules
Classic studies on the separation of the urinary filtrate from

the blood highlighted the restriction of serum proteins from
the Bowman’s space. Detailed in vivo studies in both animals
and humans have been able to characterize the sieving prop-
erties of the glomerular filter, which confers both size and
charge selectivity. Studies using dextran molecules of vary-
ing sizes and charge demonstrated that neutral particles
with a molecular radius .4.2 nm are restricted from the
urinary space, whereas anion particles .3.4 nm have a frac-
tional clearance that approaches zero. Thus, the charge of
albumin, which is approximately 3.6 nm in size, explains
the limited clearance observed (20). By contrast, in both ex-
perimental animals and humans with nephrotic syndrome,
charge selectivity is lost with the alterations in normal glo-
merular architecture and this appears to contribute to the
protein losses seen in these conditions (21).

Cellular and Molecular Components of the
Glomerular Filter
Recent years have seen a rapid increase in knowledge

about how the glomerulus and glomerular filtration are
regulated at the cellular and molecular levels (Figure 5).
Studies of diseases of the three basic components of the
glomerular filter have provided a better understanding of
the molecular physiology and pathophysiology of this
structure. Much of this progress has come through studies
of inherited disorders of glomerular function. The glomer-
ular filter is both a charge and size barrier. Movement of
anionic molecules across the filter is relatively restricted.
Movement of large molecules across the filter is also re-
stricted. The importance of all three components to normal
charge and size selectivity is clear from the fact that dis-
ruption of any of these three components leads to proteinuric
disease states (22).

Disorders of Slit Diaphragm and Podocyte Structure and
Function
The glomerular epithelial cell, or podocyte, has been the

focus of a great deal of recent investigation. These cells,
which are derived from metanephric mesenchyme, form
the distal component of the glomerular filter and are
bothmorphologically and functionally unique. Long intricate
extensions, or primary processes, lead to secondary or
foot processes, which form a complex interdigitating struc-
ture with the foot processes from adjacent podocytes. The
serpentine cell–cell junction known as the slit diaphragm
that bridges these podocytes can be considered a modified
adherens junction with some unique additional molecular
components (23).

Figure 4. | The effects of graded reduction in renal artery perfusion
pressure on glomerular hemodynamics in the rat. Glomerular blood
flow (GBF) and glomerular capillary pressure (�PGC) remained rela-
tively constant over the range of pressure from 80 to 120 mmHg, in
response to a marked decrease in afferent arteriolar resistance (RA).
With further reduction in perfusion pressure to 60 mmHg, GBF de-
clined proportionally more than �PGC primarily because of an increase
in RE. Reprinted from Taal MW, Chertow GM, Marsden PA, Skorecki
K, Yu ASL, Brenner BM: Brenner and Rector’s The Kidney, 9th Ed.,
Philadelphia, Elsevier Saunders, 2012, with permission.
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Alterations in the structure and/or function of the
visceral glomerular epithelial cell, or podocyte, lead to a
spectrum of human disease. The best established examples
are inherited disorders caused by changes in single genes.
These inherited “podocytopathies” display a range of phe-
notypes. As a general rule, recessive forms of podocyte
dysfunction are caused by mutations resulting in loss of
the function of a normal protein.
The proteins nephrin and podocin are essentially podocyte

limited in their expression. Humans, as well as mice, that lack
normal copies of either protein develop severe glomerular
disease. Both of these molecules were unknown until they
were identified on the basis of human genetic studies. Nephrin,
a transmembrane domain protein with a large extracellular
domain, is required for both normal slit diaphragm structure
and function. In Finland, two specific founder mutations in
the NPHS1 nephrin gene make this form of congenital ne-
phrotic syndrome much more common than in other parts of
the world (24,25). In general, nephrin-mediated congenital
nephrotic syndrome manifests as massive proteinuria ($20 g)
in the neonatal period. Defects in the NPHS2 podocin gene
cause a wider spectrum of disease, ranging from congenital
nephrosis to adult-onset FSGS (25,26). Podocin, like nephrin,
is an integral membrane protein. Podocin interacts directly
with nephrin and appears to help regulate its trafficking to
the slit diaphragm (27).
The function of the podocyte in vivo, and consequently the

function of the entire glomerulus, is very sensitive to mild
perturbations in its actin cytoskeleton (28). Mutations in the
widely expressed actin-regulating proteins a-actinin-4 and
INF2 lead to human forms of podocyte dysfunction, FSGS,
and progressive kidney disease, despite having little or no
effect on other organ function (29,30). Mutations in the
TRPC6 cation channel cause a phenotypically similar auto-
somal dominant form of FSGS (31).
A good deal of recent work has focused on signaling

pathways critical to podocyte function. For example, fine
regulation of small GTPase signaling appears essential for
maintenance and repair of normal podocyte structure and
function (32,33). Autophagy, a catabolic process of cell

“self-eating,” whereby cells degrade unnecessary or dys-
functional intracellular components, is necessary for nor-
mal podocyte function. Transgenic mice deficient in
autophagy show marked glomerular pathology (34). The
communication between slit diaphragm proteins and the
cytoskeleton is similarly of critical importance. Proper
functioning of the cytoskeletal apparatus is required for
organization of the slit diaphragm complex, and normal
slit diaphragm function (as both a structural apparatus
and signaling center) regulates actin dynamics (34,35).
The functions of some glomerular disease genes and gene

products remain unclear. Variants in the APOL1 gene, encod-
ing apoL1, explain the high rate of FSGS and other forms of
nondiabetic kidney disease in African Americans. Its function
in normal human physiology, if any, is unclear. APOL1 does
not exist in rats, mice, and other nonprimates, and is present in
only a few primate species.

The GBM
The importance of the GBM to normal glomerular phys-

iology is made evident by the existence of several human
diseases characterized by abnormalities in the GBM struc-
ture. The GBM is formed by the fusion of basement mem-
branes from both the endothelial and epithelial cells that
form the glomerular corpuscle. Morphologically, the GBM
contains a dense inner layer called the lamina densa,
flanked by the thinner laminae rara interna and rare externa.
This morphology, as well as GBM function, is altered in the
presence of mutations in type IV collagens, the major com-
ponents of the GBM. Recessive forms of Alport syndrome can
be caused by inheritance ofmutations in the autosomal type 4
collagen genes COL3A4 and COL4A4, whereas the more
common X-linked form is caused by mutations in COL5A4
(36). Infants born with two mutant copies of the gene encod-
ing the GBM protein laminin b2 can exhibit congenital ne-
phrotic syndrome (37).
Studies in severalmousemodels of alteredGBMcomponents

(type IV collagen, laminin) show that the altered glomerular
filters in these models can show increased permeability to large
molecules (38). These alterations are seen to occur before ultra-
structural abnormalities in the podocyte (39). Thus, altered
GBM composition itself can lead to proteinuria. Recent studies
have also readdressed the issue of whether glycosaminogly-
cans in the endothelium help regulate glomerular permeability,
confirming the role of these large molecules in charge and size
selectivity (40,41).
Despite extensive study, there are still open questions

regarding the complex nature of this filter as well as how it
allows such high rates of water flow while restricting the
flow of large molecules and yet remains functional and
“unclogged.” One recent hypothesis suggests that the glo-
merular filter, and the GBM in particular, acts more like a
gel than a simple filter in that the size-selective properties
of the glomerular filter are determined by permeation and
diffusion properties of the GBM (42).

Endothelium
The glomerular endothelium represents the first layer in

the glomerular filtration barrier and is in direct contact with
the blood. Although the origin of these cells has been debated
for some time, recent lineage tracing studies demonstrated

Figure 5. | Major molecular components of the podocyte and slit di-
aphragm. Interdigitating podocytes from neighboring cells form the
elaborate slit diaphragm that is composed of nephrin. Podocin helps
regulate trafficking of nephrin to the slit diaphragm. Proteins a-actinin-4
and INF2play important roles in themaintenanceof theactin cytoskeleton,
whereas integrins help anchor the podocytes to the glomerular basement
membrane.Mutations ina-actinin-4, INF2, and TRPC6 channel all cause
autosomal dominant forms of FSGS. Mutations in nephrin and podocin
cause recessive forms of steroid-resistant nephrosis.
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that they may derive from the Foxd1-positive stromal cell
lineage (43). Endothelial cells migrate from the metanephric
mesenchyme into the developing glomerular tuft at the
S-shape stage of glomerulogenesis. Glomerular endothelial
cells are attracted by vascular growth factors, such as vas-
cular endothelial growth factor (VEGF)-A, that are produced
by adjacent podocytes (44–46). As glomerular development
proceeds, the endothelial cells become progressively flattened
and develop fenestrations (two features critical for mainte-
nance of glomerular function), permitting high flux of water
and small solutes. The endothelium is covered by a glycoca-
lyx that likely restricts the passage of large macromolecules.
Alterations of the glycocalyx were reported in various mod-
els of glomerular disease, including diabetic nephropathy
(41). Studies in humans have been limited by incomplete
knowledge of glycocalyx components and functions and by
the need for specialized fixation and staining methods for
proper visualization.

Diseases of the Glomerular Endothelium
Primary diseases of the glomerular endothelium may

result in rapid loss of kidney function. Thrombotic micro-
angiopathies (TMAs) represent a heterogeneous group of
disorders characterized by varying degrees of endothelial
swelling known as endotheliosis, fibrin and platelet deposi-
tion, splitting of the GBM, and red blood cell fragmentation
(47,48). The molecular causes of a number of TMAs were
recently elucidated. Although thrombotic thrombocytopenic
purpura and hemolytic uremic syndrome (HUS) were once
considered to represent a spectrum of the same disease (49),
deficiency of ADAMTS13 enzymatic function as a result of
congenital mutations or antibody-mediated inhibition is
now known to be responsible for thrombotic thrombocyto-
penic purpura (50). By contrast, HUSs are associated with
dysregulation of the alternate pathway of complement. Mul-
tiple mutations in genes that encode proteins required for
the regulation of complement activation cause atypical HUS
(48). Activation of complement leads to perturbation of oth-
erwise thromboresistant renal endothelial cells with resul-
tant local damage and an influx of inflammatory cells.
Although the most common form of HUS—diarrheal HUS,
caused by Shiga toxin—has not been clearly linked to com-
plement dysregulation, several small series have demon-
strated benefit from complement inhibition in patients
during a recent large outbreak of diarrheal HUS in Germany
(51,52). These data raise the intriguing possibility that com-
plement dysregulation is responsible for renal injury in com-
mon forms of HUS as well. Thrombotic injury to the
glomerular microvasculature is also a universal feature of
the renal disease of preeclampsia and in subsets of patients
treated with anti-VEGF agents. Importantly, podocytes pro-
duce large amounts of VEGF during development and in
filtering adult glomeruli in order to nurture the endothelial
cells despite the tide of glomerular filtrate. This paracrine
factor appears to be important for maintenance of the nor-
mal endothelial cell structure on the basis of observations
that inhibition of VEGF signaling within the glomerular en-
dothelium may result in thrombotic injury. Human, mouse,
and cell-based studies support this model (53,54). Finally,
mutations in the D7E lipid enzyme were identified in fam-
ilies presenting with atypical HUS and/or FSGS (55,56). En-
dothelial and podocyte injury were observed in biopsies

from these patients, suggesting that phosphorylation of lipid
substrates is crucial for glomerular health.
In addition to TMAs, activation of the glomerular endo-

thelium can result in pathologic angiogenesis, enhanced
permeability and proteinuria, and upregulation of cell adhe-
sion molecules involved in recruitment of inflammatory
cells. These processes are documented in a large number of
common glomerular diseases, including diabetic nephropa-
thy and vasculitides. Future studies are needed to determine
the molecular basis of endothelial dysfunction, which should
provide interesting new therapeutic targets for glomerular
disease.

Mesangium
Themesangium refers to themesangial cells and thematrix

they produce. During glomerular development, mesangial
cells migrate into the developing tuft under the influence of
PDGFb produced by the glomerular endothelial cells acting
on the PDGFb receptor expressed by mesangial cells (57).
Traditionally, mesangial cells were referred to as pericytes
because they provide support to the adjacent capillary loops.
However, podocytes also provide essential growth factors
and support to the endothelium and they also function as
specialized perivascular cells, making the glomerular micro-
vasculature somewhat unique because it has intimate as-
sociations with two different supporting cell types. The
mesangial processes are filled with bundles of actin and
myosin-based microfilaments that extend to contact the
GBM, in which they bind laminin a5 via integrin a3b1 and
the basal cell adhesion molecule (58). These processes provide
protection against glomerular pressure and may regulate
glomerular capillary flow via contractile properties (59).
The mesangial matrix produced by mesangial cells is

composed of a diverse group of proteins, including type
III–VI collagens, heparin sulfate proteoglycans, and elastic
fiber proteins including fibronectin, laminin, entactin, and
fibrillin-1. Accumulation of the mesangial matrix and
thickening of the GBM are features commonly observed
in a number of glomerular diseases, including diabetic ne-
phropathy. Under these settings, the matrix may include
normal as well as new components such as collagen I. Pro-
liferative glomerulonephritides may include mesangial cell
proliferation and mesangial deposits.

Newer Methodologies
Much of the “classical” physiology of the mammalian glo-

merulus has been determined through studies in rats, par-
ticularly the extensive studies that have defined the control
of filtration at the single nephron level. New experimental
tools are expanding the ability to examine glomerular pro-
cesses. These tools include new animal models, more sophis-
ticated cellular models, and better methods to visualize
glomerular function in existing rodent models. For example,
multiphoton fluorescence microscopy enables examination
of glomerular function in vivo, and is now being applied in
analyses of models of disease (60). Such studies have con-
firmed that only a small amount of large proteins is filtered
by the glomerulus.
Genetic manipulation of other model organisms, includ-

ing mice and zebrafish, permits in vivo assessment of gene
function. Using morpholino technology, it is possible to
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rapidly generate “gene knockdowns” in fish and analyze ef-
fects on the pronephros, which contains a single glomerulus.
More precise modulation of the genome is possible with the
multitude of cell and temporally controlled gene knockout
strategies available in mice, and development of newer tech-
nologies, such as phenotype-driven N-ethyl-N-nitrosourea
(ENU) screens, Clustered Regularly Interspaced Short Palin-
dromic Repeats technology, and short hairpin RNA
(shRNA) knockdowns. ENU screening is a technique in
which the ENU alkylating is used to induce mutations and
then the phenotype of the progeny can be studied and can-
didate genes from phenotypes of interest can be identified.
Clustered Regularly Interspaced Short Palindromic Repeats
technology can be used for gene “editing” to assist in the
study of specific genetic targets. Finally, shRNA knockdown
is a technique that utilizes shRNA sequences to silence a
target gene of interest. Combining cell-based studies, model
systems, and advances in “omics”will translate into tremen-
dous growth in our knowledge about the physiology and
regulation of the glomerulus.
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Renal Physiology

Proximal Tubule Function
and Response to Acidosis

Norman P. Curthoys* and Orson W. Moe†

Summary
The human kidneys produce approximately 160–170 L of ultrafiltrate per day. The proximal tubule contributes to
fluid, electrolyte, and nutrient homeostasis by reabsorbing approximately 60%–70% of the water and NaCl, a
greater proportion of the NaHCO3, and nearly all of the nutrients in the ultrafiltrate. The proximal tubule is also
the site of active solute secretion, hormone production, and many of the metabolic functions of the kidney. This
review discusses the transport of NaCl, NaHCO3, glucose, amino acids, and two clinically important anions,
citrate and phosphate. NaCl and the accompanying water are reabsorbed in an isotonic fashion. The energy
that drives this process is generated largely by the basolateral Na1/K1-ATPase, which creates an inward nega-
tive membrane potential and Na1-gradient. Various Na1-dependent countertransporters and cotransporters use
the energy of this gradient to promote the uptake of HCO3

2 and various solutes, respectively. A Na1-dependent
cotransporter mediates the movement of HCO3

2 across the basolateral membrane, whereas various Na1-
independent passive transporters accomplish the export of various other solutes. To illustrate its homeostatic feat,
the proximal tubule alters itsmetabolism and transport properties in response tometabolic acidosis. The uptake and
catabolism of glutamine and citrate are increased during acidosis, whereas the recovery of phosphate from the
ultrafiltrate is decreased. The increased catabolism of glutamine results in increased ammoniagenesis and gluco-
neogenesis. Excretion of the resulting ammonium ions facilitates the excretion of acid, whereas the combined
pathways accomplish the net production of HCO3

2 ions that are added to the plasma to partially restore acid-base
balance.

Clin J Am Soc Nephrol 9: 1627–1638, 2014. doi: 10.2215/CJN.10391012

Introduction
The extracellular fluid (ECF) space provides a constant
environment for the cells of a multicellular organism
and prevents wide fluctuations in the ambient environ-
ment. This enables the cells to devote their gene pro-
ducts to more productive functions. The kidney is the
principal organ that maintains the amount and com-
position of the ECF by executing functions of excretion,
metabolism, and provision of endocrine substances.
Most of these kidney functions occur in the proximal
tubule, which is an ancient segment in mammalian
nephron evolution.

In terms of excretion, the proximal tubule maintains
an array of secretory mechanisms inherited from the
more archaic secretory nephrons, which are ancestors
of mammalian nephrons. The proximal tubule is also a
tour de force of reabsorption of the glomerular filtrate.
The filtration-reabsorption scheme is critical because,
as metabolic rates escalated during mammalian evo-
lution, GFR had to increase accordingly. The high
GFR mandates a corresponding increase in reabsorp-
tion to prevent loss of valuable solutes and water. The
proximal tubule fulfills most of the reabsorptive role
for NaCl and NaHCO3, leaving the fine-tuning to the
distal nephron. The proximal tubule also completes
the reabsorption of glucose, amino acids, and impor-
tant anions, including phosphate and citrate, because
it is the sole site of transport of these filtered solutes.

In addition to solute reabsorption and secretion, the
proximal tubule is also a metabolic organ. For exam-
ple, within the proximal tubule, 25-hydroxy-vitamin
D is converted to 1,25-dihydroxy-vitamin D, a hor-
mone that increases blood Ca21 levels. The proximal
tubule is also the site of the 24-hydroxylase reac-
tion that converts 25-hydroxy-vitamin D and 1,25-
dihydroxy-vitamin D to their inactive forms (1). In
addition, the proximal tubule is an important site of
gluconeogenesis that parallels the liver (2). As an en-
docrine organ, the kidney also releases erythropoie-
tin, renin, and Klotho into the systemic circulation
and produces a plethora of locally active paracrine/
autocrine and intracrine hormones, such as dopamine,
endothelin, PGs, renin, angiotensin II, and so forth
(1,3–5).
Space constraints do not permit a comprehensive

account of proximal tubule function in this article.
Thus, we will highlight NaCl and NaHCO3 handling
as examples of reclamation of filtrate that are critical
in preventing shock and fatal acidosis and where the
proximal tubule accomplishes the bulk uptake, leav-
ing the completion to the distal nephron. We will also
briefly cover the reabsorption of glucose, amino
acids, phosphate, and one organic anion, citrate,
where the entire regulatory and absorptive func-
tion is confined to the proximal tubule. Whereas
glucose and phosphate are primarily returned to the
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circulation, citrate represents one substrate that is par-
tially metabolized in the proximal tubule. Another organic
substrate that is absorbed and metabolized is the amino
acid glutamine. This process provides the nitrogen and
carbon skeleton necessary to support renal gluconeogen-
esis and ammoniagenesis. Finally, the proximal tubule
constantly adjusts its functions in response to needs,
which is the hallmark of a stringent homeostatic system
(6). Metabolic acidosis represents a state where there is con-
certed adaptations in multiple proximal tubule transport
and metabolic functions aimed at minimization of the ef-
fect of the excess acid on the organism and rectification of
the disturbance.

NaCl and NaHCO3 Transport
Na1 is the primary cation that maintains the ECF vol-

ume (ECFV). Because Cl2 is four times more abundant
than HCO3

2 as an ECFV anion, NaCl balance has become
synonymous with ECFV regulation. NaHCO3 is also a ma-
jor ECFV solute, second only to NaCl, but it is the princi-
pal intracellular and extracellular buffer for H1. Thus,
NaHCO3 is better known for its role in acid-base balance
than ECFV maintenance. There is limited regulation of
gastrointestinal Na1, Cl2, or HCO3

2 absorption so the kid-
ney is the primary organ that regulates external electrolyte
balance. The high GFR in humans (160–170 L/d) mandates
reabsorption of the valuable filtered solutes. Otherwise,
approximately 24,000 mmol of filtered Na1 and approxi-
mately 4000 mmol of filtered HCO3

2 would be lost per day

with disastrous consequences. The proximal tubule is the
first nephron segment after the glomerulus where reab-
sorption commences. It is important to note that proximal
solute and water reabsorption proceeds primarily in an
isotonic fashion with very small changes in luminal osmo-
larity. Figure 1A shows the profile of changes in selected
solutes along the length of the proximal tubule. Figure 1B
shows a generic cell model of how transepithelial trans-
port is achieved. Transporters can broadly be viewed
from a thermodynamic standpoint as being driven primar-
ily by changes in enthalpy or entropy. Enthalpy-based or
active transporters are directly coupled to ATP hydrolysis.
They use energy released from the hydrolysis of phos-
phoanhydride bonds to move solutes uphill; hence, such
transporters are by nature ATPases. Entropy-based or sec-
ondary active transporters dissipate existing electrochem-
ical gradients to move a solute against a concentration
gradient. Thus, they use the downhill free energy change
of one solute to energize the uphill movement of another
solute.
Transepithelial transport can occur via the paracellular

or transcellular route, both of which are driven by electro-
chemical forces. The energy for solute movement is de-
rived ultimately from high energy bonds in organic
substrates taken up from the blood whose catabolism con-
verts the energy into ATP (Figure 1B). Although there are
multiple active transport systems directly coupled to ATP
hydrolysis, the basolateral Na1-K1-ATPase is the principal
consumer of ATP in the proximal tubule. It creates a low
cellular [Na1] and negative voltage, which provides the

Figure 1. | General considerations of proximal tubule transport. (A) Profile of the tubular fluid to plasma ultrafiltrate ratio (TF/PUF). Selected
solutes are shown along the length of the proximal tubule. PUF is a surrogate for the proto-urine in Bowman’s space. Inulin represents a filtered
molecule that is neither secreted nor reabsorbed and the rise in its TF/PUF solely reflects reabsorption of water, which concentrates luminal
inulin. Sodium reabsorption is near isotonic with water, which results in a very small increase in TF/PUF by the end of the proximal tubule.
HCO3

2 absorption in the early proximal convoluted tubule is particularly avid leading to rapid fall in TF/PUF. The fall in luminal [HCO3
2] is

accompanied bya reciprocal rise in luminal [Cl2] as reabsorption remains by-and-large isotonic. Inorganic phosphate (Pi) reabsorption ismore
avid in the earlier parts of the proximal tubule. (B) Generic scheme of the proximal tubule cell. The primary energy currency is organic
metabolic substrates that enter the proximal tubule and are catabolized to produce ATP, which serves as the secondary energy currency. Some
transporters are directly coupled to ATP hydrolysis (enthalpic transport), such as the H1-ATPase and Na1/K1-ATPase. The latter represents the
main workhorse of the proximal tubule responsible for the majority of the cellular ATP consumption. The Na1/K1-ATPase converts the energy
stored in ATP into low cellular [Na1] and high cellular [K1]. The presence of K1 conductance allows the [K1] gradient to increase the negative
interior potential. The low cell [Na1] and negative voltage serve as the tertiary energy currencies that drive multiple secondary active apical
transporters to achieve uphill movement of solutes coupled to downhill movement of Na1 (entropic transport). The transported solutesmove in
the same (symport or cotransport) or opposite (antiport, exchanger, or countertransport) direction asNa1. Movement of solute can also proceed
via paracellular routes driven by electrochemical forces.
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ultimate energy to transport a multitude of solutes across
the proximal tubule (Figure 1B). Apical secondary active
solute entry can proceed through Na1-dependent cotrans-
porters (symporters), exchangers (antiporters), parallel
transporter systems, or other Na1-independent facilitated
transporters (6).

NaCl Transport
Approximately 60%–70% of the filtered NaCl and the

accompanying water are reabsorbed by the proximal tu-
bule in a near isotonic fashion. This process is vital to the
preservation of ECFV in the face of a high GFR. The fore-
most driving force is provided by the basolateral Na1-K1-
ATPase, which sets the electrochemical gradient to drive a
number of apical transporters that mediate Na1 and Cl2

entry (Figure 2) as bipartite-coupled parallel exchangers
or tripartite-coupled parallel exchangers that all eventuate
in net NaCl entry into the cell. Basolateral Cl2 exit is me-
diated by Cl2-carrying exchangers and cotransporters
(Figure 2) (7–9). Na1-coupled transport is a general mech-
anism in the apical membrane so not all of the Na1 ions
that enter the cell are devoted to NaCl transport (6). For
example, a significant amount of glucose enters the apical

membrane via Na1-glucose cotransport (10). This electro-
genic process (net positive charge moving into the cell)
contributes to a slight negative luminal potential. In addi-
tion, the avid absorption of HCO3

2 in the early proximal
tubule and the isotonic nature of the transport elevate the
luminal [Cl2] to above that of plasma (11). This combined
electrochemical driving force in coalition with paracellu-
lar Cl2 permeability results in Cl2 movement from urine to
blood, which is tantamount to essentially “Na1-glucose-Cl2

absorption” (Figure 2). Alternatively, Na1 can leak back
from the paracellular space into the lumen, providing a
recycling system for Na1-coupled transport of glucose.
The regulation of proximal tubule NaCl reabsorption

facilitates the maintenance of ECFV. Hormones that main-
tain the ECFV and the integrity of the circulation through
antinatriuresis stimulate proximal NaCl absorption. These
include angiotensin II (12), endothelin (13), and a-adrenergic
stimuli (14). Conversely, natriuretic hormones, such as
dopamine, inhibit proximal tubule NaCl reabsorption
(15). Hormonal factors regulate largely transcellular
NaCl flux via modulation of the Na1 transporters (16).
Because NHE3, the apical Na1/H1 exchanger, serves
both NaCl and NaHCO3 reabsorption, it is not entirely
clear how modulation of these two modes of transport
can be dissociated when NHE3 is the prime target of reg-
ulation (17). In the proximal tubule, there is also a unique
set of regulators that are largely physical in nature and
involve coordinate coupling to regulation of GFR. These
regulators are unlikely to operate in other nephron seg-
ments. When effective arterial blood volume is reduced,
GFR is maintained by changes in arteriolar resistances that
increase the filtration fraction despite lower renal plasma
flow. This increases the protein concentration and oncotic
pressure in the postglomerular blood, which along with the
lower hydrostatic pressure jointly promote proximal fluid
to move into the peritubular capillary.

NaHCO3 Transport
Whereas NaHCO3 contributes to the maintenance of

ECFV, HCO3
2 is one of the major buffers that protect an

organism from constant and pervasive acidification. A 70-kg
human contains a free [H1] of 40 nM in about 42 L of
water. Consumption of a high-protein Western diet results
in a net production of 50–70 mEq of H1 per day. Thus, in
the absence of an appropriate buffer, the daily production
of H1 will decrease the body pH to ,3 within an hour,
which is clearly not compatible with life. HCO3

2 ions pro-
vide the major buffer system that prevents the rapid acid-
ification of the ECF. The kidney is the primary organ that
controls plasma [HCO3

2]. The burden of renal transport is
to excrete an amount of acid equivalent to the daily net H1

production plus the amount of filtered HCO3
2, which is

equivalent to the addition of acid if not reclaimed.
HCO3

2 reclamation is achieved not so much by HCO3
2

reabsorption but, rather, by H1 secretion. The approxi-
mately 4000 mEq/d of HCO3

2 reclaimed is much higher
than any daily dietary acid or base burden. Whether the
organism is consuming a net acid diet of 50 mEq H1

equivalent per day versus a net alkaline diet of 50 mEq
OH2 equivalent per day, the H1 that needs to be secreted
into the lumen is 4050 mEq/d versus 3950 mEq/d, re-
spectively. Therefore, the proximal tubular epithelium is

Figure 2. | Proximal tubule NaCl reabsorption. Unlike the thick as-
cending limb or distal convoluted tubule, there are no dedicated
“NaCl” transporters in the proximal tubule. The proximal tubule uses
parallel arrays of symporters and antiporters to affect NaCl entry. (A)
Parallel Na1/H1 exchange (NHE3) and Cl2/base2 exchange (CFEX,
SLC26A6) with recycling of the conjugate acid HX resulting in net
NaCl entry. (B) A triple coupling mechanism where Na-sulfate co-
transport (NaS-1) runs in parallel with two anion exchangers to
achieve NaCl cotransport. (C) Na1-coupled organic solute transport
with concurrent paracellular Cl2 transport driven by the lumen-to-
interstitial space downhill chemical gradient of [Cl2]. Basolateral
Na1 exit is mediated by the Na1/K1-ATPase but some Na1 also exit
with HCO3

2 (see Figure 3). Cl2 exit is less well defined utilizing a va-
riety of transporters and possibly a Cl2 channel.
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perpetually engaged in an H1-secreting mode regardless of
the dietary load.
The proximal tubule plays a pivotal role in many aspects

of acid-base homeostasis, which extends beyond HCO3
2

reclamation and H1 excretion (18). Because the urine can-
not possibly maintain a pH low enough to hold 50–70 mEq
of free H1, urinary buffers carry the majority of the H1.
The proximal tubule synthesizes the most important open
buffer (NH3/NH4

1) and regulates the most abundant
closed buffer (HPO4

2/H2PO4
22), which will be discussed

in more detail below. Finally, the most abundant base
equivalent in urine is citrate22/32, whose urinary excretion
is also exclusively regulated by the proximal tubule (19).

The proximal tubule fulfills the roles of reclamation of
HCO3

2 and secretion of H1 through the uphill transport
of H1 into the lumen, a process collectively referred to as
renal acidification. Classic disequilibrium pH experiments
have detected very little direct HCO3

2 reabsorption (20).
In the proximal tubule, H1 is secreted into the lumen
mostly by electroneutral Na1/H1 exchange. The active
transport of H1 by the H1-ATPase (V-ATPase) also con-
tributes, but to a lesser extent (Figure 3) (21,22). The main
Na1/H1 exchanger isoform is NHE3 but NHE8 also par-
ticipates, particularly in the neonate where NHE3 is not
fully expressed (23,24). In addition to H1, NHE3 also me-
diates the secretion of NH4

1 formed in the cell by titration

Figure 3. | Proximal tubule HCO3
2 reabsorption and H1 secretion. Unlike NaCl reabsorption, luminal acidification is mediated by dedicated

acid-base transporters. (A) Luminal H1 secretion ismediated by direct coupling to ATP hydrolysis via the H1-ATPase, but a higher proportion of
luminal H1 secretion occurs by the Na1/H1 exchanger NHE3. In the neonate before maturational expression of NHE3, NHE8 is the more
important NHE isoform. In addition to H1, NHE3 also directly transports NH4

1 formed in the cell from NH3 and H1 into the lumen. The H1

secreted into the lumen has several fates. Reclamation of filtered base is shown on the top left. The titration of filtered HCO3
2 leads to formation

of CO2 under the influence of carbonic anhydrase (CA). The CO2 enters the cell and is tantamount to HCO3
2 reabsorption. The titration of

trivalent citrate to its bivalent form facilitates citrate reabsorption. Citrate is the most important and abundant organic urinary base equivalent.
The bottom left depicts acid secretion. In addition to direct Na1/NH4

1 exchange by NHE3, luminal H1 can combine with NH3 to form de novo
NH4

1 in the lumen. Titration of divalent tomonovalent phosphate reduces phosphate absorption and allows the titrated phosphate to function as
a H1 carrier in the urine. CO2 in the cell is hydrated to H2CO3, which dissociates to form a H1 and HCO3

2. The metabolism of citrate22/32 also
consumes H1 in the cell, a reaction equivalent to generating HCO3

2. The generated HCO3
2 exits the cell viaNa1-coupled transport. There are

three generic mechanisms by which changes in luminal and cell pH can alter apical transporters. (B and C) Stimulation is shown in B and
inhibition is shown in C. (1) Luminal pH can alter the substrate concentration by titration and regulate transport kinetically. (2) Direct regulatory
gating of the transporters by pH. (3) Changes in the number of transporters on the apical membrane by changes in trafficking, protein synthesis,
and transcript levels. Sub, substrate.
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of NH3, which is tantamount to net H1 secretion (25). The
H1 exported into the lumen has multiple fates (Figure 3A).
It combines with the filtered HCO3

2 and, under the action
of luminal carbonic anhydrase (CA-IV), generates CO2,
which diffuses into the cell and reconstitutes H1 and
HCO3

2. The combined reaction accomplishes the reclama-
tion of filtered HCO3

2 (Figure 3A). The secreted H1 also
titrates citrate from its trivalent form into its divalent form,
which is the preferred substrate for uptake by the Na1

dicarboxylate cotransporter, NaDC-1 (Figure 3B) (26).
The reabsorption of citrate22/32 is equivalent to reabsorp-
tion of alkali (27). Finally, H1 secretion also titrates diva-
lent HPO4

22 to monovalent H2PO4
2 that is not transported

by NaPi-2a and NaPi-2c (Figure 3B), leading to phospha-
turia and increased titratable acid or nonammonia urinary
buffer carrying H1 ions in the urine. The HCO3

2 generated
intracellularly by apical H1 secretion or ammoniagenesis exits
the basolateral membrane via the family of Na1-bicarbonate
cotransporters (28). Notably, the highly electrogenic
NBCe1A (NBC1, SLC4A4), which is a splice variant of the
electrogenic family of NBCe1, is responsible for basolateral
HCO3

2 exit (29).
Approximately 70%–90% of the filtered HCO3

2 is reab-
sorbed by the proximal tubule. Thus, this segment plays a
pivotal role in the reclamation of HCO3

2. In terms of net
H1 excretion, all of the NH3/NH4

1 in the final urine is
synthesized in the proximal tubule. The luminal pH at
the end of the proximal straight tubule is approximately
6.7–6.8, which means virtually all of the NH3 is titrated to
NH4

1 (pK 5 9.3). Likewise, half of the phosphate is already
in its monovalent form. Therefore, the proximal tubule
plays an essential role in net acid excretion because a large
fraction of the urinary buffers is already titrated by the end
of the proximal tubule.

Other Solute Transport
Another primary function of the proximal tubule is the

recovery of metabolites from the glomerular filtrate. Ap-
proximately 180 g of glucose (1000 mEq) and 50 g of amino
acids (400 mEq) are filtered by the human kidney per day.
The process of transepithelial transport normally accom-
plishes the recovery of 99.8% of these metabolites from the
luminal fluid of the proximal tubule. As mentioned pre-
viously, this process requires the asymmetric association of
distinct transporters in the apical and basolateral mem-
branes. Typically, a secondary active Na1-dependent
transporter in the brush border membrane uses the Na1

gradient to accomplish the initial uptake of solutes. By con-
trast, the subsequent transport of the solutes across the
basolateral membrane frequently utilizes a Na1-independent
passive transporter. Important examples of transepithelial
transport are those involved in the recovery of glucose,
glutamine, citrate, and phosphate.

Glucose Transport
Two distinct Na1-dependent transporters mediate the

uptake of glucose from the lumen of the proximal tubule
(30). SGLT2 (SLC5A2) is a moderate affinity glucose trans-
porter that mediates the cotransport of glucose and one
Na1 ion. The SGLT2 transporter is localized to the brush
border membrane of the S1 and S2 segments of the

proximal tubule where it extracts the bulk of the filtered
glucose. By contrast, SGLT1 (SLC5A1) has a slightly
greater affinity, cotransports two Na1 ions per glucose,
and is preferentially expressed in the apical membrane of
the S3 segment. The cotransport of two Na1 ions makes
the uptake of glucose energetically more favorable and
thereby increases the concentrative power of the SGLT1.
Thus, the sequential positioning of the two transporters
that favor capacity and affinity in the early and late tubule,
respectively, creates an effective mechanism to ensure that
,1% of the filtered glucose exits the proximal tubule. Se-
lective knockout studies indicate that SGLT2 normally ac-
counts for 97% of the net glucose reabsorption, whereas
SGLT1 removes the residual glucose and provides reserve
capacity (31). Selective inhibition of SGLT2 has been pro-
posed as a potential therapy for treatment of diabetes
that may ameliorate glycemia and reduce the associated
hyperfiltration (32,33). The basolateral membranes of the
early and late segments of the proximal tubule contain the
Na1-independent glucose transporters, GLUT2 and GLUT1,
respectively. Both transporters facilitate the passive move-
ment of glucose from the proximal tubular cells to the in-
terstitial space. The proximal tubule metabolizes little or
no glucose, which is compatible with the very low hexo-
kinase in this segment (34). In normal acid-base balance,
the arterial-venous difference for glucose across the kid-
ney is zero or slightly positive, which reflects substantial
proximal tubule gluconeogenesis counterbalanced by
glucose consumption by the rest of the nephron segments
(35).

Amino Acid Transport
The renal transport of amino acids is a complex process

due to the range of structures and ionic properties of the
free amino acids in the plasma (36,37). However, .80% of
the filtered amino acids are neutral amino acids, all of
which are recovered by the apical BoAT1 (SLC6A19) trans-
porter. BoAT1 is a broad specificity Na1-dependent co-
transporter that is expressed in the early portion of the
proximal tubule and that binds various neutral amino
acids, including glutamine, with relatively low affinities
(38). Previous micropuncture studies established that the
filtered glutamine is nearly quantitatively reabsorbed from
the lumen of the early proximal tubule (39). Mutations in
the BoAT1 transporter result in Hartnup disorder, which is
characterized by a pronounced urinary loss of neutral
amino acids (40,41). A separate Na1 and H1-dependent
cotransporter (SLC1A1) recovers the acidic amino acids
(42), whereas an antiporter (SLC7A9) mediates the uptake
of basic amino acids and cysteine in exchange for a neutral
amino acid (37). The transporters that mediate the export
of amino acids across the basolateral membrane are less
well characterized. However, it is thought that in normal
acid-base balance, LAT2-4F2hc (SLC7A8), a heterodimeric
obligatory neutral amino acid exchanger, mediates the ef-
flux of glutamine from the proximal tubule (36,43). A re-
lated heterodimeric exchanger, y1LAT1-4F2hc (SLC7A7),
promotes the export of basic amino acids in exchange for a
neutral amino acid (44). The two antiporters contribute to
the maintenance of normal intracellular levels of amino
acids. However, net efflux requires the participation of a
uniporter that facilitates the passive export of neutral
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amino acids. The TAT1 transporter (SLC16A10) may ac-
complish the latter process (37).

Organic Cation and Anion Transport
The proximal tubule handles a very broad range of or-

ganic cations and anions that utilizes a variety of trans-
porters operating in absorptive and secretory modes (45);
however, due to space limitations, we will focus our dis-
cussion on citrate. The reabsorption of filtered citrate oc-
curs in the proximal tubule apical membrane by NaDC-1
(SLC13A2), a Na1-dependent dicarboxylic acid cotrans-
porter (46). The preferred substrates are dicarboxylates,
such as citrate, succincate, fumarate, and a-ketoglutarate.
In the proximal tubular lumen, citrate exists in equilib-
rium between its divalent and trivalent forms but citrate22

is the transported species. Once it is absorbed from the
lumen, citrate can be metabolized by cytoplasmic ATP
citrate lyase to oxaloacetate and acetyl-CoA or shuttled
into the mitochondria where it enters the citric acid cycle
(47). When citrate22/32 is converted to CO2 and H2O, 2 or
3 H1 ions are consumed. Therefore, each milliequivalent
of citrate excreted in the urine is tantamount to 2 or 3 OH2

lost. In the normal day-to-day setting in a human on a
Western diet, there is a negligible amount of HCO3

2 in
the urine. Citrate is the only organic anion in millimolar
quantities in the urine and represents the main mode of
base excretion under normal circumstances. In the face
of large alkali loads, bicarbonaturia becomes the main
mechanism of base excretion.
Citrate serves a dual purpose in the urine. As indicated

above, it is a urinary base. In addition to base excretion, the
1:1 Ca21:citrate32 complex has a very high association

constant and solubility. These properties render citrate
the most effective chelator of calcium in the urine, which
prevents its precipitation with phosphate and oxalate
(48,49). Hypocitraturia is a major underlying cause of hu-
man kidney stones and, thus, citrate is the most important
urinary anion for clinicians to understand (49).

Phosphate Transport
Phosphate homeostasis at the whole-organism level

involves coordinated fluxes in the intestine, bone, and
kidney, and endocrine cross-talk constituting a complex
multiorgan network (50). Although both the intestine and
bone are critical organs for phosphate homeostasis, this
manuscript will only discuss the renal component. It is
important to state that intestinal phosphate absorption in-
volves significant paracellular uptake that is poorly regu-
lated (51). Thus, the kidney is the paramount regulator of
external balance. Unlike Na1 reabsorption where the fin-
ishing fine-tunings are achieved by more distal segments,
phosphate reabsorption is accomplished almost entirely by
the proximal tubule (52). A small contribution from the
distal tubule has been proposed, but is still disputed
(53). Plasma levels reflect total body phosphate status
but are very insensitive; spot urinary concentrations are
confounded by water excretion rate; and excretion rates
of phosphate are affected by ingestion. Thus, all of these
parameters are less than ideal to evaluate renal tubular
phosphate handling. The parameters listed in Figure 4A
are better suited to probe the proximal tubular handling
independent of the excreted or filtered load.
The cellular model for proximal tubule phosphate trans-

port is shown in Figure 4B. The primary driving force is the

Figure 4. | Proximal tubule phosphate transport. (A) Concepts of renal inorganic phosphate (Pi) homeostasis by the proximal tubule. The flux of
filtered and reabsorbed Pi is plotted against plasma phosphate concentration; the difference between the two yields the rate of excretion of Pi.
There are a number of terms used to quantify the proximal tubule’s Pi reabsorption at the whole organism level. Fractional excretion of Pi (FEP)
and tubular reabsorption of Pi (TRP) sum to unity (FEP=12TRP). The maximal tubular reabsorptive capacity of Pi (TmP in units of mass/time)
refers to the saturating transepithelial flux of Pi that the tubule canmount and is equal to the difference between filtered and absorbed phosphate
when the filtered load is higher than TmP. The plasma concentration threshold at which Pi starts to appear in the urine is TmP/GFR (in units of
mass/volume). (B) Cell model of proximal tubule Pi transport. Three apical transporters mediate Pi entry with different preferred valence of Pi,
stoichiometry ofNa1, electrogenicity, and pH gating. The affinities forNa1 are all approximately 30–50mMbut aremuchhigher for phosphate
(0.1, 0.07, and 0.025mM for NaPi-Ila, NaPi-Ilc, and PiT-2, respectively). Distribution in the proximal tubule segments (S1, S2, S3). Basolateral
Pi exit occurs via unknown mechanisms. Apical Na-coupled Pi transport is inhibited in acidosis by alteration in luminal substrate, directly
gating of the transporter by pH, and decreased apical NaPi transporters as described in Figure 3B.
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Na1-K1-ATPase generating an electrochemical gradient
for apical phosphate entry. The current model predicts
three transporters for apical entry; NaPi-2a (Npt2a,
SLC34A1), NaPi-2c (Npt2c, SLC34A2), and Pit-2 (Npt3,
SLC20A2, Ram-1). The disparate properties of the three
transporters were reviewed in great detail by Virkki and
colleagues (54). At present, the basolateral mechanism of
phosphate exit still remains enigmatic. It is possible that
one or more of the plethora of anion exchange mechanisms
may mediate phosphate exit. Thus far, there is little evi-
dence for regulation of basolateral phosphate exit.
Regulation of phosphate transport at the proximal tubule

apical membrane is precise because this is the only and final
site of determination of extracellular phosphate balance
by the kidney. Phosphate uptake is affected by incoming
signals, such as parathyroid hormone (55), dopamine (56),
fibroblast growth factor-23 (57), and Klotho (58), which in-
hibit phosphate transport and induce phosphaturia. One of
the most potent regulators of phosphaturia is dietary phos-
phate intake itself, which may involve a variety of hor-
mones, including unknown intestinal enterokines (59),
and direct sensing by the proximal tubule (60). This is
one of the most important, yet least known, areas in phos-
phate homeostasis. The modulation of proximal phosphate
transport is achieved largely by trafficking of the transport-
ers in and out of the apical membrane (52) with the excep-
tion of Klotho, which can directly affect phosphate
transport activity (58).

Response to Acidosis
The catabolism of acidic and sulfur-containing amino

acids results in the net production of acids. As a result, a
high-protein diet leads to a mild chronic metabolic acidosis
that is usually well compensated. The common clinical
condition of metabolic acidosis is characterized by a more
significant decrease in plasma pH and bicarbonate con-
centration. This disturbance in acid-base balance can be
caused by genetic or acquired alterations in metabolism, in
renal handling of bicarbonate, and in the excretion of acid.
In addition, patients with cachexia, trauma, uremia, ESRD,
and HIV infection frequently develop acidosis as a secondary
complication that adversely affects their outcome. Chronic
acidosis also causes impaired growth, bone loss, muscle
wasting, nephrocalcinosis, and urolithiasis. In acute situations
with massive acid production that overwhelms the renal
capacity, the kidney’s response is not relevant; however, in
more chronic conditions, renal compensation is crucial.
An essential renal compensatory response to metabolic

acidosis is initiated by increased extraction and catabolism
of plasma glutamine that occur predominately in the prox-
imal convoluted tubule. The resulting increases in renal
ammoniagenesis and transport into the urine accomplish
the excretion of acid, whereas the increased bicarbonate
synthesis and transport into the blood partially correct the
systemic acidosis. These adaptations occur rapidly after
acute onset of acidosis and are subsequently sustained by
more gradual changes in gene expression.
During normal acid-base balance, the kidneys extract

and metabolize very little of the plasma glutamine. Al-
though approximately 20% of the plasma glutamine is
filtered, the measured rat renal arterial-venous difference is

,3% of the arterial concentration of glutamine (61), and
only 7% of the plasma glutamine is extracted by the hu-
man kidneys even after an overnight fast (62). Therefore,
renal utilization is significantly less than the fraction of
plasma glutamine filtered by the glomeruli. To account
for the effective reabsorption of glutamine, either the ac-
tivity of the mitochondrial glutamine transporter or the
glutaminase must be largely inhibited or inactivated in
vivo during normal acid-base balance.
Acute onset of metabolic acidosis produces rapid

changes in the interorgan metabolism of glutamine (63)
that support a rapid and pronounced increase in renal ca-
tabolism of glutamine. Within 1–3 hours, the arterial
plasma glutamine concentration is increased 2-fold (64)
due primarily to an increased release of glutamine from
muscle (65). Significant renal extraction of glutamine be-
comes evident as the arterial plasma concentration is in-
creased. Net extraction by the kidney reaches 35% of the
plasma glutamine, a level that exceeds the proportion
(20%) filtered by the glomeruli. Thus, the normal direction
of the basolateral glutamine exchange transporter, LAT2-
4F2hc, is reversed in order for the proximal convoluted
tubule cells to extract glutamine from both the glomerular
filtrate and the venous blood (Figure 5). In addition, the
transport of glutamine into the mitochondria may be
acutely activated (66). Additional responses include a
prompt acidification of the urine that results from trans-
location, as evidenced in OKP cells (67), and by acute acti-
vation of NHE3 (68). This process facilitates the rapid
removal of cellular ammonium ions (69) and ensures that
the bulk of the ammonium ions generated from the amide
and amine nitrogens of glutamine are excreted in the urine.
Finally, the cellular concentrations of glutamate and
a-ketoglutarate are significantly decreased within the rat
renal cortex (70). The latter compounds are products and
inhibitors of the glutaminase and glutamate dehydroge-
nase reactions, respectively. The decrease in concentrations
of the two regulatory metabolites may result from a pH-
induced activation of a-ketoglutarate dehydrogenase (69).
Thus, the acute increase in renal ammoniagenesis may re-
sult from a rapid activation of key transport processes, an
increased availability of glutamine, and a decrease in prod-
uct inhibition of the enzymes of ammoniagenesis.
During chronic acidosis, many of the acute responses are

reversed and the arterial plasma concentration is decreased
to a new steady state that is 70% of normal. However, more
than one third of the plasma glutamine is still extracted in a
single pass through the kidneys. The increased renal
catabolism of glutamine in the proximal convoluted tubule
is now sustained by increased expression of genes that
encode key transporters and enzymes of glutamine me-
tabolism (Figure 5). A comprehensive survey of the adap-
tive response of known amino acid transporters in mouse
kidney demonstrated that only the basolateral SNAT3
(SLC38A3) transporter exhibits a rapid and pronounced
increase during onset of acidosis (71). The SNAT3 trans-
porter has a high affinity for glutamine (72). Under phys-
iologic conditions, it catalyzes a reversible Na1-dependent
uptake of glutamine that is coupled to the efflux of H1

ions (73). SNAT3 is normally localized solely to the baso-
lateral membrane of the S3 segment of the proximal tubule
(74). This segment expresses high levels of glutamine
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synthetase (75). Thus, the SNAT3 transporter may nor-
mally facilitate the pH-dependent release of glutamine.
However, during chronic acidosis, increased expression
of the SNAT3 transporter occurs primarily in the basolat-
eral membranes of the S1 and S2 segments of proximal
tubule, the site of increased glutamine catabolism (76).
Given the sustained increase in H1 ion concentration
within these cells, the increased expression of the SNAT3
transporter may now facilitate the basolateral uptake of
glutamine and contribute to its sustained extraction during
chronic acidosis. Within 8–24 hours after onset of
acidosis, a pronounced increase in phosphoenolpyruvate
carboxykinase (77) also occurs only in the proximal con-
voluted tubule. More gradual increases in levels of mito-
chondrial glutaminase (78,79) and glutamate dehydrogenase
(80) that require 4–7 days also occur solely within the prox-
imal convoluted tubule. In addition, the level of aquaporin-
8, a potential mitochondrial ammonia transporter, is
increased (81).
Glutamine uptake in mitochondria from normal rats is

mediated through two glutamine antiporters, whereas a

highly active glutamine uniporter is evident only in
mitochondria prepared from acidotic rats (82). Therefore,
acidosis leads to increased expression or activation of a
unique, but unidentified, mitochondrial glutamine trans-
porter. Acute activation and subsequent increase in ex-
pression of NHE3 (83–85) acidifies the fluid in the
tubular lumen and contributes to the active transport of
ammonium ions as a direct substrate of NHE3 (69). The
adaptation in NHE3 likely reflects the increased demand
for ammonium ion secretion although this is difficult to
prove. The filtered HCO3

2 load is certainly decreased in
metabolic acidosis, so increased HCO3

2 absorptive capacity
is not required. As a result, increased renal ammoniagen-
esis continues to provide an expendable cation that facili-
tates excretion of strong acids while conserving sodium
and potassium ions. In rats (86,87) and humans (35), the
a-ketoglutarate generated from renal catabolism of gluta-
mine is primarily converted to glucose. This process requires
phosphoenolpyruvate carboxykinase to divert oxaloace-
tate, derived from intermediates of the tricarboxylic acid
cycle, into the pathway of gluconeogenesis. The combined

Figure 5. | Renal proximal tubular catabolism of glutamine. (A) During normal acid-base balance, the glutamine filtered by the glomeruli is
nearly quantitatively extracted from the lumen of the proximal convoluted tubule and largely returned to the blood. The transepithelial
transport utilizes BoAT1, aNa1-dependent neutral amino acid cotransporter in the apicalmembrane, and LAT2, a neutral amino acid antiporter
in the basolateral membrane. To accomplish this movement, either the mitochondrial glutamine transporter or the mitochondrial glutaminase
(GA)must be inhibited (red X). The apical Na1/H1 exchanger functions to slightly acidify the lumen to facilitate the recovery of HCO3

2 ions. (B)
During chronic acidosis, approximately one third of the plasma glutamine is extracted and catabolizedwithin the early portion of the proximal
tubule. BoAT1 continues tomediate the extraction of glutamine from the lumen. Uptake of glutamine through the basolateralmembrane occurs
by reversal of the neutral amino acid exchanger, LAT2, and through increased expression of SNAT3. Increased renal catabolism of glutamine is
facilitated by increased expression (red arrows) of the genes that encode glutaminase (GA), glutamate dehydrogenase (GDH), phospho-
enolpyruvate carboxykinase (PEPCK), the mitochondrial aquaporin-8 (AQP8), the apical Na1/H1 exchanger (NHE3), and the basolateral
glutamine transporter (SNAT3). In addition, the activities of the mitochondrial glutamine transporter and the basolateral Na1/3HCO3

2 are
increased (1). Increased expression of NHE3 contributes to the transport of ammonium ions and the acidification of the luminal fluid. The
combined increases in renal ammonium ion excretion and gluconeogenesis result in a net synthesis of HCO3

2 ions that are transported across
the basolateral membrane by the Na1/3HCO3

2 cotransporter (NBC1). CA, carbonic anhydrase; aKG, a-ketoglutarate; Mal, malate; OAA,
oxaloacetate; PEP, phosphoenolpyruvate.
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pathways of ammoniagenesis and gluconeogenesis result
in a net production of 2 NH4

1 and 2 HCO3
2 ions per gluta-

mine. Activation of NBCe1A (83), the basolateral Na1/
3HCO3

2 cotransporter, facilitates the translocation of reab-
sorbed and de novo–synthesized HCO3

2 ions into the renal
venous blood. Thus, the combined adaptations also create a
net renal release of HCO3

2 ions that partially restores acid-
base balance.
The adaptative increase in the NaDC-1 transporter

contributes to increased reabsorption and metabolism of
citrate within the proximal tubule. This reduces the
excretion of a valuable base in the urine. This adaptation
occurs at multiple levels. Acidification of luminal pH
titrates citrate32 to citrate22, which is the preferred sub-
strate, and low pH also directly activates NaDC1 to in-
crease transport independent of [citrate22] (Figure 3B)
(26,88). In addition to transport, increased cellular metab-
olism also drives citrate reabsorption. After cellular up-
take, citrate is metabolized through one of two pathways: a
cytoplasmic pathway involving citrate lyase or a mitochon-
drial pathway involving the citric acid cycle (47). During
acidosis, the activities of cytoplasmic citrate lyase and mito-
chondrial aconitase are also increased (89). Because both
pathways generate HCO3

2, the increased reabsorption of
citrate is equivalent to a decrease in base excretion (90).
Enhanced catabolism of citrate also produces substrates
that support the increased gluconeogenesis.
Acid-base disturbances are a major regulator of proximal

tubule phosphate handling. Metabolic and respiratory
acidosis increase phosphate excretion and metabolic and
respiratory alkalosis decrease phosphate excretion. The
mechanism of phosphaturia in acidosis is complex and
mediated by many factors, including increased release of
phosphate from bone (91), titration of luminal phosphate
to monovalent form, direct gating of NaPi-IIa and NaPi-IIc
by pH (54), decrease in apical membrane protein (92), and
transcripts (93) of the transporters, although disparate re-
sults on protein levels have been described (Figure 3B)
(94). The acid-induced phosphaturia serves to increase uri-
nary H1 buffer but also accommodates the phosphate re-
leased from bone associated with acid loading.
The gradual increases in glutaminase (95–97) and gluta-

mate dehydrogenase (98) result from selective stabilization
of their mRNAs. By contrast, the rapid increase in phos-
phoenolpyruvate carboxykinase results from enhanced
transcription of the PCK-1 gene (99), whereas mRNA sta-
bilization contributes to the sustained increase (100,101).
The presence of a pH-response element (pH-RE) that reg-
ulates the turnover of the glutaminase mRNA was initially
demonstrated by stable expression of a chimeric b-globin
reporter mRNA, which includes a 956-bp segment of the
39-untranslated region of glutaminase mRNA (95). RNA gel
shift analyses of various deletion constructs mapped the
pH-RE to two 8-nt AU-sequences within the 39-untranslated
region. Mutation of the pH-RE within the b-globin reporter
mRNA blocked the pH-responsive stabilization. In addi-
tion, insertion of only a 29-bp segment containing the
pH-RE was sufficient to produce both rapid degradation
and pH-responsive stabilization (102). Therefore, the iden-
tified pH-RE contributes to the rapid turnover of the glu-
taminase mRNA and is both necessary and sufficient to
mediate its pH-responsive stabilization.

Proteomic analysis of isolated rat renal proximal convo-
luted tubules identified an additional 60 proteins that are
increased during acute and chronic acidosis (103–105).
More than 50% of the mRNAs that encode the induced
proteins contain an AU-sequence that has .85% identity
with the pH-response element found in the glutaminase
mRNA. This finding strongly suggests that mRNA stabi-
lization is a primary mechanism by which protein expres-
sion is increased in response to onset of metabolic acidosis.
The maintenance of the composition and content of the

extracellular fluid volume is critical to health, as evi-
denced by the multiple organ failure seen in kidney
disease. The mammalian proximal tubule uses an array of
polarized membrane transporters to accomplish vectoral
solute transport. By lowering the luminal content of many
abundant solutes to a level that is within the lower
reabsorptive capacity of the distal nephron segments, it
enables the absorption of these solutes to be fine-tuned
downstream. Without the large proximal reabsorption
capacity, it would be impossible for the kidney to maintain
the high GFR that is necessary to sustain the high metabolic
rates characteristic of terrestrial vertebrates. For many
solutes with lower plasma concentrations and, hence, lower
filtered load, proximal reabsorption is the final arbitrator of
urinary excretion. The kidney has enormous capacity to
cope with a wide range of physiologic challenges. Whereas
volatile acids can be excreted in a gaseous phase in the lung,
the kidney is the only organ where nonvolatile acids can be
excreted and where discomposed body buffers, such as
bicarbonate, can be regenerated. Metabolic acid loading and
metabolic acidosis have undesirable acute and chronic
consequences and they trigger a coordinated multiorgan
network of adaptive responses that partially rectify the
disturbance. Although intuitive in principle, the actual
mechanisms are actually extremely complex and the prox-
imal tubule is in the center stage spotlight. With a built-in
cast of players inherent to this epithelium, the proximal
tubule elicits a complex set of mechanisms that includes
intrinsic pH sensing and adaptations in membrane trans-
porters and metabolic enzymes to take a neutral molecule,
partition it into an acid and a base, and transfer the acid
into urine and the base into the blood. Although the short
account in this article summarizes significant advances made
over decades, the understanding of this system is just be-
ginning. With the current upsurge of powerful investiga-
tive methods, the delineation of mechanisms of adaptation to
acidosis will emerge with greater rapidity and clarity.
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Renal Physiology

Urine-Concentrating Mechanism in the Inner Medulla:
Function of the Thin Limbs of the Loops of Henle

William H. Dantzler,* Anita T. Layton,† Harold E. Layton,† and Thomas L. Pannabecker*

Summary
The ability of mammals to produce urine hyperosmotic to plasma requires the generation of a gradient of
increasing osmolality along the medulla from the corticomedullary junction to the papilla tip. Countercurrent
multiplication apparently establishes this gradient in the outer medulla, where there is substantial transepithelial
reabsorption of NaCl from the water-impermeable thick ascending limbs of the loops of Henle. However, this
process does not establish the much steeper osmotic gradient in the inner medulla, where there are no thick
ascending limbs of the loops of Henle and the water-impermeable ascending thin limbs lack active transepithelial
transport of NaCl or any other solute. The mechanism generating the osmotic gradient in the inner medulla
remains an unsolved mystery, although it is generally considered to involve countercurrent flows in the tubules
and vessels. A possible role for the three-dimensional interactions between these inner medullary tubules and
vessels in the concentrating process is suggested by creation of physiologic models that depict the three-
dimensional relationships of tubules and vessels and their solute and water permeabilities in rat kidneys and
by creation of mathematical models based on biologic phenomena. The current mathematical model, which
incorporates experimentally determined or estimated solute and water flows through clearly defined tubular and
interstitial compartments, predicts a urine osmolality in good agreement with that observed in moderately
antidiuretic rats. The current model provides substantially better predictions than previous models; however,
the current model still fails to predict urine osmolalities of maximally concentrating rats.

Clin J Am Soc Nephrol 9: 1781–1789, 2014. doi: 10.2215/CJN.08750812

Introduction
Humans, like most mammals, are capable of producing
urine that is hyperosmotic to their plasma, thereby
enabling them to excrete solutes with a minimal loss of
water, a process clearly essential to human health and
normal daily activity. This urine-concentrating process
involves generation of a gradient of increasing osmo-
lality along the renal medulla from the corticomedul-
lary junction to the tip of the papilla (as illustrated for
the rat kidney in Figure 1) (1–3). This osmotic gradient
is formed by the accumulation of solutes, primarily
NaCl and urea, in the cells, interstitium, tubules, and
vessels of the medulla (4–6). In the presence of antidi-
uretic hormone (arginine vasopressin), the osmotic wa-
ter permeability of the collecting duct (CD) epithelium
increases, water moves from the CDs into the more
concentrated interstitium, and the osmolality of the CD
fluid increases, nearly equaling the osmolality of the
surrounding interstitium in maximum antidiuresis.

The mechanism by which the medullary osmotic
gradient is generated is only partially understood.
Between 1940 and 1960, a series of experimental and
theoretical studies (6–9) appeared to provide a mech-
anism for generating this gradient. These studies in-
dicated that a small osmotic pressure difference
between the ascending and descending limbs of the
loops of Henle, generated by net transport of solute,
unaccompanied by water, out of the ascending limbs
could be multiplied by countercurrent flow in the

loops to generate the corticopapillary osmotic gradi-
ent (Figure 1). Washout of this gradient would be
mitigated by countercurrent exchange in the vasa
recta. The processes of countercurrent multiplication
and countercurrent exchange for generating and main-
taining the medullary osmotic gradient, respectively,
are emphasized in most texts on renal physiology.
The classic concept of countercurrent multiplica-

tion, although recently challenged (10), has been
widely accepted as generating the osmotic gradient
in the outer medulla. Here, the well documented ac-
tive transport of NaCl out of the water-impermeable
thick ascending limbs (TALs) (11,12) has been shown
to be theoretically sufficient to generate the observed
gradient (13) (Figure 1).
The classic countercurrent multiplication hypothesis,

however, has not been accepted for the inner medulla
(IM), where the steepest part of the osmotic gradient is
generated (Figure 1) but where there are no TALs of
the loops of Henle. Although the ascending thin limbs
(ATLs) in the IM, like the TALs in the outer medulla,
have essentially no transepithelial osmotic water per-
meability (14–17), they also have no known active
transepithelial transport of NaCl or any other solute
(16,18–21). If this steep osmotic gradient in the IM is
not generated by the same mechanism as the gradient
in the outer medulla, how, then, is it generated? Most
scientists who study the urine-concentrating process
believe that some form of countercurrent multiplication
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involving the thin limbs generates the gradient. However,
there is no accepted mechanism for how a countercurrent
multiplication system might work.
The most influential and frequently cited explanation of

the urine-concentrating mechanism in the IM is the “pas-
sive mechanism” hypothesis proposed simultaneously
and independently in 1972 by Kokko and Rector (22)
and Stephenson (23). They hypothesized that separation
of NaCl from urea by active transport of NaCl (without
urea or water) out of the TAL in the outer medulla
provides a source of potential energy for generating an
osmotic gradient in the IM (Figure 1). They suggested
that urea, which has been concentrated in the CDs in the
cortex and outer medulla by reabsorption of NaCl and
water, diffuses out of the inner medullary CDs (IMCDs)
into the surrounding inner medullary interstitium. This
increased inner medullary interstitial urea concentration,
in turn, draws water from the descending thin limbs
(DTLs) and IMCDs, thereby reducing the inner medullary
interstitial concentration of NaCl. These processes result
in a urea concentration in the interstitium that is higher
than the urea concentration in the ATLs, and a NaCl con-
centration in the ATLs that is higher than the NaCl con-
centration in the interstitium. NaCl will then tend to

diffuse out of the ATLs into the interstitium, and urea will
tend to diffuse from the interstitium into the ATLs. If the
permeability of the ATLs to NaCl is sufficiently high and to
urea sufficiently low, the interstitial fluid will be concen-
trated as the ATL fluid is being diluted. The increased in-
terstitial osmolality will, in turn, cause water to move out of
the CDs, thereby concentrating the urine. We consider this a
“solute-separation, solute-mixing” mechanism: “solute-
separation” referring to active NaCl reabsorption without
urea in TALs in the outer medulla, and “solute-mixing” re-
ferring to mixing of urea diffusing from CDs with NaCl
diffusing from the ATLs in the IM (24) (Figure 1).
This appears to be an elegant model and is described in

most renal texts, but its function, as noted above, depends
critically on the transepithelial permeabilities of the ATLs
to NaCl and urea. Unfortunately, using available measure-
ments of the urea permeabilities, no one has been able to
develop a mathematical model that generates a significant
axial osmotic gradient in the IM with this initial version of
the “passive” mechanism (25).
This failure of the initial passive model has led to the

development of many other hypothetical mechanisms and
associated mathematical models for urine concentration in
the IM. Wexler and colleagues explored, without significant

Figure 1. | Diagram of a single vas rectum and single long-looped nephron, illustrating how classic countercurrent multiplication could
produce the osmotic gradient in the outer medulla, and how the “passive mechanism” was proposed to produce the osmotic gradient in the
inner medulla (23,24). In the outer medulla, active transport of NaCl out of the water-impermeable thick ascending limb (indicated by solid
arrows and black dots) creates the small osmotic pressure difference between that limb and the descending limb sufficient for classic coun-
tercurrent multiplication to generate the osmotic gradient (approximate osmolalities for rat kidney given by numbers in the black boxes). For
the proposed “passive” mechanism in the inner medulla, urea ([urea]) is concentrated ([urea]↑) in urea-impermeable cortical and outer
medullary collecting ducts by reabsorption ofNaCl andwater (broken arrows indicate passivemovement). Urea thenmoves passively out of the
inner medullary collecting ducts via vasopressin-regulated urea transporters (UT-A1, UT-A3; open circles and broken lines) into the sur-
rounding innermedulla interstitium. This increased concentration of urea in the innermedullary interstitium drawswater from descending thin
limbs (DTLs) and inner medullary collecting ducts (IMCDs), thereby reducing inner medullary interstitial concentration of NaCl ([NaCl]↓).
These processes result in a urea concentration in the interstitium that is higher than the urea concentration in the ascending thin limbs (ATLs)
and aNaCl concentration in the ATLs that is higher than theNaCl concentration in the interstitium.NaClwill then tend to diffuse out of the ATLs
(broken arrows) and ureawill tend to diffuse into the ATLs (broken arrows). If the permeability of the ATLs toNaCl is sufficiently high and to urea
sufficiently low, the interstitial fluid will be concentrated (producing the osmotic gradient) as the ATL fluid is being diluted. Countercurrent
exchange of solutes and water helping to preserve this gradient is indicated in the vas rectum. Segments are numbered according to key.
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success, hypothetical mathematical models representing in-
creasing structural complexity, including three-dimensional
considerations (26–29). Jen and Stephenson (30) demon-
strated mathematically that it was theoretically possible
for the accumulation of a newly produced or “external”
osmolyte in the inner medullary interstitium or vasculature
to function as a concentrating agent, and Thomas and his
colleagues (31,32) suggested that lactate might serve such a
function. However, such a mechanism is probably insuffi-
cient to account completely for the magnitude of the gradi-
ent found experimentally (31). Moreover, no experimental
data support the production or addition of such an osmolyte
in the IM. Schmidt-Nielsen (33) suggested that contractions
of the pelvic wall could serve as a source of energy for the
inner medullary concentrating process, and Knepper and his
colleagues (34) postulated that hyaluronan could act as a
transducer to convert the mechanical energy of the contrac-
tions into a concentrating effect. However, this conversion
has not yet been shown to be thermodynamically feasible,
and there are no experimental measurements of such a pro-
cess in the IM.
We believe, whatever the specific mechanism by which

the urine is concentrated in the IM, that it must take into
account the three-dimensional interactions between the
tubular and vascular elements within the IM. Although, as
noted above, an earlier model failed to demonstrate the
significance of the three-dimensional structure (28), this
model was based on very limited knowledge of that struc-
ture. Therefore, during the past decade, we have worked
to develop a detailed understanding of the three-dimensional
relationships of the tubules and vessels in the IM of the rat
kidney by analysis of digital reconstructions of these
structures produced from 1-mm serial sections (35–42).
For this purpose, we labeled the various tubules and ves-
sels with antibodies to structure- and segment-specific
proteins, usually transporters or channels. We also mea-
sured the transepithelial water and urea permeabilities of
specific segments of isolated, perfused thin limbs of the
loops of Henle (15,43). We used the rat kidney in our work
because of the enormous amount of physiologic data, in-
cluding data on the concentrating mechanism, available
for this species. However, our preliminary work and stud-
ies by others (44,45) suggest that the three-dimensional
relationships in the mouse renal medulla are similar to
those in the rat. Our preliminary studies also indicate
that rodent and human inner medullary architecture
share fundamental similarities. Finally, we have devel-
oped several mathematical models to determine how
these physiologic and structural features might relate
to the concentrating mechanism (24,46–48). In this paper,
we briefly review some of the main findings and
put them into context with regard to the concentrating
mechanism.

Three-Dimensional Reconstructions of Thin Limbs of
the Loops of Henle in the Rat Inner Medulla
Our reconstructions of the thin limbs of the loops of

Henle extending into the IM (37) revealed unexpected
structural and functional features. First, although previous
studies had assumed that the DTLs in the IM were highly
permeable to water, we found that the DTLs of those loops

that have their bends within the first millimeter of the IM
(about 40% of the inner medullary loops) fail to express the
constitutive water channel, aquaporin-1 (AQP1), through-
out their length, and that the DTLs of the longer loops
(the remaining 60% of the loops) express AQP1 only for
the first 40% of their length; they fail to express it over the
remaining 60% (Figures 2 and 3). Studies with isolated,
perfused tubules show, as expected, that segments ex-
pressing AQP1 have very high osmotic water permeabil-
ity, whereas segments failing to express AQP1 have little
or no osmotic water permeability (15). Therefore, a sub-
stantial portion of each DTL in the IM is relatively imper-
meable to water.
Second, the chloride channel ClC-K1 (the rat homolog of

human ClC-Ka) begins to be expressed abruptly in the
AQP1-negative portion of each DTL about 150–200 mm
above the bend, thereby defining a prebend segment,
and continues to be expressed throughout the ATL (Figure
2) (37). The expression of ClC-K1 throughout each ATL
apparently reflects the extremely high chloride permeabil-
ity found in this segment (16). We assume that the prebend
segment has a similar high chloride permeability. AQP1 is
not expressed in the prebend segments or ATLs, reflecting
the complete lack of osmotic water permeability in the
ATLs (15,16,42) and, we assume, in the prebend segments
as well. Both the DTLs and the ATLs have now been
shown to have very high permeabilities to urea, but there
is no evidence of known urea transporters to account for
these (43,49).

Three-Dimensional Lateral and Vertical Relationships
of Tubules and Vessels in the Initial Two Thirds of the
Rat Inner Medulla
The tubules and vessels within the initial two thirds of the

IM are arranged in a highly organized three-dimensional
pattern, which we believe is related to their function in the
urine-concentrating process. Coalescing clusters of CDs
form the organizing motif for the arrangement of both
loops of Henle and vasa recta as they descend through the
IM (Figure 3, right panel). DTLs and descending vasa recta
(DVR) are arranged outside each CD cluster in the inter-
cluster region between the clusters (Figures 2, 3A, and 4).
They tend to lie about as far as possible from any CD in any
cluster. This arrangement continues as tubules and blood
vessels descend along the corticopapillary axis (Figure 3, B–
D) (35,37,39,41,42). In contrast, the ATLs and ascending
vasa recta (AVR) are arranged both inside (intracluster re-
gion) and outside (intercluster region) each CD cluster (Fig-
ures 2, 4, and 5A) (39,40). In addition, the prebend region of
each DTL (which is the same as the ATL in terms of water
and solute permeability) is always in the intracluster region
(Figure 2) (36,50). About 50% of the AVR lie outside the CD
clusters, and about 50% lie inside the clusters (41,42).
About half of those AVR outside the clusters lie next to
DVR in an arrangement that appears to facilitate counter-
current exchange, thereby helping to maintain any osmotic
gradient established. The other half of the AVR outside the
clusters appear to be arranged to move water and solute
toward the outer medulla.
The 50% of the AVR that lie in the intracluster region are

arranged in a way that suggests that they have a function
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quite different from that of the 50% that lie in the intercluster
region (39,41,42). Almost all of these intracluster AVR
closely abut a CD and lie parallel to it for a considerable
distance along the corticopapillary axis (39). About four
AVR on average are arranged symmetrically around each
CD (Figures 4 and 6) so that about 55% of the surface of each
CD is closely apposed to AVR. These AVR, in contrast to
those in the intercluster region, have many small capillary
branches connecting them to each other and sometimes to
AVR in the intercluster region that lie closest to the in-
tracluster region (Figure 2). This arrangement facilitates
moving absorbate from the CDs in the cortical direction.
In the IM overall, there are about four times as many

AVR as DVR (42). The excess AVR facilitate a vasa recta
outflow from the IM that exceeds the inflow. This excess
outflow returns the water absorbed from the IMCDs dur-
ing the concentrating process to the cortex (42).
In the intracluster region, the arrangement of AVR,

ATLs, and CDs, when viewed in a cross-section, form
microdomains of interstitial space, or “interstitial nodal
spaces” (Figures 4 and 6) (39). As shown, each of these
spaces is bordered on one side by a CD (in which axial
flow is toward the papilla tip), on the opposite side by one
or more ATLs (in which axial flow is toward the outer
medulla [OM]), and on the other two sides by AVR (in
which flow is toward the OM). These spaces also appear
to be bordered above and below by interstitial cells (51–
53), making them discrete units about 1–10 mm thick.
Therefore, these interstitial nodal spaces are probably ar-
ranged in stacks along the corticopapillary axis (Figure 6)
(39). These confined spaces appear well configured for lo-
calized mixing of urea from the CDs with NaCl from the
ATLs, and for the movement of these mixed and concen-
trated solutes to higher regions via the AVR (54) (Figure 4)
(see below).

Three-Dimensional Relationships of Tubules and
Vessels in the Terminal Third of the Rat Inner Medulla
The three-dimensional organization of the tubules and

vessels differs substantially in the terminal third of the IM
from that in the initial two thirds. In the terminal third of
the IM, the organization around the CD clusters markedly
diminishes as the CDs continue to coalesce. All the blood
vessels show the same structural characteristics. Therefore,
except for the vessels that closely abut CDs, which can
clearly be identified as AVR, vessels with ascending flow
cannot be differentiated from those with descending flow
without direct measurements (38). Moreover, there is no
clear arrangement of parallel vessels that would suggest
countercurrent exchange (38). As CDs coalesce and in-
crease in diameter, the number of AVR abutting them in-
creases so that about 55% of the surface area of each CD
continues to be closely apposed to AVR (38). Interstitial
nodal spaces still appear to exist, but they decrease in num-
ber and increase in size as fewer and fewer loops reach into
this region (38).
At the very tip of the papilla, CD clusters have disap-

peared as just a few remaining large CDs dominate the
region and coalesce to form the terminal ducts of Bellini
(38). The most striking feature in this region, however, is
the arrangement of the bends of the loops of Henle.
Throughout most of the length of the IM, descending loop
segments form a U-shaped configuration, or hairpin bend,
immediately before ascending toward the OM, but at the
tip of the papilla only about half the loops have this hairpin
bend (38). The remaining loops extend transversely, per-
pendicular to the corticopapillary axis, before ascending
toward the OM. In some loops, this transverse extension
literally wraps around the large CDs just before they merge
with the papillary surface to form the terminal ducts of
Bellini (38). These wide bends have 5- to 10-fold greater

Figure 2. | Diagramof nephron and blood vessel architecture in the initial two thirds of the rat innermedulla.Collecting ducts (CDs) coalesce
as they descend the corticopapillary axis, forming the intracluster region. DTLs and descending vasa recta (DVR) reside within the intercluster
region. ATLs and ascending vasa recta (AVR) lie within the intercluster and intracluster regions. Modified from reference 22 with permission.
AQP1, aquaporin-1.
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transverse length than the hairpin bends and markedly in-
crease the total loop-bend surface area relative to the CD
surface area. This architecture could play a significant role
in NaCl delivery and the development of the high osmo-
lality at the papilla tip (55).

Mathematical Model Relating Structural and
Permeability Findings to the Urine-Concentrating
Process in the Inner Medulla
Over the past 10 years, we have developed a series of

mathematical models of the urine-concentrating mecha-
nism in the IM, which have incorporated the new in-
formation on the three-dimensional relationships of the
vessels and tubules, the sites of transporters and channels,
and the tubule permeabilities as this information became
available (24,48,56–58). Here, we consider only the most
recent version of these models (46).
This model has the following features: (1) the loop bends

are distributed densely along the corticopapillary axis to

approximate loops turning back at all levels along this
axis. (2) Interconnected regions represent the lateral and
vertical relationships of tubules and vessels described
above. (3) The high osmotic water permeability along the
upper 40% of each DTL, the lack of osmotic water perme-
ability along the lower 60% of each DTL and along the
entire length of each ATL, the high NaCl permeability
along each prebend and the complete length of each
ATL, and the high urea permeability along the complete
length of each DTL and ATL are represented (Figure 7).
(4) The wide-bend loops at the tip of the papilla are also
represented.
In the operation of the model, urea and water diffuse out

of the CDs, as in the original Kokko and Rector (22) and
Stephenson (23) model (Figure 7). Also, as in that model,
this reduces the NaCl concentration in the interstitium,
establishing a gradient for NaCl diffusion out of the loops
of Henle (Figure 7). However, in contrast to the original
model, this diffusion of NaCl occurs primarily out of the
prebend regions and to a similar distance up the ATLs
(Figure 7). The delivery of NaCl into the interstitium at
the tip of the papilla occurs from the wide-bend loops
over a very short axial distance. The diffusion of urea
and water from the CDs and of NaCl from the prebends
and ATLs occurs in the intracluster region, with the mix-
ing of solutes occurring in the interstitial nodal spaces (Fig-
ure 4). This mixed and concentrated absorbate is then

Figure 3. | Three-dimensional reconstruction showing spatial rela-
tionships of DVR (green tubules) andDTLs (red tubules) to CDs (blue
tubules) for a single CD cluster. DTL segments that do not express
AQP1 are shown in gray. DTLs and DVR lie at the periphery of the
central core of CDs, within the intercluster region, and A–D show that
this relationship continues along the entire axial length of the CD
cluster. Axial positions of A–D are indicated by the curly brackets in
the right panel. Tubules are oriented in a corticopapillary direction,
with the upper edge of the image near the outer medullary–inner
medullary border. The interstitial area within the red boundary line is
the “intracluster” region, and the interstitial area between the red and
white boundary lines is the “intercluster” region. Scale bar, 500 mm.
Reproduced from reference 39 with permission.

Figure 4. | Diagram of tubular organization in the rat renal medulla.
Upper: cross-section through the outer two thirds of the inner me-
dulla, where tubules and vessels are organized around a collecting
duct cluster. Lower: schematic configuration of a CD, AVR, an ATL,
and an interstitial nodal space (INS). This illustrates the targeted de-
livery ofNaCl from the ATL to the interstitial nodal space, where it can
mix with urea and water from the CD. Modified from reference 48
with permission.

Clin J Am Soc Nephrol 9: 1781–1789, October, 2014 Thin Limbs and the Urine-Concentrating Mechanism, Dantzler et al. 1785



moved to less concentrated spaces at higher levels via the
AVR bordering these spaces (Figure 4).
In contrast to the original model, there is no movement of

NaCl or water into the lower 60% of each DTL (Figure 7).
However, the high urea permeability of both thin limbs
results in significant diffusion of urea into the DTLs and
the lower part of the ATLs and out of the upper part of the
ATLs so that the loops act as countercurrent exchangers
(Figure 7).
This model predicts a urine osmolality (;1200 mOsmol/

kg H2O), Na+ concentration, urea concentration, and flow
rate in reasonable agreement with those measured in
moderately antidiuretic rats (59) (Table 1). The model
also predicts an osmolality at the tip of the longest loop
in the IM similar to that in the urine and essentially equal
to that measured experimentally (Table 1). In these re-
spects, the model predictions are substantially better
than the original passive model. However, this model,
as long as it incorporates the high urea permeabilities
measured in the thin limbs, does not predict the known

increasing axial Na+ gradient along the loops. This leads
to a predicted urea concentration higher than the Na+

concentration at the tip of the longest loop, the opposite
of the relationship measured experimentally (Table 1).
Moreover, neither this model nor any other has yet
been capable of generating a urine osmolality similar to
that in a maximally antidiuretic rat (;2700 mOsmol/kg
H2O).

Summary
The urine-concentrating process in the mammalian

kidney depends on the generation of an interstitial osmotic
gradient from the corticomedullary border to the papilla
tip, thereby providing the driving force for water absorp-
tion from the CDs during antidiuresis (Figure 1). In the
OM, this osmotic gradient is generated by countercurrent
multiplication within the loops of Henle, driven by the
active transepithelial reabsorption of NaCl in the TALs
(Figure 1). However, in the IM, the region in which the
steepest osmotic gradient is generated, there are only
ATLs, and there is no active transepithelial reabsorption
of NaCl or any other solute by these structures (Figure 1).
Thus, the mechanism by which the IM osmotic gradient is
generated is a perplexing problem that has challenged re-
nal physiologists for over half a century.
Early studies on inner medullary thin limb function in

rats indicated that:

c DTLs are permeable to water.
c ATLs are impermeable to water, but highly permeable to

NaCl.
c DTLs have low- andATLs havemoderate urea permeabilities.

Recent studies on inner medullary thin limb function,
structure, and three-dimensional organization have mod-
ified these findings or added new ones as follows:

c Upper 40% of each DTL expresses AQP1 and is highly
permeable to water.

Figure 5. | Three-dimensional reconstruction showing spatial rela-
tionships of AVR (red tubules) and ATLs (green tubules) to CDs (blue
tubules) for the same CD cluster shown in Figure 3. ATLs and AVR
reside within both the intercluster and intracluster regions, and A–D
show that this relationship continues along the entire axial length of
the CD cluster. Axial positions of A–D are indicated by the curly
brackets in the right panel. Tubules are oriented in a corticopapillary
direction, with the upper edge of the image near the base of the inner
medulla. The interstitial area within the red boundary line is the
“intracluster” region and the interstitial area between the red and
white boundary lines is the “intercluster” region. Scale bar, 500 mm.
Reproduced from reference 39 with permission.

Figure 6. | Three-dimensionalmodel illustrating stacks of interstitial
nodal spaces (white) surrounding a single CD. Interstitial nodal
spaces are separated by interstitial cells (not shown) with axial
thickness of 1–10 mm. Green, ATL; red, AVR; blue, CD.
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c Lower 60%of eachDTL lacks AQP1 and is impermeable to
water.

c Chloride channel ClC-K1 begins at DTL prebend segment
and continues throughout ATL, accounting for high chlo-
ride permeability.

c Both DTLs and ATLs are highly permeable to urea.
c CD clusters form organizing motif for three-dimensional

arrangement of thin limbs and vasa recta, with DTLs and
DVR being outside the clusters and ATLs and AVR being
both inside and outside the clusters.

c Arrangement of AVR, ATLs, and CDs within the clusters
form interstitial nodal spaces bordered above and below
by lateral interstitial cells, thereby creating microdomains
for solute and water mixing.

c Loops turning at tip of papilla have wide lateral bends.

In an initial passive model for developing the IM osmotic
gradient and concentrating the urine (22,23), urea, which

has been concentrated in the cortical CDs and outer med-
ullary CDs by NaCl and water reabsorption, diffuses out
of the IMCDs and draws water from the DTLs and IMCDs,
thereby reducing the NaCl concentration in the IM inter-
stitium and establishing a gradient for NaCl diffusion out
of the ATLs to establish the interstitial osmotic gradient
(Figure 1). However, this model failed to concentrate the
urine when analyzed mathematically. In our most recent
model (46), urea and water still diffuse out of the IMCDs,
thereby reducing the interstitial NaCl concentration and
establishing a gradient for NaCl diffusion out of the loops
of Henle (Figure 7). However, with the new information
available, this diffusion of NaCl occurs primarily out of the
DTL prebend regions and to a similar distance up the
ATLs (Figure 7). It also occurs from wide-bend loops
over a very short axial distance at the tip of the papilla.
NaCl from the loops and urea and water from the CDs are
mixed and concentrated in the interstitial microdomains
surrounding the CDs. Because the loops have very high
urea permeabilities, they act as countercurrent exchangers
for urea. When analyzed mathematically, this model now
produces a urine concentration and tubule fluid concen-
tration at the tip of the longest loops in good agreement
with those measured in moderately antidiuretic rats. How-
ever, the model fails to produce a maximally concentrated
urine or the appropriate interstitial axial Na+ gradient.
Thus, it does not yet reflect the true physiologic operation
of the urine concentrating mechanism in the IM.
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contrast to the original passivemodel, passiveNaCl reabsorptionwithoutwater beginswith the prebend segment and ismost significant around
the loop bend. Also, in contrast to previous models, urea moves passively into the entire DTL and early ATL, but as this urea-rich fluid further
ascends in the ATL, it reaches regions of lower interstitial urea concentration and diffuses out of the ATL again. Thus, the loops act as coun-
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Table 1. Comparison of model values and rat measurements

Variable Modela Ratb

Urine
Osmolality (mOsmol/kg H2O) 1155 1216
Na+ (mM) 254 100
Urea (mM) 554 345
Flow rate (ml/min) 3.58 2.27

Loop bend
Osmolality (mOsmol/kg H2O) 1235 1264
Na+ ( mM) 384 475
Urea (mM) 544 287

Model loop bend values are given for the longest loop of Henle.
aData obtained from reference 46.
bMean values or estimated mean values from reference 59.
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Renal Physiology

Thick Ascending Limb of the Loop of Henle

David B. Mount

Abstract
The thick ascending limb occupies a central anatomic and functional position in human renal physiology, with
critical roles in the defense of the extracellular fluid volume, the urinary concentrating mechanism, calcium and
magnesium homeostasis, bicarbonate and ammonium homeostasis, and urinary protein composition. The last
decade haswitnessed tremendous progress in the understanding of themolecular physiology and pathophysiology
of this nephron segment. These advances are the subject of this review, with emphasis on particularly recent
developments.

Clin J Am Soc Nephrol 9: 1974–1986, 2014. doi: 10.2215/CJN.04480413

Introduction
The thick ascending limb (TAL) occupies a central an-
atomic and functional position in human renal physiol-
ogy, with critical roles in the defense of the extracellular
fluid volume, the urinary concentrating mechanism, cal-
cium and magnesium homeostasis, bicarbonate and am-
moniumhomeostasis, andurinary protein composition (1).
The last decade has witnessed tremendous progress in
the understanding of the molecular physiology and path-
ophysiology of this nephron segment. These advances
are the subject of this review, with emphasis on particu-
larly recent developments.

Anatomy and Morphology
The loop of Henle encompasses the thin descending

limb, the thin ascending limb, and the TAL. Short-
looped nephrons that originate from superficial and
midcortical nephrons have a short descending limb
within the inner stripe of the outer medulla; close to
the hairpin turn of the loop, these tubules merge into
the TAL (see Figure 1). By contrast, long-looped
nephrons originating from juxtamedullary glomeruli
have a long ascending thin limb. The TALs of long-
looped nephrons begin at the boundary between the
inner and outer medulla, whereas the TALs of short-
looped nephrons may be entirely cortical. The ratio
of medullary to cortical TAL for a given nephron is a
function of the depth of its origin such that superfi-
cial nephrons primarily contain cortical TALs, whereas
juxtamedullary nephrons primarily contain medullary
TALs.

Aquaporin-1 expression is a marker of descending
thin limbs and has been utilized to define the anatomy
of the loops of Henle (2). The TAL begins abruptly
after the thin ascending limb of long-looped neph-
rons and after an aquaporin-1–negative segment of
short-limbed nephrons, immediately following the
aquaporin-1–positive thin descending limb (2). The TAL
then meets its parent glomerulus at the vascular pole;
the plaque of renal tubular cells at this junction con-
stitutes the macula densa, cells that share transport

characteristics with adjacent TAL cells. The distal con-
voluted tubule (DCT) begins at a variable distance
after the macula densa, with an abrupt transition be-
tween cortical TAL cells expressing the Na1-K1-2Cl2

cotransporter (NKCC2; see Figure 2 and below) and
DCT cells that express the thiazide-sensitive Na1-Cl2

cotransporter (NCC).
The TAL contains two morphologic subtypes: a

rough-surfaced cell type (R cells) with prominent
apical microvilli and a smooth-surfaced cell type
(S cells) with an abundance of subapical vesicles (3,4)
(see Figure 3). In the hamster TAL, cells can also be
separated into those with high apical and low baso-
lateral K1 conductance and a weak basolateral Cl2

conductance (LBC cells), versus a second population
with low apical and high basolateral K1 conduc-
tance, with high basolateral Cl2 conductance (HBC
cells) (3,5). The relative frequency of the morphologic
and functional subtypes in the cortical and medullary
TAL suggests that HBC cells correspond to S cells
and LBC cells to R cells (3). Molecular characteriza-
tion of this heterogeneity is still rudimentary; how-
ever, R and S cells clearly differ in the expression
pattern of EGF (6) and NKCC2 (4). The functional
correlates of this heterogeneity are discussed in the
following sections.

Apical Transport of Na1, K1, and Cl2

The TAL reabsorbs approximately 30% of filtered
Na1-Cl2, with a steady drop in the luminal Na1-Cl2

concentration from approximately 140 mM in the inner
stripe of the outer medulla to 30–60 mM at the macula
densa (7). In addition to maintenance of the extracel-
lular fluid volume and defense of arterial perfusion,
Na1-Cl2 absorption by the TAL plays a pivotal role in
the urinary concentrating mechanism. Specifically, active
Na1-Cl2 absorption by the water-impermeable TAL
dilutes the luminal fluid and drives the countercurrent
multiplication that generates the axial osmolality gradi-
ent in the outer medulla, required for the vasopressin-
dependent absorption of water by the collecting duct.
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The cells of the medullary TAL, cortical TAL, and macula
densa share the same basic transport mechanisms (see
Figure 2). Na1, K1, and Cl2 are cotransported across the
apical membrane by NKCC2, an electroneutral Na1-K1-2Cl2

cotransporter that is exquisitely sensitive to furosemide, a
“loop” diuretic known for 4 decades to inhibit transepithelial
Cl2 transport by the TAL (8). This transporter generally re-
quires the simultaneous presence of all three ions such that
the transport of Na1 and Cl2 across the epithelium is mu-
tually codependent and dependent on the luminal presence
of K1 (9). Functional expression of NKCC2 in Xenopus laevis
oocytes yields Cl2- and Na1-dependent uptake of 86Rb1 (a
radioactive substitute for K1) and Cl2- and K1-dependent

uptake of 22Na1 (9–11), sensitive to micromolar concentra-
tions of furosemide, bumetanide, and other loop diuretics (9).
NKCC2 is expressed along the entire TAL, in both R and

S cells (4) (see Figure 3). NKCC2 expression in subapical
vesicles is particularly prominent in smooth cells (4), con-
sistent with the evolving understanding of vesicular traf-
ficking in the regulation of NKCC2 (7). NKCC2 is also
expressed in macula densa cells (4) (Figure 1), which are
known to demonstrate apical Na1-K1-2Cl2 cotransport ac-
tivity (12). Luminal loop diuretics applied at the macula
densa block both tubuloglomerular feedback (13) and the
suppression of renin release by luminal Cl2 (14), indicating
that NKCC2 in the macula densa functions as the tubular
sensor for both processes. The ability of loop diuretics to
block tubuloglomerular feedback has been linked to their
greater renal functional tolerance versus thiazides in ad-
vanced CKD (15). In contrast with the inhibitory effect of
loop diuretics, volume depletion induced by thiazides aug-
ments the tubuloglomerular feedback response (16),
causing a sharp drop in GFR in patients with CKD (15).
Alternative splicing of exon 4 of solute carrier family 12,

member 1 (SLC12A1, the gene encoding NKCC2) yields
NKCC2 proteins that differ in primary sequence within
transmembrane domain 2 and the adjacent intracellular
loop. There are thus three different variants of exon 4,
denoted A, B, and F; the variable inclusion of these cassette
exons yields distinct NKCC2-A, NKCC2-B, and NKCC2-F
isoforms (9,11). Kinetic transporter characterization re-
veals that these isoforms differ dramatically in ion affini-
ties (9,11). In particular, NKCC2-F has a very low affinity
for Cl2 (Km of 113 mM) and NKCC2-B has a very high
affinity (Km of 8.9 mM); NKCC2-A has an intermediate
Cl2 affinity (Km of 44.7 mM) (11). These isoforms differ
in axial distribution along the tubule, with the F cassette
expressed in the inner stripe of the outer medulla, the A
cassette in the outer stripe, and the B cassette in cortical

Figure 1. | Organization of the nephron, showing both short-looped
and long-looped nephrons. See text for details relevant to the thick
ascending limb (TAL).Within the cortex, amedullary ray is delineated
by a dashed line. Structures are noted as follows: 1, glomerulus; 2,
proximal convoluted tubule; 3, proximal straight tubule; 4, de-
scending thin limb; 5, ascending thin limb; 6, TAL; 7, macula densa;
8, distal convoluted tubule; 9, connecting tubule; 10, cortical col-
lecting duct; 11, outer medullary collecting duct; 12, inner medullary
collecting duct.

Figure 2. | Transepithelial Na1-Cl2 transport pathways in the TAL.
See text for details. Barttin, Cl2 channel subunit; CLC-NKB, human
Cl2 channel; KCC4, K1-Cl2 cotransporter-4; Maxi-K, calcium-activated
maxi K1 channel (also known as the BK channel); NKCC2, Na1-K1-2Cl2

cotransporter-2; ROMK, renal outer medullary K1 channel.
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TAL (17). There is thus an axial distribution of the anion
affinity of NKCC2 along the TAL, from a low-affinity,
high-capacity transporter (NKCC2-F) in the inner stripe
of the outer medulla to a high-affinity, low-capacity trans-
porter (NKCC2-B) in the cortical TAL. This arrangement
fits with the need for a progressive increase in the Cl2

affinity of the transporter as the luminal Cl2 concentra-
tion drops along the length of the TAL.
Microperfused TALs develop a lumen-positive potential

difference when the tubular solutions contain Na1-Cl2

(18). This lumen-positive potential difference plays a crit-
ical role in physiology of the TAL, driving the paracellular
transport of Na1, Ca21, and Mg21 (see Figure 2). The con-
ductivity of the apical membrane of TAL cells is predom-
inantly K1 selective; luminal recycling of K1 via Na1-K1

-2Cl2 cotransport and apical K1 channels, along with ba-
solateral depolarization due to Cl2 exit through Cl2 chan-
nels, generates the lumen-positive transepithelial potential
difference (19,20).
Apical K1 channels are critical for transepithelial Na1-Cl2

transport by the TAL. In microperfusion studies, the combined
removal of K1 from luminal perfusate and pharmacologi-
cal blockade of apical K1 channels results in a marked de-
crease in Na1-Cl2 reabsorption (21). Apical K1 channels
are thus required for sustained functioning of NKCC2; the
low luminal concentration of K1 in this nephron segment
would otherwise become limiting for transepithelial
Na1-Cl2 transport. The net transport of K1 across perfused
TAL epithelium is ,10% that of Na1 and Cl2 (22); approx-
imately 90% of the K1 transported by NKCC2 is recycled
across the apical membrane via K1 channels, resulting in
minimal net K1 absorption by the TAL (20).
Three subtypes of apical K1 channels have been identi-

fied in the TAL, with differing unitary conductance cha-
racteristics: a 30-picosiemen (pS) channel, a 70-pS channel,
and a high-conductance, calcium-activated maxi K1 channel
(also known as the big K1 or BK channel) (23–25) (see Figure
2). The 70-pS channel mediates approximately 80% of the
apical K1 conductance of TAL cells (26). The low-conductance
30-pS channel shares several biophysical and regulatory
characteristics with the cloned renal outer medullary K1

channel (ROMK; otherwise known as KIR1.1 or KCNJ1),
the cardinal inward-rectifying K1 channel that was initially
cloned from rat renal outer medulla (27). ROMK protein
has been identified at the apical membrane of medullary
TAL, cortical TAL, and macula densa (28). The 30-pS channel
is completely absent from the apical membrane of mice with
homozygous deletion of the gene encoding ROMK (29), pro-
viding genetic evidence that ROMK mediates this 30-pS con-
ductance. Notably, not all cells in the TAL are labeled with
ROMK antibody (28), suggesting that ROMKmight be absent
in the HBC cells with high basolateral Cl2 conductance and
low apical/high basolateral K1 conductance (also see above)
(3,5). HBC cells are thought to correspond to the smooth-
surfaced morphologic subtype of TAL cells (S cells) (3);
however, the relative expression of ROMK protein by im-
munoelectron microscopy in R and S cells has not yet been
published. Regardless, the heterogeneity of ROMK expres-
sion indicates that apical K1 recycling is not present in all
epithelial cells within the TAL.
ROMK plays a critical role in Na1-Cl2 absorption by the

TAL, given that loss-of-function mutations in the gene

Figure 3. | Ultrastructural localization of NKCC2 protein in the TAL
and macula densa (MD). (A) Immunoelectron microscopy of NKCC2
in the TAL. NKCC2 labeling is associated with apical plasma mem-
brane (arrows) and small intracellular vesicles (arrowheads) of TAL
cells. Both smooth-surfaced cells (left) and rough-surfaced cells (right)
are labeled, with greater labeling of intracellular vesicles in smooth-
surfaced cells. (B) Immunogold localization of NKCC2 in ions of MD.
Abundant NKCC2 labeling is associated with apical plasma mem-
brane (arrows) of MD cells and TAL cells. Inset: overview showing
MD cells and TAL cells. Regions indicated byMDare shown at higher
power in main panel from adjacent section. Original magnification,
33500 in B; 344,000 in B inset. Reprinted from reference 4, with
permission.
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encoding this channel are associated with Bartter’s syn-
drome (30) (see Table 1). This genetic phenotype was
initially discordant with the data suggesting that the
higher-conductance 70-pS K1 channel is the dominant chan-
nel at the apical membrane of TAL cells (26). This paradox
was resolved by the observation that the 70-pS channel is
also absent from the TAL of ROMK knockout mice, indicat-
ing that ROMK proteins form a subunit of the 70-pS channel
(31). ROMK activity in the TAL is clearly modulated by as-
sociations with other proteins such that coassociation with
other subunits to generate the 70-pS channel is perfectly com-
patible with the known physiology of this protein. ROMK
thus associates with scaffolding proteins Na1/H1 ex-
changer regulatory factor (NHERF)-1 and NHERF-2, via
the C-terminal PDZ binding motif of ROMK; NHERF-2
is coexpressed with ROMK in the TAL (32). The association
of ROMK with NHERFs serves to bring ROMK into closer
proximity to the cystic fibrosis transmembrane regulator
protein (CFTR) (32). This ROMK-CFTR interaction is in
turn required for the native ATP and glybenclamide sen-
sitivity of apical K1 channels in the TAL (33). Impaired
CFTR-dependent regulation of ROMK in the TAL may
potentially explain the propensity for hypochloremic al-
kalosis and “pseudo-Bartter’s syndrome” in patients with
cystic fibrosis (33,34).

Basolateral Transport
The basolateral Na1/K1-ATPase is the primary exit path-

way for Na1 at the basolateral membrane of TAL cells. The
Na1 gradient generated by this Na1/K1-ATPase activity
also drives the apical entry of Na1, K1, and Cl2 via
NKCC2, the furosemide-sensitive Na1-K1-2Cl2 cotrans-
porter (20). Inhibition of Na1/K1-ATPase with ouabain
thus collapses the lumen-positive potential difference and
abolishes transepithelial Na1-Cl2 transport in the TAL
(35). The basolateral exit of Cl2 from TAL cells is primarily
but not exclusively (36) electrogenic, mediated primarily by
Cl2 channels (19,20). Intracellular Cl2 activity during trans-
epithelial Na1-Cl2 transport is above its electrochemical
equilibrium (37), with an intracellular-negative voltage of

240 to 270 mV that drives basolateral Cl2 exit (19,20). Re-
ductions in basolateral Cl2 depolarize the basolateral mem-
brane, whereas increases in intracellular Cl2 induced by
luminal furosemide have a hyperpolarizing effect (37).
At least two CLC chloride channels, CLC-K1 and CLC-K2

(denoted CLC-NKA and CLC-NKB in humans), are coex-
pressed in the TAL (38). Several lines of evidence indicate
that the dominant Cl2 channel in the TAL is encoded by
CLC-K2/CLC-NKB. First, CLC-K1 is expressed at both api-
cal and basolateral membranes of the thin ascending limb
and the phenotype of CLC-K1 knockout mice is more con-
sistent with primary dysfunction of thin ascending limbs
(39), rather than the TAL. CLC-K2 protein, in turn, is
heavily expressed at the basolateral membrane of the
TAL, with additional expression in the DCT, connecting
tubule, and a-intercalated cells (40). Second, loss-of-function
mutations in CLC-NKB are associated with Bartter’s syn-
drome (41), genetic evidence for a dominant role of this
channel in Na1-Cl2 transport by the human TAL. Finally,
an in vivo study using whole-cell recording techniques
suggests that CLC-K2 is the dominant Cl2 channel in
TAL (42).
A key advance in the physiology of the TAL was the

characterization of the “Barttin” subunit of CLC-K chan-
nels, which is coexpressed with CLC-K1 and CLC-K2 in
several nephron segments, including the TAL (38). The
human CLC-NKA and CLC-NKB paralogs are not func-
tional in the absence of Barttin coexpression (43); hence,
the full functional characterization of these channels de-
pended on the discovery of Barttin. CLC-NKB coexpressed
with Barttin is highly selective for Cl2, with a permeability
series of Cl2 .. Br2 5 NO3

2 . I2 (38,43). Strikingly,
despite the considerable homology between the CLC-
NKA/NKB proteins, these channels differ considerably
in pharmacologic sensitivity to various Cl2 channel block-
ers (44). This pharmacologic divergence suggests that the
possibility that novel inhibitors specific for CLC-NKB
could eventually be developed; such inhibitors would be
expected to function as novel loop diuretics that would not
require tubular excretion for natriuretic effects, acting in-
stead at the basolateral membrane.

Table 1. Genetic classification of Bartter’s syndrome

Subtype Protein Function Phenotype Comments/Variants

I NKCC2 Na-K-2Cl cotransporter Antenatal BS Variant presentations (e.g.,
acidosis, normokalemia)

II ROMK K1 channel Antenatal BS Transient neonatal
hyperkalemia

III CLC-NKB Cl2 channel Classic BS No nephrocalcinosis
Gitelman’s syndrome in
some patients

Deafness with CLC-NKA loss
IV Barttin Cl2 channel subunit Antenatal BS

with deafness
No nephrocalcinosis
Hypomagnesemia
Renal failure

V CaSR Calcium receptor BS-like Hypocalcemia, autosomal
dominant

See the text for details.NKCC2,Na1-K1-2Cl2 cotransporter-2; BS, Bartter’s syndrome; ROMK, renal outermedullaryK1 channel; CLC-
NKB, human Cl2 channel; Barttin, Cl2 channel subunit; CaSR, calcium-sensing receptor.
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Electroneutral K1-Cl2 cotransport (see Figure 2) mediates
K1-dependent Cl2 exit at the TAL basolateral membrane
(37). The K1-Cl2 cotransporter KCC4 is expressed at the ba-
solateral membrane of medullary and cortical TAL, in ad-
dition to macula densa. To account for the effects on
transmembrane potential difference of basolateral barium
and/or increased K1, it was previously suggested that the
basolateral membrane of the TAL contains a barium-sensitive
K1-Cl2 transporter (37,45); this is consistent with the barium
sensitivity of KCC4 (46). Increases in basolateral K1 cause
Cl2-dependent cell swelling in the Amphiuma early distal tu-
bule, an analog of the mammalian TAL. In Amphiuma LBC
cells with low basolateral conductance, analogous to mam-
malian LBC cells (3,5), this cell swelling was not accompanied
by changes in basolateral membrane voltage or resistance
(47), consistent with electroneutral K1-Cl2 transport. By ex-
tension, KCC4 may play an important role in the basolateral
chloride transport of LBC cells.
Epithelial cells within the TAL are influenced by changes in

interstitial osmolality, swelling under hypotonic conditions,
and shrinking under hypertonic conditions. Notably, how-
ever, the apical membrane of the TAL is completely water
impermeable and TAL segments have an extremely low
transepithelial water permeability. The basolateral mem-
brane, however, expresses abundant Aquaporin-1 water
channel protein, allowing for water flux across the baso-
lateral membrane and changes in cell volume in response
to changes in interstitial osmolality (48).

Paracellular Transport
The transport stoichiometry of NKCC2 (1Na1/1K1/

2Cl2) is such that additional transport mechanisms are
necessary to balance the transport of Na1 with the exit of
double the amount of Cl2 at the basolateral membrane;
this additional Na1 is transported across the epithelium
via the paracellular pathway (49,50) (see Figure 2). The
ratio of net Cl2 transepithelial absorption to net Na1 ab-
sorption through the paracellular pathway is thus 2.460.3
in microperfused mouse medullary TAL segments (50),
close to the ratio of 2.0 expected if 50% of Na1 transport
occurs via the paracellular pathway. The combination of a
cation-permeable paracellular pathway and an “active
transport” lumen-positive potential difference (19), gener-
ated indirectly by the basolateral Na1/K1-ATPase (35), re-
sults in a doubling of active Na1-Cl2 transport for a given
level of oxygen consumption (49).
Tight junctions in the TAL are cation selective, with relative

permeability of Na1 to that of Cl2 (PNa/PCl) of 2–5 (19,50).
The reported transepithelial resistance in the TAL is between
10 and 50 V cm2; although this resistance is higher than that
of the proximal tubule, the TAL is not considered a “tight”
epithelium. Notably, however, water permeability of the TAL
is extremely low, ,1% that of the proximal tubule (19). These
“hybrid” characteristics—relatively low resistance and very
low water permeability—allow the TAL to generate and sus-
tain Na1-Cl2 gradients of up to 120 mM (19).
The tight junctions of epithelia function as charge- and

size-selective “paracellular channels,” physiologic charac-
teristics that are conferred by integral membrane proteins
that cluster together at the tight junction; changes in the
expression of these proteins can have marked effects on
permeability, without affecting the number of junctional

strands (51). In particular, the charge and size selectivity of
tight junctions is conferred in large part by the claudins, a
large (.20) gene family of tetraspan transmembrane pro-
teins. Mouse TAL cells coexpress claudin-3, claudin-10,
claudin-11, claudin-14, claudin-16, and claudin-19 (52–
54). Notably, the expression of claudin-19 in TAL cells is
heterogeneous (53), analogous perhaps to the heterogene-
ity of ROMK expression (see above).
The TAL reabsorbs approximately 50%–60% of filtered

magnesium and approximately 20% of filtered calcium, ex-
clusively via the paracellular pathway. Mutations in human
claudin-16 (paracellin-1) and claudin-19 (52) are associated
with hereditary hypomagnesemia with hypercalciuria and
nephrocalcinosis (FHHNC), genetic evidence that these clau-
dins are critical for the cation selectivity of TAL tight junc-
tions. Heterologous expression of claudin-16 (paracellin-1) in
the anion-selective LLC-PK1 cell line increases Na1 perme-
ability, without affecting Cl2 permeability (55). Claudin-19 in
turn reduces PCl in LLC-PK1 cells, without affecting cation
permeability (56). The claudin-16 and claudin-19 proteins
physically interact (56,57) and coexpression of claudin-16
and claudin-19 synergistically increases the PNa/PCl ratio in
LLC-PK1 cells (56). Knockdown of claudin-16 in transgenic
mice increases Na1 absorption in the downstream collecting
duct, with development of hypovolemic hyponatremia after
treatment with amiloride (58). Claudin-19 knockdown mice
exhibit an increase in fractional excretion of Na1 and a dou-
bling in serum aldosterone (57). Both strains exhibit hyper-
magnesuria and hypercalciuria, with hypomagnesemia,
replicating the human FHHNC phenotype. In summary,
claudin-16 and claudin-19 are critical for the cation selectivity
of tight junctions in the TAL, contributing significantly to the
transepithelial absorption of Na1, Ca21, and Mg21 in this
nephron segment.
Other claudins expressed in the TAL either modulate the

function of claudin-16/claudin-19 heterodimers or have in-
dependent effects on paracellular transport. Claudin-14 in-
teracts with claudin-16, disrupting cation selectivity of the
paracellular barrier in cells that also coexpress claudin-19 (59).
Claudin-14 expression in the TAL is calcium dependent,
via the calcium-sensing receptor (CaSR), providing a novel
axis for calcium-dependent regulation of paracellular cal-
cium transport (see below) (59–61). Claudin-10 in turn ap-
pears to specifically modulate paracellular Na1 permeability,
with impaired paracellular Na1 transport but enhanced para-
cellular Ca21 and Mg21 in claudin-10 knockout mice (54).

Transport of NH4
1 and HCO3

2

The TAL also plays an important role in acid-base phys-
iology, functioning in both renal bicarbonate reabsorption and
ammonium (NH4

1) excretion. Approximately 15% of fil-
tered bicarbonate is reabsorbed by the TAL. Apical, carbonic
anhydrase-dependent (62) bicarbonate reabsorption is accom-
plished by Na1/H1 exchange, primarily mediated by the
Na1/H1 exchanger NHE3 (63) (see Figure 4). The apical
exit of an H1 ion is accompanied by basolateral exit of
HCO3

2 (i.e., bicarbonate absorption). There are several baso-
lateral exit mechanisms for bicarbonate in the TAL (64), in-
cluding Cl2/HCO3

2 exchange, K1-HCO3
2 cotransport (likely

mediated by the K1-Cl2 cotransporter KCC4), and Na1/H1

exchange. A basolateral Na1-HCO3
2 cotransporter (NBCn1)

is heavily expressed in the TAL but is thought to primarily
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function in bicarbonate entry at the basolateral membrane,
rather than exit (65). Bicarbonate reabsorption by the TAL is
regulated by acid-base status, and is upregulated in acidosis
and downregulated in metabolic alkalosis (66).
Ammonium is generated by the proximal tubule in re-

sponse to metabolic acidosis, reabsorbed by the TAL (67),
and is concentrated by countercurrent multiplication
within the medullary interstitium (67,68), from whence it
is transported down its concentration gradient via apical
NH3 carriers in the collecting duct (69). The NH4

1 ion has
the same ionic radius as K1 and can be transported by
NKCC2 (70) and other K1 transporters (see Figure 5).
NH4

1 transport via apical K1 channels and paracellular

transport play lesser roles under physiologic conditions
(67). NH4

1 exits the TAL predominantly via the basolateral
Na1/H1 exchanger NHE4, functioning in Na1/NH4

1 ex-
change mode (71). The capacity of the TAL to reabsorb
NH4

1 and, as a result, the corticomedullary NH4
1 gradient

is increased during acidosis (67,68), due in part to an induc-
tion of NKCC2 (70) and NHE4 (71). Dysfunction or inhibi-
tion of the TAL, as in Bartter’s syndrome or loop diuretic
administration for example, typically causes metabolic alka-
losis, somewhat obscuring the role of the TAL in acid and
NH4

1 homeostasis. Notably, however, pediatric patients
with Bartter’s syndrome due to NKCC2 deficiency can ini-
tially present with metabolic acidosis (72), perhaps because
of a defect in medullary NH4

1 accumulation.
Increasing the luminal K1 concentration in perfused

TAL markedly inhibits active NH4
1 absorption, likely be-

cause of competition between K1 and NH4
1 for transport

via NKCC2 (67). Hyperkalemia thus induces acidosis in
rats by reducing NH4

1 accumulation by the TAL, collaps-
ing the NH4

1 gradient between the vasa recta (surrogate
for interstitial fluid) and collecting duct (73). Clinically,
patients with hyperkalemic acidosis due to hyporeninemic
hypoaldosteronism can demonstrate an increase in urinary
NH4

1 excretion in response to normalization of plasma K1

with cation-exchange resins (74), indicating a significant
role for hyperkalemia in generation of the acidosis. This
physiology may gain broader relevance if and when novel
potassium binders (75) become clinically available for
chronic management of hyperkalemia.

Regulation of Ion Transport in the TAL
Activating Influences
Transepithelial Na1-Cl2 transport by the TAL is regu-

lated by multiple competing neurohumoral influences. In
particular, increases in intracellular cAMP tonically stim-
ulate ion transport in the TAL; the list of stimulatory hor-
mones and mediators that increase cAMP in this nephron
segment includes vasopressin, parathyroid hormone (PTH),
glucagon, calcitonin, and b-adrenergic activation. These
overlapping cAMP-dependent stimuli are thought to result
in maximal baseline stimulation of transepithelial Na1-Cl2

transport (76). This baseline activation is in turn modulated
by a number of negative influences, most prominently pros-
taglandin E2 (PGE2) and extracellular Ca21. Other hormones
and autocoids working through cGMP-dependent signaling,
including nitric oxide, also have potent negative effects on
Na1-Cl2 transport within the TAL (7). By contrast, angio-
tensin II has a stimulatory effect on Na1-Cl2 transport
within the TAL (77,78).
Vasopressin, acting through V2 receptors (79), is the most

extensively studied positive modulator of transepithelial
Na1-Cl2 transport in the TAL. Vasopressin activates apical
Na1-K1-2Cl2 cotransport within minutes in perfused mouse
TAL segments, and also exerts longer-term influence on
NKCC2 expression and function. The acute activation of
apical Na1-K1-2Cl2 cotransport is achieved at least in part
by the stimulated exocytosis of NKCC2 proteins, from sub-
apical vesicles to the plasma membrane (7). Activation of
NKCC2 is also associated with the phosphorylation of a
cluster of N-terminal threonines in the transporter pro-
tein; treatment of rats with the V2 agonist desmopressin

Figure 4. | Bicarbonate transport pathways within the TAL. See text
for details. NHE3, Na1/H1 exchanger-3; CA, carbonic anhydrase.

Figure 5. | Ammonium transport pathways within the TAL. See text
for details. NH4

1, ammonium; NHE4, Na1/H1 exchanger-4.
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(dDAVP; Sanofi-Aventis) induces phosphorylation of
these residues in vivo, as measured with a phospho-specific
antibody (80). These threonine residues are substrates for the
homologous STE20/SPS1-related proline/alanine-rich kinase
(SPAK) and oxidative stress–responsive kinase 1 (OSR1)
kinases, initially identified by Gagnon et al. as key regula-
tory kinases for NKCC1 and other cation-chloride cotrans-
porters (81). SPAK and OSR1, in turn, are activated by
upstream WNK (with no lysine [K]) kinases.
The N-terminal phosphorylation of NKCC2 by OSR1

kinase appears to be critical for activity of the transporter in
the native TAL. The N terminus of NKCC2 contains a pre-
dicted binding site for SPAK and OSR1 (82), proximal to the
sites of regulatory phosphorylation; the analogous binding
site is required for activation of the NKCC1 cotransporter
(83). SPAK and OSR1 also require the sorting protein-related
receptor with A-type repeats 1 (SORL1) (see also Figure 6)
for proper trafficking within TAL cells such that targeted
deletion of SORL1 results marked reduction in N-terminal
NKCC2 phosphorylation (84). Of the two kinases, OSR1 is
evidently more critical for NKCC2 function in the TAL, given
the loss of function of the TAL with reduced N-terminal
NKCC2 phosphoprotein in mice with targeted TAL-specific
deletion of OSR1 (85).
The role of the upstreamWNK kinases is illustrated by the

phenotype of a “knock-in” mouse strain in which mutant
SPAK or OSR1 cannot be activated by upstream WNK kina-
ses (86); these mice have a marked reduction in N-terminal
phosphorylation of both NKCC2 and the thiazide-sensitive
NCC, with associated salt-sensitive hypotension. The up-
stream WNK kinases appear to regulate SPAK/OSR1 and
NKCC2 in chloride-dependent fashion, phosphorylating and
activating SPAK/OSR1 and the transporter in response to a
reduction in intracellular chloride concentration (87). How-
ever, the adaptor protein calcium-binding protein 39 can
dimerize and activate SPAK or OSR1 kinase monomers, by-
passing the upstream phosphorylation by WNK kinases (88)
(see also Figure 6).
Vasopressin has also been shown to alter the stoichiometry

of furosemide-sensitive apical Cl2 transport in the TAL,
from a K1-independent Na1-Cl2 mode to the classic
Na1-K1-2Cl2 cotransport stoichiometry (49). Underscor-
ing the metabolic advantages of paracellular Na1 trans-
port, which is critically dependent on the apical entry of
K1 via Na1-K1-2Cl2 cotransport (see above), vasopressin
accomplishes a doubling of transepithelial Na1-Cl2 trans-
port without affecting transcellular Na1-Cl2 transport.
This doubling in transepithelial absorption occurs without
an increase in O2 consumption (49), highlighting the energy
efficiency of ion transport by the TAL. The mechanism of
this switch remains unknown. However, vasopressin in-
duces cAMP-dependent phosphorylation of several serines
and threonines in NKCC2 (89), potentially modulating K1

dependence of the transporter.
In addition to its acute effects on NKCC2, vasopressin

increases transepithelial Na1-Cl2 transport by activating
apical K1 channels and basolateral Cl2 channels in the TAL
(76,90). Vasopressin also has considerable long-term effects
on transepithelial Na1-Cl2 transport by the TAL. Sustained
increases in circulating vasopressin result in marked hyper-
trophy of medullary TAL cells, accompanied by a doubling
in baseline active Na1-Cl2 transport (90). Water restriction

or treatment with dDAVP also results in an increase in abun-
dance of the NKCC2 protein in rat TAL cells. Consistent
with a direct effect of vasopressin-dependent signaling, ex-
pression of NKCC2 is reduced in mice with a heterozygous
deletion of the Gs stimulatory G protein, through which the
V2 receptor activates cAMP generation (90).

Inhibitory Influences
The tonic stimulation of transepithelial Na1-Cl2 trans-

port by cAMP-generating hormones is modulated by a
number of negative neurohumoral influences. In particular,
extracellular Ca21 and PGE2 exert potent inhibitory effects,
through a plethora of synergistic mechanisms. Both extracel-
lular Ca21 and PGE2 activate the Gi inhibitory G protein in
TAL cells, opposing the stimulatory, Gs-dependent effects of
vasopressin on intracellular levels of cAMP (91). Extracellu-
lar Ca21 exerts its effect through the CaSR, which is heavily
expressed at the basolateral membrane of TAL cells (91,92);
PGE2 primarily signals through EP3 PG receptors (76). The
increases in intracellular Ca21 due to the activation of the
CaSR and other receptors directly inhibits cAMP generation
by a Ca21-inhibitable adenylate cyclase that is expressed in
the TAL, accompanied by an increase in phosphodiesterase-
dependent degradation of cAMP (91,93). Abrogation of
the tonic negative effect of PGE2 with indomethacin results
in a considerable increase in abundance of the NKCC2 pro-
tein (90), whereas targeted deletion of the CaSR in mouse
TAL activates NKCC2 via increased N-terminal phosphor-
ylation (60).
Activation of the CaSR and other receptors in the TAL also

results in the downstream generation of AAmetabolites with
potent negative effects on Na1-Cl2 transport. Extracellular
Ca21 thus activates phospholipase A2 in TAL cells, leading
to the liberation of AA. This AA is in turn metabolized by
cytochrome P450 v-hydroxylase to 20-hydroxyeicosatetraenoic
acid, or by cyclooxygenase-2 to PGE2; cytochrome P450
v-hydroxylation generally predominates in response to acti-
vation of the CaSR in TAL (91). 20-Hydroxyeicosatetraenoic
acid inhibits apical Na1-K1-2Cl2 cotransport, apical K1

channels, basolateral Cl2 channels, and the basolateral
Na1/K1-ATPase (76,91,94).
The relative importance of the CaSR in the regulation of

Na1-Cl2 transport by the TAL is dramatically illustrated
by the phenotype of rare patients with gain-of-function
mutations in this receptor. In addition to suppressed PTH
and hypocalcemia, the usual phenotype caused by gain-of-
function mutations in the CaSR (autosomal dominant hypo-
aparathyroidism), these patients manifest a hypokalemic
alkalosis, polyuria, and increases in circulating renin and al-
dosterone (95,96). Therefore, the persistent inhibition of
Na1-Cl2 transport in the TAL by these overactive mutants
of the CaSR causes a rare subtype of Bartter’s syndrome, type
V in the genetic classification of this disease (91) (see Table 1).
Activation of the CaSR also modulates the claudin

repertoire of TAL cells, leading to PTH-independent hy-
percalciuria (59–61,92). This involves a novel feedback
mechanism wherein activation of the CaSR downregu-
lates two microRNAs (miR-9 and miR-374) that otherwise
bind to the 39-untranslated region of the claudin-14
mRNA and destabilize the transcript (59). This CaSR-
dependent downregulation of these microRNAs leads to
increased expression of claudin-14 protein, inhibition of
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claudin-16/claudin-19 heterodimers, reduced paracellular
calcium permeability in the TAL, and hypercalciuria
(59–61). This interaction provides a potential signaling
pathway to explain the association between common var-
iants in the human claudin-14 gene and hypercalciuric
nephrolithiasis (97).

Uromodulin
TAL cells are unique in expressing the membrane-bound,

glycosyl-phosphatidylinositol–anchored protein uromodulin
(Tamm–Horsfall glycoprotein) (see Figure 7), which is not
expressed by macula densa cells or the downstream DCT.
Uromodulin can be released by proteolytic cleavage at the
apical membrane and is secreted as the most abundant pro-
tein in normal human urine (20–100 mg/d) (1).
Uromodulin has a host of emerging roles in the phys-

iology and biology of the TAL. A high-salt diet increases
uromodulin expression (1), suggesting a role in ion trans-
port. In this regard, uromodulin facilitates membrane traf-
ficking and function of the NKCC2 protein (98), with
similar effects on apical ROMK protein (99). Uromodulin
also protects against nephrolithiasis, with the development
of calcium oxalate stones in uromodulin knockout mice
and evident protective alleles in humans (1). Potential
mechanisms for this effect include reduced aggregation
of nascent crystals (1) and activation of downstream tran-
sient receptor potential cation channel subfamily V mem-
ber 5 epithelial calcium channels in the DCT by secreted
uromodulin (100), with the development of hypercalciuria
under uromodulin-deficient conditions. Other possible
roles for uromodulin include a defensive role against uri-
nary tract infection and possible roles in innate immunity
(1). In disease, interactions between monoclonal free light
chains and uromodulin are thought to be critical for cast

formation and AKI in cast nephropathy associated with
multiple myeloma (101).
Autosomal dominant mutations in the UMOD gene en-

coding uromodulin are associated with medullary cystic
disease type 2 and familial juvenile hyperuricemic ne-
phropathy. Now collectively referred to as uromodulin-
associated kidney disease (UAKD), this syndrome
includes progressive tubulointerstitial damage and CKD,
variably penetrant hyperuricemia and gout, and variably
penetrant renal cysts that are typically confined to the
corticomedullary junction (1). The causative mutations tend
to affect conserved cysteine residues win the N-terminal half
of the protein, leading to protein misfolding and retention
within the endoplasmic reticulum (1,102) (see Figure 7).
Genome-wide association studies recently linked more

common genetic variants in the UMOD promoter with the
risk of CKD and hypertension (1). These susceptibility var-
iants have a high frequency (approximately 0.8) and confer
an approximately 20% higher risk for CKD and a 15% risk
for hypertension (103). These polymorphisms are associ-
ated with more abundant renal uromodulin transcript and
higher urinary uromodulin excretion (103,104), due to ac-
tivating effects on the UMOD promoter (103). Overexpres-
sion of uromodulin in transgenic mice leads to distal
tubular injury, with segmental dilation and increased tu-
bular cast area relative to wild-type mice. Similar lesions
were increased in frequency in older humans homozygous
for susceptibility variants in UMOD, compared with those
homozygous for protective variants (103). Uromodulin-
transgenic mice also manifested salt-sensitive hypertension,
owing to activation of the SPAK kinase and activating
N-terminal phosphorylation of NKCC2. Again, human hyper-
tensive individuals homozygous for susceptibility variants
in UMOD appear to have an analogous phenotype, with ex-
aggerated natriuresis in response to furosemide compared
with those who are homozygous for protective variants
(103). These findings are compatible with the stimulatory
effects of uromodulin on the NKCC2 (98) and ROMK (99)
transport proteins. Uromodulin excretion appears to par-
allel transport activity of the TAL and with common
polymorphisms in the KCNJ1 gene encoding ROMK and
two genes involved in regulating SPAK/OSR1 kinase ac-
tivity (SORL1 and CAB39) (104). These latter genetic data
link uromodulin function with the various signaling path-
ways that control Na1-Cl2 transport within the TAL (see
Figure 6).

Pathophysiology of the TAL
It is no surprise that the TAL plays a significant role in

the pathophysiology of disease, given its pivotal role in so
many aspects of renal physiology. An understanding of
TAL physiology leads to greater bedside appreciation of
the mechanisms associated with its involvement in human
pathophysiology. For example, as discussed above, hyper-
kalemia leads to an increase in tubular K1 concentration
within the TAL, competition between tubular K1 and
NH4

1 for apical transport via NKCC2 (67), reduced trans-
epithelial NH4

1 transport, blunted countercurrent multi-
plication of interstitial NH4

1 concentration, reduced
urinary NH4

1 excretion, and metabolic acidosis (73,74).
Other associations between TAL dysfunction and human

Figure 6. | Model for the interaction of ROMK, NKCC2, SORL1,
SPAK/OSR1, and CAB39 with uromodulin in the regulation of ion
transport in the TAL. CAB39, calcium-binding protein 39; OSR1,
oxidative stress–responsive kinase 1; SORL1, sorting protein-related
receptor with A-type repeats 1; SPAK, STE20/SPS1-related proline/
alanine-rich kinase; Modified from reference 104, with permission.
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Figure 7. | Expression patterns and distribution of uromodulin in normal and diseased kidney. The segmental distribution and staining pattern
of uromodulinwas compared in normal kidneys (A–G), and in three kidneyswithUAKD due toUMODmutations (H–M). In the normal human
kidney, uromodulin is distributed primarily in the TAL segments (A), with a distinct apical membrane reactivity (B). The segmental distribution
to the TAL was demonstrated by lack of cross-reactivity with AQP1 (C and D) and codistribution with SR1A on serial sections (E and F). No
specific staining was detected when using nonimmune IgG (G). (H–M) The expression and staining pattern for uromodulin was significantly
modified in the three kidneys harboring UMODmutations. Intense staining for uromodulin was detected in a subset of tubule profiles (H and I)
that are sometimes enlarged or cystic. The tubule profiles stained for uromodulin are negative for AQP1 (I and J). (K–M) At highermagnification,
the staining for uromodulin is intense, diffusely intracellular, and also heterogeneouswithin tubular cells. AQP1, aquaporin 1; SR1A, serotonin
receptor 1A; UAKD, uromodulin-associated kidney disease. Modified from reference 102, with permission.
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disease are more complex, such as the calcium-dependent
regulation of claudin-10 and its genetic role in hypercalciuric
nephrolithiasis (59–61) (see the discussion of paracellular
transport).
Inhibition of TAL function with loop diuretics can also

have predictable beneficial effects in specific renal syn-
dromes. For example, by collapsing the lumen-positive
potential difference and thus reducing paracellular calcium
transport, loop diuretics—combined with adequate saline
administration—can enhance calcium excretion in hyper-
calcemia (105). Loop diuretics combined with oral salt sup-
plementation are also an effective chronic therapy for the
syndrome of inappropriate antidiuretic hormone (106),
blunting the countercurrent mechanism, increasing water
excretion, and correcting the associated hyponatremia. An
acquired dysfunction of NKCC2 after ureteral obstruction
can in turn lead to the salt wasting and impaired urinary
concentrating ability that is characteristic of postobstruc-
tive renal function (107).
Hereditary loss of function or dysfunction of TAL is dis-

cussed in the various sections above. Loss-of-function muta-
tions in TAL Na1-Cl2 transport are associated with Bartter’s
syndrome, familial hypokalemic metabolic alkalosis. Pa-
tients with “classic” Bartter’s syndrome typically suffer
from polyuria and impaired urinary concentrating ability.
They may have an increase in urinary Ca21 excretion and
approximately 20% are hypomagnesemic (108); other
features include marked elevation of plasma angiotensin II,
plasma aldosterone, and plasma renin. By contrast, patients
with Gitelman’s syndrome, caused by recessive loss of func-
tion mutations of NCC (the thiazide-sensitive Na1-Cl2 co-
transporter in the DCT), are markedly hypocalciuric and
universally hypomagnesemic. Patients with “antenatal”
Bartter’s syndrome present earlier in life with a severe sys-
temic disorder characterized by marked electrolyte wasting,
polyhydramnios, and significant hypercalciuria with neph-
rocalcinosis. Genetic classification of Bartter’s syndrome
is outlined in Table 1. Although there is significant phe-
notypic overlap and phenotypic variability, the various
phenotypes are predictable in many respects from the un-
derlying physiology of the genes involved. Other genetic
causes of TAL dysfunction include UAKD and FHHNC;
although the associated defects in TAL are less severe than
in Bartter’s syndrome, these disorders can also encompass
polyuria and impaired concentrating ability, due to dys-
function in the countercurrent mechanism. Relative hypo-
volemia and the associated neurohumoral response can
lead to hyperuricemia with or without gout, as has been
reported in Bartter’s syndrome (109), UAKD (1), and
FHHC (110).
Finally, a considerable body of evidence links hyper-

tension with increased NKCC2 activity in both human
hypertension and animal models of hypertension (7).
Much of this association may be due to gain-of-function
variants in the UMOD gene encoding uromodulin (1,103).
These provocative findings highlight the role of the TAL
in hypertension and may lead to a reappraisal of the ther-
apeutic approach to hypertensive individuals with com-
mon, at-risk UMOD genotypes. Furthermore, the association
of UMOD variation with an increased risk of CKD identifies
uromodulin as a potential therapeutic target in both hyper-
tension and CKD.
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Renal Physiology

Distal Convoluted Tubule

Arohan R. Subramanya*†‡ and David H. Ellison§|¶

Abstract
The distal convoluted tubule is the nephron segment that lies immediately downstream of the macula densa.
Although short in length, the distal convoluted tubule plays a critical role in sodium, potassium, and divalent
cation homeostasis. Recent genetic and physiologic studies have greatly expanded our understanding of
how the distal convoluted tubule regulates these processes at the molecular level. This article provides an
update on the distal convoluted tubule, highlighting concepts and pathophysiology relevant to clinical
practice.
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Introduction
The distal convoluted tubule (DCT) is the portion
of the nephron that is immediately downstream of
the macula densa. Although the DCT is the shortest
segment of the nephron, spanning only about 5 mm
in length in humans (1), it plays a critical role in a va-
riety of homeostatic processes, including sodium chlo-
ride reabsorption, potassium secretion, and calcium
and magnesium handling. The DCT has a unique ca-
pacity to adapt to changes in hormonal stimuli and
the contents of the tubular lumen, and this process
contributes to the pathophysiology of a number of
clinically relevant scenarios, including loop diuretic
resistance and hyperaldosteronism. In recent years,
insights gained from Mendelian disorders of BP and
electrolyte imbalance, genetically modified animal
models, and molecular cloning and study of key
components of the machinery that controls the di-
verse ion transport processes housed in this segment
have greatly expanded our understanding of distal
tubule function. In this article, we provide a focused
overview and update of the molecular physiology of
the DCT.

Distal Nephron Nomenclature and Anatomic
Considerations

The term distal tubule has been used by anatomists
to denote the region of the nephron that extends down-
stream from the macula densa to the confluence of
another tubule (i.e., the collecting system) (Figure 1) (2).
It includes two nephron segments, the DCT and the
connecting tubule (CNT). The DCT can be further di-
vided into two functionally distinct subsegments, re-
ferred to as the DCT1 and the DCT2 (also called the
early and late DCTs).

The DCT1 and DCT2 can be distinguished by their
differential responsiveness to the mineralocorticoid
aldosterone. Aldosterone is a steroid hormone that is
released from the adrenal gland in response to volume
depletion or hyperkalemia. It has a similar chemical

structure to glucocorticoids, such as cortisol, and both
aldosterone and cortisol bind to the mineralocorticoid
receptor with nearly equal affinity (3). Although min-
eralocorticoid receptors are expressed throughout the
entire DCT, the DCT2 is sensitive to the actions of
aldosterone, because it expresses an enzyme called
11-b hydroxysteroid dehydrogenase 2 (11-bHSD2).
11-bHSD2 metabolizes cortisol to the inactive metab-
olite cortisone, thereby preventing circulating gluco-
corticoids from binding to mineralocorticoid
receptors expressed in the DCT2 (4). Because the min-
eralocorticoid receptors in the DCT2 can only be oc-
cupied by aldosterone, the DCT2 is more sensitive
than the DCT1 to changes in circulating aldosterone
levels. 11-bHSD2 is also expressed in other down-
stream nephron segments, including the CNT and
the cortical collecting duct (CCD). For this reason,
the DCT2, CNT, and CCD are collectively termed the
aldosterone-sensitive distal nephron (5).
Cells of the DCT have a unique morphology that

matches their highly active physiology (Figure 1, in-
sets) (6). Their nuclei tend to be positioned to the
apical side of the cell because of an extensive baso-
lateral membrane that has numerous deep infoldings.
In addition, the cytosol on the basal aspect of DCT
cells is packed with mitochondria—in fact, cells of the
DCT are among the most mitochondria-rich in the
kidney (7). These findings indicate that the DCT en-
gages in processes that require considerable ATP con-
sumption and active transport of electrolytes driven
by the basolateral Na1-K1-ATPase.

Mechanism of Na1 Reabsorption in the DCT
Apical Sodium Transport in the Early and Late DCTs
The DCT reabsorbs roughly 5%–10% of the filtered

sodium load (8). The thiazide-sensitive NaCl cotrans-
porter (NCC; TSC; SLC12A3) is chiefly responsible for
this process. NCC is one of the major targets of thiazide-
type diuretics; the other target is sodium-dependent
chloride bicarbonate exchanger (NDCBE; SLC4A8), a
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recently discovered Na1-driven chloride bicarbonate ex-
changer expressed in the CCD (9). This class of drugs is
commonly used to treat hypertension, edema, and nephro-
lithiasis and include the thiazides chlorothiazide, hydrochlo-
rothiazide, and bendroflumethiazide (only available
combined with nadolol in the United States) as well as the
thiazide-like diuretics metolazone, indapamide, and chlor-
thalidone. As shown in Figure 2, in the DCT1, sodium ab-
sorption from the tubular lumen is chloride-dependent and
entirely mediated by NCC (10). Because a negatively
charged chloride anion enters in 1:1 stoichiometry with a
sodium cation, this process is electrically silent or electro-
neutral. Loss-of-function mutations of NCC cause Gitelman
syndrome, an autosomal recessive salt wasting disorder
that commonly presents with low-to-normal BP, elevated
renin levels, hypokalemia, metabolic alkalosis, hypocalciu-
ria, and hypomagnesemia (11). Thus, the phenotype of
Gitelman syndrome is similar to the effects of thiazide
diuretics. Most Gitelman mutations introduce changes into
the NCC polypeptide that cause the cotransporter to misfold
(12). This results in enhanced recognition by a molecular
chaperone protein called Hsp70, which binds to misfolded
NCC as it is being made in the endoplasmic reticulum and
targets it for degradation (13,14).
NCC is expressed throughout the DCT, but the DCT2

also exhibits an amiloride-sensitive sodium transport path-
way mediated by the epithelial sodium channel (ENaC)

(Figure 2) (15,16). ENaC-mediated sodium transport is elec-
trogenic; thus, in the DCT2, movement of Na1 ions through
ENaC without an accompanying anion leaves negative
charges in the lumen. Therefore, the transepithelial voltage
or sum of membrane potentials on the luminal and
basolateral membranes of the DCT epithelium is lumen-
negative. As will be discussed below, this electrical gradient
provides a driving force for the movement of other ions.
Because ENaC is also expressed in the CNT and collecting
duct, the transepithelial voltage becomes progressively more
lumen-negative downstream of the DCT (17,18).

Basolateral Sodium Transport
In both subsegments of the DCT, after the transapical

movement of Na1 through NCC and/or ENaC, Na1 is ex-
truded from the cytosol and into the peritubular fluid by the
Na1-K1-ATPase (Figure 2). Because this electrogenic pump
exchanges sodium for potassium at a stoichiometry of 3:2, its
activity removes one positive charge from the intracellular
space, resulting in the generation of a constant negative volt-
age of 260 to 290 mV across the basolateral membrane
(19,20). Along the basolateral membrane, the intracellular
voltage becomes more negative with respect to extracellular
voltage if the intracellular sodium concentration increases.
This finding suggests that, in the DCT, a rise in luminal
NCC- or ENaC-mediated sodium transport stimulates baso-
lateral Na1 extrusion through the Na1-K1-ATPase (19). This

Figure 1. | A human nephron, showing the anatomic location of the distal tubule. The distal convoluted tubule (DCT) is divided into early and
late segments, termed DCT1 and DCT2, respectively. The connecting tubule (CNT) is located immediately downstream of the DCT2. Insets
compare DCTand CNT cell morphology. The cells of the DCT contain an extensive basolateral membrane system and are mitochondria-rich,
indicating high transport activity of the Na1-K1-ATPase. CNT cells, in contrast, contain fewer mitochondria and basolateral membrane in-
vaginations, suggesting that they are less metabolically active.
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provides an effective mechanism by which sodium ions can
be transported transcellularly (i.e., through cells) and re-
turned back to the plasma.

Basolateral K1 Channels
In order for sodium to be reabsorbed through trans-

cellular mechanisms, basolateral sodium transport through
the Na1-K1-ATPase must match the rate of apical sodium
flux. Basolateral K1 efflux pathways play an important
role in this process (21). By transporting K1 extracellularly,
basolateral potassium channels create a “leak” that recy-
cles K1 and helps to maintain the activity of the sodium
pump (Figure 2). This so-called “pump leak coupling”
maximizes the sodium reabsorptive capacity of an epi-
thelium (22). Although renal physiologists have long ap-
preciated this concept (23), its medical relevance only
recently came to light through studies of a rare genetic
disorder called EAST/SeSAME (24,25). In 2008, two
groups reported that patients with mutations in the DCT-
expressed basolateral inward-rectifying K1 channel Kir4.1
(KCNJ10) develop a hereditary salt wasting hypokalemic
and hypomagnesemic disorder resembling Gitelman syn-
drome (24,25). Patients with these mutations typically pres-
ent in infancy with a constellation of neurologic
abnormalities in addition to the renal salt loss; for this rea-
son, the disease has been named EAST syndrome (epilepsy,

ataxia, sensorineural deafness, and tubulopathy) by some
investigators and SeSAME syndrome (seizures, sensorineu-
ral deafness, ataxia, mantal retardation, and electrolyte im-
balance) by others. The Gitelman-like phenotype seen in
individuals with the syndrome is likely caused by impaired
Kir4.1 function and potassium recycling at the basolateral
membrane of the DCT (26). In the absence of Kir4.1 activity,
the activity of the Na1-K1-ATPase is reduced, resulting in
diminished transcellular Na1 reabsorption in the DCT (Figure
3). Recent studies indicate that patients with EAST/SeSAME
syndrome develop markedly reduced infoldings of the ba-
solateral membrane of the DCT (26). This reduction in ba-
solateral membrane surface area leads to a decrease in the
total number of surface-localized Na1-K1-ATPase mole-
cules, providing a second reason why basolateral sodium
transport is reduced in these patients (Figure 3). To date,
EAST/SeSAME syndrome is the only clinical distal tubular
disorder known to affect a basolateral potassium channel.
However, Kir4.1 is not the only potassium channel expressed
at the basolateral membrane of the DCT. In fact, a number
of K1 channels are expressed basolaterally, including
Kir4.2 (KCNJ15) and Kir5.1 (KCNJ16) (21). Kir4.1 may as-
sociate in complexes with these alternative K1 transport
pathways to form heteromultimers that cooperate in basolateral
K1 recycling (27).

Cl2 Absorption in the DCT
Apical Chloride Transport Pathways
In the early DCT, chloride is transported transcellularly

from the tubular lumen with sodium through NCC.
Sodium and chloride transport through this cotransporter
is interdependent; thus, inhibition of NCC by thiazide
diuretics will effectively block chloride reabsorption in the
earliest loops of the distal nephron. As mentioned above,
on reaching the late DCT, sodium is also transported
through amiloride-sensitive ENaCs, which generate a lumen-
negative transepithelial potential. This, in turn, serves as
a driving force for chloride transport into the peritubular
space through paracellular mechanisms (Figure 2). Paracellular
transport (i.e., the transport of ions between cells) is a passive
process, but cells generally confer specificity to the process
by expressing multiprotein complexes at or near the tight
junctions that connect adjacent cells. Included among these
complexes is a large family of molecules called claudins (28).
Current data indicate that different regions of the nephron
express specific combinations of claudin proteins, which
help to define the paracellular ion selectivities of those nephron
segments.

Basolateral Chloride Transport
Because sodium transport in the DCT largely occurs

through the coupled transcellular transport of sodium and
chloride, basolateral Cl2 transport is essential to the devel-
opment of a gradient for Na1 entry. Cl2 exit also helps to
lower the intracellular Cl2 concentration, which is a potent
activator of NCC, and maintains net Na1 reabsorption (29).
Cl2 exit across the human DCT basolateral membrane is me-
diated by the chloride channel ClC-Kb. The Na1-K1-ATPase
is necessary for this process, because it generates an electro-
chemical gradient that favors chloride efflux. ClC-Kb chan-
nels require an accessory subunit called Barttin to be fully

Figure 2. | A model of NaCl reabsorption by cells of the early and
late DCTs. Note that the transepithelial voltage is close to zero in the
DCT1 and becomes progressively negative in the DCT2. In the early
DCT, apical sodium reabsorption is exclusivelymediated by thiazide-
sensitive NaCl cotransporter (NCC), whereas in the late DCT, both
NCC and amiloride-sensitive epithelial sodium channels (ENaCs) are
present. The electrogenic transport of sodium by ENaC contributes to
the lumen-negative transepithelial voltage. Basolateral sodium efflux
is mediated by the Na1-K1-ATPase and aided by Kir4.1-mediated
potassium leak currents. Chloride transport is carried out by the
chloride channel ClC-Kb and potassium chloride cotransporter 4
(KCC4; SLC12A7).
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functional (30). Both the ClC-Kb channel and Barttin are
also expressed in the thick ascending limb. Thus, it is perhaps
not surprising that loss-of-function mutations of either
gene cause specific subtypes of Bartter syndrome (30,31).
Patients with ClC-Kb channel mutations tend to present
with a mixed Bartter/Gitelman phenotype, whereas pa-
tients lacking functional Barttin present with a severe neo-
natal salt wasting disorder that includes sensorineural
deafness.
The potassium chloride cotransporter 4 (KCC4; SLC12A7)

is expressed in the basolateral membrane of the DCT and
mediates coupled electroneutral K-Cl efflux (32). KCC4 ac-
tivity is stimulated by hypotonicity (33). Because luminal
fluid in the DCT is hypotonic relative to plasma (34), the
extracellular environment of the DCT theoretically favors
KCC activation. This finding is particularly relevant in the
DCT2, where tubular fluid is diluted down to 100 mOsM.

Thus, a significant fraction of basolateral chloride reabsorp-
tion in the late DCT probably occurs through this transport
pathway. Although no clinical syndrome involving KCC4
mutations has been described, KCC4 knockout mice develop
renal tubular acidosis and deafness (35). This suggests that
KCC4 plays an important role in determining renal net acid
excretion and K1 secretion into the endolymph of the inner
ear, although the mechanisms mediating such processes
remain poorly defined.

Regulation of NaCl Transport in the DCT
Although sodium transport in the DCT is mediated by

both NCC and ENaC, in this section, we will predomi-
nantly focus on the regulation of NCC-mediated Na1

transport. A detailed review of ENaC regulation is covered
elsewhere in this series.

Figure 3. | Mechanism of diminished NaCl and Mg21 reabsorption in EAST/SeSAME syndrome. EAST/SeSAME syndrome is caused by mu-
tations of the basolateral K1 channel (KCNJ10; Kir4.1). This channel mediates leakage of potassium to the peritubular fluid, which provides
a supply of potassium ions that drives the activity of the Na1-K1-ATPase, resulting in constant reabsorption of sodium across the basolateral
membrane. In EAST/SeSAME syndrome, inactivating mutations of Kir4.1 impair a leak current, which probably reduces activity of the sodium/
potassiumpump. Patientswith the syndrome also display a reduced basolateralmembrane surface area, consistentwith diminishedNa1-K1-ATPase
activity. The reduction in basolateral sodium transport reduces the gradient for NCC-mediated Na1 reabsorption and causes salt wasting. Luminal
magnesium reabsorption is similarly reduced in these patients, possibly because of diminished basolateral magnesium transport. EAST/SeSAME,
epilepsy, ataxia, sensorineural deafness, and tubulopathy/seizures, sensorineural deafness, ataxia, mantal retardation, and electrolyte imbalance.
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Distal Na1 Delivery
NaCl reabsorption in the DCT is dependent on sodium

delivery. As the delivered sodium load is increased, the DCT
responds by increasing its capacity for sodium transport.
These changes are associatedwithmarked alterations in DCT
cell morphology, including an increase in basolateral mem-
brane surface area and increased mitochondrial size (36). In
concordance with these hypertrophic changes, Na1-K1-ATPase
activity and the number of NCC cotransporters expressed per
cell both increase dramatically. Thus, luminal sodium seems
to be a potent stimulus that induces hypertrophy and activity
of the distal tubule. The cellular mechanisms whereby NaCl
entry affects NCC transport function and DCT morphology
are not known.
The most common clinical scenario in which this phenom-

enon is encountered is loop diuretic resistance (Figure 4) (37).
Chronic treatment with diuretics that inhibit the Na-K-2Cl
cotransporter in the loop of Henle (bumetanide-sensitive
sodium-potassium-chloride cotransporter [NKCC2, SLC12A1]),
such as furosemide, results in a sustained increase in luminal
Na1 delivery to the DCT. This induces hypertrophic changes
in the DCT that increase NCC-mediated NaCl reabsorption,
diminishing the effects of loop diuretics over time (36). Be-
cause of these hypertrophic changes, edematous patients
who are loop diuretic–resistant and do not have severe
CKD will frequently be highly sensitive to the effects of thi-
azide diuretics. Thus, the addition of even low doses of a
thiazide or thiazide-like diuretic often results in a dramatic
increase in urinary salt and water excretion.

The WNK-SPAK/OSR1 Signaling Pathway and NCC
For thiazide-sensitive sodium chloride reabsorption to

occur in the DCT, two processes must take place. First, a
sufficient number of NCC cotransporters must be present
at the DCT apical membrane, where they can come into
contact with salt in the tubular lumen and facilitate NaCl
cotransport. To get to the apical membrane, NCC must
traffic there from a storage pool of vesicles present inside
DCT cells (Figure 5). Second, cotransporters present at the
DCT lumen must be switched on by phosphorylation. Two
related serine threonine kinases, the Ste20-like proline-
alanine rich kinase (SPAK) and oxidative stress responsive
kinase 1 (OSR1), phosphorylate NCC directly (38). Both of
these proteins transfer phosphate groups from ATP to ser-
ine and threonine residues present in the intracellular
NCC amino terminus (Figure 5). By doing so, SPAK and
OSR1 enhance the ability of the cotransporter to transport
sodium and chloride, presumably by altering its protein
conformation.
A family of proteins called With-No-Lysine [amino

acid5K] kinases (WNKs) phosphorylates and activates
SPAK and OSR1. They can also regulate NCC trafficking
by separate mechanisms. These serine threonine kinases
were identified as NCC regulators slightly over a decade
ago through studies of a rare inherited disorder called Fa-
milial Hyperkalemic Hypertension (FHHt; also known as
pseudohypoaldosteronism type 2 or Gordon syndrome)
(39). FHHt is characterized by the unusual triad of hyper-
tension, hyperkalemia, and normal GFR. Other features
include metabolic acidosis and hypercalciuria. Thus, pa-
tients with FHHt have a phenotype that is essentially the
mirror image of Gitelman syndrome. Moreover, FHHt is

exquisitely sensitive to thiazide diuretics, indicating that
the disorder is primarily a syndrome of NCC overactivity
(40). In 2001, mutations in two WNKs, WNK1 and WNK4,
were identified as the cause of FHHt (41). Although mu-
tations in WNKs were the first to be implicated in the
pathogenesis of FHHt, they only account for a minority
of families affected by the disorder. Most FHHt-affected
individuals harbor mutations in two other genes: the E3
ubiquitin ligase Cullin 3 (CUL3) and its adaptor, Kelch-like-3
(KLHL3) (42,43). These two proteins participate in a protein
complex that degrades WNK1 and WNK4. A very recent
series of papers from several laboratories show that CUL3
covalently attaches ubiquitin molecules to WNK1 andWNK4,
marking them for disposal (44–46). To do so, KLHL3
must be present, because it connects CUL3 to the WNKs
(Figure 6A).
An elaborate interrelationship between WNK1, WNK4,

and the KLHL3/CUL3 complex underlies the pathogenesis
of FHHt. WNK1 andWNK4 regulate NCC through distinct
mechanisms. According to current models, in the baseline
state, where NCC is inactive and WNK4 kinase activity is
switched off, WNK4 acts as an inhibitor, suppressing NCC
trafficking to the cell surface (Figure 6A) (47–49). FHHt-
causing WNK4 mutations are missense mutations that
reduce WNK4 binding to KLHL3 (44,46). Total WNK4
protein expression, therefore, is increased in patients
who have these mutations (Figure 6B). Disease-causing
WNK4 mutants can phosphorylate SPAK and OSR1 (50),
but many of them cannot block NCC plasma membrane
trafficking (51,52). Thus, increased mutant WNK4 protein
expression stimulates NCC phosphorylation and traffick-
ing to the cell surface, resulting in NCC overactivation
(Figure 6B) (44,46).
Like WNK4, the kinase active form of WNK1 phosphor-

ylates and activates SPAK and OSR1 (53). In contrast to
WNK4, however, WNK1 does not inhibit NCC trafficking.
Rather, kinase-active WNK1 reverses the inhibitory effect of
WNK4 on NCC traffic (Figure 6, A and C) (48,51). It likely
mediates this reversal by binding to and phosphorylating
WNK4 (54). Although these complexes cannot block NCC
trafficking, they can still stimulate NCC phosphorylation.
Thus, high levels of kinase-active WNK1 protein expression
facilitate NCC trafficking to the cell surface and enhance
NCC phosphorylation status through SPAK/OSR1. FHHt-
causing mutations in WNK1 are intron deletions that do not
alter the protein structure. Instead, these mutations increase
total WNK1 mRNA and protein expression (41). The in-
creased protein expression overrides ubiquitination and deg-
radation by the KLHL3/CUL3 complex, and the net
effect of the mutation is to increase total WNK1 kinase
activity (55). Thus, in FHHt caused by mutations of
WNK1, increased WNK1 protein expression should sup-
press the inhibitory effect of WNK4 on NCC traffic while
stimulating SPAK and OSR1, causing NCC to be over-
active (Figure 6C).
FHHt-associated mutations in KLHL3 reduce binding of

the CUL3/KLHL3 complex to WNK1 and WNK4 (45) (Fig-
ure 6D). Thus, mutations in KLHL3 diminish the amount
of CUL3-mediated WNK1 and WNK4 degradation (44–
46). This increases WNK1 and WNK4 abundance, result-
ing in enhanced WNK-dependent signaling and NCC
activation (Figure 6D). Mutations in CUL3 always cause
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Figure 4. | Effect of chronic loop diuretic administration on DCT activity and morphology. (Upper panel) Sodium reabsorption normally
mediated by the thick ascending limb Na-K-2Cl cotransporter (NKCC2) is blocked by loop diuretics, such as furosemide and bumetanide. This
results in enhanced Na1 delivery to the DCT, which likely acts as a stimulus for DCThypertrophy. (Lower panel) DCThypertrophy manifests as
an increase in mitochondrial size and basolateral membrane infoldings. The increase in NCC-mediated apical sodium transport coupled with
enhanced activity of the sodium/potassium pump at the basolateral membrane results in a vectorial increase in sodium reabsorption and
diuretic resistance.
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skipping of an exon, resulting in an in-frame deletion (42).
It seems likely that this specific change in the CUL3 pro-
tein structure reduces WNK1 and WNK4 ubiquitination,
but this remains to be tested.
Several clinically relevant hormones stimulate salt re-

absorption in the distal nephron by increasing NCC
activity, and in each of these cases, SPAK and/or OSR1
seem to be involved. These hormones include aldosterone
(56,57), angiotensin II (58,59), insulin (60,61), and vaso-
pressin (62,63). All of these hormones have been shown
to increase the abundance of phosphorylated active NCC
and, in some cases, have also been shown to increase NCC
abundance or stimulate the movement of NCC from in-
tracellular vesicles to the luminal membrane (64–66). Be-
cause the WNKs are the only known activators of SPAK
and OSR1 in the kidney, these findings strongly suggest
that hormones that regulate BP and extracellular fluid vol-
ume status recruit WNK-dependent signaling processes to
activate NCC through SPAK and OSR1 (Figure 7). Indeed,
recent work has shown, for example, that angiotensin II–
mediated activation of NCC is a WNK4-dependent pro-
cess (58). Defining the molecular details of how these
physiologically relevant stimuli interface with the WNK-
SPAK/OSR1 signaling pathway remains an active area of
biomedical research.
Patients who are being treated with the immunosup-

pressant tacrolimus commonly present with hypertension,
hyperkalemia, metabolic acidosis, and hypercalciuria—
a clinical picture that in most respects resembles FHHt.
Recently, it was shown that tacrolimus stimulates the ac-
tivity of NCC, likely by enhancing its phosphorylation
through the WNK-SPAK/OSR1 pathway (Figure 7) (67).
Consistent with this finding, renal transplant patients on
tacrolimus exhibited a greater urinary fractional excre-
tion of chloride on bendroflumethiazide, indicating that
tacrolimus-associated hypertension and hyperkalemia
may be highly sensitive to thiazide diuretics (67). Larger
clinical studies are currently underway to determine
whether thiazides are superior to other agents as first-
line therapy for the treatment of tacrolimus-associated
hypertension.

K1 Secretion by the DCT
After reabsorption of K1 along the proximal tubule and

loop of Henle, approximately 10% of filtered K1 reaches
the DCT. As fluid travels down the DCT, the luminal po-
tassium concentration increases, indicating that net K1 se-
cretion occurs along the distal tubule. In the early DCT, the
rate of K1 secretion is low, but it increases significantly in
the late DCT (68–70). The enhanced K1 secretion parallels
the progressive increase in lumen-negative transepithelial
voltage observed in the late DCT. Indeed, a substantial com-
ponent of the increased K1 secretion observed in this seg-
ment seems to be voltage-dependent. Voltage-dependent K1

secretion is mediated by the renal outer medullary potassium
channel (ROMK; KCNJ1, also known as Kir1.1). ROMK-
mediated K1 transport is dependent on the driving force
for K1 secretion, which is primarily determined by electro-
genic ENaC-mediated sodium reabsorption (71). Thus, as the
activity of ENaC increases in the late DCT, more sodium is
reabsorbed, which generates a lumen-negative stimulus
for K1 efflux through ROMK potassium channels. As one
can imagine, enhanced delivery of sodium ions to the late
DCT and more downstream ENaC-expressing nephron
segments—for example, through the use of loop diuretics—
will enhance voltage-dependent K1 secretion.
The transepithelial voltage is not the only factor that

determines the rate of K1 secretion in the DCT. Distal po-
tassium secretion is also flow-dependent. Flow-dependent
K1 secretion is mediated by the “big” or “maxi”-K+ chan-
nel (BK), a large conductance potassium channel that is
expressed in all segments of the distal nephron, including
the DCT, CNT, and collecting duct. During states of in-
creased distal tubule flow, shear stress along the DCT ac-
tivates the channel, possibly by increasing intracellular
calcium levels and enhancing intracellular nitric oxide pro-
duction (72,73). Both of the intracellular signals could in-
crease the BK’s open probability and thereby enhance the
rate of K1 efflux into the tubular lumen.
These observations have led to an updated model for K1

secretion in the distal nephron (Figure 8) (74,75). At base-
line conditions, it has been proposed that the primary
channel that mediates K1 secretion across the DCT lumen
is ROMK. Under states of high urinary flow, such as dur-
ing diuretic use, sodium delivery is enhanced, resulting in
increased ENaC-mediated Na1 transport, depolarization
of the apical membrane, and enhanced voltage-dependent
K1 secretion through ROMK. In addition, the enhanced
rate of urinary flow will trigger intracellular signaling
mechanisms that result in enhanced BK activity. Thus, un-
der low-flow conditions, ROMK is active, whereas under
high-flow states, both ROMK and BK are active.
Additional K1 secretion occurs more distally in the con-

necting tubule and CCD (71). Classically, the collecting
duct has been thought of as the primary nephron segment
that mediates K1 secretion. This is perhaps owing to the
ease with which collecting ducts can be accessed and stud-
ied in the laboratory. In contrast to the collecting duct,
distal tubules are difficult to isolate and perfuse, and for
years this technical problem may have caused physiolo-
gists to overlook the importance of the DCT in renal phys-
iology. However, several studies indicate that the late
DCT and CNT mediate a substantial fraction of total distal
K1 secretion (71). Additional studies are needed to

Figure 5. | SPAK and OSR1 phosphorylate and activate NCC. For
NCC to be active, it must traffic to the plasma membrane from an
intracellular storage pool. After it reaches the surface, it is in an in-
active state until it is phosphorylated by two kinases, Ste20-like
proline-alanine rich kinase (SPAK) and oxidative stress responsive
kinase 1 (OSR1).
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determine the relative contribution of ROMK and BK
in these nephron segments to whole-body potassium
homeostasis.

Regulation of Distal Tubule Potassium Transport
Regulation of ROMK Gating
ROMK is an “inward rectifier” potassium channel. This

essentially means that the natural tendency of these channels
is to transport potassium into cells rather than out of them.
However, in the distal tubule, ROMK primarily functions to
secrete potassium into the tubular lumen. The reason why
ROMK can carry out such a function is because of differ-
ences in the chemical and electrical gradients in the DCT,
CNT, and CCD. Potassium is the most abundant intracellu-
lar cation. Therefore, there is a chemical tendency for potas-
sium to leak outward. Although the voltage on the interior
aspect of the luminal membrane is negative, it is not

negative enough to counterbalance the high intracellular
concentration of positively charged potassium cations.
Therefore, K1 preferentially flows outward through
ROMK. As described above, other channels that move pos-
itive charges inward (such as ENaC) will enhance this net
outward flow of K1.
The capacity of a potassium channel to mediate inward

rectification is modulated by a number of intrinsic factors,
including the plasma membrane phosphoinositide 2 (76)
and polyamines (77), but the most clinically relevant of
these regulators of ROMK function is magnesium. Mg21

binds to ROMK at a specific location on its cytoplasmic
surface (78–80). By binding to ROMK at this site, Mg21

blocks the channel’s pore from the inside and prevents
K1 from being secreted. In the absence of adequate intra-
cellular magnesium concentrations, potassium is more
freely secreted into the tubular lumen (Figure 9). This phe-
nomenon is currently believed to be an important reason

Figure 6. | Amodel ofWNK-SPAK/OSR1 regulation of NCC and its role in the pathogenesis of Familial Hyperkalemic Hypertension (FHHt).
(A) In the baseline inactive state, WNK4 suppresses NCC trafficking to the plasma membrane, holding the cotransporter in an intracellular
storage pool. The kinase active form of WNK1 can reverse this process. The Kelch-like 3/Cullin-3 (KLHL3/CUL3) E3 ubiquitin ligase complex
constitutively degrades the WNKs. (B) FHHt-associated mutations in WNK4 reduce binding to KLHL3, increasing WNK4 abundance and
triggering NCC activation through the WNK effector kinases SPAK and OSR1. Additionally, FHHt-causing mutations in WNK4 reduce its
inhibitory effect on NCC traffic (represented by the hatched bar-headed line), which releases NCC from its intracellular compartment, in-
creasing its trafficking to the cell surface. Thus, FHHtmutations inWNK4 convert it into anNCC stimulator. (C)WNK1 genemutations increase
kinase-active WNK1 expression, which overcomes constitutive degradation by KLHL3/CUL3. Because kinase active WNK1 can inhibit wild-
type WNK4 and activate SPAK/OSR1, increased WNK1 expression stimulates NCC surface delivery and phosphorylation. (D) Mutations in
KLHL3 either reduce binding of KLHL3/CUL3 to WNK1 and WNK4 or disconnect CUL3 from KLHL3; in either case, the CUL3 E3 ligase is
unable to mark WNK signaling complexes for degradation. Increased WNK1 andWNK4 abundance stimulates NCC trafficking to the surface
and triggers NCCphosphorylation. FHHt-causingmutations inCUL3 also likely reduce its activity toWNKs, although themechanismbywhich
this occurs remains unknown. WNK, With-No-Lysine [amino acid=K] kinase.
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why hypomagnesemia is often associated with enhanced
distal K1 secretion and refractory hypokalemia (81).

Aldosterone, Hyperkalemia, and Potassium Secretion
Hyperkalemia triggers aldosterone release from the adrenal

gland. This results in an elevation of circulating aldosterone
levels that enhances mineralocorticoid receptor–dependent
signaling processes in the late DCT and downstream neph-
ron segments. The mineralocorticoid receptor then triggers
a signaling cascade that ultimately affects ROMK biogenesis.
Specifically, the receptor translocates to the nucleus, where
it stimulates the transcription of serum- and glucocorticoid-
regulated kinase 1 (SGK1). SGK1 then phosphorylates a
specific residue located in the cytoplasmic tail of ROMK;
this event releases the channel from retention in the endo-
plasmic reticulum, allowing it to traffic more freely to the
apical plasma membrane (82–84). Thus, through direct ef-
fects of SGK1 on ROMK traffic, aldosterone seems to en-
sure that an adequate number of potassium channels are
available to facilitate K1 secretion in the distal nephron. In
addition to its effects on ROMK traffic, aldosterone also
stimulates K1 secretion by activating ENaC (85,86). As dis-
cussed above, the effect of this enhanced sodium transport
through ENaC generates a lumen-negative transepithelial
potential difference, which drives ROMK-mediated K1 se-
cretion (Figure 8).
The renal response to hyperkalemia seems to be much

more than simply an aldosterone-dependent phenomenon.
Potassium loading induced, for example, by administrating a
high K1 diet rapidly increases the number of ROMK chan-
nels expressed at the plasma membrane of distal nephron
cells within hours of treatment; this effect can be seen before
the observed increase in circulating aldosterone levels,

suggesting that potassium has a direct effect on cells of the
DCT. Similar effects have been noted with other components
of the ion transport machinery expressed in the DCT, includ-
ing the BK channel, the Na1-K1-ATPase, and ENaC (87–89).
Recent evidence suggests that the aforementioned WNKs
participate in the intracellular response of the DCT to hyper-
kalemia (90,91), and both WNK1 and WNK4 have been
shown by several groups to influence the plasma membrane
trafficking of both ROMK and BK channels in vitro (92–94).
In fact, the bulk of evidence strongly suggests that the WNK
signaling pathway seems to regulate transcellular sodium
and potassium transport through completely different mech-
anisms, and it is this differential regulation of the two path-
ways that leads to the coexistence of hypertension and
hyperkalemia seen in patients with FHHt (95). Although
exciting progress has been made in this regard, additional
studies are needed to define the in vivo relevance of these
pathways to whole-body BP and potassium homeostasis in
the general population.

Divalent Cation Reabsorption in the DCT
Although less is known about calcium and magnesium

handling in the distal tubule, recent discoveries in the
molecular mechanisms regulating these processes have
expanded our understanding of how the DCT contributes
to divalent cation homeostasis.

Calcium
Approximately 7%–10% of filtered calcium is reabsorbed

in the DCT. In contrast to other segments of the nephron,
which passively reabsorb calcium through paracellular
routes, 100% of the calcium that is reabsorbed in the

Figure 7. | Aworking model for NCC regulation through theWNK-SPAK/OSR1 signaling cascade. To date, a number of hormones have been
shown to stimulate NCC phosphorylation at residues that are directly phosphorylated by SPAK and OSR1. These include aldosterone, an-
giotensin II, insulin, and vasopressin. Tacrolimus also enhances NCC phosphorylation at these sites, resulting in thiazide-sensitive NaCl re-
absorption. In all cases, themechanism likely involves hormonal activation ofWNKs, which in turn, activates SPAK/OSR1. In some cases, such
as aldosterone (66) and angiotensin II (58,64,65), hormone-induced changes in WNK-SPAK/OSR1-dependent signaling are also associated
with increased trafficking of NCC to the plasma membrane.
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DCT occurs by active transcellular mechanisms. Apical
calcium transport is mediated by the transient receptor
potential channel subfamily V member 5 (TRPV5) (96)
(Figure 10). On entry, Ca21 associates with the calcium
binding protein calbindin-D28K, which helps to buffer in-
tracellular calcium levels and keep free calcium concentra-
tions low (97) (Figure 10). After calcium is shuttled by

calbindin-D28K to the basolateral surface, Ca21 is ex-
truded into the peritubular fluid by a calcium ATPase
and the Type 1 sodium calcium exchanger (NCX1; Figure
10).
Of these transport processes, apical calcium entry through

TRPV5 seems to be the rate-limiting step for calcium
reabsorption, and the activity of TRPV5 is regulated by

Figure 8. | Model of potassiumsecretion in theDCT. K1 secretion in thedistal nephron is voltage- andflow-dependent. In the low-flowstate, “big”/
“maxi”-K1 channels (BK) are closed, and potassium secretion exclusively occurs through the renal outer medullary potassium channel (ROMK).
ROMK is expressed in the earlyDCT, but its activity there is relatively low because of the transepithelial voltage, which is near zero. In the lateDCT,
ENaC-mediatedNa1 transport generates a driving force for ROMK-mediatedK1 secretion.During a high-flow state, both ROMKs and BKsmediate
K1 secretion. Increased sodiumdeliveryand tubular fluid flow (for example, by infusing intravenous saline orNabicarbonate or administering loop
diuretics) increases ENaC activity, resulting in enhanced ROMK-mediated K1 secretion. Additionally, the increased flow triggers an intracellular
signaling mechanism in the DCT that opens BK channels, facilitating K1 efflux into the tubular lumen.

Figure 9. | Role of magnesium in ROMK potassium channel function. Potassium is the most abundant intracellular cation, creating a large
chemical gradient that favors the outward flow of K1 through ROMK. (Left panel) Normally, magnesium binds to a cytosol-exposed site in
ROMK to limit this outward flow. (Right panel) During hypomagnesemia, fewer Mg21 ions can bind to this site, and K1 is secreted more freely.
Thus, magnesium deficiency causes K1 wasting. This likely explains why magnesium repletion is required to efficiently restore potassium
concentrations to normal during concomitant hypomagnesemia and hypokalemia.

2156 Clinical Journal of the American Society of Nephrology



several factors. Parathyroid hormone (PTH) affects TRPV5
channel activity through multiple mechanisms. PTH stim-
ulates transcription of TRPV5 and prevents its degradation
by inhibiting its removal from the apical surface of the
DCT (98). In addition, PTH stimulates direct phosphory-
lation of TRPV5 through a protein kinase A–dependent
signaling pathway, which alters the gating characteristics
of the channel, increasing the likelihood that it will be
open (99). 1,25-Dihydroxyvitamin D3 also stimulates
TRPV5 and calbindin-D28K expression. More recently,
the protein Klotho was shown to regulate calcium homeo-
stasis by increasing the cell surface expression of TRPV5.
Klotho is a distal nephron–expressed transmembrane pro-
tein with b-glucuronidase enzyme activity. Klotho remod-
els sugars located on the extracellular loops of the TRPV5
molecule, which slows the rate of the channel’s removal
from the plasma membrane by enhancing binding to a
secreted sugar binding protein, galectin-1 (100,101).
Thus, by increasing the residence time of TRPV5 at the
luminal membrane, Klotho increases TRPV5-mediated
calcium reabsorption in the DCT (Figure 10). Interest-
ingly, some evidence suggests that Klotho levels drop
substantially during CKD (102), and Klotho-deficient
mice develop several abnormalities of calcium homeo-
stasis, including nephrocalcinosis, osteopenia, and
hypercalciuria (103).
Hypercalcemia is a common side effect of thiazide diuretics

(104). Because these drugs act on NCC-mediated salt transport
in the DCT, one might assume that they somehow alter distal
TRPV5-mediated calcium transport. Interestingly, this as-
sumption turns out not to be the case. Knockout mice lack-
ing TRPV5 are still capable of developing thiazide-induced
hypocalciuria, which is probably because of the passive
hyper-reabsorption of calcium with sodium and water in
the proximal tubule (105) (Figure 11). Thiazide-associated
volume depletion may trigger this increase in proximal
calcium reabsorption.

Magnesium
The DCT reabsorbs about 10% of filtered magnesium and

is the primary site of active transcellular Mg21 reabsorp-
tion. Apical Mg21 transport is mediated by transient re-
ceptor potential cation channel subfamily M member 6
(TRPM6), a voltage-driven divalent cation channel that is
expressed in the early and late DCTs (106) (Figure 12). Like
TRPV5, TRPM6 is a member of the transient receptor po-
tential channel superfamily. TRPM6 has a 5-fold prefer-
ence for magnesium ions over calcium ions, and these
transport characteristics allow it to effectively function
as a magnesium channel. Mutations in TRPM6 cause hy-
pomagnesemia with secondary hypocalcemia, a rare Men-
delian disorder of renal magnesium wasting.
Other than this fairly recently described magnesium

transport pathway, relatively little is known about other
transport processes that facilitate transcellular Mg21 reab-
sorption. Unlike its fellow divalent cation calcium, evi-
dence does not exist for an intracellular magnesium
binding protein that buffers cytosolic magnesium concen-
trations. With regards to basolateral Mg21 transport, a
mechanism exists for the reclamation of magnesium back
into the peritubular fluid and bloodstream; however, the
precise molecular identities of these transport processes
remain obscure. One putative candidate is cyclin M2 (an-
cient conserved domain-containing protein 2), a distal
nephron-expressed basolateral membrane protein that
has been described by some as an Mg21/metal ion
transporter (107) and others as a magnesium sensor
(108,109). Another candidate is the basolateral magne-
sium transporter SLC41A1, which is localized to the
DCT. A loss-of-function mutation in this gene was re-
cently shown to cause nephronopthisis, suggesting that
it plays an important role in tubular function and mor-
phology (110).
Emerging evidence gained from studies of families with

rare inherited disorders of magnesium wasting suggests
that the membrane voltage of the DCT plays a critical role
in the control of magnesium reabsorption. In isolated dom-
inant hypomagnesemia, mutations in the small g-subunit
of the Na1-K1-ATPase, FXYD2, alter pump function (111–
113). Specifically, the absence of this subunit, which is
highly expressed in the thick ascending limb of Henle’s
loop and DCT, has been shown to alter the affinity of the
Na1-K1-ATPase for sodium and potassium (114,115). FXYD2
mutations reduce subunit binding to the pump, although it is
still unclear how this reduced interaction causes hypomag-
nesemia. The aforementioned EAST/SeSAME syndrome
(Figure 3) is another hypomagnesemic disorder, in which
the basolateral membrane voltage is likely altered. In this
case, inactivating mutations of Kir4.1 reduce K1 recycling
across the basolateral membrane, which could result in
reduced sodium pump function, alteration of the basolateral
membrane potential, and diminished transcellular magne-
sium transport (26).
In 2009, a fascinating new Mendelian disorder was

discovered, in which patients develop hypomagnesemia
because of a presumed alteration in the apical membrane
voltage of the DCT. This autosomal dominant form of
hypomagnesemia was attributed to a mutation in the
Shaker-related voltage-gated K1 channel Kv1.1 (116). This
channel is exclusively expressed at the apical membrane of

Figure 10. | Model of calcium reabsorption in the DCT. Apical cal-
cium transport is mediated by transient receptor potential channel
subfamily V member 5 (TRPV5) channels, which can be activated by
the b-glucuronidase Klotho. Cytosolic calcium is immediately bound
by calbindin-D28K, which shuttles calcium to the basolateral aspect
of the DCT cell, where it can be transported out by the type 1 sodium
calcium exchanger (NCX1) or calcium ATPases. These processes are
tightly regulated by hormones, such as parathyroid hormone and
1,25-dihydroxyvitamin D (not shown).
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the early and late DCTs and secretes K1 into the tubular
lumen. It is believed that by secreting K1, Kv1.1 channels
extrude positive charges into the lumen that provide a driv-
ing force for TRPM6-dependent Mg21 transport (Figure 12).
Mutation of Kv1.1 at a specific residue renders the channel
nonfunctional, and one mutant allele is sufficient to cause
the disease, presumably because of dominant negative inhi-
bition of the remaining wild-type allele (117). A current the-
ory is that the lack of functional Kv1.1 channels decreases
the efflux of potassium cations into the lumen, which, in
turn, would be expected to make the intracellular voltage
on the luminal membrane more positive, decreasing the volt-
age gradient for luminal Mg21 entry. Although this hypoth-
esis is provocative, the pathophysiology may not be so
simple: as discussed above in the section on ROMK gating,
such a change in the luminal membrane potential would be
expected to markedly enhance ROMK-mediated K1 secre-
tion and cause hypokalemia, which is not observed in the
disorder. Perhaps compensatory changes in ROMK, BK, or
even ENaC expression in more downstream nephron seg-
ments, where Kv1.1 is not expressed (such as the CNT and

CCD) (116), mitigate potassium losses, although to date, this
hypothesis has not been tested.
EGF has emerged as an important regulator of Mg21

handling in the DCT. In a Dutch family with a recessive
form of selective hypomagnesemia, affected members
had a mutation in the gene encoding the precursor form
of EGF (118). This precursor molecule, pro-EGF, is a mem-
brane protein that is expressed at the basolateral membrane
of DCT cells. On arrival, the pro-EGF can be proteolytically
cleaved to release soluble EGF, which then can interact
with the EGF receptor and trigger a signaling cascade
that stimulates TRPM6 (Figure 12). The hypomagnesemia-
causing mutation results in missorting of pro-EGF, such that
its delivery to the basolateral membrane of the DCT is in-
efficient. Ultimately, this impairs EGF-dependent signaling
processes, including EGF-mediated stimulation of TRPM6
(119). The clinical importance of EGF-dependent regulation
of TRPM6 is illustrated by the side effect profile of cetuximab,
an EGF receptor antagonist used to treat colonic adenocar-
cinomas. Patients receiving systemic cetuximab can de-
velop profound renal magnesium wasting because of the

Figure 11. | Thiazide-induced hypocalciuria. Administration of thiazide diuretics reduces urinary calcium excretion and can sometimes cause
hypercalcemia. The mechanism likely involves an increase in bulk calcium reabsorption with sodium and water in the proximal tubule.
Thiazide-induced volume depletion might be the stimulus that triggers this process.
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inhibition of EGF-dependent stimulation of TRPM6 in the
DCT.
Hypomagnesemia is a common side effect of thiazide

diuretics. Thiazides sharply downregulate TRPM6 expres-
sion in the DCT (105), causing decreased magnesium re-
absorption and hypomagnesemia. The mechanism by
which TRPM6 expression is downregulated by thiazides
remains unknown, although several mechanisms have been
proposed (105). One attractive hypothesis is that thiazide-
induced hypoplasia of DCT cells decreases TRPM6 protein
abundance, reducing the total number of channels expressed
at the luminal membrane.

Summary
The DCT is a short but critically important nephron seg-

ment. The DCT consists of two distinct subsegments; both
subsegments are highly metabolically active and play key
roles in sodium, potassium, and divalent cation homeostasis.
Insights from genetic diseases of BP, potassium, and calcium
and magnesium balance have expanded our knowledge of
the molecular machinery that mediates these processes.
Although it is already known that the DCT plays an im-
portant part in certain common pathophysiological states,
such as diuretic resistance, the role of the DCT in many other
clinically relevant disease states awaits additional inves-
tigation. Now that our understanding of the regulatory
machinery of the DCT is more complete, such investigations
can be pursued with the intent of understanding disease

pathogenesis and developing new strategies for the treatment
of DCT-related disorders, such as hypertensive and/or
edematous states, hyper- or hypokalemic tubulopathies,
disorders of divalent ion balance, and nephrolithiasis.
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Collecting Duct Principal Cell Transport Processes and
Their Regulation
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Abstract
The principal cell of the kidney collecting duct is one of the most highly regulated epithelial cell types in
vertebrates. The effects of hormonal, autocrine, and paracrine factors to regulate principal cell transport
processes are central to the maintenance of fluid and electrolyte balance in the face of wide variations in food and
water intake. In marked contrast with the epithelial cells lining the proximal tubule, the collecting duct is
electrically tight, and ion and osmotic gradients can be very high. The central role of principal cells in salt and
water transport is reflected by their defining transporters—the epithelial Na1 channel (ENaC), the renal outer
medullary K1 channel, and the aquaporin 2 (AQP2) water channel. The coordinated regulation of ENaC by
aldosterone, and AQP2 by arginine vasopressin (AVP) in principal cells is essential for the control of plasma Na1

and K1 concentrations, extracellular fluid volume, and BP. In addition to these essential hormones, additional
neuronal, physical, and chemical factors influence Na1, K1, and water homeostasis. Notably, a variety of
secreted paracrine and autocrine agents such as bradykinin, ATP, endothelin, nitric oxide, and prostaglandin
E2 counterbalance and limit the natriferic effects of aldosterone and the water-retaining effects of AVP.
Considerable recent progress has improved our understanding of the transporters, receptors, second mes-
sengers, and signaling events that mediate principal cell responses to changing environments in health
and disease. This review primarily addresses the structure and function of the key transporters and the
complex interplay of regulatory factors that modulate principal cell ion and water transport.

Clin J Am Soc Nephrol 10: 135–146, 2015. doi: 10.2215/CJN.05760513

Introduction
The principal cell is one of two major epithelial cell
types in what is often referred to as the aldosterone-
sensitive distal nephron, comprising the connecting
segment through the collecting duct. Ion and water
transport in this part of the nephron are highly reg-
ulated by awide variety of stimuli, including hormones,
autocrine and paracrine factors, osmotic conditions,
and physical factors. The principal cell is central to
salt and water transport, as reflected by its defining
transporters—the epithelial sodium channel (ENaC) and
the aquaporin 2 (AQP2) water channel.

In humans, by the time tubular fluid reaches the
aldosterone-sensitive distal nephron under physiologic
conditions, virtually all amino acids, glucose, bicar-
bonate, and other nonwaste organic solutes have been
removed and water volume has been reduced to
approximately 10% of that of glomerular filtrate. Thus,
the absolute level of transport of critical ions and water
in this nephron segment is markedly lower than in most
upstream segments; however, the variability of transport
rates is markedly higher. Ion and osmotic gradients
between the tubule lumen and the interstitium are also
more variable, and are frequently much higher than in
other regions. A future article in this series will address
the integrated tubule physiology and compare charac-
teristics of different segments. The coordinated regu-
lation of ENaC by aldosterone, and AQP2 by arginine

vasopressin (AVP) in principal cells is essential for the
control of plasma Na1 and K1 concentrations, extra-
cellular fluid volume, and BP in most vertebrates (1).
In addition to these essential hormones, other hor-
mones, autacoids, and mechanical factors influence
Na1, K1, and water homeostasis. This review pri-
marily addresses the regulation of Na1, K1, and wa-
ter transport in principal cells.

Control of Principal Cell Ion Transport
Figure 1 shows the integrated transport of Na1 and

K1 in a typical principal cell, emphasizing the regu-
latory events that control ENaC (the principal path-
way for apical Na1) and the renal outer medullary
K1 (ROMK) channel (the principal pathway for apical
exit of K1). Aldosterone is the primary hormonal reg-
ulator of both Na1 and K1 transport, as addressed
further below. ENaC is the primary target of regula-
tion, and its stimulation by aldosterone affects both
Na1 reabsorption and K1 secretion. Cl2 transport is
not shown in Figure 1 because it is not a simple func-
tion of principal cells; rather, Cl2 transport is a func-
tion of both principal and intercalated cells, as well as
the paracellular pathway (2,3).
This review discusses the key Na1 and K1 pathways

operative in principal cells and their regulation, and
also describes Cl2 transport.
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ENaC
Basic Biology of ENaC
ENaC mediates apical entry of Na1 into principal cells,

and constitutes the rate-limiting step for transepithelial
Na1 transport in the aldosterone-sensitive distal nephron.
As is often the case for the rate-limiting step in any path-
way, ENaC is also the primary locus of transepithelial Na1

transport regulation (Figure 1). Like all channels, it does
not directly couple Na1 transport to the movement of any
other ion or solute. Hence, unlike many upstream trans-
porters such as the Na1-H1 exchanger isoform-3 (NHE3),
Na1-K1-2Cl2 cotransporter (NKCC2), and Na1-Cl2 co-
transporter (NCC), it does not participate in secondary
active transport (4). However, because ENaC mediates
electrogenic Na1 transport, it increases the driving force
for K1 secretion via K1 channels, such as ROMK (ex-
pressed in principal cells, see below) (5) and BK channels
(expressed in both principal and intercalated cells). It also
enhances H1 secretion by adjacent intercalated cells, as
well as Cl2 reabsorption via a variety of pathways; a

future review in this series will address these topics, along
with BK channels, in detail.
ENaC comprises three distinct, but structurally related,

subunits (a, b, and g) (6). Based on the homotrimeric sub-
unit arrangement in the crystal structure of the acid-
sensing ion channel (7), an ENaC relative, it is currently
thought that ENaC is a heterotrimer (8). Although this
issue is not fully resolved, considerable insight into
ENaC function was gained by performing a comparison
with the acid-sensing ion channel (Figure 2). ENaC is
highly selective for Na1 (and Li1) over other ions (most
notably K1), and is highly sensitive to the K1-sparing di-
uretic amiloride. Selectivity is mediated by a signature
Gly/Ser-X-Ser sequence, which is adjacent to the amiloride
binding site (Figure 2D). ENaC activity and cell surface
expression are regulated by a variety of hormonal, auto-
crine, paracrine, and nonhormonal signals. These regula-
tory signals are integrated to produce appropriate levels of
Na1 transport to meet physiologic demands. Recent evi-
dence suggests that this signal integration requires ENaC at

Figure 1. | Hormonal regulation of ion transport in a typical principal cell. Principal cells respond to a variety of stimuli to control Na1 and K1

transport. Aldosterone has the most pronounced effect. It acts through the MR to increase expression of the serine-threonine kinase SGK1.
Other hormones, including insulin, regulate SGK1 activity through the master kinase phosphatidylinositide 3-kinase (PI3K). SGK1 phos-
phorylates a variety of proteins; Nedd4-2 is shown, which is an ENaC inhibitor (see the text). SGK1 phosphorylation triggers interaction of
Nedd4-2 with 14-3-3 proteins, and hence inhibition, by reducing its internalization and degradation. ENaC surface expression and activity are
governed by a multiprotein ERC, whose assembly at the plasma membrane is orchestrated by the aldosterone-induced small chaperone GILZ
(not shown), and the scaffold protein CNK3. Electrogenic Na1 reabsorption via ENaC is balanced by K1 secretion through ROMK and Cl2

reabsorption through multiple pathways (not shown). The apical surface expression and activity of ROMK are positively regulated by SGK1
through phosphorylation of WNK4. Similar to ENaC, ROMK assembly at the luminal membrane is dictated by a multiprotein complex fa-
cilitated by interactionswith the scaffold proteins NHERF-1 andNHERF-2. The driving force that sets the electrochemical gradient for principal
cell Na1 and K1 transport is the basolateralNa1-K1-ATPase. c-Src, cellular homologue of the v-src gene of the Rous sarcomavirus; CFTR, cystic
fibrosis transmembrane conductance regulator; ENaC, epithelial Na1 channel; ERC, ENaC regulatory complex; INS, insulin; IRS, insulin re-
ceptor substrate;MR,mineralocorticoid receptor;Nedd4-2, neural precursor cell–expressed developmentally downregulated gene 4-2; PDK1,
phosphoinositide-dependent kinase-1; PH, pleckstrin homology; ROMK, renal outer medullary K1; SGK1, serum- and glucocorticoid-regulated
kinase 1; WNK, with no lysine kinase.
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the plasma membrane to be organized into a large (1.2 MDa)
multiprotein termed the ENaC regulatory complex (ERC),
which includes both positive (e.g., serum- and glucocorticoid-
regulated kinase 1 [SGK1]) and negative (e.g., neural pre-
cursor cell–expressed developmentally downregulated
gene 4-2 [Nedd4-2]) regulators. Regulatory molecules
within the ERC interact with the cytoplasmic domains of
ENaC, which are absent in current models of the ENaC
structure (Figure 2). The formation and stability of the
complex requires an aldosterone-induced chaperone
(GILZ1) and a scaffold protein (CNK3) (9,10), which keep
the complex together by stimulating interactions among
multiple proteins (Figure 1). It is interesting to note that
CNK3, like many scaffolds involved in stabilizing mem-
brane expression of transport proteins, has a PDZ (PSD-
95/DLG-1/ZO-1) domain (1). ROMK membrane stability
requires another PDZ domain protein, sodium-proton ex-
changer regulatory factor (NHERF) (both isoforms
NHERF-1 and NHERF-2 have been implicated) (11).
Although the stable presence of ENaC at the apical

membrane requires the ERC, its activity at the cell surface
requires proteolytic cleavage at specific sites within the
extracellular loops of the a and g subunits to liberate em-
bedded inhibitory tracts (12) (Figure 2). Under physiologic
conditions, this effect appears to be mediated by furin
and a secondary membrane-resident protease. Furin is a pro-
protein convertase that resides primarily in the trans-Golgi
network and processes proteins transiting through the bio-
synthetic pathway. Furin increases ENaC open probability
(i.e., the percentage of time the channel spends open) and,
hence, net Na1 transport. It is unclear at this time whether

the furin-mediated cleavage is an important locus of regula-
tion or is a device to keep the channel from being turned on
prematurely (see below). However, it is increasingly clear that
ENaC cleavage plays a pathophysiologic role in the Na1 re-
tention associated with the nephrotic syndrome. The serine
protease plasmin cleaves the ENaC g subunit and activates
the channel (13). Plasmin is not present in the tubule lumen
under normal conditions; however, in the setting of pro-
teinuria (as seen in the nephrotic syndrome), plasmino-
gen is filtered by the glomerulus and can be converted to
plasmin by urokinase, which is present within the tubular
lumen (13). In the context of glomerular proteinuria, plasmin-
dependent ENaC activation may contribute to Na1 reten-
tion, and edema or hypertension (14).
Animals or humans with decreased ENaC function have

severe disorders of Na1 wasting and K1 retention. In-
creased channel activity (or excess aldosterone) results in
hypertension and K1 wasting (15), as seen with the heritable
disorder Liddle’s syndrome. The first identified Liddle muta-
tion resulted in a premature translation stop in the b subunit
(16), leaving the Na1 pore intact but deleting intracellular
target sites for inhibitory control mechanisms (16). Other mu-
tations that cause variable degrees of hyperactivation of the
channel were also identified. On the basis of these observa-
tions, it was suggested that mild increases in ENaC activity
could act in concert with other signaling defects in the path-
ogenesis of essential hypertension (17).

Hormonal Regulation of ENaC
Renin-Angiotensin-Aldosterone System. Aldosterone is

central to the normal regulation of Na1 and K1 handling by

Figure 2. | Structural model of the ENaC extracellular domains and pore. The model represents a hypothetical a subunit trimer and was built
on the basis of sequence homology to ASIC1 and functional data (8,122). Sequence conservation among ENaC subunits suggests that the a, b,
and g subunits adopt similar folds. The intracellular domains, accounting for 25%–30% of each subunit’s mass, are absent from current models
of ENaC structure. These domains contain essential sites for regulatory interactions (e.g., Nedd4-2 and CNK3) and modification (e.g.,
ubiquitinylation and phosphorylation). (A) Surface representation showing the spatial arrangement of the three subunits with the approximate
location of outer and inner borders of the lipid bilayer. (B) One subunit is represented as a ribbon diagram showing the five extracellular
domains and transmembrane a-helices labeled as indicated. (C) Close-up of the finger domain (from the model in B), highlighting the pe-
ripheral location of the furin cleavage sites. (D) Close-up of the pore highlighting the likely permeation pathway as well as sites implicated in
amiloride binding and permeant ion discrimination. ASIC, acid-sensing ion channel; TM, transmembrane.
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principal cells, and, hence, to the control of ion concentrations,
extracellular fluid volume, and BP in all land mammals (18).
The effects of aldosterone on ion transport in principal cells
are mediated by the mineralocorticoid receptor (MR). The
MR, which is almost certainly the only receptor for aldoste-
rone in principal cells, is an intracellular hormone-regulated
transcription factor that triggers coordinated changes in the
expression of numerous genes. The key ones required for
regulating Na1 transport encode either transporters them-
selves, or regulatory proteins that control transporter abun-
dance or activity. The bulk of evidence supports the view that
the central effect of aldosterone is to increase ENaC apical
membrane density approximately 2- to 5-fold (18,19) (Figure
1), but effects on channel open probability may also contrib-
ute. The ENaC a subunit gene itself is an important target;
however, its transcription is stimulated somewhat slowly
(over approximately 6 hours). Similarly, aldosterone stim-
ulates transcription of both the a and b subunits of the
Na1-K1-ATPase, but also relatively slowly (20) (see below).
In fact, most of the aldosterone-induced increase in Na1

transport occurs within the first 3 hours and is primarily me-
diated by rapidly stimulated genes that encode regulatory
proteins, not by increases in transporter gene expression per se.
The best characterized of the ENaC regulatory proteins is

the serine-threonine kinase SGK1 (21). Aldosterone acts
through the MR to rapidly increase SGK1 gene transcription
and, thus, the SGK1 protein level (Figure 1). Importantly,
SGK1 must also be activated by two phosphorylation events
that control its inherent activity (22). These activating phos-
phorylations are regulated by other hormones, including in-
sulin and possibly angiotensin II (AngII) (23). Activated
SGK1 then phosphorylates and regulates various targets,
most notably the ubiquitin ligase Nedd4-2 (24), which
post-translationally modifies proteins by covalently
adding a ubiquitin group to specific lysines. Nedd4-2 inhib-
its ENaC by ubiquitinylating the channel, triggering its in-
ternalization from the plasma membrane and ultimately
its degradation (25). SGK1 phosphorylates and inhibits
Nedd4-2, and this double negative (inhibiting the inhibi-
tor) results in ENaC accumulation at the apical plasma
membrane (26). Importantly, the above-mentioned Liddle
mutation disrupts interaction between Nedd4-2 and
ENaC, as if aldosterone were always present (18). In
fact, aldosterone levels are suppressed in Liddle’s syn-
drome, and hence it is a form of pseudohyperaldosteronism.
It is also interesting to note that SGK1 indirectly regulates
ENaC gene expression through effects on the activities of
Dot1a and Af9 (27).
SGK1 acts in other cell types to regulate a variety of other

transporters, including NHE3 (proximal tubule and thick
ascending limb), NKCC2 (thick ascending limb), and NCC
(distal convoluted tubule). It is particularly worth noting
recent evidence supporting the idea that SGK1 regulation
of NCC in distal convoluted tubule proceeds, at least in
part, through regulation of Nedd4-2, in a manner similar to
how the SGK1–Nedd4-2 module regulates ENaC in prin-
cipal cells (28). On the other hand, SGK1 also regulates
ROMK in principal cells (29), although this effect is likely
less important than its effects on ENaC (see below). Small
molecule inhibitors of SGK1 have been shown to have an-
tihypertensive effects in animals; however, there have
been no clinical trials (30). An area of considerable recent

interest is the convergent regulation by AngII and aldoste-
rone of ENaC and other transporters such as NCC (31).
Atrial Natriuretic Peptide. Maintaining cardiorenal ho-

meostasis by regulating fluid volume is an important aspect
of the cardioprotective properties of atrial natriuretic peptide
(ANP). ANP achieves these effects by regulating multiple
renal processes, as will be addressed in other reviews in this
series. It acts through the membrane-bound natriuretic
peptide receptor-A, which triggers generation of the second
messenger cGMP (32) to stimulate a variety of downstream
targets including cGMP-dependent protein kinases and
cGMP-gated ion channels (33). In principal cells, ANP inhib-
its ENaC, which contributes to its natriuretic properties (34).
It also regulates BP by inhibiting renin secretion (35) and
aldosterone production from the adrenal gland by downre-
gulating the steroidogenic acute regulatory protein (36).
Insulin. The physiologic role for insulin in the control of

Na1 transport has remained obscure; however, its patho-
physiologic effects are clear. Kidney tubule Na1 transport
remains insulin sensitive, even as other tissues and processes
become resistant (37). Insulin stimulates NHE3-dependent
Na1 transport in the proximal tubule (38), whereas it stim-
ulates ENaC in principal cells. As insulin levels rise to main-
tain normal glucose concentration, the retained sensitivity of
Na1 transport results in excessive Na1 reabsorption in
insulin-resistant states. Because neither Na1 nor BP partici-
pates in the feedback loop to inhibit islet b-cell insulin secre-
tion, the principal cell becomes an “unwilling accomplice” in
the ensuing salt-sensitive hypertension (39). Further contrib-
uting to this problem, the vasodilatory effects of insulin
are blunted in insulin-resistant states, and hence only the
prohypertensive effects remain (40).
AVP. In addition to its critical role in regulating prin-

cipal cell water transport (see below), AVP also has im-
portant effects to stimulate ENaC. These effects are
mediated substantially by cAMP, which activates cAMP-
dependent kinase (protein kinase A [PKA]). PKA can phos-
phorylate and inhibit Nedd4-2 in a manner similar to that
of SGK1 (41,42). This direct effect is complicated by vari-
able effects of AVP on the renin-angiotensin-aldosterone
system (RAAS) hormonal axis, either to stimulate or sup-
press renin, depending on extracellular fluid volume sta-
tus and AVP blood level (42). Importantly, despite
stimulation of ENaC (which itself should raise the serum
Na1 concentration), the net effect of AVP is to lower Na1

concentration. However, under conditions of high sodium
consumption and low water intake (raising AVP levels,
while lowering aldosterone), AVP may contribute to salt-
sensitive hypertension through its effects to stimulate
ENaC. It was suggested that AVP stimulation of ENaC
might play a physiologically beneficial role in overall wa-
ter conservation when both water and salt intake are low,
although this effect would blunt its ability to lower serum
Na1 concentration (42). This suggestion harkens back to
the clinical maxim that “the body defends volume above
all else.”

Paracrine and Autocrine Regulation of ENaC and Na1

Transport in the Collecting Duct
Hormones are key regulators of principal cell Na1 trans-

port; however, another key aspect of this regulation involves
local factors. In particular, autocrine (acting on the same cell)
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and paracrine (acting on neighboring cells) factors play an
important role in the modulation of principal cell Na1 trans-
port. Physical factors, such as tubule fluid flow, can also
play a role. Figure 3 summarizes these effects.
Adrenergic Nerves. The findings of close apposition of

sympathetic nerve extensions and principal cells (43), as
well as collecting duct expression of b- and a-adrenergic
receptors, suggests that principal cell function can be mod-
ulated by catecholamines released by efferent renal sympa-
thetic nerves. The nature of such regulation is unclear
because differing results have been obtained depending
upon the species studied and the agonist utilized. It is likely
that adrenergic effects on principal cells are complex, de-
pending upon whether b- or a-adrenergic receptors are ac-
tivated, the specific cAMP-regulated pathway affected (urea,
Na, or water), and the hormonal milieu. In general, a-adrenergic
receptor activation in the collecting duct appears to inhibit
agonist-induced cAMP accumulation (43,44); however, much
more clarification is needed.
Prostaglandins and Cytochrome P450 Metabolites. AA

in the collecting duct can be metabolized by cyclooxygenases
to prostaglandins (PGs) and by cytochrome P450 epoxygenase
to form various epoxyeicosatrienoic acids (EETs). The
collecting duct produces relatively large amounts of PGs and
particularly PGE2 (45,46). The collecting duct expresses three

PG receptors (EP1, EP3, and EP4). Collecting duct PGE2 pro-
duction is stimulated by a variety of factors that generally
exert natriuretic and diuretic effects, including ATP, EETs,
endothelin (ET)-1, shear stress, and others (45,47). The effects
of PGE2 on collecting duct Na1 transport are complex. In the
absence of agonists, PGE2 may augment cAMP-dependent
Na1 reabsorption in the collecting duct, most likely through
stimulation of EP4 receptors. However, in the presence of
agonists, PGE2 inhibits collecting duct Na1 transport. Be-
cause agonists are virtually always present in vivo, and as
confirmed using knockout of EP receptors, the primary
physiologic effect of PGE2 on the collecting duct is natri-
uretic. Activation of EP1 and EP3 receptors in the collecting
duct reduces adenylyl cyclase–dependent cAMP production.
Finally, PGE2 inhibits collecting duct Na1 reabsorption
through a calcium-dependent mechanism. Taken together,
these findings suggest that nonsteroidal anti-inflammatory
drug–induced Na1 retention is caused, at least in part, by
inhibition of collecting duct PGE2.
Although species differences may exist with regard to the

specific EET stereoisomer involved, EETs have been repeat-
edly shown to inhibit ENaC activity (48–51). The physiologic
relevance of EETs in the control of collecting duct Na1 trans-
port is largely unknown; however, it is likely that EETs in-
teract with other signaling systems, including mediating

Figure 3. | Autocrine and paracrine regulation of collecting duct principal cell ENaC and AQP2. Much commonality exists in regulation of ENaC
(left) and AQP2 (right). Flow stimulates ATP, PGE2, and ET-1, which act on their cognate receptors to inhibit Na and water reabsorption. Similarly,
bradykinin, adenosine, andNE act on their receptors to inhibit ENaC andAQP2. Flow-stimulated EETuniquely inhibits Na, but not water, transport.
Comparedwith thewidevarietyof inhibitors, relatively fewautocrineorparacrine factors stimulateENaCand/orAQP2activity. Renin, ultimatelyvia
AngII, as well as PGE2 binding to EP4 receptors, are potentially capable of augmenting principal cell Na andwater transport. TZDs (via PPARg) and
kallikrein (via cleavage of an autoinhibitory domain in ENaC) may increase Na reabsorption. See the text for more detailed descriptions of each
regulatory factor. ACE, angiotensin-converting enzyme; AGT, angiotensinogen; Ang, angiotensin; AQP, aquaporin; EET, eicosataetranoic acid; EP,
PGE receptor; ET, endothelin; NE, norepinephrine;NO, nitric oxide; PPARg, peroxisome proliferator–activated receptor-g; TZD, thiazolidinedione.
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adenosine inhibition of ENaC (52) and stimulating PGE2 for-
mation (50). Finally, cortical collecting duct EET formation is
stimulated by elevated tubule fluid flow, potentially promot-
ing Na1 excretion.
Tubule Fluid Flow. Increased collecting duct tubule fluid

flow occurs in natriuretic states. The increase in collecting
duct tubule fluid flow, at least in the setting of salt loading,
results from increased GFR and reduced solute reabsorption
by nephron segments proximal to the collecting duct. ENaC
is mechanosensitive and is activated by shear stress [re-
viewed by Kashlan and Kleyman (53)]. Such flow-stimulated
ENaC activity would be counterproductive during salt load-
ing; hence, several mechanisms appear to exist to inhibit
flow-stimulated ENaC activity. Increases in intracellular or
extracellular Na1 concentration inhibit ENaC activity. In ad-
dition, luminal collecting duct shear stress stimulates a va-
riety of factors that can reduce Na1 transport, including
11-EET and 12-EET (54), ATP (55), nitric oxide (NO) (56),
PGE2 (47), and ET-1 (57).
Kinins. The connecting segment and cortical collecting

duct are the major sites of renal tissue kallikrein (TK)
expression [reviewed by Eladari et al. (58)]. TK cleaves
kininogen to yield lysyl-BK, which is cleaved by N-
aminopeptidase to form BK. BK released by the collecting
duct has the potential to interact with BK type 2 (BK2)
receptors expressed by the collecting duct. BK activation
of BK2 receptors inhibits ENaC activity (59). TK per se
may regulate ENaC independent of BK (58). The addition
of TK to the lumen side of the cortical collecting duct in-
creases ENaC activity associated with increased cleavage of
ENaCg (i.e., removal of the autoinhibitory peptide within
ENaCg). Finally, the BK system should be considered in the
context of angiotensin-converting enzyme inhibitors
(ACEIs), which are well known to inhibit BK degradation,
thereby leading to increased BK levels. This elevation of BK
could, in principle, enhance the effect of ACEIs to inhibit
ENaC, over and above what angiotensin receptor blockers,
which do not inhibit BK degradation, can do. However, the
clinical relevance of this difference between ACEIs and an-
giotensin receptor blockers remains controversial.
NO. Collecting duct NO production is stimulated by

tubule fluid flow, ATP, and ET-1 [reviewed by Hyndman
and Pollock (60)]. NO reduces ENaC activity (61,62), pos-
sibly via reduction of AVP-stimulated cAMP accumulation
[reviewed by Ortiz and Garvin (62)]. In addition, NO may
mediate ATP inhibition of collecting duct ROMK activity
(63). Collecting duct NO is likely of physiologic signifi-
cance because collecting duct–specific knockout of NO
synthase 1 causes salt-sensitive hypertension (64).
Peroxisome Proliferator–Activated Receptors. Activation

of the peroxisome proliferator–activated receptor-g by
thiazolidinediones is well known to cause Na1 retention. Mice
with principal cell–specific knockout of peroxisome proliferator–
activated receptor-g are resistant to thiazolidinedione-induced
Na1 retention (65,66). In addition, other noncollecting duct
mechanisms may be involved (67).
Adenosine. Adenosine is derived from ATP and cAMP

metabolism. Salt loading increases renal interstitial aden-
osine; relatively large amounts of adenosine are found in
the inner medulla [reviewed by Rieg and Vallon (68)]. Ac-
tivation of adenosine A1 receptors inhibits AVP-dependent
cAMP-stimulated ENaC activity in the collecting duct.

ATP. Collecting duct cells release ATP into the lumen in
response to tubule flow. In addition, dietary salt increases
urinary ATP and its metabolites [reviewed by Vallon and
Rieg (55)]. The collecting duct lumen expresses low levels
of ectonucleotidases, facilitating ATP regulation of collect-
ing duct function. The collecting duct expresses luminal
P2Y2 purinergic receptors, the activation of which inhibits
ENaC (55,69,70). P2Y2 regulation of ENaC is physiologically
relevant in that P2Y2 knockout prevents high-Na diet–
induced decreases in ENaC activity. Finally, ATP activation
of P2Y2 may inhibit collecting duct ROMK activity (63).
ET. The collecting duct is the major source of ET-1 in the

kidney and may produce more ET-1 than any other cell
type in the body [reviewed by Kohan et al. (71)]. ET-1 pro-
duction by the collecting duct is stimulated by luminal
shear stress, luminal Na1 delivery, and other factors
(57,71). In general, collecting duct ET-1 synthesis is in-
creased by extracellular fluid volume expansion. Collect-
ing duct–derived ET-1 can act in an autocrine manner on
basolateral ET receptors to regulate Na1 transport. The
collecting duct expresses relatively high levels of ETB re-
ceptors and low levels of ETA receptors. Activation of col-
lecting duct ETB receptors inhibits Na1 transport in the
cortical collecting duct; this effect is mediated by several
signaling systems, including NO (71,72). The physiologic
significance of the collecting duct ET system was demon-
strated in studies with principal cell-specific knockout of
ET-1 or ET receptors. The absence of principal cell ET-1 or
both ET receptors causes marked salt-sensitive hyperten-
sion (73,74). These findings may be clinically relevant in
that ET receptor antagonists, which are currently ap-
proved for treatment of pulmonary hypertension and are
being studied for the treatment of diabetic nephropathy,
can cause significant fluid retention (75). It is possible that
this is mediated, at least in part, by blockade of collecting
duct ET receptors.
Renin. Renin is synthesized and secreted into the tubule

lumen by collecting duct cells [reviewed by Navar et al.
(76)]. Luminal renin may bind to prorenin receptors on
intercalated cells, enhancing its catalytic activity and mod-
ulating intercalated cell function. Because angiotensinogen
and angiotensin-converting enzymes are present in the
distal nephron lumen, secreted renin may stimulate lumi-
nal AngII formation leading to enhanced ENaC activity.
Because collecting duct renin production is markedly in-
creased by circulating AngII and in the setting of diabetes
mellitus, this distal nephron renin system may be of path-
ophysiologic significance.

Na-K-ATPase
Ultimately, the primary driving force for principal cell

Na1 reabsorption and K1 secretion is provided by the
Na1-K1-ATPase. As in other nephron segments and, in-
deed, most epithelia, Na1-K1-ATPase is targeted exclu-
sively to the basolateral membrane of principal cells. Its
activity and membrane density are regulated by hor-
mones, such as aldosterone, AVP, and insulin, as well as
nonhormonal factors, such as intracellular [Na1] and to-
nicity (77). However, in the control of Na1 balance, most
notably by aldosterone, the Na1-K1-ATPase is not the
major target of regulation. As addressed below, the bulk
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of evidence supports the conclusion that ENaC is the pri-
mary site of regulation. This is an important detail for
clinicians to be aware of, because it is relevant to com-
monalities among hypertensive diseases, such as Liddle
syndrome, apparent mineralocorticoid excess, and pri-
mary aldosteronism, as well as to the treatment of salt-
sensitive essential hypertension.

ROMK
A predominant role of the RAAS is to regulate ENaC (18);

however, other principal cell transporters, such as ROMK,
are also regulated by aldosterone (acting through the MR)
(78). ROMK is a critical, but not the sole, mediator of K1

transport in principal cells (Figure 1). Like ENaC, it is a cation
channel. ROMK is highly selective for K1 over Na1, and is
inhibited by Ba21 (79). Some of the effects of the RAAS on
ROMK may be the result of regulation of with no lysine
kinases (WNKs) (2) that, in addition to inhibiting NKCC2
and NCC in the thick ascending limb and distal convoluted
tubule, respectively, also inhibit K channels in principal cells
(80). Interconnections between RAAS and WNK signaling
have been identified, both through effects of AngII and ef-
fects of aldosterone, at least in part, mediated by SGK1
(78,81). Assembly and trafficking of ROMK to the cell surface
is dictated by a multiprotein complex facilitated by PDZ in-
teractions with scaffold proteins NHERF-1 and NHERF-2
(82). Increased dietary potassium causes a large increase in
apical expression of ROMK in the distal convoluted tubule-2,
connecting tubule, and collecting duct but not in distal con-
voluted tubule-1, indicating that multiple regulatory mecha-
nisms are involved in dietary K–regulated ROMK channel
function in the distal nephron (83). Recent studies suggest
that Cullin3-RING (really interesting new gene) ligases that
contain Kelch-like 3 (components of an E3 ubiquitin ligase
complex) target ubiquitinylation of WNK4 and thereby reg-
ulate WNK4 levels, which, in turn, regulate levels of ROMK
(84). Interestingly, ROMK variants with decreased channel
activity have been associated with resistance to hypertension,
suggesting that ROMK may also be a determinant of BP
control in the general population (85). Hypertension resis-
tance variants of ROMK were found to have decreased chan-
nel function as a result of increased sensitivity to the
inhibitory effects of a G protein–coupled receptor, which stim-
ulates phosphatidylinositol 4,5-bisphosphate hydrolysis (86).

Cl2 Transport
There are three contributory pathways for Cl2 transport.

First, in principal cells, Cl2 can be reabsorbed or secreted
(depending on electrochemical gradient) via the cystic fibro-
sis transmembrane regulator. Cl2 basolateral transport is
through a Cl2 channel of the ClC family. Second, Cl2 also
moves through a paracellular pathway, at least in part via
tight junction claudins (2). Finally, Cl2 is transported
through intercalated cells (3). Fascinating new data support
the idea that, in intercalated cells, the ability of the receptor
for aldosterone (the MR) to respond to aldosterone is con-
trolled by phosphorylation (87). This effect influences the
ability of these cells to increase Cl2 transport in response
to aldosterone, and allows the collecting duct to shift from
mediating primarily Na1-K1 exchange to mediating both
Na1-K1 exchange and Na1-Cl1 cotransport.

Control of Water Transport in Principal Cells
Overview of Collecting Duct Water Transport
The primary mechanism by which water is reabsorbed in

the principal cell is through AVP stimulation of AQP2
expression and accumulation in the luminal plasma mem-
brane (Figure 4). AVP binding to its type 2 receptor (V2R)
in the basolateral membrane of principal cells induces a
cAMP signaling cascade, which leads rapidly to transloca-
tion of AQP2 from intracellular vesicles to the apical mem-
brane. Tubule water enters the cell through AQP2,
traverses the cytosol, and exits to the interstitium via
AQP3 and AQP4, with water movement ultimately being
driven by the tubule lumen–interstitium osmotic gradient
(88,89). Inactivating mutations in V2R or AQP2 genes lead
to nephrogenic diabetes insipidus, a disorder character-
ized by polyuria and, consequently, polydipsia (90,91) [re-
viewed by Robben et al. (92) and Loonen et al. (93)].
Overstimulation of water retention is found in the syn-
drome of inappropriate release of the antidiuretic hormone
and in activating mutations of the V2R, which both lead to
hyponatremia with normovolemia.

Basic Biology of AQP2
The principal cell mechanisms for regulation of water

reabsorption primarily involve modulation of AQP2 abun-
dance in the luminal plasma membrane. Basolateral AQP3
and, to a lesser extent, AQP4 are necessary for transcellular
water movement in the principal cell (94,95), but these chan-
nels are mainly constitutively expressed and, therefore,
serve a permissive function. By contrast, AQP2 is highly
regulated in a complex manner. This involves short-term
modulation through alterations in trafficking and long-
term regulation through changes in protein expression.
AQP2 has at least five phosphorylation sites that appear

to regulate apical membrane insertion and endocytosis
[reviewed by Fenton et al. (96) and Nedvetsky et al. (97)].
PKA is the canonical cAMP-dependent mechanism for
AQP2 phosphorylation; however, protein kinase G, pro-
tein kinase C, casein kinases, and other kinases may also
phosphorylate AQP2 (98). In addition, several phosphata-
ses are likely involved in the regulation of AQP2 phos-
phorylation and activity. AQP2 phosphorylation near the
carboxy terminus at serines S256 and S269 appears to be
of primary importance in trafficking to the plasma mem-
brane. Conventionally, PKA-dependent phosphorylation
at S256 was considered a priming event for S269 phos-
phorylation and plasma membrane insertion (99–101);
however, recent studies suggest that S256 phosphoryla-
tion may be involved in trafficking of AQP2 through the
endoplasmic reticulum and Golgi apparatus. Phosphory-
lation at S269 is important for increasing AQP2 activity by
enhancing exocytosis and reducing endocytosis. AQP2 ac-
cumulates in clathrin-coated pits and is internalized in a
dynamin-dependent manner; this process may be regu-
lated by the phosphorylation state of S256 and S269. Fi-
nally, AQP2 is highly phosphorylated at S261 without
AVP, but this is reduced by AVP (102,103), suggesting
that S261 may also be involved in AQP2 trafficking.
AQP2 internalization is mediated, at least in part, by an

unknown ubiquitin ligase, which mediates ubiquitinylation
at lysine K270 (104). K270 is essential in this process, because
endocytosis of AQP2-K270R, which cannot be further
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ubiquitinylated, was strongly retarded (104). Relevant to
this, AQP2 K63-linked ubiquitinylation is short lived and
internalized AQP2 may recycle to the plasma membrane
multiple times (105). This suggests that, as with many other
membrane proteins, AQP2 is likely deubiquitinated before
being targeted for lysosomal degradation. Although the in-
volved ubiquitin ligase and deubiquitinating enzyme are not
known, initial studies have identified candidates for further
research (106). It is unlikely that this ubiquitin ligase is
Nedd4-2; however, the parallels with ENaC regulation are
striking.
Another important mechanism for regulation of princi-

pal cell water transport is through control of total cell AQP2
levels (i.e., long-term regulation of AQP2 expression) [see
the excellent review by Radin et al. (107)]. The time frame
for maximal changes in AQP2 abundance is not certain,
but likely takes several days for up to 10-fold alterations to
occur. Changes in principal cell AQP2 degradation or
elimination (through exosomes excreted in the urine) do
not account for this wide fluctuation in AQP2 abundance.
Rather, it appears that transcriptional modulation of AQP2
promoter activity is important. The AQP2 promoter con-
tains cAMP response elements as well as a number of
other transcription factor consensus recognition sites.

Stimulators of AQP2
AVP. AVP is the major regulator of AQP2 trafficking

and expression in principal cells. AVP exerts multiple
effects on cell signaling of the principal cell, foremost of
which is stimulation of adenylyl cyclase–dependent cAMP

accumulation and activation of PKA. Another cAMP-
activated mediator, Epac, was recently implicated in
mediating AQP2 phosphorylation (96,97). AVP increases
intracellular [Ca21] as well as activates Akt (protein kinase
B) via the phosphatidylinositide 3-kinase and inhibition of
extracellular signal–regulated kinases 1 and 2; some of
these processes are likely cAMP dependent. The net effect
is that AVP can modulate phosphorylation AQP2 through a
variety of protein kinases and likely also through regulation
of phosphatases. AVP also reduces AQP2 internalization
through decreasing ubiquitinylation as well as depolymer-
ization of the actin cytoskeleton. AVP increases AQP2 pro-
tein expression primarily through enhanced AQP2 gene
transcription and, to a lesser extent, through reduced
AQP2 degradation.
Interstitial Osmolality. Interstitial osmolality per se may

regulate AQP2 abundance. AVP-deficient Brattleboro rats
start concentrating their urine when water deprived, or
when made hypertonic, which all lead to the generation
of a hypertonic interstitium (108,109). The tonicity-responsive
enhancer-binding protein (TonEBP) may be involved in the
hypertonicity response, because its expression is upregulated
with hypertonicity (110), inactivating mutations in the tonicity-
responsive element in the AQP2 promoter reduced AQP2 ex-
pression in mpkCD cells (111), and TonEBP knockout mice or
mice transgenic for dominant-negative TonEBP showed de-
creased AQP2 abundance (112,113).
Other Stimulators. AngII, via angiotensin II type 1

receptors, and aldosterone have been shown to increase
AQP2 abundance in mpkCCD cells (114,115), suggesting
that the RAAS can control principal cell water reabsorption.

Figure 4. | Hormonal regulation of AQP2 in the principal cell. In states of hypernatremia or hypovolemia, AVP is released from the pituitary
and binds its V2R. AVP-bound V2R results in dissociation of the trimeric G protein into a GTP-bound a subunit (Gsa) and bg subunits (Gsb and
Gsg) of which the first activates AC to generate cAMP. Activation of PKA by cAMP increases AQP2 transcription through phosphorylated
activation of the CREB transcription factor and induces translocation of AQP2 from intracellular vesicles to the apical membrane by de-
phosphorylating AQP2 at Ser261 (pS261) and by phosphorylating AQP2 at Ser256 (pS256), Ser264 (pS264), and Thr269 (pT269). Driven by the
transcellular osmotic gradient, prourinarywaterwill then enter the principal cell throughAQP2 and exit the cell viaAQP3 andAQP4 located in
the basolateral membrane of these cells, thereby concentrating urine. Activation of receptors by hormones, such as PGE2, ATP, and dopamine,
counteracts this action of AVP by inducing short-chain ubiquitination of AQP2 at Lys270 (K270), leading to its internalization and lysosomal
targeting and degradation. AQP2 pS261 is reinstalled during this internalization process, in which PKC is a central kinase. AC, adenylate
cyclase; AVP, arginine vasopressin; CREB, cAMP-responsive element-binding protein; Dop, dopamine; PKA, protein kinase A; PKC, protein
kinase C; Ub, ubiquitin; V2R, vasopressin receptor type 2.
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In agreement with this, recent studies found that mice with
collecting duct–specific angiotensin II type 1 receptor
knockout had reduced urinary concentrating ability associ-
ated with reduced AVP-stimulated cAMP accumulation
(116). ANP was also suggested to increase principal
cell water reabsorption because ANP increased AQP2
phosphorylation at S256 and its translocation to the
plasma membrane in inner medullary collecting duct cells
(117,118). This, however, is controversial, because others
showed that ANP antagonizes AVP-mediated water perme-
ability by decreasing AQP2 phosphorylation and enhancing
AQP2 retrieval from the apical membrane (119).

Autocrine and Paracrine Inhibitors of AQP2
Similar to regulation of principal cell Na1 transport, sev-

eral autocrine and paracrine factors modulate principal
cell water reabsorption. The previous section on Na1

transport provides details regarding the cell sources and
regulation of expression of these factors. In the following,
we specifically address these factors in the context of mod-
ulation of principal cell water transport.
PGs and Cytochrome P450 Metabolites. As for Na1 re-

absorption in the collecting duct, PGE2 may increase cAMP-
dependent water reabsorption via binding to EP4 receptors.
In the presence of agonists, PGE2 inhibits collecting duct
water transport through stimulation of EP1 and EP3 recep-
tors leading to inhibition of cAMP production, induction
of AQP2 retrieval from the plasma membrane, and Rho-
dependent actin depolymerization with resultant inhibition
of AQP2 translocation to the plasma membrane (45,46).
Kinins. BK released by the collecting duct can bind to

collecting duct BK2 receptors and inhibit AQP2 trafficking
to the plasma membrane (120). Whether this is physiolog-
ically relevant remains to be determined.
NO. The effects of NO/cGMP on principal cell water

transport are controversial, with results varying depending
upon themodel and conditions studied.NOhas been reported
by some, but not all, to inhibit collecting duct water transport,
the latter through reduction of AVP-stimulated cAMP accu-
mulation [reviewed by Ortiz and Garvin (62)]. By contrast,
NO/cAMP has been described to increase AQP2 plasma
membrane expression, particularly in in vitro studies (98).
Adenosine. Adenosine activation of A1 receptors inhib-

its AVP-dependent cAMP-stimulated water reabsorption
in the collecting duct [reviewed by Rieg and Vallon (68)].
Because caffeine is shown to exert a diuretic effect through
antagonism of the adenosine A1 receptor, this effect must
be the result of nonprincipal cell actions.
ATP. Water loading may increase collecting duct ATP

release by increasing cell swelling caused by decreased
extracellular tonicity (55). Activation of apical collecting
duct P2Y2 receptors inhibits water reabsorption by reducing
AVP-stimulated cAMP and increasing PGE2 production.
ET. ET-1 activation of ETB receptors inhibits AVP-

stimulated cAMP accumulation and water reabsorption by
the collecting duct. Mice with principal cell–specific knock-
out of ET-1 demonstrate enhanced water retention and in-
creased cAMP accumulation in response to AVP (121).

Summary
The principal cell is arguably the most highly regulated cell

type in the kidney tubules, if not in all mammalian epithelia.

Because the regulated transport of ions and water is of vital
importance to the role that this tubule cell plays in kidney
function and homeostasis, we have addressed the basic trans-
port functions of the principal cell primarily from the standpoint
of regulation. The central role of two different hormone-
transporter pairs was emphasized: aldosterone and ENaC for
control of ion transport, and AVP and AQP2 for control of
water transport. However, the complex regulation of principal
cell function is underscored by the panoply of hormonal,
autocrine, paracrine, and physical factors that regulate its
activities. A few examples are as follows: ATP, PGE2, and ET,
which inhibit both Na1 and water transport; AngII, which
stimulates both Na1 and water transport; and insulin, which
selectively stimulates Na1 transport. Under normal physio-
logic conditions, these diverse regulators exert their effects in
various combinations to provide context-appropriate inte-
grated responses to different environmental conditions.
Understanding the signaling and transport mechanisms

that underlie principal cell function is valuable to practic-
ing clinicians, both because it enhances our appreciation of
the kidney and its role in homeostasis, and because it
provides a foundation for greater depth and flexibility in
our approach to diagnosis and treatment of the wide array
of fluid and electrolyte disorders we encounter.
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Collecting Duct Intercalated Cell Function and
Regulation

Ankita Roy,* Mohammad M. Al-bataineh,* and Núria M. Pastor-Soler*†

Abstract
Intercalated cells are kidney tubule epithelial cells with important roles in the regulation of acid-base homeostasis.
However, in recent years the understanding of the function of the intercalated cell has become greatly
enhanced and has shaped a new model for how the distal segments of the kidney tubule integrate salt and water
reabsorption, potassium homeostasis, and acid-base status. These cells appear in the late distal convoluted tubule
or in the connecting segment, depending on the species. They are most abundant in the collecting duct, where
they can be detected all the way from the cortex to the initial part of the inner medulla. Intercalated cells are
interspersed among the more numerous segment-specific principal cells. There are three types of intercalated
cells, each having distinct structures and expressing different ensembles of transport proteins that translate into
very different functions in the processing of the urine. This review includes recent findings on how intercalated
cells regulate their intracellular milieu and contribute to acid-base regulation and sodium, chloride, and
potassium homeostasis, thus highlighting their potential role as targets for the treatment of hypertension. Their
novel regulation by paracrine signals in the collecting duct is also discussed. Finally, this article addresses their role
as part of the innate immune system of the kidney tubule.

Clin J Am Soc Nephrol 10: 305–324, 2015. doi: 10.2215/CJN.08880914

Introduction
Intercalated cells are epithelial cells traditionally asso-
ciated with the regulation of acid-base homeostasis in
distal segments of the kidney tubule (Figure 1) (1).
These cells also participate in potassium and ammonia
transport and have a role in the innate immune system.
Many early studies emphasized that these tubule seg-
ments were not part of the classic nephron because they
arise from the mesonephric kidney or Wolffian duct,
which also gives origin to the male excurrent duct (2).
Most collecting duct cells express the epithelial sodium
channel (ENaC) and are grouped together as principal
cells (3,4). Until recently, our understanding of the col-
lecting duct and the roles of intercalated cells has lagged
behind that of other segments. The collecting duct was
initially described as not having a specialized function
or as having a role only in water reabsorption (5,6).

Intercalated cells are essential in the response to acid-
base status of the organism, and they help dispose of
acid that is generated by dietary intake and cannot be
eliminated via the lungs, the so-called fixed or nonvol-
atile acid (Figure 2). The kidney contributes to acid-
base homeostasis by recovering filtered bicarbonate in
the proximal tubule. Distally, intercalated cells generate
new bicarbonate, which is consumed by the titration of
nonvolatile acid (7). Dysfunction of the proximal tu-
bule, where approximately 90% of the bicarbonate is
reabsorbed, leads to proximal renal tubular acidosis (8).
The connecting segment and collecting duct rely
mostly on their intercalated cells to reabsorb the nor-
mally smaller amount of residual bicarbonate. In addi-
tion, intercalated cells participate in the excretion of

ammonia/ammonium, a topic reviewed in a separate
article in this series (9).
The relevance of intercalated cell dysfunction in

clinical scenarios is often not as evident as the relevance
of principal cell dysfunction, such as in patients who
present with diabetes insipidus or the syndrome of in-
appropriate antidiuretic hormone secretion. In clini-
cal practice, intercalated cell dysfunction is most often
associated with metabolic acidosis, although histologic
or laboratory confirmation of this dysfunction is seldom
performed in the general acute care setting. Moreover,
the contribution of intercalated cells in preventing
acidemia is often eclipsed by the coordinated compen-
satory roles of the lung, bone, and more proximal kid-
ney tubule segments. Nonetheless, animals subjected to
dietary acid loading have significant increases in the
luminal (facing the urine) surface area of intercalated
cells, changes that begin within a few hours from the
change in diet (reviewed in references 7,10).
Until very recently, intercalated cells were not thought

to contribute to extracellular fluid volume regulation, yet
now they are firmly established as important contrib-
utors to collecting duct NaCl transepithelial transport
and the protection of intravascular volume in concert
with principal cells (Figure 2) (reviewed by Eladari et al.
[4]). An impressive new study has now established that,
in vivo, intercalated cells regulate their intracellular
volume by a mechanism involving the vacuolar
H1-ATPase (H1-ATPase; also referred to as V-ATPase
in the literature). This study is important because it es-
tablishes that although most animal cells rely on the
Na1/K1-ATPase (Na,K-ATPase) to energize other
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transport processes, intercalated cells instead rely on the
H1-ATPase (11). Therefore, now it also must be consid-
ered that cell types with high H1-ATPase levels may use
this pump for more than just acid-base regulation.

Intercalated Cell Distribution, Nomenclature,
Morphology, and Developmental Considerations
The cells lining the proximal tubule, thin limb, and thick

ascending limb have a homogeneous ultrastructural ap-
pearance. Tubule-specific cells function as a unit within each
segment. Distal to the macula densa, however, the epithelia
of the distal convoluted tubule, connecting segment, and
collecting duct are lined by different types of cells. Most cells
in these segments are considered segment-specific principal
cells, while the other cells are grouped together and called
intercalated cells (5,12). An impediment to the study of these
cells has been their pleomorphism and their isolation within
the epithelium; they sit surrounded by principal cells. Inter-
calated cells vary in morphology, localization, and abun-
dance, and these differences are evident not only among
species but also among individuals from the same species.
In addition, few cell lines replicate their phenotypes in cul-
ture. Some of the available immortalized intercalated cell
models include the rabbit Clone-C cells, the mouse OMCDis,
and the canine MDCKC11 (13–15). The Clone-C cell line is
particularly useful because it can switch phenotypes from
type B to type A intercalated cells (Figure 2) depending on
culture conditions (16,17). Of note, many very relevant studies
that have uncovered important regulatory pathways in

intercalated cells have been performed in cell lines of inner
medullary origin, such as the mIMCD3 cell line (18,19).
In the collecting duct, principal and intercalated cells form

a “salt and pepper” epithelium (Figures 1 and 2) (20). This
more primitive appearance of the collecting duct is similar to
that of frog skin, reptilian bladder, and fish gills (20–22). In
the kidney, the transition from the early part of the distal
convoluted tubule to an epithelium containing both princi-
pal and intercalated cells coincides with the transition to
segments that are derived from the ureteric bud outpouch-
ing of the Wolffian duct (2). The ratio of principal to inter-
calated cells varies slightly between tubular segments,
with a ratio of 2:1 in outer medullary collecting duct seg-
ments and 3:1 in the cortical collecting duct. The ratio also
varies between species (10,23).
Intercalated cells have had obscure names such as “dark

cell” and “special cell,” a terminology that reflected how
little was known about their function from the time of their
discovery in 1876 until the late 1960s (24). Their ultrastruc-
tural description, however, has remained quite consistent
over the years. Intercalated cells are also called “mitochondria-
rich cells,” reflecting the high levels of round mitochondria
at their apical pole, or in their cytoplasm, a distribution that
was quite different from that of other kidney tubule cells,
which accumulated mitochondria around the basolateral
membrane (Figure 3) (24–27). These cells also have “numer-
ous irregular apical microvilli” compared with the surround-
ing segment-specific cells (24). Moreover, it became clear that
intercalated cells lacked a central cilium, at least in the cortex,
which also differentiated them from the adjacent principal
cells (Figure 3) (10,28–30). Their peculiar morphology was
reminiscent of acid-secreting cells in the turtle bladder
(31,32) and frog skin (33), and, like these cells, intercalated
cells participate in urinary acid secretion, bicarbonate reab-
sorption, and bicarbonate secretion (5).
The question remains of how these two disparate cell types

coordinate their function in these epithelia (20,34). The
plasma membrane of each epithelial cell organizes into api-
cal and basolateral domains that develop distinct membrane
lipid and transport protein compositions. Thus, within a
homogeneous epithelium of one cell type, the apical mem-
branes (facing the tubular lumen) of all cells could function
as a unit, and similarly for the basolateral domains of the
same cells facing the interstitium. The maintenance of the
apical and basolateral domains of the kidney tubular epithe-
lium depends on the presence of functional tight junctions,
the differential permeabilities of the two membranes, and
the generation of gradients between the lumen and the in-
terstitium. Recent findings have uncovered the paracrine
signals that integrate the function of intercalated and prin-
cipal cells in the collecting duct (35).
Three types of intercalated cells are traditionally recog-

nized, based largely on cell morphology and localization
(reviewed in reference 36). These cells fall into the catego-
ries of type A (also known as “a”), type B (or “b”), and
non-A, non-B intercalated cells (Figure 2) (reviewed else-
where [10,36]). The initial morphologic classification was
upheld after both functional and immunolabeling studies
once inhibitors and antibodies for individual transport
proteins became available. Currently, intercalated cells
are classified with respect to the presence of the chloride-
bicarbonate exchanger AE1 (Slc4a1) and to the subcellular

Figure 1. | Intercalated cells in rat collecting duct. The cartoon and
confocal micrograph illustrate the intercalated cell distribution along
the kidney tubule and within the epithelium. Intercalated cells were
detected in the cortical and outermedullary collecting duct (green oval)
by immunoflorescence labeling using an antibody against one of the
H1-ATPase subunits (green). Intercalated cells are also located in
the connecting segment (red circle). The apical or luminal labeling of
the H1-ATPase indicates that these cells are mostly type A intercalated
cells (A-IC). Principal cells were labeled with an antibody against the
water channel aquaporin-2 (red). Modified from reference 9, with
permission.
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Figure 2. | Transepithelial transport processes and regulatory mechanisms in type A intercalated cells (A-IC) and type B intercalated cells
(B-IC). This cartoon illustrates the major transport proteins expressed in the three main epithelial cell types present in the collecting duct:
the principal cell, which expresses the epithelial sodium channel; the acid-secreting type A-IC; and type B-IC, which secretes bicarbonate
while reabsorbing NaCl. In the cortical and outer medullary collecting duct, type A-ICs express H1-ATPase and the H1/K1-ATPase at the apical/
luminalmembrane,while they express the Cl2/HCO3

2 exchanger AE1 at their basolateralmembrane. The bicarbonate sensor soluble adenylyl
cyclase (sAC) and protein kinase A (PKA) play important roles in the regulation of the H1-ATPase (see Figure 5A). Slc26a11 (A11), an electrogenic
Cl2 transporter, as well as a Cl2/HCO3

2 anion exchanger, are also expressed at the apical membrane of the type A-IC. On the other hand, the
type B-ICs display an electroneutral NaCl transport/reabsorption pathway at their apical membrane that involves pendrin, a Cl2/HCO3

2

exchanger, and theNa1-drivenCl2/HCO3
2exchanger (NDCBE).TheproposedbasolateralNa1extrusionpathwaywould involve thecotransporter

Slc4a9 (AE4). ThemechanismofCl2 exit remains tobe elucidated. In typeB-ICs, reabsorptionofNaCl from the lumen is energized by the basolateral
H1-ATPase rather than by Na1/K1-ATPase.
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localization of the multisubunit H1-ATPase (36,37). This
classification has been further modified to reflect whether
cells express the transport protein pendrin, a subtype of
chloride-bicarbonate exchanger (37). Therefore, another def-
inition for type A intercalated cells combines their function
in urinary acidification, their lack of pendrin expression,
the presence of H1-ATPase at their apical membrane, and

the expression of AE1 at their basolateral membrane. On the
other hand, the intercalated cells involved in bicarbonate
secretion express the chloride/bicarbonate exchanger pen-
drin at their apical membrane. These cells are further classi-
fied as type B and non-A, non-B intercalated cells. While
type B intercalated cells express the H1-ATPase at their ba-
solateral pole, the non-A, non-B intercalated cells express
both the H1-ATPase and pendrin at their apical membrane.
Moreover, non-A, non-B intercalated cells are located in the
connecting segment or connecting tubule (10,38). All three
types of intercalated cells express carbonic anhydrase in
their cytoplasm (36,39). This metalloenzyme reversibly cata-
lyzes the hydration of CO2 (40) and thus leads to the for-
mation of bicarbonate. At least 13 isoforms of carbonic
anhydrase have been identified in mammals. Carbonic an-
hydrase II, acting in tandem with H1-ATPase, facilitates the
coordinated proton and bicarbonate secretion from interca-
lated cells. Table 1 summarizes the current findings on trans-
port or other proteins that can help in the characterization
and classification of intercalated cell types.

Intercalated Cell Development and Plasticity
Interest in intercalated cell development arose, in part,

because of the intriguing presence of the non-A, non-B in-
tercalated cell, which some viewed as an intermediate type.
Moreover, other intercalated cells did not fit into any of
the three available classifications because of the expression
of marker proteins in unexpected subcellular localiza-
tions. These other types of intercalated cells were thought to
represent a series of intermediate forms that could arise if,
for example, a type B intercalated cell were transforming
into a type A intercalated cell under the pressure of metabolic
acidosis. One such “intermediate” cell might express the
H1-ATPase diffusely in the cytoplasm or at both the apical
and basolateral domains (41,42). There is now evidence that
type A and type B intercalated cell types represent different
states of differentiation, as proposed by Al-Awqati and con-
firmed by others (16). In some of these studies carried out in
the rabbit model, adaptation to acidosis was not accompa-
nied by changes in the number of intercalated cells but
rather by a change from type B to type A intercalated cells
(7,43). The transition process from type B to type A interca-
lated cell depends on the basolateral deposition of the extra-
cellular matrix proteins hensin (DMBT1), galectin 3, and
other proteins (7,44). Overall, induction of chronic metabolic
acidosis increases the proportion of type A intercalated cells
while metabolic alkalosis causes an increase of type B inter-
calated cells (7,45,46). Moreover, mice with a hensin defect
in intercalated cells indeed developed metabolic acidosis. In
this mouse model, intercalated cells in the cortex had a type
B phenotype (44). Interestingly, the hensin-deficient mice
had modified the phenotype of medullary epithelial cells.
These modified medullary cells had the ultrastructure of
the type B intercalated cells usually found in cortex, while
they differed from type B cells in that they did not express
pendrin (47).
In addition to the above factors, the Notch signaling path-

way also controls the development of primitive epithelia,
such as the ones in the connecting segment and the collecting
duct (20,48). The Notch signaling cascade is essential for a
developmental process called lateral inhibition, where

Figure 3. | Morphology of rat cortical collecting duct intercalated
cells. (A) The scanning electron micrograph shows the luminal sur-
face of the rat collecting duct. In this image principal cells can be
easily identified by their small microprojections into the lumen and
by the presence of a single cilium. Two configurations of intercalated
cells are present in this tubule. The type A-ICs (arrows) have a large
luminal surface covered mostly with microplicae, while a type B-IC
(arrowhead) has a more angular cellular outline and smaller apical
microvilli (original magnification, 35500). Reproduced with per-
mission from reference 10. (B) This transmission electron micrograph
of rat cortical collecting duct illustrates further the two configurations
of intercalated cells. The type A-IC (right) shows a well developed
apical tubulovesicular membrane compartment, with prominent
microprojections that are part of the microplicae on the luminal
membrane. In this image, the type B-IC (left) presents a denser cytoplasm
with more abundant mitochondria and many vesicles throughout the
cytoplasm. The luminal membrane of the type B cell has a quite smooth
luminal membrane (original magnification, 35000). Reproduced with
permission from reference 10.
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neighboring cells undergo one final step that gives them very
different phenotypes. Notch signaling disruption indeed al-
ters collecting duct cellular composition, resulting in more
intercalated cells and fewer principal cells; in addition, prob-
ably because of the decreased numbers of principal cells, the
mice also display a nephrogenic diabetes insipidus pheno-
type (48). The developmental events would involve ureteric
bud cells differentiating into principal cells, with active Notch
signaling, while intercalated cells would appear because of
inactive Notch signaling (49,50). Intercalated cell development
goes one step further to generate cells of type B lineage in the
cortex and outer medulla. The expression of grainyhead genes
results in the type B intercalated cell phenotype (21,51,52).
In rodent kidney, the appearance of intercalated cells dur-

ing development has traditionally been tracked by following
the expression of several of the intercalated cell–specific
H1-ATPase subunits and other markers. This multisubunit
proton pump is ubiquitous, but several of its subunits are
specific to distal nephron intercalated cells (47,53). These in-
tercalated cell–specific H1-ATPase subunits (such as a4 and
B1) appear early in the medulla at embryonic day 15.5 (E15.5),
after the detection of the expression of Foxi1, a forkhead fam-
ily transcription factor that is detected in adult intercalated
cells (54). Pendrin-positive intercalated cells have been detect-
ed in the mouse kidney at E14. There was also a debate on
whether intercalated cells developed from principal cells or
vice versa, or whether one cell population could contribute to
the repopulation of the collecting duct after injury. Some of
this controversy has been clarified by the characterization of a
mouse strain lacking a transcription factor of the forkhead
family, Foxi1 (55). In adult mice, Foxi1 is detected only in
intercalated cells, suggesting that this transcriptional reg-
ulator is required for intercalated cell development. In-
deed, Foxi1 knockout mice lack intercalated cells, and
their collecting duct epithelium instead expresses a more
primitive cell type with some principal and intercalated

cell characteristics. For example, this undifferentiated cell
type expresses the water channel aquaporin-2, which is
expressed in principal cells, and the cytosolic enzyme car-
bonic anhydrase II, which is used as a marker of interca-
lated cells. Foxi1-null mice did not express H1-ATPase or
pendrin in their collecting ducts.

Type A Intercalated Cells, Their Major Transport
Proteins, and Their Hormonal Regulation
Type A intercalated cells are present in the late distal

convoluted tubule, the connecting segment, cortical and
outer medullary collecting duct, and, in some reports, the
early part of the inner medullary collecting duct. They are
the more abundant type of intercalated cell in the outer
stripe of the outer medulla in most mammalian species (10).
Morphologically, they lack a cilium, they have numerous
apical microplicae, and mitochondria are abundant near
the apical pole (10,28). Their most characterized role is as
cells that secrete protons into urine, and they can easily be
identified for their lack of pendrin expression.
Type A intercalated cells can secrete H1 equivalents

into urine via the H1-ATPase or the H1/K1-ATPase
(H,K-ATPase) at their apical membrane. The latter pump
exchanges one potassium ion for each extruded proton. In
addition, these cells express Slc4a1, a splice variant of
erythroid band 3, at the basolateral membrane (Figure 1)
(42). The secretion of a proton into the tubular lumen,
whether it is in exchange for potassium reabsorption or
not, results in the generation of intracellular bicarbonate
via carbonic anhydrase II, which is reabsorbed into the inter-
stitium in exchange for chloride by AE1. The H1-ATPase
is very abundant at the apical membrane of type A inter-
calated cells and in subapical vesicles or tubulovesicular
structures, and they appear as 10-nm spherical structures
or “studs” coating these membranes, also described as
rod-shaped particles (56,57).

Table 1. Relevant proteins expressed in kidney intercalated cells

Intercalated Cell Type Protein Expressed Type A Type B Non-A, Non-B

Carbonic anhydrase II: catalyzes the reversible hydration of CO2
to bicarbonate and water

Apical Cytoplasmic Cytoplasmic

H1-ATPase: pumps H1 across the (plasma) membrane, and into
the extracellular space

Apicala Basolaterala Apical and diffuse
vesiculara

AE1 (Slc4a1): anion exchanger 1, exchanges a Cl- for
a bicarbonate

Basolaterala

Pendrin (Slc26a4): exchanges a Cl- for a bicarbonate Apicala Apicala

H+/K+-ATPase: exchanges an H1 for a K1 at the expense of ATP Apical Apical?
AE4 (Slc4a4): anion exchanger 4, exchanges a Cl- for (n)
bicarbonate

Basolateral

RhBG: Rh B glycoprotein, ammonia transporter Basolateral Basolateral
RhCG: Rh C Glycoprotein, ammonia transporter Apical Apical
NDCBE (Slc4a8): Na1-driven Cl2/bicarbonate exchanger Apical
A11 (Slc26a11): electrogenic Cl2 transporter and Cl2/HCO3

-

anion exchanger
Apical

NKCC1: Na+-K+-2Cl2 cotransporter Basolateral
BK channel or Maxi-K: K1 secretion Apical

Adapted from reference 36. BK, big potassium.
aThe differential localization patterns pertaining to the transport proteins identify a combination of key markers that aid in the clas-
sification of the different intercalated cell subtypes.
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The H1-ATPase facilitates the movement of protons
across the apical membrane of type A intercalated cells.
Other ion movements, such as Cl2 and/or bicarbonate ex-
trusion, compensate H1 transport in proton-secreting cells
(32,58). In the case of H1-ATPase, two other main factors
affect its function at the plasma membrane: the pH differ-
ence across the apical membrane and the transepithelial po-
tential difference (59). For example, this pump mediates H1

transport at a rate that is 0 when the luminal pH is ,4.5,
while the transport rate of the pump is saturated at a pH of
7.0–8.0. In addition, when the lumen potential is 120 mV
relative to the interstitium, the H1 transport rate is negligible.
On the other hand, at an applied potential of 230 mV the H1

pumping rate saturates. A hypothesis was then presented that
Na1 reabsorption through ENaC would create a more lumen
negative transtubular potential difference along the distal
nephron. This potential difference would favor H1-ATPase
function in type A intercalated cells. Wagner and colleagues
elucidated in vivo that ENaC function in the connecting seg-
ment was sufficient to induce this upregulation (60).
Both AE1 and H1-ATPase are upregulated in the kidney

during metabolic acidosis (45), and the morphology of
type A intercalated cells changes (Figure 4) (10). Although
the entire collecting duct contributes to urinary acidifica-
tion, the outer medullary collecting duct is very important
in this process, and most intercalated cells in this segment
are of type A expressing apical H1-ATPase (5,42). In ad-
dition, in collecting duct cells, including intercalated cells,
H1/K1-ATPases can be detected by following the expression

of their two a subunit isoforms: HKa1 (gastric) or HKa2 (co-
lonic) (reviewed in reference 61). Type A intercalated cells
from HKa1,2–null mice had significantly slower acid extrusion
compared with A-type intercalated cells from HKa1-null or
HKa2-null mice (62), although the lack of either a subunit
affected the rate of acid extrusion from both type A and
type B cells (63).
Therefore, type A intercalated cells in the collecting duct

participate in active potassium reabsorption via the H1/K1-
ATPases (Figure 2), and they undergo hypertrophy when
animals are fed a low-potassium diet. However, the contri-
bution of each a isoform in kidney potassium and acid han-
dling remains to be determined, as the null mice for either
the a1 or a2 subunits did not have significant changes in
their acid-base or potassium excretion (62). In the setting
of acidosis, the activity of H1/K1-ATPase increases in the
collecting duct (64,65). These findings indicate that this
pump represents a key mechanism of proton secretion by
the kidney in metabolic acidosis.
In addition to the H1/K1-ATPase, another important

regulator of K1 homeostasis, the high-conductance big po-
tassium (BK) or maxi-K channel is also highly expressed at
the apical membrane of type A intercalated cells (66), es-
pecially in animals fed a high-potassium diet. These chan-
nels, which are less abundant in principal cells, are
activated by depolarization, stretch/luminal flow, intracel-
lular calcium increases, or hypoosmotic stress (reviewed in
reference 67). Moreover, the BK channel is inhibited by the
with-no-lysine kinase 4 (WNK4) in a phosphorylation-
dependent manner (68,69). In a later study performed in a
cell line of intercalated cell characteristics, WNK4 inhibited
BK channel activity in part by increasing channel ubiquiti-
nation and degradation (70). The researchers investigating
flow-induced K secretion from the BK channel in type A
intercalated cells found evidence that a basolateral Na-K-Cl
cotransporter (NKCC1) could support entry of K1 into the
cell, especially in light of the almost negligible levels of
Na1/K1-ATPase in this type of intercalated cells (Figure 2) (71).

Acid-Base Sensing in Intercalated Cells
The activity and subcellular localization of acid-base

transport proteins can be quickly altered by changes in
extracellular or intracellular pH or bicarbonate changes.
These findings have led to an intense search for the pH-
sensing mechanism within the intercalated cells. For exam-
ple, the H1-ATPase in type A intercalated cells is acutely
activated (within minutes to hours) by kinases such as pro-
tein kinase A (PKA), while it is acutely inhibited by the
metabolic sensor AMP activated protein kinase (AMPK)
(Figure 5) (72–74). This downregulation of the proton
pump by AMPK is preliminary evidence that intercalated
cell function can be altered when the tubule is under meta-
bolic stress, such as under conditions of ischemia. These two
kinases also regulate the H1-ATPase in proximal tubule and
epididymis (75,76). We have characterized two major phos-
phorylation sites in the H1-ATPase A subunit; Ser-175 is
required for PKA-mediated pump activation while Ser-384
is required for downregulation of the pump by AMPK
(72,73). In particular, Ser-175 is in part responsible for the
activation of H1-ATPase in endosomes downstream of G
protein–coupled signaling via cAMP/PKA (77).

Figure 4. | Change in intercalated cell morphology in response to
chronic acid-base status changes. This transmission electron micro-
graph shows the apical membrane of type A cells from the collecting
duct from a normal rat (A) and from a rat with acute respiratory acid-
osis (B). In the control animal prominent studs (arrowheads) are
observed on tubulovesicular structures in the control rat (A), while
they aremore abundant on the apical membrane in the experimental
animal (B). In another study, Brown and colleagues showed that these
studs are H1-ATPase, both at the membrane and in the tubulove-
sicular subapical structures (57). The increase in the number of
H1-ATPases (studs) at the apical membrane in the animal with acidosis
(B) is coupled to an increase in membrane microprojections and a de-
crease in the number of tubulovesicular structures in the acidotic rat (B).
(Original magnification: A, 348,000; B, 342,400.) Reproduced with
permission from reference 10.

310 Clinical Journal of the American Society of Nephrology



In addition, PKA activation of the H1-ATPase has also been
linked to the acute activation of the bicarbonate-sensor soluble
adenylyl cyclase (sAC) in type A intercalated cells (Figure 5A)
(74). This cascade links physiologic changes in plasma and/or
intracellular bicarbonate to acute intercalated cell phenotypic
changes. For example, the PKA activator cAMP directly stim-
ulates proton secretion in primary cultures of mouse interca-
lated cells (78) while significantly increasing the size of apical
microplicae in these cells (78). The role of bicarbonate-
activated sAC in intercalated cell function is also supported
in cases of increased chronic luminal bicarbonate delivery
(over days) to the collecting duct (79). A recent study found
that Slc26a11, recognized as an electrogenic Cl2 transporter as
well as a Cl2/HCO3

2 anion exchanger, facilitates H1-ATPase
function in type A intercalated cells (80).

Another important sensor of extracellular pH in the kidney
is the G protein–coupled receptor 4 (GPR4). Its function was
identified and characterized in cell lines in studies that used
the mOMCD1 intercalated cell model (18). GPR4-null mice
had decreased kidney net acid secretion and a nongap met-
abolic acidosis, suggesting that GPR4 is a pH sensor with a
likely important role in promoting acid secretion in kidney
collecting duct intercalated cells in vivo. Moreover, the non-
receptor tyrosine kinase Pyk2 was studied as a potential
sensor of pH changes in the distal tubule. Pyk2 is expressed
in kidney, and it becomes autophosphorylated by several
stimuli, including decreased pH (81). Studies also performed
in mOMCD1 cells revealed that Pyk2 and downstream ef-
fectors increased H1-ATPase but not H1/K1-ATPase in this
intercalated cell model.

Figure 5. | Model of H1-ATPase coregulation at the apical membrane of type A intercalated cells by two kinases, downstream of acid-base
status and of cellularmetabolic stress. (A) Acute increases in the level of intracellular bicarbonate activates the bicarbonate-sensor sAC,which
generates cAMP and then activates PKA. Studies using pharmacological activators have shown that exchange protein directly activated by
cAMP (Epac) is not likely to play a role in H1-ATPase regulation (183). Carbonic anhydrase II (CAII) is involved in the generation of in-
tracellular bicarbonate. Downstream of PKA, the A subunit of H1-ATPase is then phosphorylated at Ser-175 (S175) (72). This phosphorylation
event is involved in activating H1-ATPase at the apical membrane. (B) This acute stimulatory effect of the sAC/cAMP/PKA signaling cascade
on apical H1-ATPase activity is counterbalanced by the inhibitory effect of the metabolic sensor AMP activated protein kinase (AMPK),
downstream of ischemia or metabolic stress, for example. Acute metabolic stress leads to an elevation of the levels of AMP comparedwith ATP,
and the increase in cellular [AMP]/[ATP] directly activates AMPK. AMPK mediates the downregulation of H1-ATPase activity by phosphor-
ylating Ser-384 (S384) in the proton pump’s A subunit (73).
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Type B Intercalated Cells and Their Transport
Processes
The classic type B intercalated cells express a chloride-

bicarbonate exchanger, pendrin, at their apical membrane
and express H1-ATPase at their basolateral membrane
(Figure 6) (41,82). These cells are thought to be responsible
for the secretion of OH2 equivalents. Pendrin is encoded
by the SLC26A4 PDS gene. This transport protein is a mem-
ber of the multifunctional sulfate transporter solute carrier
26 family (SLC26). Although it does not transport sulfate
(83), it can transport anions such as iodide, Cl2, and bicar-
bonate (84). Pendrin is also expressed in epithelial cells in the
inner ear (85) and the thyroid, as well as in other tissues
(82,86). This differential tissue expression pattern highlights
different transport roles for pendrin. For example, in kidney
intercalated cells and in the inner ear, pendrin acts as a
chloride-bicarbonate exchanger (85), while in the thyroid
gland it mediates iodide transport (86). Therefore, mutations
in SLC26A4 involve various organs to differing degrees.
Vaughan Pendred described this disorder as the combina-
tion of deafness and goiter (87,88). Remarkably, both pa-
tients with Pendred syndrome, which is inherited in an
autosomal recessive pattern, and pendrin-null mice have
normal kidney function under baseline conditions (82,89).
However, upon bicarbonate administration, which in-
duces pendrin upregulation in wild-type mice, pendrin-
null mice developed a severe metabolic alkalosis. These
alkali-loaded animals deficient in pendrin could not secrete
bicarbonate, suggesting a critical role for pendrin in the
modulation of acid-base status that protects against meta-
bolic alkalosis (90,91).
Initially, the reabsorption of Cl2 in the collecting duct was

attributed to the paracellular pathway, with some studies
indicating that there was transcellular Cl2 absorption (92)
(reviewed in references 4,37). Indeed, very recent studies

have confirmed that the paracellular pathway plays an im-
portant role in Cl2 reabsorption in the collecting duct (93).
On the other hand, the role of type B intercalated cells in Cl2

reabsorption became clear when pendrin was identified in
these cells (82). Because both sodium and chloride intake can
modulate kidney function, pendrin was considered immedi-
ately as a potential mediator in the pathogenesis of hyper-
tension (90,94). Several studies have confirmed that pendrin
protein expression decreases with maneuvers that increase
urinary Cl2 excretion, while protocols that caused Cl2

depletion, such as furosemide treatment, significantly in-
creased pendrin levels. Later studies showed that metabolic
acidosis induced by acetazolamide or ammonium sulfate ad-
ministration reduced the levels of pendrin irrespective of low
Cl2 levels in urine (95). Aldosterone and angiotensin II also
increase the levels of pendrin (96,97), thus linking this trans-
port protein to the maintenance of adequate extracellular
volume and potentially to the development of hypertension.
Recently, it has been proposed that pendrin may be activated
via a kidney-specific mechanism that does not include circu-
lating aldosterone (98). Furthermore, angiotensin II mediated
pendrin upregulation and subcellular localization changes
in kidney occur via the angiotensin 1a receptor (99). Pendrin-
mediated Cl2 uptake leads to vascular volume expansion
and pendrin-induced modification of ENaC abundance and
function (98). Changes in luminal bicarbonate concentration
and/or pH could also contribute to this signaling (100).
Thus, pendrin expressed in the kidney might represent a
potential target for blood pressure control. This role is illus-
trated in pendrin-null mice that were resistant to mineralo-
corticoid-induced hypertension and in turn became
hypotensive when fed a low-sodium diet.
Both type B and non-A, non-B intercalated cells (Table 1)

express pendrin at their apical membrane and intracellu-
lar vesicles (Figure 6) (82,101). Pendrin is more abundant

Figure 6. | Model of major transport processes and regulatory mechanisms in type B intercalated cells. This cartoon is modified from
the model proposed by Chambrey and colleagues (35). These cells participate in electroneutral NaCl absorption, which is energized by
H1-ATPase. Two cycles of transport via pendrin, when coordinatedwith one cycle ofNDCBE results in net uptake of oneNa1 and one Cl2 and the
extrusion of two bicarbonate (HCO3

2) ions. TheCl2 ions recycle across the apicalmembrane. A basolateral channel (not shown)mediates Cl2 exit.
The basolateral anion exchanger 4 (AE4 or Slc4a9), together with the H1-ATPase also facilitates Na1 and bicarbonate exit.
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at the apical plasma membrane than intracellularly in
non-A, non-B cells under baseline conditions. This find-
ing suggests that pendrin-mediated anion exchange oc-
curs to a greater extent in non-A, non-B cells than in type
B cells (102). This difference in pendrin subcellular dis-
tribution also suggests that its function is likely regu-
lated by trafficking between the plasma membrane and
cytoplasmic vesicles. Nitric oxide also contributes to inter-
calated cell transport protein regulation as it reduces
pendrin protein abundance in the kidney without modu-
lating pendrin subcellular localization in a cAMP-dependent
manner (103). The regulation of pendrin also involves
glycosylation-dependent processes (104,105). In addition to
the regulation of acid-base status, it appears that pendrin
expressed in kidney intercalated cells plays a role in con-
trolling iodide homeostasis as well, especially during high
water intake (106).
Type B intercalated cells have recently come to promi-

nence with the discovery that the Na1-driven chloride/
bicarbonate exchanger (NDCBE) (107) and pendrin colo-
calize at the apical membrane of these cells (Figure 6).
Together these two transport proteins mediate the until
recently unexplained thiazide-sensitive electroneutral
NaCl reabsorption in the collecting duct (4,11,107). More-
over, pendrin deletion in type B intercalated cells disturbs
the function of ENaC in adjacent principal cells (98,100).
As in intercalated cells, NaCl absorption is energized by
the H1-ATPase and not by the Na1/K1-ATPase (11);
Eladari and colleagues hypothesized that Na1 transport in
type B intercalated cells was mediated by a bicarbonate-
dependent transport protein at the basolateral membrane.
This transport protein therefore would be energized by H1-
ATPase. Members of the same research group had pre-
viously shown that the anion exchanger 4 (AE4/Slc4a9)
was expressed basolaterally in type B intercalated cells (Fig-
ure 1) (108).
Acidosis induces important changes in the transport pro-

teins expressed in type B intercalated cells. For example,
acidosis downregulates pendrin expression at their apical
membrane and in apical recycling endosomes, and more-
over, AE4 expression is diminished at their basolateral
pole (109).

Regulation of Intercalated Cell Transport Proteins by
Hormones and Other Mediators: Effects of (Pro)renin,
Renin, Angiotensin, and Aldosterone
Steroid hormone receptors, such as the mineralocorticoid

receptor (MR), function downstream of the renin-angiotensin-
aldosterone system (RAAS). Together with the glucocorticoid
receptor these hormones elicit signaling events in the kidney
that regulate salt and potassium homeostasis, intravascular
volume (110), and cell metabolism (111–113). Aldosterone,
via the MR, in turn activates ENaC in principal cells, result-
ing in an increase in paracellular Cl2 transport, H1 secre-
tion from intercalated cells, and activation of basolateral
Na1/K1-ATPase (reviewed in references 60,110,114). How-
ever, these transcellular transport cascades are mostly rel-
evant to principal cells (11).
During hyperkalemia, aldosterone is also secreted. Its

stimulation of ENaC via the MR leads to lumen electro-
negativity, which promotes K1 secretion via the renal outer

medullary small-conductance K1 channel (ROMK) expressed
in principal cells and the flow-mediated, large-conductance,
calcium-activated potassium channel or BK channel, which
is expressed in intercalated cells (Figure 7) (71,115). Thus,
potassium secretion is promoted without retaining sodium.
It is paradoxical that activation of the same MR in the in-
tercalated cell would result in increases of both NaCl reab-
sorption and regulation of acid-base transport proteins
(110). The RAAS is activated during metabolic acidosis
(116), while RAAS blockade inhibits kidney acid excretion
in the setting of acidosis (112,117). The regulatory effects of
steroid hormones on individual transport proteins in inter-
calated cells have been extensively studied. For example,
decreased dietary potassium increases type A intercalated
cell function apical projections and increases the activity of
H1/K1-ATPase and the BK channel (66). However, under
potassium-replete conditions, which are known to increase
aldosterone levels, changes in dietary sodium and serum
aldosterone did not affect BK expression in intercalated
cells (118).
There are several important findings to consider in the

regulation of H1-ATPase and other transport proteins in
intercalated cells by steroid hormones. For example, Wagner
and colleagues showed that angiotensin II increases the
expression of the H1-ATPase (119). Moreover, mineralocor-
ticoids, such as aldosterone, which is released in metabolic
acidosis, also increase the expression of pendrin and the
H1-ATPase (58,97). Recently a novel modulatory pathway
that affects the MR in intercalated cells has been uncovered.
This pathway, which involves MR phosphorylation, is
likely the key to the differential response of these cells
when only aldosterone is present (as in hyperkalemia), in
contrast to when both aldosterone and angiotensin II are
present (as in volume depletion) (see Figure 8) (69,120). The
MR can be activated by both aldosterone and cortisol
(121–123). While principal cells express the enzyme 11b
hydroxysteroid dehydrogenase (11bHSD2), which rapidly
converts cortisol to a less active hormone, cortisone, inter-
calated cells lack this enzyme (69,110,121). Thus, in princi-
pal cells the MR is mostly activated by aldosterone and not
cortisol, and this activation leads to the coordinated action
of ENaC and the Na+/K+-ATPase. A recent study elegantly
showed that a single phosphorylation site, Ser-843, in the
MR inactivates it, and this inactive receptor is the major
species in intercalated cells (69). When there is volume
depletion (Figure 8B), both angiotensin II and WNK4 pro-
mote dephosphorylation/activation of the MR. Once ac-
tive, this receptor binds aldosterone and mediates the
increase in H1-ATPase and chloride-bicarbonate exchanger
activity. This coordinated action increases plasma volume
while inhibiting potassium secretion. In the absence of an-
giotensin II, the receptor remains phosphorylated and thus
aldosterone cannot promote H1-ATPase activity. In this
scenario, aldosterone promotes K1 secretion from principal
cells. Angiotensin II also increases net transcellular chloride
absorption across type B cells via a mechanism that in-
volves both pendrin and activation of the H1-ATPase
(96). Together these findings show the physiologic rele-
vance of selective mineralocorticoid activation in interca-
lated cells.
The role of renin on intercalated cell function has come to

the forefront because of the identification of the (Pro)renin
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receptor [(P)RR] as an accessory protein of H1-ATPase.
However, and just like H1-ATPase, (P)RR is ubiquitously
expressed. This receptor protein has a large extracellular
domain that binds the enzymes renin and pro-renin (124–
126). (P)RR was referred to as the ATP6AP2 (ATPase, H1

transporting, lysosomal accessory protein 2) (127). (P)RR
undergoes proteolytic cleavage to generate soluble (P)RR
(128,129). (P)RR is easily detected in type A intercalated
cells and not in principal cells (130,131). Binding of renin
and prorenin to (P)RR increases the catalytic efficiency of
these enzymes in the conversion of angiotensinogen to
angiotensin by 4-fold. Prorenin secreted from the princi-
pal cells binds to the (P)RR located in the apical mem-
brane of intercalated cells or to the soluble (P)RR, and
thus enhances local angiotensin I and angiotensin II for-
mation in the collecting duct (Figure 9) (114,132). A (P)
RR interaction with the H1 -ATPase is required for

prorenin-induced activation of Erk1/2 in a cultured cell
model of intercalated cells (133). (P)RR has also been
shown to play a role in vasopressin-mediated H1-ATPase
activity and cAMP accumulation, in a prorenin-independent
manner in the intercalated cells. The (P)RR has been im-
plicated in several pathologic conditions, such as diabetic
nephropathy, hypertension, albuminuria, and pre-
eclampsia. However, (P)RR blockade would likely have
adverse effects through its activation of H1-ATPase
(130,134–136).

Intercalated Cell Dysfunction and the Pathogenesis of
Distal Renal Tubular Acidosis
Mutations in certain intercalated cell transport proteins,

or associated enzymes, can lead to distal renal tubular ac-
idosis (dRTA) type 1, a syndrome characterized by a decreased

Figure 7. | Intercalated cells are involved in K1 secretion in the collecting duct. This cartoon illustrates the location of the voltage-
dendent renal outer medullary small-conductance K1 (ROMK) and the flow-dependent big potassium (BK) channels in the intercalated
cells (type A-IC and type B-IC) and principal cells. (A) Under normal dietary conditions, ROMK predominantly secretes K1. However,
under the influence of a K1-rich diet, because of the increased activity of the basolateral Na1/K1-ATPase, the transport via the epithelial
sodium channel (ENaC)– transport increases, generating a driving force for ROMK to secrete more K1 from the principal cells. (B) When
high K1 secretion is accompanied by increased flow, it stimulates BK channel synthesis and function in the intercalated cells (type A-IC
and type B-IC).
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capability of urinary acidification and variable degrees of
hyperchloremic, hypokalemic metabolic acidosis (137). When
this condition is severe, the patient cannot excrete the daily
acid load, which varies from 50 to 100 mEq/d depending on
the patient’s diet. This continued proton accumulation leads
to a normal anion gap metabolic acidosis, with values of
plasma bicarbonate that can fall below 10 mEq/L. The treat-
ment involves potassium and alkali repletion. When the dis-
ease is not so severe, it is called incomplete, type 1 dRTA.
These patients still have an inability to acidify the urine
(pH.5.5) without a significant drop in plasma bicarbonate.
Some forms of dRTA are due to a back-leak of protons re-
sulting from the exposure of the patient to pharmacologic
agents that damage the tubular plasma membrane, such as
amphotericin (138). However, these patients will often dis-
play signs and symptoms associated with principal as well as
intercalated cell dysfunction.
Inherited forms of dRTA most often result from the dis-

ruption of normal type A intercalated cell physiology. Pa-
tients with dRTA tend to have acidemia because of the lack
of acid secretion from type A intercalated cells. This lack of
acid secretion, and alkalinization of the urine, can present
with nephrocalcinosis and/or nephrolithiasis, as well as
hypokalemia (139). The inherited forms of dRTA have
been described as having autosomal dominant or recessive
modes of transmission. Some disease-causing mutations of

H1-ATPase a4 and B1 subunits result in early-onset dRTA
(140–142). These findings suggest that the differential distri-
bution of isoforms of H1-ATPase in intercalated versus
other epithelial cells may be acquired during early infancy
in humans. Another important transport protein in inter-
calated cells is the chloride-bicarbonate exchanger AE1. A
large screen of kindreds with dRTA revealed that some mu-
tations in AE1 cause autosomal dominant dRTA, while other
defects identified in AE1 appear to result in autosomal reces-
sive dRTA (143–145). In a mouse animal model, that deletion
of carbonic anhydrase II reduces the number of intercalated
cells in both type A and type B intercalated cells (146).
In humans, dRTA is often accompanied by some degree

of salt, water, and potassium losses, and the causes for these
findings were not well understood (147). Recently, a mouse
model of dRTA, which was deficient in the intercalated cell–
specific B1 subunit of H1-ATPase (ATP6V1B1), also present-
ed with urinary losses, leading to hypovolemia, hypokalemia,
and polyuria (Figure 10) (35). Although these mice did not
present with acidosis unless challenged with an acid load
(148), the molecular defect in H1-ATPase led to dysfunction
of both ENaC and the combined pendrin/NDCBE (35). Re-
searchers studying this mouse model discovered that the
NaCl urinary loss coincided with increased prostaglandin
E2 (PGE2) and ATP levels in urine. PGE2 is a known inhib-
itor of Na1 transport in the collecting duct (149–151).

Figure 8. | Model of regulatory pathways for the mineralocorticoid receptor (MR) in intercalated cells: hyperkalemia and volume
depletion. This figure depicts pathways that involve the differential phosphorylation state of the MR in principal versus intercalated cells
(type A-IC; type B-IC), that are likely the key to the distinct responses of these cells in two different scenarios. (A) The first scenario
involves conditions when only aldosterone is present (as in hyperkalemia). In this case, hyperkalemia leads to aldosterone secretion
while no angiotensin II is present. Here, MR is phosphorylated in intercalated but not in principal cells. These conditions lead to
aldosterone-mediated Na1 reabsorption via the epithelial sodium channel in principal cells, which drives K1 secretion also in principal
cells. (B) In contrast, when both angiotensin II and aldosterone are present (as in intravascular volume depletion), the MR is dephos-
phorylated downstream of angiotensin II, and the activity of this receptor is thus restored in intercalated cells. In addition, as a result of
aldosterone signaling both pendrin and H1-ATPase are upregulated, and in turn there is a decrease drive for K1 secretion. Modified from
reference 69.
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Indeed, when PGE2 synthesis was blocked in vivo, the
animals displayed restored ENaC levels in the cortex
(35). This elegant study proposed a mechanism wherein
type B intercalated cells would sense increases in NaCl
delivery to the distal nephron, leading to release of ATP
from intracellular stores. This ATP release would be fol-
lowed by an increase in PGE2 from the type B intercalated
cells, and then to a decrease in Na1 absorption by the
adjacent principal cells.
In addition, rare genetic defects, such as carbonic anhy-

drase II deficiency, can lead to intercalated cell as well as
proximal tubular dysfunction. This renal tubular acidosis is
also referred to as type 3 or mixed renal tubular acidosis
(137,152). The patients with this genetic defect also present
with osteopetrosis and cerebral calcification.

Acquired Intercalated Cell Dysfunction
Amphotericin can cause a generalized dysfunction of

the kidney tubule, including intercalated cells, because it
damages the plasmamembrane and causes an H1 back-leak
of protons due to the exposure (138,153). On the other
hand, some conditions, such as Sjögren syndrome and
some cases of systemic lupus erythematosus, that can pres-
ent with dRTA due to more predominant intercalated cell

dysfunction. The estimates of patients with Sjögren syn-
drome and dRTA vary from 30% to 70%; this condition
often presents in the context of tubulointerstitial nephritis
(154–156). Autoimmune antibodies isolated from patients
interact with the intercalated cells, but the precise antigens
have not been determined (157). Kidney biopsies of pa-
tients with Sjögren syndrome and dRTA reveal a reduced
expression of H1-ATPase and AE1 (158,159). There is also
decrease in the total number of intercalated cells in these pa-
tients. Taken together, Sjögren syndrome is associated with
loss of intercalated cell transport activity associated with de-
fects in acid-base balance, although the precise events in the
development of these findings are yet to be explored.
Lithium is a proven treatment for bipolar disorder, and

approximately 40% of patients receiving this treatment de-
velop urinary concentrating defects and eventually nephro-
genic diabetes insipidus, which can contribute to ESRD
(reviewed in references 160,161). One of the many renal man-
ifestations of long-term lithium treatment is that patients
develop an incomplete form of renal tubular acidosis that
is usually not clinically relevant (162). Despite this clinical
syndrome, the findings in rats treated with lithium reveal
increased numbers of type A intercalated cells that are pres-
ent even in the inner medulla (163). It has been proposed
that lithium decreases the gradient for proton secretion

Figure 9. | Intercalated cells are targets of paracrine angiotensin II signaling. Angiotensin II stimulates secretion of prorenin and renin from
principal cells. Prorenin binds to the prorenin receptor at the apical membrane of type A-IC, where in turn it stimulates the synthesis of an-
giotensin II from angiotensin I via the action of angiotensinogen, which originates in proximal segments of the nephron. Angiotensin II then
binds to the angiotensin receptor 1a (AT1aR) in the type A-IC.Moreover, prorenin binds to its receptor in type A-IC to stimulate signaling via p58
or cAMP.
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(a voltage-dependent defect) along with a concomitant de-
crease in H1-ATPase activity. Therefore, the observed increase
in the number of intercalated cells may be a potential defense
mechanism against the initial mechanism of lithium-induced
acidosis. Moreover, lithium inhibits glycogen synthase kinase
3b (reviewed in reference 164). Inhibition of this kinase dur-
ing kidney development induces nephron differentiation via
the Wnt signaling pathway (165). Wnt signaling, a very rel-
evant cascade needed for normal embryonic development,
has been reviewed elsewhere (166). Therefore, another expla-
nation for the increased number of intercalated cells seen
with lithium treatment could be the disruption of Wnt sig-
naling downstream of lithium-mediated glycogen synthase
kinase 3b inhibition.

Findings similar to those observed with long-term
lithium treatment were described after dietary K1 deple-
tion, with increases in intercalated cells that were reversed
upon dietary K1 repletion (167). These researchers concluded
that principal cells and intercalated cells may interconvert
in response to changes in dietary K1 and that autophagy
was likely involved in the pathways driving this intercon-
version.
The antirejection medications cyclosporine and tacrolimus

affect intercalated cell function and result in the development
of dRTA, numerous changes in proximal and distal nephron
epithelial transport proteins, and a decrease in the non–type
A intercalated cells (168,169). Cyclosporine also inhibits cy-
clophilin and thus affects hensin polymerization after

Figure 10. | Intercalated cells are necessary to maintain body fluid and electrolyte balance. This model summarizes the recent findings by
Gueutin and colleagues (35), which showed how H1-ATPase dysfunction in type B-IC leads to the urinary water and sodium losses in patients
with distal renal tubule acidosis. This group studied mice with significantly decreased H1-ATPase activity in the collecting duct intercalated
cells due to knockout of the B1 of the H1-ATPase subunit (ATP6V1B1–/–mice). The specific knockout of the B1 subunit does not disturb
H1-ATPase expression in the proximal tubule. These animals presented with a significant urinary loss of NaCl, revealing impaired function of ep-
ithelial sodiumchannel (ENaC) inprincipal cells, aswell as decreasedpendrin andNDCBE function in typeB-IC in thecortical collectingduct. These
animals had an upregulation of ENaC in the medulla. High levels of prostaglandin E2 (PGE2) and ATP were detected in the urine of these animals.
When PGE2 was normalized using pharmacologic agents these animals also normalized their ENaC levels in the cortex, and they had improved
polyuria and hypokalemia. When the H1-ATPase was inactivated in type B-IC, it resulted in ATP release with the subsequent increases in PGE2
release from these cell as well.
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extracellular deposition, a step that when defective reduces
terminal differentiation of intercalated cells (170).

Intercalated Cells and the Innate Immune Response
The epithelial cells lining the urinary tract play a major

role in maintaining the sterility of urine, which is achieved
by mucus production, urinary flow, and bladder emptying,
all of which provide immediate defense against microbial
invasion. This innate defense cascade is less specific than
the adaptive immune response. Among the better-known
components of the innate immune response are the Toll-like
receptors (TLRs). TLRs play a key role in containing urinary
tract infections and pyelonephritis. More than 13 TLRs have
been identified in mammals, and kidney tubular epithelial
cells expressmost of them. Among these TLRs, TLR4 has been
implicated in the innate immune defense against uropatho-
genic Escherichia coli, the most frequent pathogen responsible
for urinary tract infection (171). TLR4, which recognizes

lipopolysaccharides in the outer membrane of gram-negative
bacteria, is expressed in mouse collecting duct intercalated
cells (172). TLRs induce a dynamic immune response via sev-
eral signaling pathways, including the production of antimi-
crobial peptides (AMPs) (Figure 11) (172,173).
AMPs are polypeptides of,100 amino acids that at phys-

iologic concentrations are active against bacteria, enveloped
viruses, fungi, and protozoa. AMPs are expressed by neutrophils
or epithelial cells constitutively or after induction by exposure of
the cells to pathogens (174). Urinary tract and kidney epithelial
cells synthesize several AMPs, including defensins, cathelicidin,
hepcidin, and ribonuclease 7 (RNAse7). Among these AMPs,
defensins and RNAse7 are expressed in the kidney collecting
duct (175). Defensins, which have broad-spectrum antimi-
crobial activity, are classified into two main subfamilies:
a- and b-defensins. Of the b-defensins, human b-defensin-
1 and b-defensin-2 are expressed in the loop of Henle, distal
tubule, and collecting duct. In contrast to human b-defensin-1,

Figure 11. | The intercalated cells as key effectors of the innate immune system. This model presents various signaling cascades triggered in
intercalated cells by pathologic conditions that can result in the release of defensins. Collecting duct epithelial cells respond to gram-negative
bacteria (uropathogenic Escherichia coli [UPEC]) by activating cascades drownstream from the toll-like receptor 4 (TLR4) and some TLR4-
independent pathways (lower). Ischemic injury also induces release of the defensin neutrophil gelatinase-associated lipocalin from in-
tercalated cells (NGAL) (upper), and type A-IC also secrete the defensin RNAase7, which is a keymolecule to prevent urinary tract infection.
Funtional apical H1-ATPase is also relevant for the type A intercalated cell anti-microbial function.
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human b-defensin-2 is not constitutively expressed in the
kidney, but instead its upregulation has been implicated
in the immune response during chronic kidney infection
(176). On the other hand, RNAse7 is a potent AMP con-
stitutively expressed by the uroepithelium of the bladder, ure-
ter, and intercalated cells. Urinary concentrations of RNAse7
are much greater than those of other AMPs, exhibiting a
bactericidal activity against both gram-negative and
gram-positive bacteria.
Another process that implicates type A intercalated cells

in the immune response during urinary tract infection is
that these cells secrete the bacteriostatic protein lipocalin 2,
also known as neutrophil gelatinase–associated lipocalin
(NGAL). An important difference between NGAL and
other AMPs is that NGAL expression is intensively upre-
gulated by both septic and aseptic causes of AKI (177,178).
Barasch and colleagues showed that type A intercalated cells
are key elements in the production of this bacteriostatic pro-
tein. They used a mouse model expressing an NGAL re-
porter gene, which showed NGAL expression after kidney
ischemia (179,180). In contrast to most of the AMPs, NGAL
is specific in its binding to enterochelin (Ent), a product of
gram-negative bacteria that removes Fe31 from transferrin
(181,182). When NGAL is secreted, it binds the Ent:Fe31

complex and thus it exerts its bacteriostatic effects (181,182).
In addition to its effects on Ent, NGAL secretion is required
for TLR4 to undergo activation (179). Moreover, mice that
lack type A intercalated cells have reduced urinary acidifica-
tion and lipocalin 2/NGAL secretion into urine, as well as
decreased clearance of bacteria from urine (179). The impor-
tance of intercalated cells in the innate immune response is
highlighted by the recent characterization of yet another
scavenger receptor called secretory glycoprotein S5D-SRCRB
derived from these cells (183).

Summary and Conclusions
When intercalated cells were first identified, their mor-

phology was distinctive and reminiscent of acid-secreting
cells in more primitive epithelia. Since the 1960s, the es-
sential role of the intercalated cells in acid-base homeostasis
was solidified, first with the characterization of the trans-
port processes in the distal nephron and later with the iden-
tification of individual membrane transport proteins, such
as H1-ATPase, AE1, and pendrin, contributing to those pro-
cesses. The role of intercalated cells in the pathogenesis of
distal (type 1) and mixed renal tubule acidosis has been
clearly established. In the last few years, the acid-base cel-
lular sensors such as sAC and GPR4, and downstream-
activated kinases such as PKA or the metabolic sensor
AMPK have been recognized as key regulators of interca-
lated cell function. Moreover, the role of intercalated cells
as regulators of salt reabsorption and intravascular vol-
ume preservation was established with the identification of
NDCBE and pendrin in type B intercalated cells. Lately, it
has come to the forefront that both intercalated cell volume
regulation and the functional integrity of the distal nephron
depend on H1-ATPase function in these fascinating cells.
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Vandewalle A: Renal collecting duct epithelial cells react to
pyelonephritis-associated Escherichia coli by activating distinct
TLR4-dependent and -independent inflammatory pathways.
J Immunol 177: 4773–4784, 2006

173. Gluba A, Banach M, Hannam S, Mikhailidis DP, Sakowicz A,
Rysz J: The role of Toll-like receptors in renal diseases. Nat Rev
Nephrol 6: 224–235, 2010

Clin J Am Soc Nephrol 10: 305–324, February, 2015 Intercalated Cell Physiology, Roy et al. 323



174. Ali AS, Townes CL, Hall J, Pickard RS: Maintaining a sterile
urinary tract: The role of antimicrobial peptides. J Urol 182:
21–28, 2009

175. Spencer JD, Schwaderer AL, Dirosario JD, McHugh KM,
McGillivary G, Justice SS, Carpenter AR, Baker PB, Harder J,
Hains DS: Ribonuclease 7 is a potent antimicrobial
peptide within the human urinary tract. Kidney Int 80: 174–
80, 2011.

176. Lehmann J, Retz M, Harder J, Krams M, Kellner U, Hartmann J,
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Renal Physiology

Control of Urinary Drainage and Voiding

Warren G. Hill

Abstract
Urine differs greatly in ion and solute composition from plasma and contains harmful and noxious substances that
must be stored for hours and then eliminatedwhen it is socially convenient to do so. The urinary tract that handles
this output is composed of a series of pressurizable muscular compartments separated by sphincteric structures.
With neural input, these structures coordinate the delivery, collection, and, ultimately, expulsion of urine.
Despite large osmotic and chemical gradients in this waste fluid, the bladder maintains a highly impermeable
surface in the face of a physically demanding biomechanical environment, which mandates recurring cycles of
surface area expansion and increased wall tension during filling, followed by rapid wall compression during
voiding. Afferent neuronal inflow from mucosa and submucosa communicates sensory information about
bladder fullness, and voiding is initiated consciously through coordinated central and spinal efferent outflow to
the detrusor, trigonal internal sphincter, and external urethral sphincter after periods of relative quiescence.
Provocative new findings suggest that in some cases, lower urinary tract symptoms, such as incontinence,
urgency, frequency, overactivity, and pain may be viewed as a consequence of urothelial defects (either
urothelial barrier breakdown or inappropriate signaling from urothelial cells to underlying sensory afferents and
potentially interstitial cells). This review describes the physiologic and anatomic mechanisms by which urine is
moved from the kidney to the bladder, stored, and then released. Relevant clinical examples of urinary tract
dysfunction are also discussed.

Clin J Am Soc Nephrol 10: 480–492, 2015. doi: 10.2215/CJN.04520413

Anatomy of the Lower Urinary Tract
Urinary drainage from the kidneys occurs through the
ureters (25–30 cm long in adults), which enter the blad-
der distally via a specialized region near the base of
the bladder called the trigone. Unidirectional flow
from the kidney pelvis into the ureter and from the
ureter to the bladder is assisted by two constrictions
at opposite ends: the ureteropelvic junction (UPJ) and
the ureterovesical junction (UVJ), respectively. These
unique fibromuscular structures, which are not
strictly classic sphincters, provide antireflux protec-
tion in order to ensure that urine transport occurs in
only one direction. The ureters consist of stratified
layers composed of epithelium (the urothelium), lam-
ina propria, and smooth muscle.

Ureteral smooth muscle cells are arranged in longitu-
dinal, circular, and spiral bundles to facilitate peristaltic
movement of urine toward the bladder. As urine is
forced past the UPJ by calyceal and renal pelvis smooth
muscular contraction, it enters the ureters as a bolus that
travels down to the UVJ and is then extruded into the
bladder. Distally, the ureters insert into the bladder
at an oblique angle and traverse the muscle over a
distance of approximately 1.5 cm. Beginning above
the entry point to the detrusor, the ureter is sheathed
by a layer of longitudinal smooth muscle. This sheath
passes through the vesical wall and then diverges to
merge with the deep trigone (1). The intravesical
ureter forms a valve, which is important in the pre-
vention of reflux. It also protects the kidney from
retrograde exposure to the high pressures generated

by the bladder at voiding and also from infections
localized in the bladder. The physical relationship of
the UVJ in terms of its length, diameter, and posi-
tioning relative to the trigone prevents retrograde
flow. Damage to the trigone, congenital abnormali-
ties, or trigonal muscular weakness are all primary
causes of vesicoureteral reflux. The complexity of the
UVJ makes it the most difficult anastomosis to per-
form in renal transplantation (2).
The bladder is a highly deformable muscular sac

that has two primary functions: storage and expul-
sion. It features a layered structure similar to that of
the ureters, with a highly impermeable urothelium,
an intermediate vascularized lamina propria com-
posed of connective tissue, several fibroblastic cell
types, and a thick smooth muscle coat called the de-
trusor. Figure 1 illustrates the laminar nature of these
layers and the surface topography of the bladder,
which is highly folded and ridged when not fully
stretched.
The urethra begins at the lower apex of the bladder

neck and is formed of several layers of muscle. Figure 2
shows the anatomy of male and female urethrae. The
urethra, on average, is 3.5–5 cm long in women,
whereas it is approximately 20 cm long in men. The
urethral tube is formed from an inner longitudinal
smooth muscle, which, in turn, is surrounded by a thin-
ner circular smooth muscle layer. Urinary continence is
maintained in both sexes by an involuntary internal
sphincter and a voluntary external urethral sphincter
(EUS), sometimes called the rhabdosphincter.
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Physiology of the Ureters
Urine flow through the ureters occurs by peristalsis, which

facilitates unidirectional flow. At normal urine production
rates, contraction of the renal pelvis forces a bolus of urine into
the ureter, upon which waves of contraction (20–80 cmH2O;
2–6 times/min) occur behind the bolus and force it distally
into relaxed sections with baseline pressures of only 0–5
cmH2O. When urine production rates become particularly
high, boluses can become larger and then merge and may
ultimately become essentially a column of fluid. Upon expul-
sion of urine through the UVJ, the peristaltic wave dissipates.
Ureteral obstruction raises the intraluminal pressure

above the obstruction and is usually accompanied by an
increase in peristaltic frequency as well as changes in
ureteral dimensions. In response to this distal pressure, the
ureter becomes dilated and increases in length due to the
retention of urine and tissue stretching. If the obstruction is
not cleared, the contractions diminish, intraluminal pres-
sures will subsequently diminish to almost baseline levels,
and the ureter can ultimately decompensate, losing the ability
to contract even if the obstruction is removed. Hence, the
early response to calculi is an increase in peristaltic pressure,
resulting in increased proximal pressure on the stone and
simultaneous relaxation at, and distal to, the blockage. In
tandem, these responses are designed to aid in stone passage.
However, if this does not prove successful and blockage is
maintained, irreversible damage can occur.
Smooth muscle contractions occur in response to increases

in intracellular calcium (Ca21); conversely, relaxation occurs
when Ca21 drops. This has been exploited therapeutically
via the use of calcium channel blockers (e.g., nifedipine),
which augment relaxation and thereby assist with stone pas-
sage, in an approach known as medical expulsive therapy
(3,4). Smooth muscle contracts either as a response to neuro-
transmitters released from firing of motor neurons (neuro-
genic contractility) or as a result of local intrinsic network
signaling originating within the muscle (myogenic or spon-
taneous contractility).

Figure 1. | Mouse bladder sectioned and counterstained with toluidine blue. The layers of the bladder and their relative dimensions are easily
visualized by different degrees of red/blue coloration.

Figure 2. | Lower urinary tract anatomy including bladder and ure-
thra. (A) Human male and (B) female.
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Myogenic Contractility
Electrical activity within the pyeloureters causes smooth

muscle contractility at the kidney pelvis and results in
coordinated peristalsis. This activity originates in a pace-
maker cell network composed of atypical smooth muscle
cells (SMCs) and interstitial cells of Cajal-like (ICC-like)
cells. These pacemaker cells spontaneously generate elec-
trical activity. Although the precise contribution of these
two cell types is not yet defined in ureters, atypical SMCs
appear to be the primary pacemakers at the UPJ (5–9). These
cells exhibit spontaneous high-frequency Ca21 spikes re-
leased from internal stores that propagate through gap junc-
tions to induce transient membrane depolarization in typical
SMCs. Depolarization activates an influx of Ca21 through
voltage-gated L-type calcium channels on the plasma mem-
brane, which then initiates tonic cytosolic Ca21 oscillations
resulting in SMC contraction (10). The role of ICC-like cells is
not clear because they form a separate, but interacting,
electrically active network, which may be important in
peristaltic contraction in distal regions of the ureter (8).
Loss of ICC-like cells has been noted in studies of congenital
UPJ obstruction (11–14). It is not clear, however, whether
this reduction in cell number is a cause of the obstruction
or a secondary consequence.

Neurogenic Contractility
Ureters are innervated directly by afferent and efferent

fibers. However, peristalsis persists in the presence of
tetrodotoxin, which blocks voltage-gated sodium channels
and, hence, action potentials. Furthermore, ureters trans-
planted along with transplant kidneys, which lose their
innervation, continue to exhibit peristalsis (15). This
strongly suggests that neurogenic regulation is likely to
be modulatory in nature (16). Neurotransmitter signaling
pathways from both sympathetic and parasympathetic
systems include adrenergic (adrenaline/noradrenaline),
cholinergic (acetylcholine), and so-called nonadrenergic,
noncholinergic effectors, such as ATP.
The sympathetic nervous system plays a prominent role

in ureteral contractile function and both a- and b-adrenergic
receptors (ARs) are present in human ureters with a-receptors
presenting at higher density (17). a-ARs augment contrac-
tions and the clinically used a1-AR blocker tamsulosin can
reduce or block human ureteric contraction (18). Likewise,
the a1-AR blocker doxazosin also inhibits spontaneous
contractions in human ureteral strips and both drugs
have found clinical use in assisting ureteral stone passage
through the relative relaxant effects (19,20). By contrast,
b-ARs enhance ureteral wall relaxation. The b2 and b3

subtypes appear to be the predominant receptors mediat-
ing relaxation (21,22).

Bladder Accommodation and Expulsion of Urine
The bladder accommodates the flow of urine by

maintaining a low intravesical pressure during filling.
This compliance in the bladder wall allows volume accom-
modation and storage, but also ensures that the ureters are
not forced to transport urine into a pressurized compartment,
with the attendant risk of retrograde flow. Upon voiding, the
bladder rapidly contracts and, in a few seconds, develops
intravesical pressures of 50–60 cmH2O before voluntary

sphincter opening allows expulsion of urine at flow rates
of 20–30 ml/s. Both accommodation and expulsion of urine
require coordinated communication between urothelium, af-
ferent nerves, spinal and hypothalamic centers, efferent
pathways, and detrusor and sphincter muscles.

Neural Pathways
During infancy, and in patients who have suffered spinal

cord injury, the bladder is capable of reflex emptying, but
micturition is not under conscious control. The develop-
ment of voiding control requires that this immature reflex
contraction is inhibited. For infants, peripheral nervous
system connections are ready for use at birth, but the
coordination that needs to occur between the bladder and
sphincter is thought to require maturation of central neural
control. The three sets of peripheral nerves involved in
bladder accommodation to filling are shown in Figure 3A
and synapse onto different regions of the bladder and out-
let. During filling, there is low-level activity from bladder
afferent fibers that signal via the pelvic nerve and this, in
turn, stimulates sympathetic outflow to the bladder neck
and wall through the hypogastric nerve (Figure 3A). These
fibers coordinately regulate negative innervation to the
detrusor via b3-ARs and positive signals to a1-ARs in the
internal smooth muscle sphincter (23) (Figure 4). There is
also pudendal outflow, which keeps the EUS closed. These
spinal reflex pathways coordinate relaxation of the detru-
sor and simultaneous contraction at the internal sphincter
and EUS. During accommodation, neurons within the
pontine storage center (also known as Barrington’s nu-
cleus) in the brain are quiescent.
As the bladder becomes full, afferent firing increases and

activates spinobulbospinal reflex pathways. At a critical
level of bladder distention, the afferent activity arising from
mechanoreceptors in the bladder wall switches the pontine
micturition center (PMC) “on” and enhances its activity
(Figure 3B). At this point, the accommodation center shuts
“off” and ascending afferent input passes through the
periaqueductal gray (PAG) relay center before reaching
the PMC and elicits efferent outflow (24). Efferent in-
nervation is supplied by the three major nerves shown in
Figures 3B and 4, which are the pelvic, hypogastric, and
pudendal nerves. The pelvic nerve emerges from sacral
region S2–S4 of the spinal column and pelvic ganglion
and provides positive (contractile) parasympathetic inner-
vation to the detrusor smooth muscle and negative (or
relaxative) innervation to the bladder neck by release of
nitric oxide (NO) (Figures 3B and 4). The hypogastric
nerve emerges from the inferior mesenteric ganglion after
originating in the T11–L2 thoracolumbar segments and
these sympathetic fibers are inhibited during micturition.
Somatic (conscious) innervation of the striated EUS is

supplied by the pudendal nerve from the S2–S4 sacral region
of the spinal column (25). When the bladder is filling, these
muscles are under steady constant firing to maintain con-
traction (Figure 3A), but are inhibited by efferent signaling
from the PAG during voiding. Striated muscle is composed
of both fast twitch and slow twitch fibers and it is thought
that slow twitch fibers that are slower to fatigue are likely
responsible for maintenance of tone and the resting urethral
pressure profile. The fast twitch fibers are available to come
into play during transient events of increased abdominal
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pressure, such as during a cough. Any activities that cause
abdominal compression, such as coughing or exercise, pro-
duce dramatic increases in the number of units firing with
subsequent release of acetylcholine (26) (Figure 4).

Activation of the voiding reflex is under strict voluntary
control in continent individuals and it requires complex
integration of afferent signals along with conscious per-
ceptions of how full one’s bladder is, combined with an

Figure 3. | Neural regulationof the storage/accommodationphase and thevoidingphase. (A) Storage reflexes.Duringfilling, there is low-level activity
from bladder afferent fibers signaling distension via the pelvic nerve, which in turn stimulates sympathetic outflow to the bladder neck andwall via the
hypogastric nerve. This sympathetic stimulation relaxes the detrusor and contracts the bladder neck at the internal sphincter. Afferent pelvic nerve
impulses also stimulate the pudendal (somatic) outflow to the external sphincter causing contraction and maintenance of continence. (B) Voiding re-
flexes. Upon initiation of micturition, there is high-intensity afferent activity signaling wall tension, which activates the brainstem pontine micturition
center. Spinobulbospinal reflex can be seen as an ascending signal from afferent pelvic nerve stimulation (left side), which passes through the peri-
aqueductal gray matter before reaching the pontine micturition center and descending (right side) to elicit parasympathetic contraction of the detrusor,
and somatic relaxation via the pudendal nerve. EUS, external urethral sphincter; PAG, periaqueductal gray matter. Modified from reference 102 as
follows: 1) changes to the color and shape of spinal cord elements; 2) pontine storage center and pontine micturition center colored differently to
indicate slightly different neuronal populations; 3) (A) newneural connection between the hypogastric nerve and the bladder outlet, with1and2 signs
to indicate contractile or relaxative signals, respectively; and (B) several new1 and2 signs, which were not included in the original.

Figure 4. | Major efferent (motor) pathways of the bladder, neurotransmitters (red), receptors (blue), and sites of action. (1), contraction; (2),
relaxation; Ach, acetylcholine; NE, norepinephrine; NO, nitric oxide; P2X1, purinergic receptor X1.
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appreciation of the social environment of the moment. The
PAG is a key organizing center for several higher brain re-
gions involved in micturition, including the prefrontal cortex
with which it has strong connections. Functional imaging
studies indicate that the frontal lobes are important in de-
termining the appropriateness of behavioral reactions and
cognitive responses to social situations. They receive and
pass on sensory signals to areas involved with conscious
perception. Furthermore, they communicate in reverse the
results of that perception via the PAG directly as primary
input to the PMC (27). Emphasizing the role of this cortical
activity, patients with poor bladder control have been shown
to exhibit weak prefrontal activity in response to bladder
filling (28). Thus, in healthy people, signaling the need to
“hang on,” if need be, arises from decisions about the ap-
propriateness of the timing and results in neural suppression
signals arriving at the PMC. The micturition switch is
thereby maintained in the off position. Inputs at the PAG
arrive from a number of connecting brain regions, including
the thalamus, the insula, and the anterior cingulate cortex. In
summary, they likely dictate how much attention is paid to
bladder filling and what needs to be done about it.

Urothelium
The urothelium provides a continuous superficial lining that

stretches from the edge of the renal pelvis to the end of the
urethra and is formed of several cell layers that differ in their
degree of differentiation. Undifferentiated basal cells line the
basement membrane and were thought to replicate to permit
the replacement of lost surface cells. However, a recent fate
mapping study showed that intermediate cells, which are also
relatively undifferentiated, contain the progenitor population
for repopulating surface umbrella cells (29). In the relaxed
bladder, the epithelial layers can be 4–8 cells deep; however,
when the urothelium is distended, it becomes much thinner
with fewer apparent cells in the cross-section. The umbrella
cells sit on top and interface with the urine as a single layer of
flagstone-shaped cells that have tight junctions and a highly
impermeable apical plasma membrane. Because water, acid
(H1), ammonia, urea, and carbon dioxide are normally highly
permeable across biologic membranes, the apical membrane
of the umbrella cell has a unique lipid and protein composi-
tion that makes it the least permeable epithelium in the hu-
man body (30–33).
Breakdown of the epithelial barrier can occur in a num-

ber of clinical settings including infection by uropatho-
genic Escherichia coli, radiation injury, carcinoma, and
Hunner’s ulcers that are sometimes seen in interstitial cys-
titis. Interstitial cystitis, or painful bladder syndrome as it
is now named, is a complex disease of undefined etiology,
characterized by chronic lower urinary tract and/or pel-
vic pain that may be accompanied by dysuria, urgency,
and frequency. Diagnosis is based on exclusionary crite-
ria, such as absence of infection and carcinoma. Although
recent research has emphasized the role of extrabladder
factors (e.g., neurogenic) in pathogenesis and potential
therapy, there remains a body of evidence implicating
dysfunction of the urothelium in the course and severity
of the disease. Plausible models in some patients at least,
and in cats (34), suggest that damage to the urothelium,
which is not balanced by successful repair, causes ongo-
ing symptomatology.

In addition to the passive protective functions that relate
to structure, there is now recognition that the urothelium
has sensory activity and communicates with other cell
types to influence voiding. This conclusion, until recently,
has relied on indirect evidence. For example, in response
to physical and chemical stimuli, the urothelium releases
potent mediators, including the neurotransmitters ATP,
acetylcholine, and NO. These are thought to communicate
information about the state of tissue stretch and aspects of
the external environment to afferent neurons (35,36). An
illustration of some of the mechanosensitive pathways ac-
tivated by stretch is shown in Figure 5. In addition to au-
tocrine effects, sensory afferents extending into and
between cells of the urothelium are likely influenced by
neurotransmitters released from urothelium.
The urothelium experiences biomechanical forces and

appears capable of sensing and responding to them. As
the urine accumulates, the three-dimensional conformation
of the urothelium changes from highly folded and invo-
luted to smooth and spherical and is subject to mechanical
tension that relates to the radius, wall thickness, and in-
travesical pressure according to LaPlace’s law (Figure 6).
Whereas pressure is constant at all points within the blad-
der, the tension experienced at the different points in the
bladder wall varies and is proportional to the radius of
curvature (r) divided by the wall thickness. Wall tension,
rather than hydrostatic pressure, is the relevant physical
parameter that initiates mechanotransduction and, hence,
activation of bladder afferents. In hypertrophic small ca-
pacity bladders, elevated wall tension occurs at much
lower fill volumes and can induce ischemia and vesicoureteral
reflux. Any remodeling of the bladder wall that occurs in re-
sponse to outlet obstruction or spinal cord injury (denervation),
for example, results in increased collagen content and a re-
duction in compliance (37,38). Wall tension increases in
such clinical settings leading to altered mechanosensory
signaling and a lower volume threshold for the onset of
feelings of urgency.
The urothelium secretes ATP (39,40) and other macro-

molecules as wall tension increases, and high ATP concen-
trations contribute to nociception by binding purinergic
receptor X2/3 (P2X2/3) on high threshold urothelial pain
afferents. Thus, a question of considerable interest is
whether the urothelium, through its ability to sense blad-
der wall stretch, is capable of regulating voiding and, if so,
is it implicated in bladder dysfunction? As a way of ad-
dressing this, investigators have recently turned to con-
ditional gene targeting approaches in mice that allow
the expression or deletion of genes in specific cell types.
Schnegelsberg et al. specifically overexpressed nerve
growth factor in the urothelium of engineered mice (41).
Mice producing excess urothelial nerve growth factor were
shown to have nerve fiber hyperplasia, reduced bladder
capacity, and increased nonvoiding bladder contractions, in-
dicating that aberrant signaling originating in the urothelium
can cause voiding dysfunction (41).
Our laboratory used the uroplakin promotor in an

engineered mouse to direct expression of Cre recombinase
purely in the urothelium. When this strain is crossed with a
mouse that has loxP gene sequences added within or
surrounding a gene of interest, the Cre recombinase will
excise the DNA between the sites and recombine the ends.
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This strategy permits cell-specific gene deletion. Using this
approach, we deleted b1-integrin from the urothelium in
mice (42). Integrins connect the intracellular cytoskeleton
with the extracellular matrix (see Figure 5) and our

experiments revealed that mice lacking these cell surface
receptors in the urothelium were incontinent and exhib-
ited symptoms of overactive bladder (OAB) (42). Because
integrins provide important molecular junctions for the
transfer of information related to biomechanical stresses,
these experiments provided direct evidence that the
urothelium regulates voiding through its sensory and sig-
naling functions and may prove to be important in certain
bladder disorders.

Detrusor Smooth Muscle
Detrusor contraction is primarily regulated by lumbo-

sacral parasympathetic efferents (Figure 4) that release
acetylcholine and ATP to initiate bladder contraction.
This can be convincingly demonstrated in bladder strips
(without urothelium) mounted in organ baths on isometric
tension transducers. Figure 7 shows bladder muscle strips
from mice contracting with successively greater force at
higher electrical field frequencies due to neurotransmitter
release. Inhibition of muscarinic and purinergic signaling
with atropine and then a,b,methyl-ATP treatment reduces

Figure 5. | Mechanically induced signaling from the urothelium in response to membrane stretch. Release of a number of potent mediators
occurs in response to urothelial stretch eliciting both autocrine- and paracrine-mediated effects. AA, adrenergic agonist; ADO, adenosine; AR,
adrenergic receptor; BK, maxi K channel; EMC, extracellular matrix; ENaC, epithelial sodium channel; Entpd3, ectonucleoside triphosphate
diphosphohydrolase 3; EP, PG receptor; NGF, nerve growth factor; P2Y, purinergic receptor Y; SAC, stretch-activated ion channel; trkA/B,
tyrosine kinase receptors for nerve growth factor; TRP, transient receptor potential channel.

Figure 6. | Illustration of LaPlace’s law relating wall tension to
pressure, radius, and wall thickness. d, wall thickness; P, pressure; r,
radius; T, tension.
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electrical field–stimulated contractions by approximately
90%, confirming the primacy of acetylcholine and ATP
signals (43).
Bladder smooth muscle (BSM) is an excitable tissue,

which means that it responds to electrical, chemical, or phys-
ical stimuli by a rapid depolarization of the membrane,
creating an action potential that can be transmitted to other
cells. Action potentials propagate from myocyte to myocyte
through gap junctions and result in large-scale contraction.
An action potential is the first step in a chain of events after
muscarinic and/or purinergic stimulation of receptors,
which result in raised intracellular Ca21. Figure 8 shows
several of the major receptor pathways activated in re-
sponse to neurotransmitter release. The primary receptors
for acetylcholine and ATP in BSM are the M2, M3, and P2X1

receptors. As the membrane depolarizes as a result of cation
influx, subsequent activation of voltage-dependent, L-type
Ca21 channels leads to further Ca21 influx and generation
of an action potential that can propagate to other myocytes.
High intracellular Ca21 results in formation of calcium–

calmodulin complexes, which, in turn, activate the myosin
light chain kinase and lead to myosin phosphorylation,
actomyosin crossbridge formation, and muscle cell con-
traction (44).
Muscarinic Receptors. M3 receptors are the primary

contractile effector in detrusor, but M2 receptors are pres-
ent at 3-fold higher expression density (45). M2 receptors
appear to play a more subtle role in ‘recontracting’ BSM
after relaxation (46,47). In the normal bladder, cholinergic
contractility is dominant compared with purinergic path-
ways, and these receptors provide the mainstay target for
therapies aimed at symptoms of urgency, incontinence,
and OAB. Current anticholinergic drugs approved for OAB
include oxybutynin, tolterodine, darifenacin, solifenacin, and
trospium. All aim to dampen excess electrical activity leading
to inappropriate detrusor contractility; however, their effi-
cacy is questionable, and tolerability is poor because of the
anticholinergic side effects.
Purinergic Receptors. Purinergic receptors respond to

nucleotides and nucleosides, like ATP, ADP, UTP, UDP,
and adenosine. The primary purinergic receptor present on
BSM is P2X; this has been confirmed pharmacologically by
testing muscle strips for contractile responses with specific
P2X1 agonists and antagonists by immunostaining (48)
and from studies of P2X1 knockout mice (49). Recent

work from our lab has confirmed the first functional
evidence for a purinergic receptor Y (P2Y) in BSM–P2Y6

(50). P2Y6 appears to play a role in maintaining spontane-
ous bladder tone and, in doing so, facilitates the strength of
P2X1-mediated contractions by almost 50%. This receptor is
specifically activated by UDP. Ectonucleotidase, Entpd1 is
present on BSM cell membranes and can degrade both
ATP and UTP to ADP/UDP and, ultimately, to the mono-
phosphorylated forms (51). Interestingly, BSM has all the
enzymes required to convert ATP to adenosine, which is
likely to be important because adenosine causes smooth
muscle to relax. In this context, a number of studies have
shown that caffeine can exacerbate lower urinary tract
symptoms, including OAB (52–54). Although the mecha-
nism remains unclear because caffeine has several cellular
effects, it is known to inhibit adenosine receptors at the
low doses found from drinking coffee and, thus, may in-
hibit detrusor relaxation (53). Intriguingly, purinergic sig-
naling becomes more prominent in disease and in aging
(55–57) and may emerge to play a dominant role in pa-
tients with partial outlet obstruction and interstitial cysti-
tis, potentially accounting for up to 65% of the total
contraction force (58).
ARs. ARs in the bladder mediate both contractility and

relaxation in response to sympathetic innervation, which
primarily occurs at the bladder neck and urethral outlet
(Figure 4). The major receptor isoforms present in the
human bladder are a1 and b3; however, expression of
a-isoforms as determined at the mRNA and protein levels
is very low compared with b-receptors (23). The direct ef-
fects of a1-AR stimulation on smooth muscle contraction
are rather weak, amounting to approximately 10%–40% of
the contractile force that results from muscarinic stimula-
tion or KCl depolarization. a1-Receptors, therefore, appear
to play only a minor functional role in the detrusor, but
feature prominently near the bladder outlet in terms of
maintaining outlet resistance (59).
The b3-receptor is the predominant isoform in the hu-

man bladder and accounts for .95% of b-receptors. NE is
released from the hypogastric nerves to activate these re-
ceptors (Figure 4). The canonical signaling pathway for
b-ARs is through elevation of cAMP and generally results
in smooth muscle relaxation. It appears likely that activa-
tion of the b3-receptor may involve interactions with other
cellular signaling proteins, such as K channels (60). There

Figure 7. | Electrical field stimulation of mouse bladder muscle strips showing relative contribution of muscarinic and purinergic receptors
to contraction force. Muscle strips were prepared by removing urothelium before mounting in organ baths. Increasing the frequency of
electrical stimulation increases the muscle contractile force. Addition of atropine, a muscarinic receptor antagonist, diminishes force gen-
eration. The force can be further reduced by a purinergic receptor antagonist, a,b-methyl-ATP. Inhibition follows a transient stimulation and is
the result of receptor desensitization. EFS, electrical field stimulation.
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appears to be good evidence for both cAMP-dependent,
as well as independent, effects (61). Mirabegron (sold as
Myrbetriq) is a b3-receptor agonist recently approved as a
first-in-class agent designed to treat OAB, urgency, and
leakage by promoting relaxation of BSM.
K Channels. BSM expresses a rich variety of K channels,

including large-conductance calcium-activated K (BK or
maxi K), ATP-sensitive K (KATP), small-conductance K
(SK), inwardly rectifying K (Kir), and voltage-activated K
(Kv) channels. As noted above, the effects of b-AR stimu-
lation appear to be at least partially mediated by activation
of BK channels in rat, guinea pig, and human bladder (62–
64). Overall, it appears that pharmacologic activation of
virtually all K channels leads to smooth muscle relaxation
as a result of K efflux hyperpolarizing the membrane po-
tential (65–68).

NO. In addition to the primary sympathetic and para-
sympathetic neurotransmitters, afferent and efferent nerves
are known to secrete NO. The expression of NO synthase–
containing nerves is highest in the outlet region of the bladder
(69,70). Neuronal release of NO primarily elicits relaxation
responses at the level of the neck and urethra to facilitate
micturition (71). In the cytoplasm, it activates guanylate cy-
clase and thus increases cGMP, which then activates protein
kinase G. In the clinical setting, this pathway has been targeted
through use of phosphodiesterase inhibitors, such as sildenafil,
which result in elevated levels of intracellular cGMP and en-
hanced relaxation of bladder neck and urethra (72). In one
study, a group of healthy male volunteers, given a NO donor
sublingually and studied urodynamically, exhibited lowered
bladder outlet resistance characterized by reduced detrusor
pressure during voiding and a lower maximal flow rate (73).

Figure 8. | Molecularmechanisms leading to bladder smoothmuscle contraction. Parasympathetic neurons release primary neurotransmitters
acetylcholine and ATP, which bind to the M3 muscarinic receptor and P2X1, respectively. This leads to several downstream effects, including
membrane depolarization and increased cytosolic Ca21 and ultimately myosin phosphorylation and myocyte contraction. CaM, calmodulin;
G, G protein; IP3, inositol trisphosphate; IP3-R, inositol trisphosphate receptor; MLCK, myosin light chain kinase; PLC, phospholipase C; RR,
ryanodine receptor.
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Bladder ICC: An Old Cell Newly Implicated in Lower
Urinary Tract Symptoms
Embedded deep within the lamina propria and interca-

lated within the detrusor smooth muscle surrounding
muscle bundles are a unique population of cells with
stellate morphology. In the last decade, these have been
identified as bladder ICCs (BICCs) and the emerging
consensus is that they are likely to play an important role
in modulating bladder motility (74–81). ICCs were first
identified in the gastrointestinal tract where they function
as pacemakers, neuron transducers, and mechanosensors
to modulate smooth muscle motility (82–85), and more
than a dozen gut disorders are linked to ICC dysfunction,
including gastroparesis and intestinal pseudo-obstruction
(86,87). In urinary bladder, much less is understood. We
and others recently demonstrated that ICC markers are ex-
pressed in BICCs, including c-kit, anoctamin 1, gap junc-
tion protein connexin 43, and CD34 (88). These cells are
closely associated with intramural nerves and BSM cells
(89–91). The overlying schematic in Figure 9 illustrates
the position they occupy in the bladder wall. Figure 9
also shows confocal images of BICCs with the top panels
showing stellate-like morphology for cells staining positive
with antibodies for c-kit (Figure 9A) and for the ATP break-
down enzyme NTPDase 2 (Figure 9B). These cells occur
deep in BSM; Figure 9F shows that they are intimately as-
sociated with BSM (labeled with a-smooth muscle actin).
BICCs are implicated in bladder diseases, such as megacys-
tis microcolon intestinal hypoperistalsis syndrome, a lethal
congenital disease in which infants have no ICCs (92,93). In
patients with diabetes, decreased BICCs were observed and
this was suggested to contribute to incontinence (74). Al-
terations to BICC function have also been reported in OAB
and obstructed bladder in both humans and animal models
(79,92,94–97). Increased expression of connexin 43 has been
reported in patients with OAB, suggesting increased signal
transduction between BICCs and BSM cells, potentially
leading to motility problems (98,99). This cell is just begin-
ning to attract attention as a possible contributor to bladder
motility disorders but it is not currently known whether
alterations in BICCs are primary or secondary to disease
processes.

Urethral Contractile Physiology
The urethra is a distensible muscular structure composed

of both smooth and striated muscle. Circular contractile
elements are required for sphincteric action and longitu-
dinal smooth muscle may assist by stabilizing the urethra
and accentuating force developed by circumferential mus-
cle. The periurethral striated muscle that forms part of the
pelvic floor is separate from the intramural striated muscle
but together they constitute the EUS. The region of highest
urethral pressure occurs approximately 4 cm from the blad-
der neck in women and in the membranous urethra ap-
proximately 5 cm from the neck in men, and pressures of
100–120 cmH2O are considered normal.
While the bladder is filling, the urethral outlet remains

closed and the EUS contracts with greater and greater
frequency. This progressive increase in activity of the EUS
in the face of bladder expansion is known as the guarding
reflex. When the urinary bladder fills to approximately

200–300 ml, stretch receptors in the urinary bladder trigger a
reflex arc. The signal stimulates the spinal cord, which re-
sponds with a parasympathetic impulse that relaxes the
smooth muscle of the internal urethral sphincter and con-
tracts the detrusor muscle. Urine does not flow, however,
until a voluntary nerve impulse from the pudendal nerve
relaxes the striated muscle of the EUS.
The most common clinical problem encountered with the

urethra is blockage. Partial urethral obstruction is relatively
common in men with aging, as a result of benign prostate
hypertrophy, carcinoma, or calculi, and results in increased
back pressure during micturition. During early stages of
urethral restriction, which can take years to develop, the
bladder undergoes compensatory hypertrophy in order to
produce the greater contractile force required to force urine
passed the restriction and keep residual urine volumes low
(100). These patients present with voiding symptoms,
which include urgency, frequency, slowing of the urinary
stream, straining to void and nocturia all of which affect
quality of life. The primary effects of urethral obstruction
are found in the bladder and, if severe enough, will manifest
as hydronephrosis and can threaten kidney function (101).
Early stage treatment with a-antagonists, such as terazosin,
doxazosin, tamsulosin, and alfuzosin, can provide some re-
lief by inhibiting the a1-receptor on the smooth muscle
within the prostate gland and the internal urethral sphincter;
however, this antagonism does not affect the size of the
prostate, and the latter requires treatment with a 5a-reductase
inhibitor. a-Antagonists may cause postural hypotension
because of the diffuse distribution of receptors along blood
vessels. In addition, medical treatment may not always ad-
equately treat symptoms and surgery is then required. If
bladder outlet obstruction is left untreated, the bladder
wall ultimately decompensates and becomes hyperactive
with loss of functional capacity. Alteration in the contrac-
tility of the detrusor is accompanied by changes in the pro-
teins that comprise the contractile apparatus and increases
in markers of fibrosis such as collagen.
Recent research is beginning to shed light on the complex

physiologic interactions between the urothelium, intersti-
tium, smoothmuscle, and nervous system. These interactions
have highlighted a number of receptors, ion channels, and
pathways as possible clinical targets for lower urinary tract
symptoms, although the basic understanding of causes
remains limited. Indeed, widespread use of the term lower
urinary tract symptoms (or LUTS) to describe problems such
as urgency, frequency, incontinence, and nocturia among
others, indicates the shortcomings in our knowledge of
causes and is deliberately nonspecific for that reason. Treat-
ment options currently offered include education, behavioral
modification, pelvic exercises, medication, botulinum toxin,
catheterization, and surgery (often as a result of medication
failure or symptom progression). The existence of multiple
different guidelines indicates that current therapy of these
disorders is empirical, often lacking in an evidence base, and
is of inadequate benefit to patients. In clinical practice, the
drugs in current use tend to target symptomology with an
emphasis on control of smooth muscle motility. In general,
these drugs have low efficacy. A major challenge, therefore,
is to better understand the molecular and cellular physiol-
ogy underlying normal functioning of the urinary tract, and
greater efforts are needed here. Gaining deeper insights into
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basic physiology will surely lead to improvements in our
understanding of the causes of voiding dysfunction and
bladder pain syndromes and, thus, will suggest more ratio-
nal and targeted therapeutic approaches.
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Figure 9. | Morphology and location of BICCs. The top panel provides a schematic of the bladder wall showing the location of ICCs adjacent to
smooth muscle bundles and parasympathetic neurons. These stellate-shaped cells are also seen in the deep lamina propria. The lower panels
show immunofluorescence staining of BICCs in 5-mm cryosections of BSM from mouse. (A) c-kit Staining. (B) Ectonucleotidase2 (NTPDase2)
staining. (C) Merge showing colocalization (in yellow) of the two BICC markers (arrows). (D–F) images showing close apposition of BICC
(arrows) and BSMcells as indicated byNTPDase2 and a-smoothmuscle actin. a-SMA,a-smoothmuscle actin; BICC, bladder interstitial cell of
Cajal; BSM, bladder smooth muscle; ICC, interstitial cell of Cajal. Bar, 10 mm.
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Renal Physiology

Integrated Control of Na Transport along the Nephron

Lawrence G. Palmer* and Jürgen Schnermann†

Abstract
The kidney filters vast quantities of Na at the glomerulus but excretes a very small fraction of this Na in the final
urine. Although almost every nephron segment participates in the reabsorption of Na in the normal kidney, the
proximal segments (from the glomerulus to the macula densa) and the distal segments (past the macula densa)
play different roles. The proximal tubule and the thick ascending limb of the loop of Henle interact with the
filtration apparatus to deliver Na to the distal nephron at a rather constant rate. This involves regulation of both
filtration and reabsorption through the processes of glomerulotubular balance and tubuloglomerular feedback.
The more distal segments, including the distal convoluted tubule (DCT), connecting tubule, and collecting
duct, regulate Na reabsorption to match the excretion with dietary intake. The relative amounts of Na reabsorbed
in theDCT, whichmainly reabsorbsNaCl, and bymore downstream segments that exchangeNa for K are variable,
allowing the simultaneous regulation of both Na and K excretion.

Clin J Am Soc Nephrol 10: 676–687, 2015. doi: 10.2215/CJN.12391213

Introduction
Daily Na intake in the United States averages approx-
imately 180 mmol (4.2 g) for men and 150 mmol (3.5 g)
for women (1). Because Na is an immutable ion, mass
balance requires that an equal amount must be removed
from the body daily to prevent inappropriate gains or
losses of Na and its accompanying anions, chloride and
bicarbonate. Because these ions are the prime determi-
nants of extracellular fluid volume, maintenance of
extracellular fluid volume, arterial blood pressure, and
organ perfusion depends on control of body Na content.

Under most conditions, the kidneys excrete .95% of
the ingested Na at rates that match dietary Na intake.
Under steady-state conditions, this process is remark-
ably precise in both healthy and diseased kidneys, and
determinations of excretion are used to estimate Na
intake (e.g., in determining adherence to a prescribed
dietary regimen). Recent studies have shown the pres-
ence of a sizable subcutaneous Na pool that is not in
solution equilibrium with the freely exchangeable ex-
tracellular Na. Long-term observations suggest that
cyclical release of Na from this pool can lead to excre-
tion rates that deviate from Na intake (2). The speed of
achieving an intake/excretion match or a new steady
state when Na intake varies is relatively slow; body Na
content usually increases somewhat when Na intake
increases and decreases somewhat when Na intake de-
creases (3). These changes in body Na content and
blood volume are the likely cause for the relation be-
tween Na intake and BP. In normotensive individuals,
the effect of variations in daily Na intake on BP is
small, about 2 mmHg for a 50% reduction in Na intake
(4). Nevertheless, such a reduction is associated with de-
monstrable health benefits, particularly in salt-sensitive
persons, such as those with hypertension, patients with
diabetes, African Americans, and individuals with
chronic renal disease (4).

The precise adaptation of urinary Na excretion to di-
etary Na intake results from regulated processing of an
ultrafiltrate of circulating plasma by the renal tubular
epithelium. Perhaps the most striking aspect of this re-
markable process is the gross inequality in the quan-
tities of Na removed from plasma by ultrafiltration and
those removed from the body by urinary excretion. The
staggering mass of.500 g of Na is extracted daily from
the plasma by ultrafiltration in order to excrete the in-
gested 3 g. The large filtered load results from the high
extracellular Na concentration and the high rate of
glomerular ultrafiltration. Whatever the evolutionary
pressure behind this functional design may be, the
necessity to retrieve almost all of the filtered Na before
it reaches the urine represents a challenging regulatory
and energetic demand that the tubular epithelium has
to meet. Just as Na intake dictates the rate of Na excre-
tion, Na filtration dictates the rate of Na reabsorption.

Na Reabsorption along the Nephron
Micropuncture and microperfusion studies have

shown that all nephron segments contribute to the
retrieval of filtered Na (with the exception of the thin
descending limbs of the loop of Henle) (Figure 1). The
reabsorption of Na is an energy-consuming process
that is powered by a Na- and K-activated ATPase in
the basolateral membranes of all Na-reabsorbing cells
in the kidney. Oxygen consumption of the kidneys is
similar to that of other major organs (approximately 6–
8 ml/min per 100 g) and is extracted from a seemingly
excessive blood supply. While the kidneys consume
between 7% and 10% of total oxygen uptake, they re-
ceive about 20%–25% of cardiac output at rest. Two
thirds or more of renal oxygen uptake are expended
for the needs of the Na,K-ATPase, which is for active
Na reabsorption.
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As much as 60%–70% of total Na reabsorption takes place
along the proximal convoluted tubule (PCT) and proximal
straight tubule, and because reabsorption is near isotonic in
this part of the nephron, this is also true for the reabsorption
of water. While the thin descending limbs of the loop of
Henle absorb water, but not Na, another 25%–30% of the
filtered Na is reabsorbed by the ascending portion of this
loop, mostly the thick limbs (TALH). Thus, by the time the
filtered fluid reaches the macula densa cells at the transition
to the distal convoluted tubule (DCT), about 90% of the fil-
tered Na has been retrieved. In quantitative terms, Na reab-
sorption, therefore, is mostly a function of the proximal
nephron (proximal tubule and loop of Henle) while the
DCT and the cortical (CCD) and medullary (MCD) collect-
ing ducts contribute no more than 5%–10% of total Na
reabsorption. Nevertheless, because of the magnitude of
the rate of ultrafiltration, 10% of the total daily filtered
load is still an amount that is in the order of the rapidly
exchangeable extracellular Na (about 60 g). In fact, it is Na
reabsorption along the distal nephron that is highly regu-
lated, and failure of the distal nephron to reabsorb Na is
generally more deleterious to Na homeostasis than prox-
imal nephron malabsorption.

Rates and Mechanisms of Na Transport along the
Nephron
Proximal Tubule
The renal proximal tubule is a prototypical low-resistance

epithelium characterized by low transepithelial voltage, high
ion permeabilities, constitutively high water permeability,

low transepithelial osmotic gradients, and near-isotonic fluid
transport. Results from micropuncture studies indicate avid
reabsorption of Na without measurable changes in Na con-
centration along the PCT. The magnitude of Na reabsorp-
tion per millimeter of nephron length in the rat is on the
order of 300 pEq/min in PCT from superficial nephrons and
even higher in PCTs from juxtamedullary nephrons. Trans-
port rates along the proximal tubule decrease substantially
with distance from the glomerulus, and this is accompanied
by reductions in the number of mitochondria and the ex-
tent of surface membrane amplification both apically and
basolaterally. For example, micropuncture studies have
shown that fluid and, presumably, Na reabsorption in the
rat fell by 75% over the initial 5 mm of proximal tubule
length (5). As discussed in a previous article in this series,
all Na absorption in the PCT is driven directly or indirectly
by the action of the basolateral Na,K-ATPase (6). Active
translocation of Na creates driving forces for Na-dependent
cotransport and ion exchange, as well as diffusive gradients
for paracellular ion movement. Quantitatively, apical Na/H
exchange mediated by NHE3 is the most important reab-
sorptive mechanism. It mediates NaHCO3 uptake, gener-
ates an electrochemical gradient for paracellular salt
absorption, and operates in tandem with Cl/base exchange
in the later part of the proximal tubule. Active transport,
electrodiffusion, and solvent drag each contribute approx-
imately one third to total Na reabsorption in the proximal
tubule (7).
The discovery of claudin2 as a tight junction protein

highly expressed along the PCT has greatly improved the
understanding of the paracellular shunt properties in this

Figure 1. | Na transport along the nephron. The fraction of Na remaining in the ultrafiltrate is plotted as a function of distance along the
nephron under conditions of normal (approximately 100 mmol/d) salt intake. The cartoon indicates the major nephron segments. The symbols
below show the keyNa transport mechanisms in each segment. CCD, cortical collecting duct; CNT, connecting tubule; DCT, distal convoluted
tubule; IMCD, inner medullary collecting duct; OMCD, outer medullar collecting duct; PCT, proximal convoluted tubule; PST, proximal
straight tubule; S, solute (various); tAL, thin ascending limb; TAL, thick ascending limb; tDL, thin descending limb.
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part of the nephron. Expression studies in Madin-Darby
canine kidney cells and the use of claudin2-deficient mice
strongly indicate that claudin2 provides a cation-selective
and water-permeable paracellular conductance in the PCT
(8–11). Claudin2 appears to be a major molecular con-
tributor to the low-resistance properties of the proximal
epithelium.
The contributions of Na-dependent cotransporters linked

to glucose, phosphate, amino acids, lactate, and other mol-
ecules to apical Na uptake are small. For example, with a
glucose-to-Na stoichiometry of 1:1 and complete glucose
reabsorption along the PCT, ,5% of Na uptake along the
PCT would be mediated by the Na/glucose cotransporter
SGLT2.

Loop of Henle
The loop of Henle is heterogeneous, consisting of the thin

descending limbs, the thin ascending limbs, and TALH.
Thin descending limbs are inhomogeneous in both struc-
tural and functional aspects and also vary substantially
between species. Generalizable characteristics include a
very high water permeability due to the presence of AQP1,
low permeabilities for Na and urea in the outer medulla
with increasing values in the inner medulla, and very low
levels of Na,K-ATPase activity throughout (12). Thus, this
segment is unlikely to contribute measurably to renal Na
retrieval. Its function is to be seen in the context of the renal
concentrating mechanism. Thin ascending limbs reabsorb
some Na, but because Na,K-ATPase levels are also very
low, this absorption is presumably passive. Compared
with the thin descending limbs of the loop of Henle, thin
ascending limbs are more permeable to Na and urea and
have 100-fold lower water permeability (12).
In contrast, TALH is a major Na-reabsorbing segment

accounting for about 25%–30% of renal net Na retrieval.
The Na/K/2Cl cotransporter NKCC2 and NHE3 are the
predominant mechanisms of Na transport in the TALH
(13). Na reabsorption in the absence of measurable water
permeability is an essential prerequisite for the ability of
the kidney to osmotically concentrate the urine above
isotonicity (12).
Macula densa (MD) cells, a subset of 15–25 cells per

nephron at the distal end of the TALH, share most trans-
port properties with proper TALH cells even though they
are distinct in other aspects. Na uptake is mostly through
the A and B isoforms of NKCC2 with some contribution
of NHE2, while Na extrusion is mediated by Na,K-ATPase.
K recycling across apical renal outer medullary K chan-
nel and basolateral exit of Cl through a Cl channel also
mimic TALH properties. In MD cells, enhanced uptake
through NKCC2 is coupled to the generation of a vaso-
constrictor signal to the afferent arterioles that mediates
the tubuloglomerular feedback response (14). This sig-
nal entails the release of ATP into the juxtaglomerular
interstitium and the subsequent generation of the nucle-
oside adenosine that constricts afferent arterioles
through activation of A1 adenosine receptors. Furose-
mide and other NKCC2 inhibitors interrupt the MD sig-
naling pathway and, therefore, uncouple the elevated
NaCl concentrations from their constrictor effect on
the preglomerular vasculature (15). The absence of a tu-
buloglomerular feedback–mediated suppression of GFR

enhances the natriuretic effect of furosemide and the
salt-losing phenotype of disease-causing mutations of
NKCC2.

Distal Convoluted Tubule
Micropuncture measurements indicate that about 8%–

10% of filtered Na enters the initial 20% of the distal con-
voluted tubule (16–18). At the most distal site that is
accessible to micropuncture—just before the first coales-
cence of tubules to form the collecting duct—about
0.5%–2% of the filtered load remains in the urine. Thus,
this part of the nephron reabsorbs 6%–10% of the filtered
Na. However, the DCT as defined by these micropuncture-
accessible points is heterogeneous, consisting of several
different segments that can be distinguished anatomically
as DCT1, DCT2, and the connecting tubule (CNT) (19).
The mechanisms of Na transport are different in the

“early” or more proximal DCT (mainly DCT1) and in the
“late DCT” (DCT21CNT). In the early DCT, Na reabsorp-
tion is largely sensitive to thiazide diuretics, implicating
the NaCl-cotransporter NCC. In addition, this segment can
reabsorb HCO3

2 through an Na-H exchange process me-
diated by NHE2 (20), although this accounts for only
about 10% of Na reabsorption in the DCT (21,22). In the
late DCT, Na reabsorption is sensitive to amiloride (16),
indicating transport through the epithelial Na channel
(ENaC). A limited number of measurements of isolated
perfused CNTs of rabbits (23,24), as well as patch-clamp
measurements in rats and mice (25,26), are in accord with
this picture. Immunocytochemistry has confirmed the
physiologic and pharmacologic data in that NCC expres-
sion diminishes in the distal direction (from DCT1 to
DCT2 to CNT) while that of ENaC increases (27).

Collecting Duct
The collecting duct, which is divided into the CCD, outer

medullary collecting duct (OMCD), and inner medullary
collecting duct (IMCD), handles only about 1% of filtered
Na according to micropuncture analysis. However, trans-
port of Na here is remarkable for two reasons. First, it is
highly variable, helping to match Na excretion with Na
intake. Second, the collecting duct can reduce urine Na
concentrations to very low levels (,1 mM), establishing
large transtubular Na gradients.
CCDs from rats fed normal chow transport very little Na

in vitro (28,29). However, if the animals are pretreated with
an Na-deficient diet or with mineralocorticoids, net fluxes
of 35–100 pEq/mm per minute can be measured. Direct
measurements of ENaC activity in principal cells suggest
that Na channels form the apical entry step in these seg-
ments (25,30,31). Recent work has indicated that the Na-
dependent Cl-HCO3 exchanger (SLC4A8), operating in
parallel with the Cl-HCO3 exchanger pendrin, may provide
an alternative pathway (32). Na channel densities are similar
in the rat CCD and OMCD (33), indicating that transport ca-
pacities are similar in these two segments. In the rabbit, how-
ever, Na transport rates in the OMCD were lower (34).
Na transport in the IMCD is controversial. Although one

study of isolated IMCD segments detected no net Na trans-
port (35), others have found robust Na reabsorption (up to
140 pEq/mm per minute) (36,37). In the latter case, the
transport mechanism differed from that of the rest of the
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collecting duct in that it was not associated with a negative
lumen voltage. It was inhibited by the loop diuretic furose-
mide, consistent with a role of the triple cotransporter
(NKCC2) as in the TALH. Finally, studies of the IMCD
in situ using split-drop techniques (38) or microcatheterization
(39) indicated even larger transport rates of up to 240 pEq/mm
per minute, similar to those in the DCT. This reabsorption
was partially inhibited by amiloride and sensitive to the
mineralocorticoid state of the animal, similar to that in the
CCD. However electrophysiologic measurements sug-
gested a low ENaC activity in these segments (33). Thus,
the rate and mechanism of Na reabsorption in the IMCD, as
well as its role in Na homeostasis, are uncertain.

Urine Na Concentration
Rats fed a diet very low in Na can reduce the concen-

tration of Na1 in urine to ,1 mM. Humans are also capa-
ble of this degree of Na1 scavenging, as illustrated by the
Yanomamo people of the Amazon basin whose diet is
nearly devoid of Na and whose urinary Na excretion rates
are ,1 mmol/d (40). How and where this very dilute salt
solution is produced is not entirely clear. The rabbit CCD
is able to reduce luminal Na1 concentration to approxi-
mately 10–15 mM in vitro from an initial perfusate with
140 mM under conditions of very low flow rates (41). Fur-
ther reductions of these levels could occur in the OMCD
and IMCD if the paracellular resistance is sufficiently large
to maintain Na gradients of this magnitude. In fact, mea-
surements of IMCD segments in vitro indicate rather high
rates of Na leak (approximately 100 pEq/min per millime-
ter) and low transepithelial resistance (about 50 V per cm2)
(35,37,39,42,43). In contrast, epithelia known to produce or
sustain very large Na concentration gradients, such as uri-
nary bladder, have much higher junctional resistances (44–
46). It is possible that the observed leak conductances in
the IMCD result from tissue damage during the prepara-
tion or perfusion procedure. Alternatively, transport rates
would need to be very high to maintain low Na concen-
trations in the relatively leaky tubules.

Flow Dependence of Na Transport
A basic form of communication between parts of the

nephron is through changes in Na delivery that result from
changes in GFR for the proximal tubule, and from changes
in reabsorption in an upstream segment in all other parts of
the nephron. In general, a change in delivery provokes a
change in downstream absorption in the same direction,
thereby blunting the effect of changes in Na input on the
output to the downstream segment.

Proximal Tubule–Glomerulotubular Balance
Na reabsorption in the proximal tubule is highly and

directly dependent on the rate of filtration, a phenomenon
referred to as glomerulotubular balance (GTB). Adapting
reabsorption to filtration has the dual function of minimizing
Na and fluid losses when GFR increases, and of preventing
cessation of tubular flowwith decreasing GFR. The termGTB
originally defined the relation between GFR and total uri-
nary Na excretion (47). Numerous studies have shown that
changes in GFR are accompanied by nearly proportional
changes in tubular reabsorption so that Na excretion and

fractional Na reabsorption, the reabsorption rate expressed
as percentage of filtered rate, change very little with decreases
or increases of GFR (48,49).
The existence of GTB in the PCT has been shown in

numerous micropuncture and microperfusion studies in
which variations of GFR were spontaneous or were induced
by experimental interventions, such as reductions of re-
nal perfusion pressure. The degree of GTB was often near-
perfect, although some deviations from proportionality have
been observed during low GFRs (48,50,51). Although GTB in
the PCT is a robust and easily demonstrable phenomenon,
its explanation has remained a challenge. Studies in intact
animals support the notion that flow dependence of proxi-
mal fluid reabsorption is the result of changes in physical
forces, such as hydrostatic and oncotic pressures in the peri-
tubular capillary bed. Changes in proximal fluid reabsorp-
tion that correlate positively with changes in peritubular net
absorption pressure have been observed during reduction of
renal perfusion pressure, extracellular volume expansion, re-
nal venous pressure elevation, and arterial hypertension
(52–55).
An alternative explanation posits that reabsorbed sub-

strates linked to Na reabsorption, such as glucose, amino
acids, organic acids, and bicarbonate, are depleted faster
along the proximal tubules at low, compared with high,
flow rates, and that this would create flow dependence of
Na uptake (56,57). Finally, studies in perfused tubules
under a variety of conditions seem to indicate that tubular
flow rate per se, independent of peritubular force variations
or compositional changes, can directly affect Na and fluid
reabsorption (58). In recent studies, flow-dependent reab-
sorption could be described by a model in which the bend-
ing moment or torque at the level of the microvilli acts as
the signal for reabsorption (59). This is supported by the
observation that increasing perfusion fluid viscosity, and,
therefore, fluid shear stress, was associated with increased
reabsorption over the entire flow range studied. In cultured
proximal tubule cells, exposure to shear stress induces traf-
ficking of NHE3 to the apical membrane, and this process
can be prevented by disruption of cytoskeletal organization
(60). Whether the central cilium, an epithelial cell organelle
with the demonstrated ability to function as a flow sensor
in a number of cells, could be involved in the regulation of
proximal tubular reabsorption is an interesting but un-
tested possibility.

Tubuloglomerular Feedback
Reabsorption of the filtered Na load along the proximal

tubule in proportion to GFR implies that rates of Na and
fluid escaping absorption will also change in proportion to
their rates of filtration. Thus, despite GTB, delivery to the
tubular segments beyond the proximal tubule will increase
whenever GFR increases. Furthermore, GTBwould be unable
to compensate for a primary impairment of proximal Na
reabsorption due to transporter malfunction or dysregulation.
Thus, Na homeostasis would be well served by a mechanism
that senses an increase in NaCl delivery to the late neph-
ron and would use this information to initiate a counter-
regulatory response. Extensive research has established that
the MD cells situated near the transition from the TALH to
the DCT act as sensors of NaCl concentration, and that their
output affects the tone of the afferent glomerular arterioles
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and, therefore, GFR (14). The assignment of the MD cells to
this specific role is based on the cyto-architectural feature
of a consistent and close anatomic contact between MD cells
and glomerular arterioles in a region called the juxtaglomer-
ular apparatus (Figure 2). As discussed below, NaCl concen-
tration at the site of the MD cells is an indicator of GFR or of
flow rate at the end of the proximal tubule because tubular
flow rate is converted into a concentration signal by the
function of the TALH (61). GTB and tubuloglomerular feed-
back are interdependent and arranged in a feedback circuit
such that the fluid escaping absorption along the proximal
tubule can exert negative control over GFR formation (62).
In this circuit it is irrelevant whether the change in NaCl
concentration at the sensor site is the result of a change in
GFR or in proximal reabsorption (Figure 3).
Tubuloglomerular feedback is tonically active and main-

tains MD NaCl—and normally also GFR—at levels below
those observed without the MD input. The operating point
of the system defined as the steady-state GFR at steady-
state MD NaCl concentration is located within the steepest
part of tubuloglomerular feedback function curve (63).
Thus, both increases and decreases in MD NaCl will cause
tubuloglomerular feedback–mediated adjustments of af-
ferent arteriolar resistance. The power of tubuloglomerular
feedback to compensate for a flow perturbation is maximal
for small changes around the operating point of the system
(64,65). An acute change in arterial blood pressure unveils
the regulatory effect of tubuloglomerular feedback. Both
increases and decreases in arterial pressure elicit parallel
adjustments in renal arterial resistance that mainly reflect
that of afferent arterioles. These autoregulatory adjust-
ments are impaired in the absence of tubuloglomerular
feedback, suggesting that MD input is required to main-
tain renal blood flow during changes in arterial pressure
(66,67). In preventing arterial pressure from affecting
blood flow and GFR, tubuloglomerular feedback acts in
cooperation with at least one additional mechanism, prob-
ably the myogenic property of all vascular smooth muscle
cells, to respond to increasing luminal pressure with in-
creasing resistance (68).
Tubuloglomerular feedback regulation of preglomerular

resistance also creates a functional link between primary
changes in PCT reabsorption and filtered load.Micropuncture
studies in NHE3- or AQP1-deficient mice have documented

unchanged delivery of fluid into the DCT despite the expected
major reductions in PCT fluid reabsorption (69,70). Normal-
ization of distal delivery in these cases was due entirely to a
reduction of GFR. The cause for the GFR reduction was
tubuloglomerular feedback activation because it was not
seen when tubuloglomerular feedback was interrupted.
Similar correlations between inhibition of PCT fluid trans-
port and GFR have been observed in a range of settings,
including administration of carbonic anhydrase inhibitors,
claudin2-deficient mice, mice with selective deletion of an-
giotensin II type 1 receptors for angiotensin II in the prox-
imal tubule, and a mouse model of methyl malonic
aciduria (11,71–73). The causes for the GFR reduction in
some of these cases appear multifactorial. In addition to
tubuloglomerular feedback, they may include effects of
elevated tubular pressure and of the constrictor conse-
quences of extracellular volume depletion. Nevertheless,
the decrease in GFR is the major reason why catastrophic
salt losses are usually not encountered with major failures
of proximal reabsorption. The correlation between GFR
and proximal reabsorption also holds during primary in-
crements of PCT reabsorption. For example, there is evi-
dence to support the notion that the rise of GFR in rats
fed a high-protein diet and in streptozotocin-induced di-
abetes mellitus is the consequence of tubuloglomerular
feedback due to enhanced proximal nephron Na reabsorp-
tion (74,75).

Thick Ascending Limbs of the Loop of Henle
Much of the evidence for flow-dependent NaCl reab-

sorption along the loop of Henle is based on in vivo micro-
perfusion studies of the entire loop, including the pars
recta. Nevertheless, the furosemide sensitivity of NaCl re-
absorption leaves little doubt that flow dependence of loop
Na transport is mediated mainly by the TALH (15,76). A
4-fold increase in flow rate caused a doubling of NaCl
reabsorption, indicating that, in contrast to the proximal
tubule, fractional reabsorption of NaCl fell with increasing
flow rates (15). Flow dependence of TALH NaCl transport
results from dependence of NKCC2 activity on luminal
NaCl concentration (77). At low flows, luminal NaCl de-
creases along the length of the TALH from an isotonic or
hypertonic starting value to a minimum of about 30 mM at
the exit of the cortical TALH. If flow increases (as a result

Figure 2. | The juxtaglomerular apparatus. Schematic (A) and low-power electron micrograph (B) (original magnification, 3320) of the
juxtaglomerular apparatus at the glomerular vascular pole. (Courtesy of B. Kaissling andW. Kriz). AA, afferent arteriole; EA, efferent arteriole;
EGM, extraglomerular mesangium; GC granular cells; MD, macula densa.
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of GFR increases or proximal transport decreases), the fall
in NaCl concentration is slowed, and the higher luminal
concentrations enhance NaCl transport. Under these con-
ditions, minimum concentrations are not attained, result-
ing in flow-dependent increases in NaCl concentration at
the TALH exit (15,76,77,61).
TALH cells release several inhibitory mediators in re-

sponse to increased flow that may partially counteract these
effects. For example, an increase in shear stress stimulates the
release of ATP, probably mediated by the central cilium (78).
Luminal ATP increases cytoplasmic Ca21 concentration
([Ca]i) through activation of apical P2Y receptors (78,79).
[Ca]i then activates NOS3, leading to flow-dependent release
of nitric oxide (80). Increased [Ca]i also activates phospholi-
pase A2 and causes the formation of 20-HETE, another in-
hibitor of TALH NaCl transport (81). The release of these
agents may explain why relative changes of TALH NaCl
transport are less than those in delivery.

Distal Convoluted Tubule
Although the physiologic significance is less well un-

derstood, Na transport in distal tubular segments also
depends on rates of Na and/or fluid delivery. In vivo micro-
perfusion measurements (82) indicated a 4-fold increase in
net Na transport by the rat DCT when perfused with solu-
tions containing 148 mM Na (similar to plasma) compared
with 75 mM Na (similar to distal tubular fluid in vivo). The
effect presumably involves NCC because it was largest in
the early part of the DCT. The mechanism behind this effect
is not clear. It does not seem to involve a simple substrate
activation of transport as the measured apparent Km values
of both Na and Cl for transport by NCC are,10 mM (83). It

is also not the result of maintaining luminal Na along the
nephron as there were only small differences between per-
fused and collected fluid. It therefore appears to be a regu-
latory process involving luminal or intracellular Na or Cl
concentrations as the perfusion rates were constant and
shear stress did not change.

Cortical Collecting Duct
In vitro perfusion of isolated rabbit CCD showed that Na

transport, mediated by ENaC, increases with perfusion
rate over the physiologic range (84,85). In this case, the
Na concentration remained constant as the volume flow
increased. Again, a simple substrate effect can be ruled out,
indicating regulation of the system. Here the most likely
signal is mechanical. In a heterologous expression system,
the channels were activated by shear stress on the mem-
brane (86). It is also possible that increased flow dilutes an
inhibitory factor such as ATP that might be secreted into
the tubular lumen (87,88).

Inner Medullary Collecting Duct
As assessed by in vivo microcatheterization of the IMCD,

rates of Na1 reabsorption were proportional to rates of Na
delivery to the segment and modified by infusion of KCl (43).
This phenomenon was not observed in isolated perfused tu-
bules (37), but in that preparation high flow rates abolish the
effect of atrial natriuretic peptide (ANP) to inhibit absorption.

Chronic Effects
In addition to the acute effects described above, chronic

changes in Na delivery from upstream segments can

Figure 3. | Feedback relationship between GFR and proximal nephron Na reabsorption.While GFR directly determines Na reabsorption and
thereby late proximal (LP) flow rate (solid arrowand inset 1), LP flow rate inversely affectsGFR (broken arrowand inset 2). The intersection of the
two relationships when plotted in the same graph (inset 3) defines the operating point of this feedback system. LP flow rate is an experimentally
controllable surrogate of NaCl concentration at the macula densa sensor site. Bold arrows indicate two principal perturbations: a change in
filtration forces and a change in Na reabsorption. Insets 4 and 5 indicate that GFR will tend to return to normal with changes in the former but
deviate from normal with changes in the latter.
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further modulate downstream transport systems. Treat-
ment of animals with furosemide inhibits Na reabsorption
in the TALH and increases delivery to the distal nephron.
This increases the reabsorptive capacity of the DCT (17,89)
and is accompanied by ultrastructural changes in DCT
cells (17,90), including increased cell volume (hypertro-
phy), increased luminal and basolateral surface area, and
mitochondrial density. The remodeling of the cells continued in
the CNT and CCD (91), implying that these segments were
also affected by chronic increases in delivery rates. These
changes attenuate the effects of the diuretic.
The signaling pathways involved in these events are

unknown, but it is possible that increased intracellular Na1

(or Cl2) contributes to the phenomena. DCT cells also un-
dergo hypertrophy in animal models of familial hyperka-
lemia with hypertension (19) that involve primary
upregulation of NCC (92,93), thus increasing NaCl entry
into the epithelial cells. Conversely, in NCC-knockout
mice, the DCT cells undergo atrophy (94). In the rat
CCD, mineralocorticoid infusion also produces hypertro-
phy (95) associated with increased Na/K-ATPase activity
(96). Activation of the pump was prevented by blocking
Na channels with amiloride, suggesting that increased Na
entry into the cells was required for this effect.

Effects of Dietary Na and Extracellular Volume
While the responses to flow and Na delivery tend to keep

Na outflow constant, matching Na excretion to Na intake
requires that the kidneys produce urine with highly vari-
able Na content. Na intake as determined by 24-hour
urinary Na excretion varies in different populations from
,1 mmol/d to 250 mmol/d (97). Changes in intake and
body Na content are sensed through alterations in effective
arterial blood volume and its effect on pressure-sensitive
receptors in the vascular wall, the renal afferent arteriole,
and the heart. The activation state of these receptors leads
to changes in renal effector systems, such as the renin–
angiotensin II–aldosterone axis, the renal sympathetic ner-
vous system, and the release of vasopressin and ANP.
The neural and hormonal effector systems regulated by

extracellular fluid volume cause changes of Na excretion
mainly by changes in tubular Na reabsorption, especially in
the distal nephron (Figure 4). Even with extreme variations
in dietary intake, changes in fractional reabsorption are not
very large because of the excess amounts of Na filtered un-
der all circumstances. Renal fractional Na reabsorption with
plausible 10-fold changes in Na intake vary only between
approximately 97% and 99.7%. Thus, even with extreme in-
take variations, Na reabsorption fluctuates by only about 3%
of filtered Na. Because of the gross imbalance between fil-
tered and excreted Na it is not easy to exclude a role of a
small change in GFR in the altered rate of Na excretion.

Proximal Nephron
Most evidence suggests that the role of the proximal

tubule in the response to changes in Na intake is small.
Typically, variations in NaCl intake are not associated with
consistent and reproducible changes in GFR or proximal
fluid reabsorption (98,99). Accordingly, Na delivery to the
early DCT as assessed by micropuncture does not change
dramatically with Na intake (17,18) (Figure 4).

The limited role of the PCT in the regulation of the ex-
cretion of Na following changes in dietary intake is puzzling
because some of the effector systems responding to effec-
tive circulating volume (ECV) have clear effects on NaCl
reabsorption in the PCT. Activation of the renal sympa-
thetic nervous system stimulates Na transport through a1

receptors, while renal denervation can reduce rates of Na
reabsorption by 40% (100,101). During anesthesia, these
changes were not accompanied by measurable alterations
in renal hemodynamics, but this is less clear in conscious
animals (101). In addition, angiotensin II, in a physiologic
dose range, appears to stimulate NaHCO3 reabsorption
through activation of NHE3 and to enhance fluid reabsorp-
tion through its effect on filtration fraction and peritubular
oncotic pressure (102–104). Thus, a reduction of ECV with
stimulation of the renal nervous system and renin–angioten-
sin system should lead to stimulation of Na transport in the
PCT. Furthermore, dopamine produced in the PCT is known
to inhibit both Na,K-ATPase and NHE3 (105,106). Because
dopamine synthesis is enhanced in ECV expansion, this
would be another mediator that should contribute to the
regulation of PCT NaCl transport with changes in dietary
salt content (106). The reasons for the apparent neutral net
effects of these potent mediators on the regulation of PT ab-
sorption by dietary salt intake are complex and will be dif-
ficult to untangle. Intra- and intersegmental compensation is
likely to occur with blunting of early proximal events by
downstream segments. Furthermore, possible interactions
between these different agents and between them and other
potential transport modulators (such as endothelin, nitric
oxide, 20-HETE, cardiotonic steroids, and nucleotides/
nucleosides) could make the final outcome, with respect to
net effects on Na transport in the complete system, highly
unpredictable. Finally, results from in vitro experimental
models could lead to conclusions that do not apply to in
vivo conditions.
More dramatic changes in extracellular fluid volume,

such as those experimentally induced by the infusion of
large fluid volumes, increase GFR and do indeed often
reduce fractional fluid reabsorption (107). These factors
combine to cause marked elevations in fluid delivery to
the loops of Henle. Furthermore, long-term activation or
inhibition of angiotensin II–mediated transport in the prox-
imal tubule can affect BP, presumably through progressive
changes of body Na content (71,108).

Distal Convoluted Tubule
In vivo microperfusion measurements in rat kidney

showed that Na reabsorption in the early DCT doubled
under chronic conditions when dietary Na intake was re-
duced for .1 week (17). This was accompanied by a sim-
ilar increase in Cl reabsorption and was blocked by
thiazides, indicating an effect on NCC-mediated trans-
port (Figure 5). Biochemical measurements on rat kidney
indicated an increase in the surface expression of this
transporter in Na-depleted animals (109). The signals me-
diating this response have not been established. The renin–
angiotensin–aldosterone (RAA) axis is stimulated under
these conditions, and long-term infusion of aldosterone in-
creased NCC expression in some (110,111), but not all
(109,112), studies. However, mineralocorticoids may not be
the major regulators of NCC because a high-K diet increases
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aldosterone secretion but decreases cotransporter activity.
Angiotensin II is another candidate for upregulating NCC.
In microperfusion experiments, application of angiotensin
II increased DCT Na transport by both early and late DCT
segments, suggesting upregulation of Na/H exchange and
Na channels, respectively (21). Acute changes in the hor-
mone level in vivo led to redistribution of NCC between the
cell surface and intracellular vesicles of DCT cells (113).

Long-term infusion of this peptide increases NCC expres-
sion in rat kidney (114).

CNT/CCD
Dietary Na depletion strongly increases Na transport by the

CCD measured in vitro (28,29,115) (Figure 5). Na channel
activity rises in parallel (30), consistent with upregulation of
ENaC as the major event in this process. Electrophysiologic

Figure 4. | Effects of glomerulotubular (GT) balance and tubuloglomerular (TG) feedback on delivery of Na to the distal nephron. These
feedback loops minimize changes in GFR and in the amount of Na escaping the TALH. Changes in Na reabsorption in the distal nephron,
including the DCT, CNT, and collecting duct, effect variations in Na excretion. ang II, angiotensin II; CCD, cortical collecting duct; CNT,
connecting tubule;DCT, distal convoluted tubule; J(Na-subscript), sodiumflux;OMCD, outermedullary collecting duct; PCT, proximal convoluted
tubule; PST, proximal straight tubule; tAL, thin ascending limb; TAL, thick ascending limb of Henle’s loop; tDL, thin descending limb.

Figure 5. | Variations in the profile of Na transport during dietary Na restriction (blue line) and dietary K loading (red line). With Na re-
striction, transport by all distal segments is stimulated. With K loading, Na channel–mediated transport in the CNTand collecting duct, which
effectively exchangesNa for K, is augmented,whileNaCl cotransport in theDCTis diminished. CCD, cortical collecting duct; CNT, connecting
tubule; DCT, distal convoluted tubule; IMCD, inner medullary collecting duct; OMCD, outer medullary collecting duct.
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measurements indicated similar responses in the CNT (25)
and in the late DCT (DCT2) (26). In the latter case, the de-
pendence of the channels on dietary salt was shifted with
activity appearing at higher levels of Na intake.
The increased Na channel activity observed in the CCD

when animals are Na-depleted can be quantitatively mim-
icked by treatment with aldosterone (30), suggesting that
increases in this hormone account for the chronic response
of this segment. Indeed, these segments are collectively
referred to as the aldosterone-sensitive distal nephron
(ASDN). However angiotensin II acutely increased ENaC
activity (116). Furthermore, chronic angiotensin II elevation
can also increase ENaC activity independent of aldosterone
(117), indicating separate effects of these two arms of the
RAA axis on channel-mediated Na reabsorption.
Dietary Na depletion also upregulates the bicarbonate-

dependent NaCl transporter in the CCD (32). This system
also appears to be inhibited by ANP (118), a hormone re-
leased from the heart in response to expansion of plasma
volume (119).

Inner Medullary Collecting Duct
Split-drop experiments in the IMCD indicated that this

segment could also participate in the response to dietary
Na depletion (38). Transport was stimulated modestly by
aldosterone and inhibited by amiloride, consistent with an
upregulation of ENaC as in the CCD. This idea is support-
ed by biochemical measurements showing increased abun-
dance of a- and bENaC and increased proteolytic cleavage
of a- and gENaC in the inner medulla of the rat kidney
(33). ANP decreased amiloride-sensitive O2 consumption
in isolated IMCD cells (120) and net Na reabsorption in
IMCD measured in vivo (43) or in vitro (37).

Effects of Dietary K
Changes in dietary K intake also affect Na transport

along the nephron. If this occurs with constant Na intake,
achieving Na balance demands that K excretion must vary
without altering net Na excretion. In this case, the distri-
bution of Na reabsorption along the nephron shifts be-
tween more proximal segments (where the K is reabsorbed
with Na) and the CNT/CCD (where K is secreted by prin-
cipal cells in exchange for Na [121]) (Figure 5).
Acute increases in plasma K are natriuretic (122,123). This

effect may reflect reduced Na1 reabsorption in the proximal
tubule (124), the TALH (125), or the DCT (126). As argued
earlier, perturbations in the more proximal segments tend to
be largely compensated by GTB and tubuloglomerular feed-
back. However, inhibition of reabsorption in the DCT will
directly increase delivery of Na1 to the ASDN, stimulating
both Na1 reabsorption and K1 secretion. Acute K loading
leads to a decrease in the phosphorylation of the thiazide-
sensitive cotransporter NCC (126), consistent with reduced
activity (19).
Under more chronic conditions, the total amount of NCC

as well as phospho-NCC in the cell (127) decreases as K in-
take increases. The surface expression of NCC also changes
reciprocally with dietary K (128). At the same time, the ac-
tivity of ENaC in the CCD (129) and CNT (25,130) rises with
the K load, together with parallel upregulation of apical K1

channels (129,131) and the Na,K-ATPase (129). These

responses will shift Na1 transport from the DCT, where
Na1 is reabsorbed together with Cl2, to the ASDN, where
K1 secretion balances, at least in part, the transport of Na1.
In this way both Na and K can remain in balance. Achieve-
ment of Na balance in the presence of elevated aldosterone
levels has been called “aldosterone escape.”
The opposite shift will occur when dietary K intake is

restricted: NCC surface expression and presumably activity
increase, limiting Na delivery to downstream K-secreting
segments. This response is exaggerated with simultaneous
Na and K depletion (132). Here, ENaC activity is sup-
pressed, despite low salt intake. NCC abundance increases
strongly, indicating that much of the burden of Na reten-
tion falls on the DCT under these conditions.
The RAA axis plays an important role in shifting Na re-

absorption from one segment to the other. K loading in-
creases aldosterone production independent of angiotensin
II, contributing to the upregulation of ENaC, although an
aldosterone-independent pathway may also be important
(129). The identities of signals regulating NCC are uncer-
tain. Angiotensin II can stimulate NCC expression inde-
pendent of aldosterone (114), and it is possible that this
hormone may mediate, at least in part, the effects of
changes in dietary K. A low-K diet increases plasma renin
activity (133), and angiotensin II levels are likely to change
reciprocally with dietary K intake.
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Renal Physiology

Osmotic Homeostasis

John Danziger and Mark L. Zeidel

Abstract
Alterations inwater homeostasis can disturb cell size and function. Althoughmost cells can internally regulate cell
volume in response to osmolar stress, neurons are particularly at risk given a combination of complex cell function
and space restriction within the calvarium. Thus, regulating water balance is fundamental to survival. Through
specialized neuronal “osmoreceptors” that sense changes in plasma osmolality, vasopressin release and thirst are
titrated in order to achieve water balance. Fine-tuning of water absorption occurs along the collecting duct, and
depends on unique structural modifications of renal tubular epithelium that confer a wide range of water per-
meability. In this article, we review the mechanisms that ensure water homeostasis as well as the fundamentals of
disorders of water balance.

Clin J Am Soc Nephrol 10: 852–862, 2015. doi: 10.2215/CJN.10741013

Crawlingout ondry landsomemillions of years later,
terrestrial forms were faced with the diametrically
opposite problems, as least with respect to water.
Fluid conservation, rather thanfluid elimination,was
the major concern. Instead of discarding their now
unnecessary pressure filters and redesigning their
kidneys as efficient secretory organs, the terrestrial
vertebrates modified and amplified their existing
systems to salvage the precious water of the filtrate.

—Robert F. Pitts (1)

So wrote the great physiologist Robert F. Pitts de-
scribing the evolution of organisms from the ocean to
land (1). Marine animals survive in the high tonicity of
seawater (500–1000 mOsm/kg) through a variety of
mechanisms. The shark maintains a high tonicity in
its body fluids (2,3), whereas dolphins absorb water
from foodstuffswhile producing a highly concentrated
urine through complex multilobed reniculate kidneys
(4). For those of us on land, however, the challenge is
not only water conservation but also water elimina-
tion, in our world of coffee shops, bottled water, and
“hydration for health” philosophies.

Water is themost abundant component of thehuman
body, constituting approximately 50%–60% of body
weight. Cell membranes, which define the intracellular
compartment, and the vascular endothelium, which
defines the intravascular component, are both water
permeable. Because the intracellular space constitutes
the largest body compartment, holding approximately
two thirds of body fluid, changes in water homeostasis
predominantly affect cells; water excess leads to cellu-
lar swelling, and water deficit leads to cellular shrink-
age. For every 1 liter of water change, approximately
666 ml affect the cellular space, with only about 110 ml
affecting the vascular space.

Although cells have an innate capacity to respond to
changes in cell volume when extracellular osmolality
changes, the body protects cells primarily by tightly

regulating extracellular osmolality. The amount of
body water remains remarkably stable despite a huge
range of water intake and a multitude of routes for
water loss, including the respiratory and gastrointes-
tinal tract, skin, and the kidneys. In this review, we
explore the mechanisms that allow our bodies to
respond to a wide range of external influences, fine-
tuning the exact amount of urinary water excretion to
match the body’s immediate needs.

Maintaining Brain Cell Size
With a plethora of capillaries descending through

the subarachnoid space into the parenchyma, the brain is
remarkably vascular. Astrocytes, star-shaped neuronal
cells, encapsulate the capillaries, forming a “blood-brain
barrier” and controlling many important neurologic
functions. Although previously thought to be imperme-
able (5,6), the discovery of aquaporin (AQP) channels
within the astrocyte has elucidated the water perme-
ability of this barrier (7) (Figure 1). AQP4 localizes to
the perivascular and subpial aspects of astrocytes, and
controls both water efflux and influx, as well as regu-
lates potassium homeostasis, neuronal excitability, in-
flammation, and neuronal signaling (8). By controlling
water movement from brain parenchyma into the sys-
temic circulation, AQP4 regulates brain water content
and volume (9). By controlling water influx, AQP4
plays a role in the signaling cascade that occurs in the
setting of hypo-osmolar–induced cerebral edema (10).
Because the amount of intracellular water affects the

concentration of intracellular contents and cell size,
changes in osmolality can disturb the complex sig-
naling network that orchestrates cell function. Given
the complexity of brain function, even minor changes
in neuron ionic composition and size can have pro-
found effects on the processing and transmission of
neuronal signals. Consequently, the brain has devel-
oped complex osmoregulatory mechanisms to defend
against changes in plasma osmolality. Within minutes
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of osmolar challenges, brain cells respond by either loss or
accumulation of inorganic osmolytes, returning the cell size
toward normal (11). In the setting of hypotonicity, as
shown in Figure 2, the rapid swelling of the cell activates
quiescent cell membrane channels and leads to immediate
Cl2, K1, and attendant water loss, a process termed regu-
latory volume decrease. Over the subsequent 24 hours, the
cells lose further organic solutes, such as myo-inositol,
and amino acids, such as glutamine, glutamate, and tau-
rine. With hyperosmolar-induced cell shrinkage, brain cells

respond with immediate uptake of surrounding Na1, K1,
and Cl2, correcting cell volume in a process termed regu-
latory volume increase (12). With more prolonged exposure,
organic solute concentrations within the cells rise, replacing
the high levels of ions.
Despite these important cell protective mechanisms, alter-

ations in plasma osmolality can have disastrous consequences.
The classic neurologic symptoms of hypo-osmolality, includ-
ing headache, nausea, vomiting, and if severe enough,
seizures, are generally thought to occur at a serum sodium

Figure 1. | The blood-brain barrier. Penetrating capillaries descend through the subarachnoid space into the parenchyma, and are encased by
astrocytes, which in addition to controlling important neurologic functions, form the blood-brain barrier. AQP4 water channels along the
perivascular and subpial endfoot membranes confer water permeability to the blood-brain barrier. AQP, aquaporin; CSF, cerebrospinal fluid.
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of 125 mEq/L, although with a wide range of sensitivities that
are greatly affected by the rate of osmolality change. More
mild changes of plasma osmolality are also associated with
neurologic symptoms, including gait instability, memory
impairment, and cognitive decline. Certain groups have an
increased sensitivity to changes in plasma osmolality. Chil-
dren are considered at increased risk of hypo-osmolar
encephalopathy, possibly because of the relatively larger brain
to intracranial volume compared with adults (13). Conversely,
because the brain begins to atrophy in the sixth decade, el-
derly individuals may be at a lower risk of severe complica-
tions from acute hyponatremia. In addition to age, sex is also
considered an important determinant of neurologic sensitiv-
ity. The vast majority of reported cases of postoperative hy-
ponatremia resulting in fatal outcomes have been in women
(14), including postpartum and postmenopausal women (15).
Unlike the brain swelling associated with hypo-osmolality,

the brain shrinks in hypertonic conditions. The protective
reflex of intense thirst may disappear as hypertonicity
worsens, replaced by somnolence, confusion, and muscle
weakness (16). If severe enough, the shrinking brain will pull
away from the calvarium, tearing the rich capillary plexus,
and causing subarachnoid hemorrhage, cerebral bleeding,

and death. The highest reported serum sodium in the adult
literature remains 255 mEq/L, a consequence of drinking
salty water as part of a fatal exorcism ritual (17). Presumably
due to the use of table salt as a common antiemetic, fatal salt
ingestion, either accidentally or voluntarily, is well reported
(18), as is accidental iatrogenic administration (19). Seawater
drowning has also been associated with profound hyperna-
tremia (20). In summary, despite internal cellular mecha-
nisms to protect cell volume, cells remain at risk with
alterations of water balance; consequently, preventing signif-
icant changes in plasma osmolality is critical for survival.

Sensing Changes in Body Concentration: The
Osmoreceptor
The ability to internally sense plasma osmolality is

fundamental to the process of water homeostasis. Much
progress in explaining the mechanisms of the “osmorecep-
tor” has been made, as reviewed by Sharif-Naeini et al.
(21). Specialized neurons located in several brain areas,
including the organum vasculosum laminae terminalis
(OVLT) (22,23) and the supraoptic (24,25) and paraventric-
ular nuclei of the hypothalamus, are able to sense changes

Figure 2. | Cells regulate their internal volume in response to osmotic stress by activation of membrane carrier proteins and channels. In this
figure, a normal cell is challenged by either a hyperosmolar (left) or hypo-osmolar (right) milieu. In the setting of hyperosmolar stress, whereby
the cell shrinks with water egress, neurons then respond by rapidly accumulating Na1, K1, and Cl2 ions, followed by the production of in-
tracellular organic solutes. The increase of intracellular solute content then draws water in to normalize the concentrations across the cell
membrane, thereby restoring cell size. In the setting of hypo-osmolar–induced swelling, activation of K1 and Cl2 channels, as well as the K1-Cl2

cotransporter, lead to solute and consequent water loss, thereby restoring cell volume.
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in plasma osmolality, responding with complex neuronal
commands. Electrophysiologic recordings from supraoptic
nuclei of the hypothalamus in rats show an increasing rate
of cellular depolarization in response to water deprivation
(26), and a decreasing rate with water administration (27).
More recent studies have shown that hyperosmolality
causes osmoreceptor membrane depolarization via activation
of nonselective calcium-permeable cation channels. It re-
mains somewhat unresolved whether the exact stimulus
is change of specific intracellular solutes associated with
cell dehydration or a mechanical effect linked to cell mem-
brane shrinkage. Identification of the transient receptor
potential vanilloid (TRPV) family of cation channels as a
potential “mechanic-stretch” receptor (28) has added sup-
port to the concept of osmosensing as a mechanical pro-
cess (Figure 3), and polymorphisms have been linked to
hyponatremia (29). Shrinking of OVLT neurons, either by
dehydration or by negative suction pressure, stimulates cell
activation via TRPV1 (30). The importance of cell volume in
neuronal activation would explain why ineffective osmoles
that cross the cell membrane, such as urea and glucose (in
the presence of insulin), do not activate the osmoreceptor.
The osmoreceptor, likely because of its role in orchestrating
the pathways of water retention, has a blunted regulatory
volume decrease response, whereby its own shrinkage due
to hyperosmolality is maintained, allowing sustained stimu-
lation of thirst and vasopressin release until the plasma os-
molality can be corrected (30). In the following sections, we
discuss how the osmoreceptor regulates thirst and vasopres-
sin (synonymously known as antidiuretic hormone) release.

Thirst
The sensation of thirst is the experiential component of

the complex physiologic drive to drink. Neuroimaging
studies have localized the anatomic origin of thirst, with

hyperosmolality stimulating activity in the anterior wall of
the third ventricle, the anterior cingulate, parahippocampal
gyrus, insula, and the cerebellum (31). These brain regions
are also associated with complex functions, including emo-
tional behavior and thought, perhaps explaining why the
perception of thirst, in addition to its physiologic basis, is
so connected to social and behavioral mores.
Hypertonicity is a reproducible stimulus of thirst. The

osmolar threshold for thirst has traditionally been considered
to be approximately 5 mOsm/kg above the threshold for
vasopressin release, although some suggest similar set points
(32). A higher thirst threshold allows vasopressin titration of
urinary water excretion without the need to be constantly
drinking. Responding to increasing osmolality, OVLT os-
moreceptors relay stimuli to the insula and cingulate cortices
via several medially-located thalamic nuclei, stimulating
thirst (33). Upon drinking, the sensation of thirst is quenched
almost immediately, suggesting that a direct satiating effect
of water on the tongue and buccal membrane as well as
cognitive awareness of fluid intake might explain the reso-
lution of thirst. In addition, the recent recognition of periph-
eral osmoreceptors located within the gastrointestinal tract
and portal venous system suggest a local mechanism that
directly senses gastric water absorption (34). TRPV-positive
neurons within the thoracic ganglia innervating the liver de-
tect changes in local osmolality, and can stimulate a wide
array of physiologic responses, including modulation of BP
(35), metabolism (36), and water homeostasis. Whether these
peripheral osmoreceptors might contribute to the disorders
of osmolality frequently seen in patients with cirrhosis re-
mains unknown.
In addition to osmotic stimuli, there are important non-

osmotic stimuli of thirst. The hemodynamics of hemorrhage
are potently dipsogenic. Thirst on the battlefield is legendary,
with exsanguinating soldiers asking for water. In animal
models, hemorrhage stimulates intense water drinking (37),

Figure 3. | Osmoreceptor functions of the OVLT nuclei and SON control thirst and vasopressin release, respectively. In response to
hyperosmolar-induced cell shrinkage, specialized mechanical-stretch TRPV cation channels are activated, allowing the influx of positive charges
and consequent cell depolarization, provoking action potentials that stimulate thirst and vasopressin release. Conversely, hypo-osmolar cell
swelling deactivates these channels, leading to cell hyperpolarization, extinguishing thirst and vasopressin release. Although the exact role of
the TRPV channel remains under investigation, its presence is critical in thismechanism.OVLT, organumvasculosum laminae terminalis; SON,
supraoptic nuclei; TRPV, transient receptor potential vanilloid.
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which is more easily extinguished by drinking saltwater
than plain water (38,39). Angiotensin II, when injected into
sensitive areas of the brain (40,41) or when injected system-
ically, is a powerful stimulus for water intake, as is activa-
tion of the renin-angiotensin axis (42), providing a
mechanistic explanation for the association of thirst with ab-
normalities of body fluid volume. Thirst is a common com-
plaint for patients with congestive heart failure (43,44),
frequently plagues dialysis patients, and likely contributes
to the prevalence of hyponatremia in these populations.
Pharmacologic blockade of the renin-angiotensin axis, al-
though theoretically attractive, does not seem to reduce
thirst (45). In addition to disorders of fluid volume, thirst
is also frequently encountered in patients with psychiatric
disorders, reported in up to 25% of hospitalized patients
with schizophrenia. Although this might be in part due to
compulsive behavior or the anticholinergic side effects of
psychotropic medications, studies have suggested an alter-
ation of the sensation of thirst in patients with mental illness,
with a lower osmolar threshold (46).

Vasopressin
Vasopressin is a potent endogenous peptide influencing a

wide array of biologic functions, including regulation of
water balance, BP, platelet function, and thermoregulation
(47–49). It is synthesized as a prohormone in the magno-
cellular cell bodies of the paraventricular and supraoptic
nuclei of the posterior hypothalamus, and by binding to
the carrier protein neurohypophysin, it is transported
along the supraoptic hypophyseal tract to the axonal ter-
minals of magnocellular neurons in the posterior pituitary.
Synthesis and storage take approximately 2 hours, with a
t1/2 of 20–30 minutes, metabolized by vasopressinases in
the liver and kidney. Vasopressin acts on V1, V2, V3, and
oxytocin-type receptors. V1 receptors are located on the
vasculature, myometrium, and platelets. V3 receptors are
mainly found in the pituitary. V2 receptors are located
along the distal tubule and collecting duct.
The most sensitive stimulus for vasopressin release is

increasing plasma osmolality. Whereas normal vasopressin
concentrations are 0.5–5 pg/ml in fasted, hydrated indi-
viduals (50), subtle increases in plasma osmolality, often in
the range of ,2% of body water, stimulate the osmorecep-
tor to release vasopressin, and serum concentrations rap-
idly increase 3-fold. The presence of stored vasopressin in
the pituitary guarantees a rapid and effective mechanism
of water regulation. As water is retained and the plasma
osmolality returns to normal, the stimuli for vasopressin
release is extinguished.
In addition, there are nonosmotic stimuli, including NE,

dopamine, pain, hypoxia, and acidosis (51), and most im-
portantly, circulatory hemodynamics. Cardiovascular col-
lapse is associated with profound vasopressin release, with
concentrations 100-fold greater than normal (52), presum-
ably because greater vasopressin concentrations are needed
to increase systolic BP than to regulate antidiuresis. Such
high concentrations rapidly exhaust the pituitary vasopres-
sin stores, and given the time-consuming nature of vasopres-
sin production, vasopressin depletion is thought contributory
to shock physiology (53). Subtle changes in body fluid vol-
ume modify the responsiveness of vasopressin release to

osmolality. Early physiologic experiments on dogs using ei-
ther hemorrhage or transfusion illustrated that circulatory
blood volume modified the association between plasma os-
molality and vasopressin (54). For any given plasma osmo-
lality, hemorrhage was associated with a higher vasopressin
concentration, whereas transfusion was associated with a
lower vasopressin concentration. In these experiments, hem-
orrhage and transfusion were associated with a change in
left atrial pressure, but not BP.
Although myriad terms, such as intravascular volume,

effective arterial volume, or circulatory volume, have been
used to describe the component of body fluid that effec-
tively perfuses critical organs, these terms imply that the
vascular compartment is readily measurable, a feat that is
difficult in the laboratory and impossible at the bedside.
Furthermore, because the vascular endothelium is freely
permeable to water and sodium, the intravascular and in-
terstitial compartments freely and dynamically communi-
cate, further limiting the idea of a separate, quantifiable
intravascular space. Instead, because pressure receptors
located in the heart and carotid arteries and flow receptors
in the juxtaglomerular apparatus are the sensors for body
fluid volume, we favor the simple term sensed volume (55).
Arterial baroreceptors, through cranial nerves IX and X,
communicate with the hypothalamus and can modify va-
sopressin release. Sensed volume depletion, in the setting
of true volume depletion (e.g., diarrhea or vomiting) or
volume overload (e.g., heart failure and cirrhosis), both
amplify the sensitivity to vasopressin so that for any given
plasma osmolality, the urinary osmolality is greater.
In summary, the osmoreceptor is stimulated by both

osmotic and nonosmotic stimuli to initiate thirst and to
release vasopressin in order to maintain water balance.

A Highly Concentrated Medulla
We previously described how the body senses and re-

sponds to changes in plasma osmolality. Next we turn to the
final steps of osmotic homeostasis: renal water retention or
excretion. Having a highly concentrated medullary intersti-
tium is essential for water conservation, providing the osmotic
force for water egress from filtered renal tubular fluid. The
medulla, reaching up to four times the concentration of the
surrounding interstitial fluid, is like a concentration oasis or a
pocket of hypertonic fluid within a deeply vascular organ
unprotected by a barrier epithelium. The generation and
maintenance of the medullary interstitial gradient is one of the
fundamental teachings of renal physiology (Figure 4).
Generating the medullary concentration depends on three

important structural modifications of the renal tubule. First, a
hairpin loop in the renal tubule allows solute and water
exchange between the descending thin limb and the ascend-
ing thick limb. Second, the combination of the highly energy-
dependent Na/K-ATPase and the NaK2Cl cotransporter,
along with the apical water impermeability of the thick as-
cending limb, drive solute without water egress from the
medulla. Third, because the descending limb is water per-
meable, the exiting sodium from the thick ascending limb
creates a concentration gradient that pulls water from the
descending limb, and as that tubular fluid thenmoves into the
ascending limb, the NaK2Cl cotransporter is presented with
increasingly concentrated tubular fluid, further generating
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more of an interstitial concentration. This process, termed
countercurrent multiplication, is responsible for generation of
approximately one half (600 mOsm/kg) of the maximal med-
ullary concentration gradient (1200 mOsm/kg), with the re-
mainder being generated by urea recycling (56).
Given that the kidneys receive approximately 25% of

cardiac output, with the potential to rapidly wash away
any area of hyperosmolarity, maintaining the medullary
concentration is fundamental. There are two major mech-
anisms to prevent medullary washout. First, the majority
of renal blood flow is directed to superficial glomeruli
limited to the outer cortex, with ,2% perfusing the deep

medullary glomeruli (57,58). Second, for the vasa rectae
that descend into the medulla, a hairpin loop prevents
medullary dilution, a process known as countercurrent ex-
change. In a manner similar to the vascular structure of a
penguin’s webbed foot that allows heat conservation despite
walking on ice, whereby the warmth of descending blood
shuttles to the ascending limb and bypasses the colder distal
loop, the vasa recta’s hairpin loop prevents water from
reaching the distal aspects of the circuit, preventing medul-
lary washout (59). In essence, these mechanisms shunt water
away from the highly concentrated deep medulla, protecting
it as a pocket of highly concentrated fluid. This combination

Figure 4. | Themedullary interstitiumhas a concentration>4 times that of its surrounding fluid, andmust be both generated andmaintained.
The countercurrentmultiplier, composed of a hairpin tubule loopwith awater-permeable descending limb juxtaposed against an impermeable
ascending limb with a highly activeNa-K-2Cl pump, generates the concentration gradient. A separate hairpin loop within the tubular capillary
system allows shunting of water from the descending limb to the ascending limb preventing the dilution of themedullary gradient. This process,
countercurrent exchange, maintains the medullary concentration.
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of building and maintaining a concentrated medulla pro-
vides the force for tubular water egress and allows the
fine-tuning of water balance, discussed next.

Fine-Tuning Water Balance in the Collecting Duct
The ability of the nephron to excrete a urine that is more

concentrated than the plasma (water reabsorption) or more
dilute than the plasma (water excretion) relies on the
presence of nephron segments that are extremely permeable
to water, as well as segments that are nearly impermeable. To
excrete dilute urine, the collecting duct must be able to
maintain an almost 30-fold concentration gradient between
the dilute urinary filtrate and the surrounding highly con-
centrated medullary interstitium. Conversely, in order to con-
serve water, the collecting duct must alter its water
permeability, allowing the egress of filtrate water into the

more concentrated interstitium. The water permeabilities of
the different sections of the tubule are determined by the
presence or absence of important structural modifications that
control both the paracellular and transcellular routes of flow.
Tight junction proteins, including cytoplasmic scaffolding

proteins, transmembrane proteins, and signaling proteins, act
like a biologic zipper, controlling movement of water and
solutes in the intercellular passageway (60). Zona occludens
protein-1 functions as a scaffold protein, anchoring to other
transmembrane proteins and the actin cytoskeleton, help-
ing to seal the intercellular space. The expression of zona
occludens protein-1 may respond directly to changes in med-
ullary tonicity (61), suggesting a local level of permeability reg-
ulation. Claudins are key integral membrane proteins that
function as high-conductance cation pores, regulating the
transcellular movement of sodium, magnesium, and calcium

Figure 5. | Vasopressin regulates AQP2 expression. In the presence of vasopressin, increased production of cAMPactivates PKA, which in turn
phosphorylates stored AQP-containing vesicles, and targets them to the apical membrane, increasing its water permeability, and facilitating
water reclamation from the lumen. In the absence of vasopressin, AQP2 is endocytosed and internally degraded, conferring water imper-
meability to the apical membrane, thereby maximizing water excretion. AQP3 and AQP4, constitutively expressed on the basolateral
membrane, allow water egress from the cell. PKA, protein kinase A; V2R, vasopressin 2 receptor.
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(62). In addition to their role in the impermeability of the renal
tubule, the tight junctions control gastrointestinal permeabil-
ity (63) and have been associated with a wide range of di-
arrheal illness, including Crohn’s disease (64,65). The
expression of tight junction proteins increases along the
length of the tubule, particularly along the thick ascending
limb and the collecting duct (66,67).
In addition to controlling the paracellular route, the

collecting duct must prevent the transcellular movement of
water. Recent work has provided a mechanistic explanation
for how barrier epithelial cells achieve this transcellular
impermeability (68–70). Although once thought to be simply
due to the depth of the cell barrier, important modifications
within the apical cell membrane are likely responsible for
barrier impermeability (71,72). Barrier epithelia segregate
high levels of glycosphingolipid, which entraps cholesterol,
as well as long, relatively saturated fatty acid–laden triglyc-
erides, in their outer leaflets. This composition leads to tight
packing of the triglycerides, so that nearly all of the surface is
composed of phosphate headgroups, which impede water
flow. Water that does find the surface and penetrates has
difficulty diffusing across the space between the chains be-
cause of tight packing caused by cholesterol (73,74).
Finally, water movement across the renal tubule also

depends on the presence of AQP channels, as reviewed by
Agre (75). AQP1 is constitutively present in the apical and

the basolateral membranes of the proximal tubule and de-
scending limb, providing a route for transcellular move-
ment, but is absent in the thick ascending limb. AQP2,
which is expressed along the apical membrane of collecting
duct principal cells, is regulated by vasopressin. Upon bind-
ing to its receptor in the basolateral membrane, vasopressin
initiates a complex cascade of signals that ultimately result in
the movement of AQP2 channels to the apical membrane,
rendering the cell water permeable. The biologic details of
this complex mechanism have largely been elucidated. As
seen in Figure 5, binding of vasopressin to the vasopressin
V2 receptor on the basolateral membrane activates adenylate
cyclase, increasing intracellular cAMP levels, activating pro-
tein kinase A, and leading to the translocation of AQP2 bear-
ing vesicles to the apical membrane. Upon withdrawal of
vasopressin, AQP2 is internalized into intracellular storage
vesicles. In addition to the short-term regulation of AQP2 traf-
ficking, vasopressin also influences the long-term expression
of AQP2 in collecting ducts, increasing their abundance. AQP2
expression is also thought to be controlled by vasopressin-
independent mechanisms, including other transcription
factors (76), oxytocin (77), and possibly the novel hormone
secretin (78).
As seen in Figure 6, the distribution of tight junctions and

AQP channels, along with unique “barrier” qualities of renal
tubular epithelium, determine the water permeability of the

Figure 6. | Water permeability along the tubule is determined by the presence or absence of intracellular tight junctions and AQP water
channels. AQP1, along the proximal tubule and thin descending limb, is constitutively expressed, whereas AQP2, in the collecting duct, is
under the control of vasopressin. The presence of AQP1 and the absence of tight junctions render the proximal tubule permeable, facilitating
filtered solute and water reclamation (91). In the thin descending limb, the presence of AQP1 and tight junctions (claudin 2) render it water
permeable but solute impermeable (92). Conversely, the impermeability of the thick ascending limb results from extensive tight junctions and
absent AQP channels. The collecting duct is unique in its homeostatic responsiveness. In times of water conservation, vasopressin (AVP) binds
to vasopressin 2 receptors (V2R), inducing AQP2 channel expression and consequent water retention, and in times of water excess, AQP2
retreats from the apical membrane due to vasopressin’s absence.
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renal tubule. The collecting duct is unique in its capacity to
rapidly alter its water permeability under the tutelage of
vasopressin, allowing fine-tuning of water excretion and
guarding water homeostasis.

Clinical Correlation
Diabetes insipidus, a failure of water conservation re-

sulting in hyperosmolarity and compensatory polydipsia,
is frequently encountered in clinical practice. Central diabetes
insipidus can result from traumatic, surgical, or ischemic
injury at any site of vasopressin production, but is most often
idiopathic, possibly due to autoimmune destruction of
vasopressin (79). Hereditary forms, termed familial neurohy-
pophyseal diabetes insipidus, are caused by mutations in the
vasopressin gene, resulting in protein misfolding and de-
generation of the vasopressin-producing magnocellular
neurons. Genetic abnormalities are also associated with
nephrogenic diabetes insipidus (80), with mutations in the
vasopressin 2 receptor gene as the most common cause. Pro-
tein misfoldings trap the vasopressin 2 receptor gene within
the cell’s endoplasmic reticulum, preventing it from docking
with circulating vasopressin (81). These mutations are inheri-
ted in an X-linked pattern; hence, male individuals tended to
have more pronounced concentration defects, whereas fe-
male individuals are usually asymptomatic. Mutations in
the AQP2 gene, which can be inherited in a recessive or
dominant fashion, are associated with defects in trafficking
of the water channel to the apical membrane. In addition to
these genetic causes, lithium use frequently causes diabetes
insipidus, occurring in approximately 40% of chronic lithium
users (82). It is associated with downregulation of AQP2 and
cellular remodeling of the collecting duct. The route of lith-
ium toxicity is thought to be due to cellular uptake via the
epithelial Na channel (83), and although experimental data
suggest that amiloride administration may prevent lithium
nephrotoxicity (84), clinical data are lacking.
Hyponatremia is the most common electrolyte distur-

bance (85) and results from water intake, either orally or
intravenously, in excess of excretion. For normal
individuals, a water load will extinguish the osmoreceptor
stimulation of thirst and vasopressin release, allowing for
dilution of the urine down to ,50 mOsm/kg, and rapid
water excretion. Given that the average solute load of av-
erage diets is approximately 800 mOsm, primarily in the
form of protein and sodium, most individuals can excrete
up to 16 liters of water, and thus can drink similar amounts
before becoming hyponatremic. The classic disorders of “tea
and toast” or “beer potomania” occur in the setting of low-
solute diets (i.e., carbohydrates that are rapidly converted to
water without providing solute) combined with high water
intake, thus allowing hyponatremia to develop at much
more modest amounts of water intake. For true psychogenic
polydipsia, as defined by an ability to overwhelm the kid-
ney’s capacity to excrete water through dilute urine, patients
must drink huge amounts of fluid. Hyponatremia with a
urine osmolality.100 mOsm/kg signifies the presence and
action of vasopressin. Because serum osmolality is the nor-
mal driver for vasopressin release, its presence at low serum
osmolality suggests concentration-independent mechanisms
of vasopressin release. As noted above, sensed volume de-
pletion can stimulate vasopressin release. This can occur in

volume depletion (e.g., diarrhea or vomiting) or volume
overload (e.g., cirrhosis or congestive heart failure). Con-
versely, the syndrome of inappropriate antidiuretic hor-
mone (SIADH) secretion manifests as an inability to
excrete water due to insuppressible vasopressin activity.
The diagnosis of SIADH requires the absence of sensed
volume depletion, and an inappropriately concentrated
urine in the setting of hypo-osmolality, and occurs in a
wide range of settings, including neurologic and pulmo-
nary disease, medications, pain, and nausea (86). Recent
gain-of-functions mutations in the vasopressin gene have
been described, causing a “SIADH-like” clinical picture
with undetectable vasopressin levels, termed nephrogenic
syndrome of inappropriate antidiuresis (87).
Multiple studies have linked hyponatremia to increased

mortality, with an increased risk ranging from 2-fold (88) to
as much as 60-fold (89). Given the wide range of underly-
ing pathologies potentially associated with hyponatremia,
and the difficulty in adequately controlling for residual
confounding, these observational studies should be inter-
preted with some caution. Although most studies have
shown a linear inverse effect of decreasing sodium with
mortality, recent studies have suggested a parabolic phe-
nomenon, whereby the increased mortality associated
with serum sodium in the mid-120 mEq/l range dissipates
at concentrations ,120 mEq/l (90). Given the risks asso-
ciated with correcting hyponatremia, including central
pontine myelinosis and volume overload, prospective
studies are needed to further clarify the relationship of
hyponatremia to outcomes.
In summary, water homeostasis depends on a functional

and sensitive osmoreceptor, intact vasopressin and thirst
mechanisms, and a renal tubule that can respond to the
tightly orchestrated commands that dictate water retention
or excretion.
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Erratum

Correction
Danziger J, Zeidel ML. Osmotic homeostasis. Clin J
Am Soc Nephrol 10: 852–862, 2015.

On page 860 within the above-referenced article,
the following sentence was incorrect: “Recent gain-
of-functions mutations in the vasopressin gene
have been described, causing a ‘SIADH-like’ clini-
cal picture with undetectable vasopressin levels,
termed nephrogenic syndrome of inappropriate
antidiuresis.”

The sentence should have indicated that the
mutations are in the V2 vasopressin receptor gene
and should have read as follows: “Recent gain-of-
function mutations in the V2 vasopressin receptor gene
have been described, causing a ‘SIADH-like’ clinical
picture with undetectable vasopressin levels, termed
nephrogenic syndrome of inappropriate antidiuresis.”

Published online ahead of print. Publication date available at
www.cjasn.org.
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Renal Physiology

Regulation of Potassium Homeostasis

Biff F. Palmer

Abstract
Potassium is the most abundant cation in the intracellular fluid, and maintaining the proper distribution of
potassium across the cell membrane is critical for normal cell function. Long-term maintenance of potassium
homeostasis is achieved by alterations in renal excretion of potassium in response to variations in intake.
Understanding the mechanism and regulatory influences governing the internal distribution and renal clearance
of potassium under normal circumstances can provide a framework for approaching disorders of potassium
commonly encountered in clinical practice. This paper reviews key aspects of the normal regulation of potassium
metabolism and is designed to serve as a readily accessible review for the well informed clinician as well as a
resource for teaching trainees and medical students.

Clin J Am Soc Nephrol 10: 1050–1060, 2015. doi: 10.2215/CJN.08580813

Introduction
Potassium plays a key role in maintaining cell function.
Almost all cells possess an Na1-K1-ATPase, which
pumps Na1 out of the cell and K1 into the cell and
leads to a K1 gradient across the cell membrane (K1

in.
K1

out) that is partially responsible for maintaining the
potential difference across the membrane. This poten-
tial difference is critical to the function of cells, partic-
ularly in excitable tissues, such as nerve and muscle.
The body has developed numerous mechanisms for de-
fense of serum K1 . These mechanisms serve to
maintain a proper distribution of K1 within the body
as well as regulate the total body K1 content.

Internal Balance of K1

The kidney is primarily responsible for maintaining
total body K1 content by matching K1 intake with K1

excretion. Adjustments in renal K1 excretion occur
over several hours; therefore, changes in extracellular
K1 concentration are initially buffered by movement
of K1 into or out of skeletal muscle. The regulation of
K1 distribution between the intracellular and extracel-
lular space is referred to as internal K1 balance. The
most important factors regulating this movement under
normal conditions are insulin and catecholamines (1).

After a meal, the postprandial release of insulin
functions to not only regulate the serum glucose
concentration but also shift dietary K1 into cells until
the kidney excretes the K1 load re-establishing K1 ho-
meostasis. These effects are mediated through insulin
binding to cell surface receptors, which stimulates glu-
cose uptake in insulin-responsive tissues through the
insertion of the glucose transporter protein GLUT4
(2,3). An increase in the activity of the Na1-K1-AT-
Pase mediates K

1

uptake (Figure 1). In patients with
the metabolic syndrome or CKD, insulin-mediated glu-
cose uptake is impaired, but cellular K1 uptake re-
mains normal (4,5), demonstrating differential
regulation of insulin-mediated glucose and K1 uptake.

Catecholamines regulate internal K1 distribution, with
a-adrenergic receptors impairing and b-adrenergic recep-
tors promoting cellular entry of K1. b2-Receptor–induced
stimulation of K1 uptake is mediated by activation of the
Na1-K1-ATPase pump. These effects play a role in reg-
ulating the cellular release of K1 during exercise (6).
Under normal circumstances, exercise is associated

with movement of intracellular K1 into the interstitial
space in skeletal muscle. Increases in interstitial K1

can be as high as 10–12 mM with severe exercise.
Accumulation of K1 is a factor limiting the excitabil-
ity and contractile force of muscle accounting for the
development of fatigue (7,8). Additionally, increases
in interstitial K1 play a role in eliciting rapid vaso-
dilation, allowing for blood flow to increase in exer-
cising muscle (9). During exercise, release of
catecholamines through b2 stimulation limits the
rise in extracellular K1 concentration that otherwise
occurs as a result of normal K1 release by contracting
muscle. Although the mechanism is likely to be mul-
tifactorial, total body K1 depletion may blunt the ac-
cumulation of K1 into the interstitial space, limiting
blood flow to skeletal muscle and accounting for the
association of hypokalemia with rhabdomyolysis.
Changes in plasma tonicity and acid–base disorders

also influence internal K1 balance. Hyperglycemia
leads to water movement from the intracellular to
extracellular compartment. This water movement fa-
vors K1 efflux from the cell through the process of
solvent drag. In addition, cell shrinkage causes intra-
cellular K1 concentration to increase, creating a more
favorable concentration gradient for K1 efflux. Min-
eral acidosis, but not organic acidosis, can be a cause
of cell shift in K1. As recently reviewed, the general
effect of acidemia to cause K1 loss from cells is not
because of a direct K1-H1 exchange, but, rather, is
because of an apparent coupling resulting from ef-
fects of acidosis on transporters that normally regu-
late cell pH in skeletal muscle (10) (Figure 2).

Department of
Internal Medicine,
University of Texas
Southwestern Medical
Center, Dallas, Texas

Correspondence:
Dr. Biff F. Palmer,
Department of
Internal Medicine,
University of Texas
Southwestern Medical
Center, 5323 Harry
Hines Boulevard,
Dallas, TX 75390.
Email: biff.palmer@
utsouthwestern.edu

www.cjasn.org Vol 10 June, 20151050 Copyright © 2015 by the American Society of Nephrology

mailto:biff.palmer@utsouthwestern.edu
mailto:biff.palmer@utsouthwestern.edu


Intracellular K1 serves as a reservoir to limit the fall in
extracellular K1 concentrations occurring under patho-
logic conditions where there is loss of K1 from the body.
The efficiency of this effect was shown by military recruits
undergoing training in the summer (11). These subjects
were able to maintain a near-normal serum K1 concentra-
tion despite daily sweat K1 loses of .40 mmol and an 11-
day cumulative total body K1 deficit of approximately 400
mmol.
Studies in rats using a K1 clamp technique afforded in-

sight into the role of skeletal muscle in regulating extracel-
lular K1 concentration (12). With this technique, insulin is
administered at a constant rate, and K1 is simultaneously
infused at a rate designed to prevent any drop in plasma
K1 concentration. The amount of K1 administered is pre-
sumed to be equal to the amount of K1 entering the in-
tracellular space of skeletal muscle.
In rats deprived of K1 for 10 days, the plasma K1 con-

centration decreased from 4.2 to 2.9 mmol/L. Insulin-
mediated K1 disappearance declined by more than 90%
compared with control values. This decrease in K1 uptake
was accompanied by a .50% reduction in both the activity
and expression of muscle Na1-K1-ATPase, suggesting that
decreased pump activity might account for the decrease in
insulin effect. This decrease in muscle K1 uptake, under
conditions of K1 depletion, may limit excessive falls in ex-
tracellular K1 concentration that occur under conditions of
insulin stimulation. Concurrently, reductions in pump

expression and activity facilitate the ability of skeletal muscle
to buffer declines in extracellular K1 concentrations by do-
nating some component of its intracellular stores.
There are differences between skeletal and cardiac

muscle in the response to chronic K1 depletion. Although
skeletal muscle readily relinquishes K1 to minimize the
drop in plasma K1 concentration, cardiac tissue K1 con-
tent remains relatively well preserved. In contrast to
the decline in activity and expression of skeletal muscle
Na1 -K1 -ATPase, cardiac Na1 -K1 -ATPase pool size

Figure 1. | The cell model illustrates b2-adrenergic and insulin-
mediated regulatory pathways for K1 uptake. b2-Adrenergic and
insulin both lead to K1 uptake by stimulating the activity of the
Na1-K1-ATPase pump primarily in skeletal muscle, but they do so
through different signaling pathways. b2-Adrenergic stimulation
leads to increased pump activity through a cAMP- and protein
kinase A (PKA)–dependent pathway. Insulin binding to its receptor
leads to phosphorylation of the insulin receptor substrate pro-
tein (IRS-1), which, in turn, binds to phosphatidylinositide
3-kinase (PI3-K). The IRS-1–PI3-K interaction leads to activation of
3-phosphoinositide–dependent protein kinase-1 (PDK1). The stimulatory
effect of insulin on glucose uptake and K1 uptake diverge at this point.
An Akt-dependent pathway is responsible for membrane insertion of
the glucose transporterGLUT4,whereas activation of atypical protein
kinase C (aPKC) leads to membrane insertion of the Na1-K1-ATPase
pump (reviewed in ref. 3).

Figure 2. | The effect of metabolic acidosis on internal K1 balance in
skeletal muscle. (A) In metabolic acidosis caused by inorganic anions
(mineral acidosis), the decrease in extracellular pH will decrease the
rate of Na1-H1 exchange (NHE1) and inhibit the inward rate of Na1

-3HCO3 cotransport (NBCe1 and NBCe2). The resultant fall in in-
tracellular Na1 will reduce Na1-K1-ATPase activity, causing a net
loss of cellular K1. In addition, the fall in extracellular HCO3 concen-
tration will increase inward movement of Cl2 by Cl-HCO2 exchange,
further enhancing K1 efflux by K1-Cl2 cotransport. (B) Loss of K1 from
thecell ismuch smaller inmagnitude inmetabolic acidosis causedbyan
organic acidosis. In this setting, there is a strong inward flux of the or-
ganic anion and H1 through the monocarboxylate transporter (MCT;
MCT1 and MCT4). Accumulation of the acid results in a larger fall in
intracellular pH, thereby stimulating inward Na1 movement by way of
Na1-H1 exchange and Na1-3HCO3 cotransport. Accumulation of in-
tracellular Na1 maintains Na1-K1-ATPase activity, thereby mini-
mizing any change in extracellular K1 concentration.
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increases in K1-deficient animals. This difference explains
the greater total K1 clearance capacity after the acute ad-
ministration of intravenous KCl to rats fed a K1-free diet
for 2 weeks compared with K1-replete controls (13,14).
Cardiac muscle accumulates a considerable amount of
K1 in the setting of an acute load. When expressed on a
weight basis, the cardiac capacity for K1 uptake is compa-
rable with that of skeletal muscle under conditions of K1

depletion and may actually exceed skeletal muscle under
control conditions.

Renal Potassium Handling
Potassium is freely filtered by the glomerulus. The bulk

of filtered K1 is reabsorbed in the proximal tubule and
loop of Henle, such that less than 10% of the filtered
load reaches the distal nephron. In the proximal tubule,
K1 absorption is primarily passive and proportional to
Na1 and water (Figure 3). K1 reabsorption in the thick
ascending limb of Henle occurs through both transcellular
and paracellular pathways. The transcellular component
is mediated by K1 transport on the apical membrane
Na1-K1-2Cl2 cotransporter (Figure 4). K1 secretion begins
in the early distal convoluted tubule and progressively
increases along the distal nephron into the cortical collect-
ing duct (Figure 5). Most urinary K1 can be accounted for
by electrogenic K1 secretion mediated by principal cells in
the initial collecting duct and the cortical collecting duct
(Figure 6). An electroneutral K1 and Cl2 cotransport
mechanism is also present on the apical surface of the

distal nephron (15). Under conditions of K1 depletion, re-
absorption of K1 occurs in the collecting duct. This process
is mediated by upregulation in the apically located H1-K1

-ATPase on a-intercalated cells (16) (Figure 7).
Under most homeostatic conditions, K1 delivery to the

distal nephron remains small and is fairly constant. By con-
trast, the rate of K1 secretion by the distal nephron varies
and is regulated according to physiologic needs. The cellular
determinants of K1 secretion in the principal cell include the
intracellular K1 concentration, the luminal K1 concentration,
the potential (voltage) difference across the luminal mem-
brane, and the permeability of the luminal membrane for
K1. Conditions that increase cellular K1 concentration, de-
crease luminal K1 concentration, or render the lumen more
electronegative will increase the rate of K1 secretion. Con-
ditions that increase the permeability of the luminal mem-
brane for K1 will increase the rate of K1 secretion. Two
principal determinants of K1 secretion are mineralocorticoid
activity and distal delivery of Na1 and water.
Aldosterone is the major mineralocorticoid in humans

and affects several of the cellular determinants discussed
above, leading to stimulation of K1 secretion. First, aldo-
sterone increases intracellular K1 concentration by stimu-
lating the activity of the Na1-K1-ATPase in the basolateral
membrane. Second, aldosterone stimulates Na1 reabsorp-
tion across the luminal membrane, which increases the
electronegativity of the lumen, thereby increasing the elec-
trical gradient favoring K1 secretion. Lastly, aldosterone
has a direct effect on the luminal membrane to increase K1

permeability (17).

Figure 3. | A cell model for K1 transport in the proximal tubule. K1

reabsorption in the proximal tubule primarily occurs through the
paracellular pathway. Active Na1 reabsorption drives net fluid re-
absorption across the proximal tubule, which in turn, drives K1 re-
absorption through a solvent drag mechanism. As fluid flows down
the proximal tubule, the luminal voltage shifts from slightly negative
to slightly positive. The shift in transepithelial voltage provides an
additional driving force favoring K1 diffusion through the low-
resistance paracellular pathway. Experimental studies suggest that
there may be a small component of transcellular K1 transport; how-
ever, the significance of this pathway is not known. K1 uptake through
theNa1-K1-ATPase pump can exit the basolateralmembrane through
a conductive pathway or coupled to Cl2. An apically located K1

channel functions to stabilize the cell negative potential, particularly
in the setting of Na1-coupled cotransport of glucose and amino acids,
which has a depolarizing effect on cell voltage.

Figure 4. | A cell model for K1 transport in the thick ascending limb
of Henle. K1 reabsorption occurs by both paracellular and trans-
cellular mechanisms. The basolateral Na1-K1-ATPase pump main-
tains intracellular Na1 low, thus providing a favorable gradient to
drive the apically located Na1-K1-2Cl2 cotransporter (an example of
secondary active transport). The apically located renal outer medul-
lary K1 (ROMK) channel provides a pathway for K1 to recycle
from cell to lumen, and ensures an adequate supply of K1 to sustain
Na1-K1-2Cl2 cotransport. This movement through ROMK creates
a lumen-positive voltage, providing a driving force for passive K1

reabsorption through the paracellular pathway. Some of the K1 entering
the cell through the cotransporter exits the cell across the basolateral
membrane, accounting for transcellular K1 reabsorption. K1 can exit
the cell through a conductive pathway or in cotransport with Cl2.
ClC-Kb is the primary pathway for Cl2 efflux across the basolateral
membrane.
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A second principal determinant affecting K1 secretion is
the rate of distal delivery of Na1 and water. Increased
distal delivery of Na1 stimulates distal Na1 absorption,
which will make the luminal potential more negative
and, thus, increase K1 secretion. Increased flow rates
also increase K1 secretion. When K1 is secreted in the
collecting duct, the luminal K1 concentration rises, which
decreases the diffusion gradient and slows additional K1

secretion. At higher luminal flow rates, the same amount
of K1 secretion will be diluted by the larger volume such
that the rise in luminal K1 concentration will be less. Thus,
increases in the distal delivery of Na1 and water stimulate
K1 secretion by lowering luminal K1 concentration and
making the luminal potential more negative.

Two populations of K1 channels have been identified in the
cells of the cortical collecting duct. The renal outer medullary
K1 (ROMK) channel is considered to be the major K1-secretory
pathway. This channel is characterized by having low con-
ductance and a high probability of being open under phys-
iologic conditions. The maxi-K1 channel (also known as the
large-conductance K1 [BK] channel) is characterized by a
large single channel conductance and quiescence in the basal
state and activation under conditions of increased flow (18).
In addition to increased delivery of Na1 and dilution of
luminal K1 concentration, recruitment of maxi-K1 channels
contributes to flow-dependent increased K1 secretion. Renal
K1 channels are subjects of extensive reviews (19–21).

Figure 5. | A cell model for K1 transport in the distal convoluted
tubule (DCT). In the early DCT, luminal Na1 uptake is mediated by
the apically located thiazide-sensitive Na1-Cl2 cotransporter. The
transporter is energized by the basolateral Na1-K1-ATPase, which
maintains intracellular Na1 concentration low, thus providing a fa-
vorable gradient for Na1 entry into the cell through secondary active
transport. The cotransporter is abundantly expressed in the DCT1
but progressively declines along the DCT2. ROMK is expressed
throughout the DCTand into the cortical collecting duct. Expression
of the epithelial Na1 channel (ENaC), which mediates amiloride-
sensitive Na1 absorption, begins in the DCT2 and is robustly ex-
pressed throughout the downstream connecting tubule and cortical
collecting duct. The DCT2 is the beginning of the aldosterone-
sensitive distal nephron (ASDN) as identified by the presence of both
the mineralocorticoid receptor and the enzyme 11b-hydroxysteroid
dehydrogenase II. This enzyme maintains the mineralocorticoid
receptor free to only bind aldosterone by metabolizing cortisol to cor-
tisone, the latter of which has no affinity for the receptor. Electrogenic-
mediated K1 transport begins in the DCT2with the combined presence
of ROMK, ENaC, and aldosterone sensitivity. Electroneutral K1-Cl2

cotransport is present in the DCT and collecting duct. Conditions
that cause a low luminal Cl2 concentration increase K1 secretion
through this mechanism, which occurs with delivery of poorly re-
absorbable anions, such as sulfate, phosphate, or bicarbonate.

Figure 6. | The cell that is responsible for K1 secretion in the initial
collecting duct and the cortical collecting duct is the principal cell.
This cell possesses a basolateral Na1-K1-ATPase that is responsible
for the active transport of K1 from the blood into the cell. The resultant
high cell K1 concentration provides a favorable diffusion gradient for
movement of K1 from the cell into the lumen. In addition to estab-
lishing a high intracellular K1 concentration, activity of this pump
lowers intracellular Na1 concentration, thus maintaining a favorable
diffusion gradient for movement of Na1 from the lumen into the cell.
Both the movements of Na1 and K1 across the apical membrane
occur through well defined Na1 and K1 channels.

Figure 7. | Reabsorption of HCO3 in the distal nephron is mediated
by apical H1 secretion by the a-intercalated cell. Two transporters
secrete H1, a vacuolar H1-ATPase and an H1-K1-ATPase. The H1-K1

-ATPase uses the energy derived from ATP hydrolysis to secrete H1

into the lumen and reabsorb K1 in an electroneutral fashion. The
activity of the H1-K1-ATPase increases in K1 depletion and, thus,
provides a mechanism by which K1 depletion enhances both col-
lecting duct H1 secretion and K1 absorption.
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The effect of increased tubular flow to activate maxi-K1

channels may be mediated by changes in intracellular
Ca21 concentration (22). The channel is Ca21-activated,
and an acute increase in flow increases intracellular Ca21

concentrations in the principal cell. It has been suggested
that the central cilium (a structure present in principal
cells) may facilitate transduction of signals of increased
flow to increased intracellular Ca21 concentration. In cul-
tured cells, bending of primary cilia results in a transient
increase in intracellular Ca21, an effect blocked by anti-
bodies to polycystin 2 (23). Although present in nearly
all segments of the nephron, the maxi-K channel has
been identified as the mediator of flow-induced K1 secre-
tion in the distal nephron and cortical collecting duct (24).
Development of hypokalemia in type II Bartter syn-

drome illustrates the importance of maxi-K1 channels in
renal K1 excretion (25). Patients with type II Bartter syn-
drome have a loss-of-function mutation in ROMK mani-
festing with clinical features of the disease in the perinatal
period. ROMK provides the pathway for recycling of K1

across the apical membrane in the thick ascending limb
of Henle. This recycling generates a lumen-positive poten-
tial that drives the paracellular reabsorption of Ca21 and
Mg21 and provides luminal K1 to the Na1-K1-2Cl2 co-
transporter (Figure 4).
Mutations in ROMK decrease NaCl and fluid reabsorption

in the thick limb, mimicking a loop diuretic effect, which
causes volume depletion. Despite the increase in distal Na1

delivery, K1 wasting is not consistently observed, because
ROMK is also the major K1-secretory pathway for regulated
K1 excretion in the collecting duct. In fact, in the perinatal
period, infants with this form of Bartter syndrome often
exhibit a transient hyperkalemia consistent with loss of func-
tion of ROMK in the collecting duct. However, over time,
these patients develop hypokalemia as a result of increased
flow-mediated K1 secretion through maxi-K1 channels.
Studies in an ROMK-deficient mouse model of type II Bartter
syndrome are consistent with this mechanism (26). The
transient hyperkalemia observed in the perinatal period is
likely related to the fact that ROMK channels are function-
ally expressed earlier than maxi-K1 channels during the
course of development.
In this regard, growing infants and children are in a state

of positive K1 balance, which correlates with growth and
increasing cell number. Early in development, there is a
limited capacity of the distal nephron to secrete K1 because
of a paucity of both apically located ROMK and maxi-K1

channels. The increase in K1-secretory capacity with matu-
ration is initially a result of increased expression of ROMK.
Several weeks later, maxi-K1 channel expression develops,
allowing for flow-mediated K1 secretion to occur (reviewed
in ref. 27). The limitation in distal K1 secretion is channel-
specific, because the electrochemical gradient favoring K1

secretion, as determined by activity of the Na1-K1-ATPase
and Na1 reabsorption, is not limiting. Additionally, in-
creased flow rates are accompanied by appropriate increases
in Na1 reabsorption and intracellular Ca21 concentrations in
the distal nephron, despite the absence of stimulatory effect
on K1 secretion (28). Activity of the H1- K1-ATPase, which
couples K1 reabsorption to H1 secretion in intercalated
cells, is similar in newborns and adults. K1 reabsorption
through this pump, combined with decreased expression

of K1-secretory channels, helps maintain a state of positive
K1 balance during somatic growth after birth. These features
of distal K1 handling by the developing kidney are a likely
explanation for the high incidence of nonoliguric hyperkale-
mia in preterm infants (29).
Another physiologic state characterized by a period of

positive K1 balance is pregnancy, where approximately
300 mEq K1 is retained (30). High circulating levels of
progesterone may play a role in this adaptation through
stimulatory effects on K1 and H1 transport by the H1-K1

a2-ATPase isoform in the distal nephron (31).
In addition to stimulating maxi-K1 channels, increased

tubular flow has been shown to stimulate Na1 absorption
through the epithelial Na1 channel (ENaC) in the collect-
ing duct. This increase in absorption not only is because of
increased delivery of Na1, but also seems to be the result
of mechanosensitive properties intrinsic to the channel. In-
creased flow creates a shear stress that activates ENaCs by
increasing channel open probability (32,33).
It has been hypothesized that biomechanical regulation of

renal tubular Na1 and K1 transport in the distal nephron
may have evolved as a response to defend against sudden
increases in extracellular K1 concentration that occur in re-
sponse to ingestion of K1-rich diets typical of early verte-
brates (22). According to this hypothesis, an increase in GFR
after a protein-rich meal would lead to an increase in distal
flow activating the ENaC, increasing intracellular Ca21 con-
centration, and activating maxi-K1 channels. These events
would enhance K1 secretion, thus providing a buffer to
guard against development of hyperkalemia.
In patients with CKD, loss of nephron mass is counter-

balanced by an adaptive increase in the secretory rate of K1

in remaining nephrons such that K1 homeostasis is gener-
ally well maintained until the GFR falls below 15–20 ml/
min (34). The nature of the adaptive process is thought to
be similar to the adaptive process that occurs in response
to high dietary K1 intake in normal subjects (35). Chronic
K1 loading in animals augments the secretory capacity of
the distal nephron, and, therefore, renal K1 excretion is
significantly increased for any given plasma K1 level. In-
creased K1 secretion under these conditions occurs in as-
sociation with structural changes characterized by cellular
hypertrophy, increased mitochondrial density, and prolif-
eration of the basolateral membrane in cells in the distal
nephron and principal cells of the collecting duct. In-
creased serum K1 and mineralocorticoids independently
initiate the amplification process, which is accompanied by
an increase in Na1-K1-ATPase activity.

Aldosterone Paradox
Under conditions of volume depletion, activation of the

renin-angiotensin system leads to increased aldosterone
release. The increase in circulating aldosterone stimulates
renal Na1 retention, contributing to the restoration of ex-
tracellular fluid volume, but occurs without a demonstra-
ble effect on renal K1 secretion. Under condition of
hyperkalemia, aldosterone release is mediated by a direct
effect of K1 on cells in the zona glomerulosa. The subse-
quent increase in circulating aldosterone stimulates renal
K1 secretion, restoring the serum K1 concentration to nor-
mal, but does so without concomitant renal Na1 retention.
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The ability of aldosterone to signal the kidney to stim-
ulate salt retention without K1 secretion in volume de-
pletion and stimulate K1 secretion without salt retention
in hyperkalemia has been referred to as the aldosterone
paradox (36). In part, this ability can be explained by the
reciprocal relationship between urinary flow rates and dis-
tal Na1 delivery with circulating aldosterone levels. Under
conditions of volume depletion, proximal salt and water
absorption increase, resulting in decreased distal delivery
of Na1 and water. Although aldosterone levels are in-
creased, renal K1 excretion remains fairly constant, be-
cause the stimulatory effect of increased aldosterone is
counterbalanced by the decreased delivery of filtrate to
the distal nephron. Under condition of an expanded extra-
cellular fluid volume, distal delivery of filtrate is increased
as a result of decreased proximal tubular fluid reabsorp-
tion. Once again, renal K1 excretion remains relatively
constant in this setting, because circulating aldosterone
levels are suppressed. It is only under pathophysiologic
conditions that increased distal Na1 and water delivery
are coupled to increased aldosterone levels. Renal K1

wasting will occur in this setting (37) (Figure 8).
Renal K1 secretion also remains stable during changes

in flow rate resulting from variations in circulating vaso-
pressin. In this regard, vasopressin has a stimulatory effect
on renal K1 secretion (38,39). This kaliuretic property may
serve to oppose a tendency to K1 retention under condi-
tions of antidiuresis when a low-flow rate-dependent fall
in distal tubular K1 secretion might otherwise occur. In
contrast, suppressed endogenous vasopressin leads to de-
creased activity of the distal K1-secretory mechanism, thus
limiting excessive K losses under conditions of full hydra-
tion and water diuresis.
Although the inverse relationship between aldosterone

levels and distal delivery of salt and water serves to keep
renal K1 excretion independent of volume status, recent
reviews have suggested a more complex mechanism cen-
tered on the with no lysine [K] 4 (WNK4) protein kinase in

the distal nephron (40,41). WNK4 is one of four members
of a family of serine-threonine kinases each encoded by a
different gene and characterized by the atypical place-
ment of the catalytic lysine residue that is present in
most other protein kinases. Inactivating mutations in
WNK4 lead to development of pseudohypoaldosteronism
type II (PHAII; Gordon syndrome). This disorder is in-
herited in an autosomal dominant fashion and is charac-
terized by hypertension and hyperkalemia (42).
Circulating aldosterone levels are low, despite the pres-
ence of hyperkalemia. Thiazide diuretics are particularly
effective in treating both the hypertension and hyperkale-
mia (43).
Wild-type WNK4 acts to reduce surface expression of the

thiazide-sensitive Na1-Cl2 cotransporter and also stimu-
lates clathrin-dependent endocytosis of ROMK in the col-
lecting duct (44,45). The inactivating mutation of WNK4
responsible for PHAII leads to increased cotransporter ac-
tivity and further stimulates endocytosis of ROMK. The
net effect is increased NaCl reabsorption combined with
decreased K1 secretion. Mutated WNK4 also enhances
paracellular Cl2 permeability caused by increased phos-
phorylation of claudins, which are tight junction proteins
involved in regulating paracellular ion transport (46). In
addition to increasing Na1 retention, this change in per-
meability further impairs K1 secretion, because the lumen-
negative voltage, which normally serves as a driving force
for K1 secretion, is dissipated.
Because development of hypertension and hyperkalemia

resulting from the PHAII-mutated WNK4 protein can be
viewed as an exaggerated response to a reduction in extra-
cellular fluid volume (salt retention without increased K1

secretion), it has been proposed that wild-type WNK4 may
act as a molecular switch determining balance between renal
NaCl reabsorption and K1 secretion (45,47). Under condi-
tions of volume depletion, the switch would be altered in a
manner reminiscent of the PHAII mutant such that NaCl
reabsorption is increased, but K1 secretion is further

Figure 8. | Under normal circumstances, delivery of Na1 to the distal nephron is inversely associated with serum aldosterone levels. For this
reason, renal K1 excretion is kept independent of changes in extracellular fluid volume. Hypokalemia caused by renal K1 wasting can be
explained by pathophysiologic changes that lead to coupling of increased distal Na1 delivery and aldosterone or aldosterone-like effects.
When approaching the hypokalemia caused by renal K1 wasting, one must determine whether the primary disorder is an increase in min-
eralocorticoid activity or an increase in distal Na1 delivery. EABV, effective arterial blood volume.
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inhibited. However, when increased serum K1 concentration
occurs in the absence of volume depletion, WNK4 alterations
result in maximal renal K1 secretion without Na1 retention.
Angiotensin II (AII) has emerged as an important

modulator of this switch. Under conditions of volume
depletion, AII and aldosterone levels are increased (Figure
9). In addition to effects leading to enhanced NaCl reab-
sorption in the proximal tubule, AII activates the Na1-Cl2

cotransporter in a WNK4-dependent manner, and it is pri-
marily located in the initial part of the distal convoluted
tubule (DCT; DCT1) (48,49). AII also activates ENaC,
which is found in the aldosterone-sensitive distal nephron
(ASDN) comprised of the second segment of the DCT
(DCT2), the connecting tubule, and the collecting duct
(50). The activation of ENaC by AII is additive to that of
aldosterone (51). In this manner, AII and aldosterone act in
concert to stimulate Na1 retention. At the same time, AII in-
hibits ROMK by both WNK4-dependent and -independent
mechanisms (52,53). This inhibitory effect on ROMK along
with decreased Na1 delivery to the collecting duct brought
about by AII stimulation of Na1 reabsorption in the prox-
imal nephron, and DCT1 allows for simultaneous Na1 con-
servation without K1 wasting.
Hyperkalemia, or an increase in dietary K1 intake, can

increase renal K1 secretion independent of change in min-
eralocorticoid activity and without causing volume reten-
tion. This effect was shown in Wistar rats fed a diet very
low in NaCl and K1 for several days and given a pharma-
cologic dose of deoxycorticosterone to ensure a constant
and nonvariable effect of mineralocorticoids (54,55).
After a KCl load administered into the peritoneal cavity,
two distinct phases were noted. In the first 2 hours, there
was a large increase in the rate of renal K1 excretion that

was largely caused by an increase in the K1 concentration
in the cortical collecting duct. During this early phase, flow
through the collecting duct increased only slightly, sug-
gesting that changes in K1 concentration were largely
caused by an increase in K1-secretory capacity of the col-
lecting duct. This effect would be consistent with known
effects of dietary supplementation of K1 to increase chan-
nel density of both ROMK and maxi-K1 channels (56).
In the subsequent 4 hours, renal K1 excretion continued

to be high, but during this second phase, the kaliuresis was
mostly accounted for by increased flow through the col-
lecting duct. The increased flow was attributed to an in-
hibitory effect of increased interstitial K1 concentration on
reabsorption of NaCl in the upstream ascending limb of
Henle, an effect supported by microperfusion studies in
the past (57,58). The timing of the two phases is presum-
ably important, because higher flows would be most effec-
tive in promoting kaliuresis only after establishment of
increased channel density. Although older studies are con-
sistent with decreased Na1 absorption in the thick limb
and proximal nephron after increased K1 intake, inhibi-
tory effects in these high-capacity segments lack the pre-
cision and timing necessary to ensure that downstream
delivery of Na1 is appropriate to maximally stimulate
K1 secretion and at the same time, not be excessive, pre-
disposing to volume depletion, particularly in the setting
of a low Na1 diet (57–59).
The low-capacity nature of the DCT and its location im-

mediately upstream from the ASDN make this segment a
more likely site for changes in dietary K1 intake to modulate
Na1 transport and ensure that downstream delivery of Na1

is precisely the amount needed to ensure maintenance of K1

homeostasis without causing unwanted effects on volume.

Figure 9. | The aldosterone paradox refers to the ability of the kidney to stimulateNaCl retentionwithminimal K1 secretion under conditions
of volume depletion and maximize K1 secretion without Na1 retention in hyperkalemia. With volume depletion (left panel), increased
circulating angiotensin II (AII) levels stimulate the Na1-Cl2 cotransporter in the early DCT. In the ASDN, AII along with aldosterone stimulate
the ENaC. In this latter segment, AII exerts an inhibitory effect on ROMK, thereby providing a mechanism to maximally conserve salt and
minimize renal K1 secretion. When hyperkalemia or increased dietary K1 intake occurs with normovolemia (right panel), low circulating
levels of AII or direct effects of K1 lead to inhibition of Na1-Cl2 cotransport activity along with increased activity of ROMK. As a result, Na1

delivery to the ENaC is optimized for the coupled electrogenic secretion of K1 through ROMK. As discussed in the text, with no lysine [K] 4
(WNK4) proteins are integrally involved in the signals by which the paradox is brought about. It should be emphasized the WNK proteins are
part of a complex signaling network still being fully elucidated. The interested reader is referred to several recent reviews and advancements on
this subject (48,51,91–93).
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In this regard, increased dietary K1 intake leads to an in-
hibitory effect on Na1 transport in this segment and does so
through effects on WNK1, another member of the WNK
family of kinases (60,61). WNK1 is ubiquitously expressed
throughout the body in multiple spliced forms. By
contrast, a shorter WNK1 transcript lacking the amino ter-
minal 1–437 amino acids of the long transcript is highly ex-
pressed in the kidney but not other tissues, and it is referred
to as kidney-specific WNK1 (KS-WNK1). KS-WNK1 is re-
stricted to the DCT and part of the connecting duct and
functions as a physiologic antagonist to the actions of long
WNK1. Changes in the ratio of KS-WNK1 and long WNK1
in response to dietary K1 contribute to the physiologic reg-
ulation of renal K1 excretion (62–65).
Under normal circumstances, long WNK1 prevents the

ability of WNK4 to inhibit activity of the Na1-Cl2 cotrans-
porter in the DCT. Thus, increased activity of long WNK1
leads to a net increase in NaCl reabsorption. Dietary K1

loading increases the abundance of KS-WNK1. Increased
KS-WNK1 antagonizes the inhibitory effect of long WNK1
on WNK4. The net effect is inhibition of Na1-Cl2 cotrans-
port in the DCT and increased Na1 delivery to more distal
parts of the tubule. In addition, increased KS-WNK1 an-
tagonizes the effect of long WNK1 to stimulate endocyto-
sis of ROMK. Furthermore, KS-WNK1 exerts a stimulatory
effect on the ENaC. Thus, increases in KS-WNK1 in re-
sponse to dietary K1 loading facilitate K1 secretion
through the combined effects of increased Na1 delivery
through downregulation of Na1-Cl2 cotransport in the
DCT, increased electrogenic Na1 reabsorption through
the ENaC, and greater abundance of ROMK.
Increased aldosterone levels in response to a high K1 diet

lead to effects that complement the effects of KS-WNK1
(66,67). The serum- and glucocorticoid-dependent protein
kinase (SGK1) is an immediate transcriptional target of al-
dosterone binding to the mineralocorticoid receptor. Activa-
tion of SGK1 leads to phosphorylation of WNK4, resulting
in a loss of the ability of WNK4 to inhibit ROMK and the
ENaC (66,68). Aldosterone-induced activation of SGK1 also
leads to increased ENaC expression and activity by causing
the phosphorylation of ubiquitin protein ligase Nedd4–2.
Phosphorylated Nedd4–2 results in less retrieval of ENaC
from the apical membrane (69). It should be emphasized
that the absence of AII is a critical factor in the ability of
high K1 intake to bring about the changes necessary to fa-
cilitate K1 secretion without excessive Na1 reabsorption.

Role in Hypertension
Changes in KS-WNK1 and long WNK1 that occur in

response to dietary K1 intake affect renal Na1 handling
in a way that may be of importance in the observed re-
lationship between dietary K1 intake and hypertension.
Epidemiologic studies established that K1 intake is in-
versely related to the prevalence of hypertension (70). In
addition, K1 supplements and avoidance of hypokalemia
lowers BP in hypertensive subjects. By contrast, BP in-
creases in hypertensive subjects placed on a low K1 diet.
This increase in BP is associated with increased renal Na1

reabsorption (71).
K1 deficiency increases the ratio of long WNK1 to

KS-WNK1. LongWNK1 is associated with increased retrieval

of ROMK, thus providing an appropriate response to limit
K1 secretion. However, long WNK1 also leads to a stimu-
latory effect on ENaC activity as well as releasing the in-
hibitory effect of WNK4 on Na1 reabsorption mediated by
the NaCl cotransporter in the DCT (72,73). These effects
suggest that reductions in K1 secretion under conditions
of K1 deficiency will occur at the expense of increased Na1

retention.
Renal conservation of K1 and Na1 under conditions of K1

deficiency may be considered an evolutionary adaptation,
because dietary K1 and Na1 deficiency likely occurred to-
gether for early humans (74). However, such an effect is
potentially deleterious in our present setting, because evolu-
tion has seen a large increase in the ratio of dietary intake of
Na1 versus K1. The effects of an increased ratio of WNK1 to
KS-WNK1 in the kidney under conditions of modern day
high Na1/low K1 diet could be central to the pathogenesis
of salt-sensitive hypertension (75).

Enteric Sensor of K1

There is evidence to support the existence of enteric solute
sensors capable of responding to dietary Na1, K1, and phos-
phate that signal the kidney to rapidly alter ion excretion or
reabsorption (76–78). In experimental animals, and using
protocols to maintain identical plasma K1 concentration,
the kaliuretic response to a K1 load is greater when given
as a meal compared with an intravenous infusion (79). These
studies suggest that dietary K1 intake through a splanchnic
sensing mechanism can signal increases in renal K1 excre-
tion independent of changes in plasma K1 concentration or
aldosterone (reviewed in ref. 80).
Although the precise signaling mechanism is not known,

recent studies suggest that the renal response may be
because of rapid and nearly complete dephosphorylation of
the Na1-Cl2 cotransporter in the DCT, causing decreased
activity of the transporter and, thus, enhancing delivery of
Na1 to the ASDN (81,82). In these studies, gastric delivery
of K1 led to dephosphorylation of the cotransporter within
minutes independent of aldosterone and based on in vitro
studies, independent of changes in extracellular K1 con-
centration. The temporally associated increase in renal K1

excretion results from a more favorable electrochemical
driving force caused by the downstream shift in Na1 re-
absorption from the DCT to the ENaC in the ASDN as well
as increased maxi-K1 channel K1 secretion brought on by
increased flow. This rapid natriuretic response to increases
in dietary K1 intake is consistent with the BP-lowering
effect of K1-rich diets discussed earlier.

Circadian Rhythm of K1 Secretion
During a 24-hour period, urinary K1 excretion varies in

response to changes in activity and fluctuations in K1 intake
caused by the spacing of meals. However, even when K1

intake and activity are evenly spread over a 24-hour period,
there remains a circadian rhythm whereby K1 excretion is
lower at night and in the early morning hours and then in-
creases in the afternoon (83–86). This circadian pattern results
from changes in intratubular K1 concentration in the collect-
ing duct as opposed to variations in urine flow rate (87).
In the mouse distal nephron, a circadian rhythm exists

for gene transcripts that encode proteins involving K1
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secretion (88). Gene expression of ROMK is greater during
periods of activity, whereas expression of the H1-K1-AT-
Pase is higher during rest, which correspond to periods
when renal K1 excretion is greater and less, respectively
(89). Changes in plasma aldosterone levels may play a con-
tributory role, because circadian rhythm of glucocorticoid
synthesis and secretion has been described in the adrenal
gland. In addition, expression of clock genes within cells of
the distal nephron suggests that a pacemaker function reg-
ulating K1 transport may be an intrinsic component of the
kidney that is capable of operating independent of outside
influence.
The clinical significance of this rhythmicity in K1 and

other electrolyte secretions is not known. Evidence sug-
gests that dysregulation of circadian rhythms may contrib-
ute to a lack of nocturnal decline in BP, with eventual
development of sustained hypertension as well as acceler-
ated CKD and cardiovascular disease (85,90).

Disclosures
None.

References
1. Palmer BF: A physiologic-based approach to the evaluation of a

patient with hyperkalemia. Am J Kidney Dis 56: 387–393, 2010
2. Foley K, Boguslavsky S, Klip A: Endocytosis, recycling, and reg-

ulated exocytosis of glucose transporter 4. Biochemistry 50:
3048–3061, 2011

3. Ho K: A critically swift response: Insulin-stimulated potassium
and glucose transport in skeletal muscle. Clin J Am Soc Nephrol
6: 1513–1516, 2011

4. Nguyen TQ, Maalouf NM, Sakhaee K, Moe OW: Comparison of
insulin action on glucose versus potassium uptake in humans.
Clin J Am Soc Nephrol 6: 1533–1539, 2011

5. Alvestrand A, Wahren J, Smith D, DeFronzo RA: Insulin-mediated
potassium uptake is normal in uremic and healthy subjects. Am J
Physiol 246: E174–E180, 1984

6. WilliamsME, Gervino EV, Rosa RM, Landsberg L, Young JB, Silva
P, Epstein FH: Catecholamine modulation of rapid potassium
shifts during exercise. N Engl J Med 312: 823–827, 1985

7. Clausen T, Nielsen OB: Potassium, Na1,K1-pumps and fatigue
in rat muscle. J Physiol 584: 295–304, 2007

8. McKenna MJ, Bangsbo J, Renaud JM: Muscle K1, Na1, and Cl
disturbances and Na1-K1 pump inactivation: Implications for
fatigue. J Appl Physiol (1985) 104: 288–295, 2008

9. Clifford PS: Skeletal muscle vasodilatation at the onset of exer-
cise. J Physiol 583: 825–833, 2007

10. Aronson PS, Giebisch G: Effects of pH on potassium: New ex-
planations for old observations. J Am Soc Nephrol 22: 1981–
1989, 2011

11. Knochel JP, Dotin LN, Hamburger RJ: Pathophysiology of intense
physical conditioning in a hot climate. I. Mechanisms of potas-
sium depletion. J Clin Invest 51: 242–255, 1972

12. McDonough AA, Youn JH: Role of muscle in regulating extra-
cellular [K1]. Semin Nephrol 25: 335–342, 2005

13. BundgaardH, KjeldsenK: Potassiumdepletion increases potassium
clearance capacity in skeletal muscles in vivo during acute re-
pletion. Am J Physiol Cell Physiol 283: C1163–C1170, 2002

14. Bundgaard H: Potassium depletion improves myocardial potas-
sium uptake in vivo. Am J Physiol Cell Physiol 287: C135–C141,
2004

15. Velázquez H, Ellison DH, Wright FS: Chloride-dependent po-
tassium secretion in early and late renal distal tubules. Am J
Physiol 253: F555–F562, 1987

16. DuBose TD Jr., Codina J, Burges A, Pressley TA: Regulation of
H(1)-K(1)-ATPase expression in kidney. Am J Physiol 269: F500–
F507, 1995

17. Stokes JB: Mineralocorticoid effect on K1 permeability of the
rabbit cortical collecting tubule. Kidney Int 28: 640–645, 1985

18. Palmer LG, Frindt G: High-conductance K channels in in-
tercalated cells of the rat distal nephron. Am J Physiol Renal
Physiol 292: F966–F973, 2007

19. Hebert SC, Desir G, Giebisch G, Wang W: Molecular diversity
and regulation of renal potassium channels. Physiol Rev 85: 319–
371, 2005

20. Wang WH: Regulation of ROMK (Kir1.1) channels: New mech-
anisms and aspects. Am J Physiol Renal Physiol 290: F14–F19,
2006

21. Grimm PR, Sansom SC: BK channels in the kidney. Curr Opin
Nephrol Hypertens 16: 430–436, 2007

22. Satlin LM, Carattino MD, Liu W, Kleyman TR: Regulation of
cation transport in the distal nephron by mechanical forces. Am J
Physiol Renal Physiol 291: F923–F931, 2006

23. Nauli SM, Alenghat FJ, Luo Y,Williams E, Vassilev P, Li X, Elia AE,
LuW, Brown EM, Quinn SJ, Ingber DE, Zhou J: Polycystins 1 and
2 mediate mechanosensation in the primary cilium of kidney
cells. Nat Genet 33: 129–137, 2003

24. Welling PA: Regulation of renal potassium secretion: Molecular
mechanisms. Semin Nephrol 33: 215–228, 2013

25. Pluznick JL, Sansom SC: BK channels in the kidney: Role in K(1)
secretion and localization of molecular components. Am J
Physiol Renal Physiol 291: F517–F529, 2006

26. Bailey MA, Cantone A, Yan Q, MacGregor GG, Leng Q, Amorim
JB, Wang T, Hebert SC, Giebisch G, Malnic G: Maxi-K channels
contribute to urinary potassium excretion in the ROMK-
deficient mouse model of Type II Bartter’s syndrome and in
adaptation to a high-K diet. Kidney Int 70: 51–59, 2006

27. Gurkan S, Estilo GK, Wei Y, Satlin LM: Potassium transport in the
maturing kidney. Pediatr Nephrol 22: 915–925, 2007

28. Woda CB, Miyawaki N, Ramalakshmi S, Ramkumar M, Rojas R,
Zavilowitz B, Kleyman TR, Satlin LM:Ontogeny of flow-stimulated
potassium secretion in rabbit cortical collecting duct: Functional
and molecular aspects. Am J Physiol Renal Physiol 285: F629–
F639, 2003

29. Thayyil S, Kempley ST, Sinha A: Can early-onset nonoliguric
hyperkalemia be predicted in extremely premature infants? Am J
Perinatol 25: 129–133, 2008

30. Lindheimer MD, Richardson DA, Ehrlich EN, Katz AI: Potassium
homeostasis in pregnancy. J Reprod Med 32: 517–522, 1987

31. Elabida B, Edwards A, Salhi A, Azroyan A, Fodstad H,Meneton P,
Doucet A, Bloch-Faure M, Crambert G: Chronic potassium de-
pletion increases adrenal progesterone production that is nec-
essary for efficient renal retention of potassium. Kidney Int 80:
256–262, 2011

32. Morimoto T, Liu W, Woda C, Carattino MD, Wei Y, Hughey RP,
Apodaca G, Satlin LM, Kleyman TR: Mechanism underlying flow
stimulation of sodium absorption in the mammalian collecting
duct. Am J Physiol Renal Physiol 291: F663–F669, 2006

33. Carattino MD, Sheng S, Kleyman TR: Mutations in the pore re-
gion modify epithelial sodium channel gating by shear stress.
J Biol Chem 280: 4393–4401, 2005

34. van Ypersele de Strihou C: Potassium homeostasis in renal fail-
ure. Kidney Int 11: 491–504, 1977

35. Stanton BA: Renal potassium transport: Morphological and
functional adaptations. Am J Physiol 257: R989–R997, 1989

36. Arroyo JP, Ronzaud C, Lagnaz D, Staub O, Gamba G: Aldoste-
rone paradox: Differential regulation of ion transport in distal
nephron. Physiology (Bethesda) 26: 115–123, 2011

37. Palmer BF: A physiologic-based approach to the evaluation of a
patient with hypokalemia.Am JKidneyDis 56: 1184–1190, 2010

38. Field MJ, Stanton BA, Giebisch GH: Influence of ADH on renal
potassium handling: A micropuncture and microperfusion study.
Kidney Int 25: 502–511, 1984

39. Cassola AC, Giebisch G,WangW: Vasopressin increases density
of apical low-conductance K1 channels in rat CCD.Am J Physiol
264: F502–F509, 1993

40. Kahle KT, Ring AM, Lifton RP: Molecular physiology of theWNK
kinases. Annu Rev Physiol 70: 329–355, 2008

41. Kahle KT, Rinehart J, GiebischG,GambaG,Hebert SC, LiftonRP:
A novel protein kinase signaling pathway essential for blood
pressure regulation in humans. Trends Endocrinol Metab 19: 91–
95, 2008

42. Mayan H, Vered I, Mouallem M, Tzadok-Witkon M, Pauzner R,
Farfel Z: Pseudohypoaldosteronism type II: Marked sensitivity to

1058 Clinical Journal of the American Society of Nephrology



thiazides, hypercalciuria, normomagnesemia, and low bone
mineral density. J Clin Endocrinol Metab 87: 3248–3254, 2002

43. Gordon RD: The syndrome of hypertension and hyperkalaemia
with normal GFR. A unique pathophysiological mechanism for
hypertension? Clin Exp Pharmacol Physiol 13: 329–333, 1986

44. Yang SS, Morimoto T, Rai T, Chiga M, Sohara E, Ohno M, Uchida
K, Lin SH, Moriguchi T, Shibuya H, Kondo Y, Sasaki S, Uchida S:
Molecular pathogenesis of pseudohypoaldosteronism type II:
Generation and analysis of a Wnk4(D561A/1) knockin mouse
model. Cell Metab 5: 331–344, 2007

45. Lalioti MD, Zhang J, Volkman HM, Kahle KT, Hoffmann KE, Toka
HR, Nelson-Williams C, Ellison DH, Flavell R, Booth CJ, Lu Y,
Geller DS, Lifton RP: Wnk4 controls blood pressure and potas-
sium homeostasis via regulation of mass and activity of the distal
convoluted tubule. Nat Genet 38: 1124–1132, 2006

46. Yamauchi K, Rai T, Kobayashi K, Sohara E, Suzuki T, Itoh T, Suda S,
Hayama A, Sasaki S, Uchida S: Disease-causing mutant WNK4
increases paracellular chloride permeability and phosphorylates
claudins. Proc Natl Acad Sci U S A 101: 4690–4694, 2004

47. Kahle KT, Wilson FH, Lifton RP: Regulation of diverse ion
transport pathways by WNK4 kinase: A novel molecular switch.
Trends Endocrinol Metab 16: 98–103, 2005

48. Casta~neda-BuenoM,GambaG:Mechanisms of sodium-chloride
cotransporter modulation by angiotensin II. Curr Opin Nephrol
Hypertens 21: 516–522, 2012

49. Casta~neda-Bueno M, Cervantes-Pérez LG, Vázquez N, Uribe N,
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Renal Physiology

Renal Control of Calcium, Phosphate, and Magnesium
Homeostasis

Judith Blaine, Michel Chonchol, and Moshe Levi

Abstract
Calcium, phosphate, and magnesium are multivalent cations that are important for many biologic and cellular
functions. The kidneys play a central role in the homeostasis of these ions. Gastrointestinal absorption is balanced
by renal excretion. When body stores of these ions decline significantly, gastrointestinal absorption, bone
resorption, and renal tubular reabsorption increase to normalize their levels. Renal regulation of these ions occurs
through glomerular filtration and tubular reabsorption and/or secretion and is therefore an important determinant
of plasma ion concentration. Under physiologic conditions, the whole body balance of calcium, phosphate,
and magnesium is maintained by fine adjustments of urinary excretion to equal the net intake. This review
discusses how calcium, phosphate, and magnesium are handled by the kidneys.

Clin J Am Soc Nephrol 10: 1257–1272, 2015. doi: 10.2215/CJN.09750913

Introduction
Imbalances of calcium, phosphorus, and magnesium
result in a number of serious clinical complications, in-
cluding arrhythmias, seizures, and respiratory diffi-
culties. The kidney plays a critical role in regulating
serum levels of these ions. Regulation of calcium, phos-
phate, and magnesium occurs in different parts of the
nephron and involves a number of different channels,
transporters, andpathways. Belowwedescribe themech-
anisms governing renal control of these ions.

Calcium
The total amount of calcium in the human body

ranges from 1000 to 1200 g. Approximately 99% of
body calcium resides in the skeleton; the other 1% is
present in the extracellular and intracellular spaces.
Although .99% of the total body calcium is located in
bone, calcium is a critical cation in both the extracel-
lular and intracellular spaces. Approximately 1% of
the calcium in the skeleton is freely exchangeable
with calcium in the extracellular fluid compartment.
Serum calcium concentration is held in a very narrow
range in both spaces. Calcium serves a vital role in
nerve impulse transmission, muscular contraction,
blood coagulation, hormone secretion, and intercellu-
lar adhesion (1,2).

Gastrointestinal Absorption of Calcium
Calcium balance is tightly regulated by the concerted

action of calcium absorption in the intestine, reabsorp-
tion in the kidney, and exchange from bone, which are
all under the control of the calciotropic hormones that
are released upon a demand for calcium (Figure 1A). In
healthy adults, approximately 800–1000 mg of calcium
should be ingested daily. This amount will vary de-
pending on the amount of dairy product consumed.

When 1 g of calcium is ingested in the diet, approxi-
mately 800 mg is excreted in the feces and 200 mg in
the urine. Approximately 400 mg of the usual 1000 mg
dietary calcium intake is absorbed by the intestine, and
calcium loss by way of intestinal secretions is approx-
imately 200 mg/d. Therefore, a net absorption of cal-
cium is approximately 200 mg/d (20%) (3). Although
serum calcium levels can be maintained in the normal
range by bone resorption, dietary intake is the only
source by which the body can replenish stores of cal-
cium in bone. Calcium is absorbed almost exclusively
within the duodenum, jejunum, and ileum. Each of
these intestinal segments has a high absorptive capacity
for calcium, with their relative calcium absorption be-
ing dependent on the length of each respective intesti-
nal segment and the transit time of the food bolus (3).
There are two routes for the absorption of calcium

across the intestinal epithelium: the paracellular path-
way (i.e., between the cells) and the transcellular
route (i.e., through the cell) (Figure 2A). The paracel-
lular pathway is passive, and it is the predominant
route of calcium absorption when the lumen concen-
tration of calcium is high. The paracellular route is
indirectly influenced by calcitriol [1,25(OH)2D] be-
cause it is capable of altering the structure of intra-
cellular tight junctions by activation of protein kinase
C, making the tight junction more permeable to the
movement of calcium. However, 1,25(OH)2D mainly
controls the active absorption of calcium. Calcium
moves down its concentration gradient through a cal-
cium channel into the apical section of the microvil-
lae. Because the luminal concentration of calcium is
usually much higher than the intracellular concentra-
tion of calcium, a large concentration gradient favors
the passive movement of calcium. Calcium is rapidly
and reversibly bound to the calmodulin-actin-myosin
I complex. Calcium moves to the basolateral area of
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the cell by way of microvesicular transport. As the calmodulin-
actin-myosin I complex becomes saturated with cal-
cium, the concentration gradient becomes less favorable,
which slows down calcium absorption. 1,25(OH)2D exerts

influence on the intestinal epithelial cells to increase their
synthesis of calbindin. Calcium binds to calbindin, thereby
unloading the calcium-calmodulin complexes, which then
remove calcium from the microvilli region. This decrease

Figure 1. | Calcium, phosphate, andmagnesiumflux between body compartments. Calcium (A), phosphate (B), andmagnesium (C) balance is
a complex process involving bone, intestinal absorption of dietary calcium, phosphate, and magnesium, and renal excretion of calcium,
phosphate, and magnesium.

Figure 2. | Intestinal pathways for calcium, phosphorus, and magnesium absorption. (A) Proposed pathways for calcium (Ca) absorption
across the intestinal epithelium. Two routes exist for the absorption of Ca across the intestinal epithelium: the paracellular pathway and the
transcellular route. (B) Proposed pathways for phosphorus (Pi) absorption across the intestinal epithelium.NaPi2bmediates active transcellular
transport of Pi. A paracellular pathway is also believed to exist. (C) Proposed pathways for magnesium (Mg) absorption across the intestinal
epithelium. Apical absorption is mediated by the TRPM6/TRPM7 channel, whereas basolateral exit occurs by anMg exchanger that is yet to be
fully defined. A paracellular pathway is also believed to exist. TRPM, transient receptor potential melastatin.
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in calcium concentration again favors the movement of cal-
cium into the microvilli. As the calbindin-calcium complex
dissociates, the free intracellular calcium is actively extruded
from the cell sodium-calcium (Na-Ca) exchanger (4,5).

Renal Regulation of Calcium Balance
Total serum calcium consists of ionized, protein bound,

and complexed fractions (approximately 48%, 46%, and 7%,
respectively). The complexed calcium is bound to molecules
such as phosphate and citrate. The ultrafilterable calcium
equals the total of the ionized and complexed fractions.
Normal total serum calcium is approximately 8.9–10.1mg/dl
(about 2.2–2.5 mmol/l). Calcium can be bound to albumin
and globulins. For each 1.0-g/dl decrease in serum albumin,
total serum calcium decreases by 0.8 mg/dl. For each 1.0-g/dl
decrease in serum globulin fraction, total serum calcium
decreases by 0.12 mg/dl. Acute alkalosis decreases the ion-
ized calcium. Because both hydrogen ions and calcium are
bound to serum albumin, in the presence of metabolic al-
kalosis, bound hydrogen ions dissociate from albumin,
freeing up the albumin to bind with more calcium and
thereby decreasing the freely ionized portion of the total
serum calcium. For every 0.1 change in pH, ionized cal-
cium changes by 0.12 mg/dl (6).
In humans who have a GFR of 170 liters per 24 hours,

roughly 10 g of calcium is filtered per day. The amount of
calcium excreted in the urine usually ranges from 100 to 200
mg per 24 hours; hence, 98%–99% of the filtered load of
calcium is reabsorbed by the renal tubules. Approximately
60%–70% of the filtered calcium is reabsorbed in the prox-
imal convoluted tubule, 20% in the loop of Henle, 10% by

the distal convoluted tubule, and 5% by the collecting
duct. The terminal nephron, although responsible for the
reabsorption of only 5%–10% of the filtered calcium load,
is the major site for regulation of calcium excretion (1)
(Figure 3A).
The reabsorption of calcium in the proximal convoluted

tubule parallels that of sodium andwater. Proximal tubular
calcium reabsorption is thought to occur mainly by passive
diffusion and solvent drag. This is based on the observation
that the ratio of calcium in the proximal tubule fluid to that
in the glomerular filtrate is 1:1.2. The passive paracellular
pathways account for approximately 80% of calcium re-
absorption in this segment of the nephron. A small but sig-
nificant component of active calcium transport is observed
in the proximal tubules. The active transport of calcium
proceeds in a two-step process, with calcium entry from the
tubular fluid across the apical membrane and exit though
the basolateral membrane. This active transport is gen-
erally considered to constitute 10%–15% of total proximal
tubule calcium reabsorption and it is mainly regulated by
parathyroid hormone (PTH) and calcitonin (7).
No reabsorption of calcium occurs within the thin seg-

ment of the loop of Henle (Figure 3A). In the thick ascend-
ing limb of the loop of Henle, 20% of the filtered calcium
is reabsorbed largely by the cortical thick ascending limb,
through both transcellular and paracellular routes. In the
thick ascending limb, the bulk of calcium reabsorption
proceeds through the paracellular pathway and is propor-
tional to the transtubular electrochemical driving force.
The apical Na1-K1-2Cl2 cotransporter NKCC2 and the
renal outer medullary potassium K1 (ROMK) channel

Figure 3. | Schematic illustration of the reabsorption of calcium, phosphorus, and magnesium by different segments of the nephron. (A)
Calcium is filtered at the glomerulus, with the ultrafilterable fraction of plasma calcium entering the proximal tubule. Within the proximal
convoluted tubule and the proximal straight tubule, 60%–70%of the filtered calcium has been reabsorbed. No reabsorption of calcium occurs
within the thin segment of the loop of Henle. The cortical segments of the loop of Henle reabsorb about 20% of the initially filtered load of
calcium. Approximately 10% of the filtered calcium is reabsorbed in the distal convoluted tubule, with another 3%–10% of filtered calcium
reabsorbed in the connecting tubule. (B) The majority (approximately 85%) of phosphate reabsorption occurs in the proximal convoluted
tubule. Approximately 10% of Pi reabsorption occurs in the loop of Henle, 3% occurs in the distal convoluted tubule, and 2% in the collecting
duct via unidentified pathways. (C) Approximately 10%–30% of the filtered magnesium is absorbed in the proximal tubule, 40%–70% of
filtered magnesium is absorbed in the thick ascending limb, and the remaining 5%–10% of magnesium is reabsorbed in the distal convoluted
tubule. CD, collecting duct; DCT, distal convoluted tubule; PCT, proximal convoluted tubule.
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generate the “driving force” for paracellular cation
transport. Whereas NaCl reabsorption through NKCC2
is electroneutral (NKCC2 translocates one Na1, one K1,
and two Cl2 ions from the lumen into the cell), apical
potassium represents the rate-limiting step of this pro-
cess and potassium ions back-diffuse into the lumen
through the ROMK channels. Na1 and Cl2 accumulated
inside the cell are then transported into the bloodstream
through basolateral Na1-K1-ATPase and Cl2 channels,
respectively. Overall, these processes yield a net cellular
reabsorption of NaCl and the generation of a lumen-
positive transepithelial potential difference, which drives
nonselective calcium reabsorption through the paracel-
lular route (8) (Figure 4). Calcium transport in the thick
ascending limb of the loop of Henle is also influenced by
the calcium-sensing receptor (CaSR) (7–10), which is local-
ized in the basolateral membrane. How CaSR controls the
calcium reabsorption in the thick ascending limb is now
better understood. Using microdissected, in vitro micro-
perfused rat cortical thick ascending limb, Loupy et al.

showed that an acute inhibition of the CaSR does not alter
NaCl reabsorption or the transepithelial potential differ-
ence but increased the permeability to calcium of the para-
cellular pathway (11). The tight junction in the thick
ascending limb expresses several claudins, including claudin-
14, claudin-16, and claudin-19. A normal expression of claudin-
16 and claudin-19 is required for a normal absorption of
divalent cations in this tubular segment. Toka et al. reported
that the disruption of CaSR decreases the abundance of
the claudin-14 mRNA and increases that of the claudin-16
mRNA (12). A treatment by cinacalcet increases the abun-
dance of claudin-14 mRNA, and in cell culture models over-
expression of claudin-14, decreases the paracellular
permeability to calcium (8,12). Calciotropic hormones,
such as PTH and calcitonin, stimulate active cellular cal-
cium absorption in the cortical thick ascending limb (7).
In contrast with the proximal tubule and the thick

ascending limb of the loop of Henle, the distal tubule
reabsorbs calcium exclusively via the transcellular route.
The distal convoluted tubule absorbs 5%–10% of the

Figure 4. | Model of calcium andmagnesium absorption by the thick ascending limb of Henle. Calcium absorption proceeds through both an
active, transcellular pathway and by a passive paracellular pathway. Only transport pathways relevant to calcium absorption are shown. Basal
absorption is passive and is driven by the ambient electrochemical gradient for calcium. The apical Na1-K1-2Cl2 cotransporter and the renal
outer medullary potassium K1 channel generate the “driving force” for paracellular cation transport. Calciotropic hormones, such as para-
thyroid hormone and calcitonin, stimulate active calcium absorption in cortical thick ascending limbs. Inhibition of Na-K-2Cl cotransport
by loop diuretics or in Bartter’s syndrome decreases the transepithelial voltage, thus diminishing passive calcium absorption. In the model
of magnesium absorption by thick ascending limb of Henle, 40%–70% of filtered magnesium is absorbed in the thick ascending limb by
a paracellular pathway, mostly enhanced by lumen-positive transepithelial voltage. The apical Na-K-2Cl cotransporter mediates apical ab-
sorption of Na, K, and Cl. The apical renal outer medullary K channel mediates apical recycling of K back to the tubular lumen and generates
lumen-positive voltage. Cl channel Kb mediates Cl exit through the basolateral membrane. Here Na,K-ATPase also mediates Na exit through
the basolateral membrane and generates the Na gradient for Na absorption. The tight junction proteins claudin-16 and claudin-19 play
a prominent role inmagnesium absorption. The calcium-sensing receptor was also recently determined to regulatemagnesium transport in this
segment: upon stimulation, magnesium transport is decreased. CaSR, calcium-sensing receptor.
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filtered calcium. Calcium absorption in this segment is ac-
tive because it proceeds against a chemical and an electri-
cal gradient. This active process can be divided into three
steps. The first step requires calcium influx across the api-
cal membrane. The transient receptor potential vanilloid 5
has been identified as the responsible protein in this pro-
cess. The second step is the diffusion of calcium through
the cytosol. During this process, calbindin-D28k binds in-
tracellular calcium transported via transient receptor po-
tential vanilloid 5 and shuttles it through the cytosol
toward the basolateral membrane where calcium is ex-
truded via sodium-calcium exchanger NCX1 and the
plasma membrane calcium-ATPase PMCA1b, which is
the final step in this process (13–15). Figure 5 is a cell
model of the three-step process of transcellular calcium
transport.

Hormonal and Other Factors Regulating Renal Calcium
Handling
PTH. Many physiologic, pharmacologic, and pathologic

factors influence renal calcium absorption (Table 1). The

most important regulator is PTH, which stimulates cal-
cium absorption. PTH is a polypeptide secreted from the
parathyroid gland in response to a decrease in the plasma
concentration of ionized calcium. Therefore, the major
physiologic role of the parathyroid gland is to regulate
calcium homeostasis. PTH acts to increase the plasma con-
centration of calcium in three ways: (1) it stimulates bone
resorption, (2) it enhances intestinal calcium and phos-
phate absorption by promoting the formation within the
kidney of 1,25(OH)2D, and (3) it augments active renal
calcium absorption. These effects are reversed by small
changes in the serum calcium concentration that lower
PTH secretion.
PTH secretion is tightly regulated on a transcriptional

and post-transcriptional level dependent on the concentra-
tion of extracellular calcium. In fact, PTH gene transcrip-
tion is increased by hypocalcemia, glucocorticoids, and
estrogen. Hypercalcemia also can increase the intracellular
degradation of PTH (16). PTH release is increased by hy-
pocalcemia, adrenergic agonists, dopamine, and prosta-
glandin E2 (16). Changes in serum calcium are sensed by

Figure 5. | Model of calcium and magnesium absorption by distal convoluted tubules. Calcium entry across the plasma membrane proceeds
through calcium channels with basolateral exit occurring through a combination of the plasma membrane ATPase and Na1-Ca1 exchanger.
Calcium absorption is entirely transcellular. Calciotropic hormones such as parathyroid hormone and calcitonin stimulate calcium absorption.
Calcitriol [1,25(OH)2D] stimulates calcium absorption through the activation of nuclear transcription factors. Inhibition of the apical NaCl
cotransporter by thiazide diuretics or in Gitelman’s syndrome indirectly stimulates calcium absorption. In themodel of magnesium absorption
bydistal convoluted tubules, approximately 5%–10%ofmagnesium is reabsorbed in the distal convoluted tubulemainly byactive transcellular
transport mediated by TRPM6. The absorbed magnesium is then extruded via a recently identified magnesium/sodium exchanger across the
basolateral membrane. The apical K channel Kv1.1 potentiates TRPM6-mediated magnesium absorption by establishing favorable luminal
potential. In addition, the basolateral K channel Kir4.1 and the g-subunit of Na,K-ATPase also regulate magnesium reabsorption.
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the CaSR, which is localized in the cell membrane of the
parathyroid cells. The receptor permits variations in the
plasma calcium concentration to be sensed by the parathy-
roid gland, leading to desired changes in PTH secretion
(16).
Vitamin D. Vitamin D3 (cholecalciferol) is a fat-soluble

steroid that is present in the diet and also can be synthe-
sized in the skin from 7-dehydrocholestrol in the presence
of ultraviolet light. The hepatic enzyme 25-hydroxylase
catalyzes the hydroxylation of vitamin D at the 25 posi-
tion, resulting in the formation of 25-hydroxyvitamin D or
calcidiol. 25-Hydroxyvitamin D produced by the liver en-
ters the circulation and travels to the kidney, bound to vi-
tamin D binding protein. In the kidney, tubular cells contain
two enzymes (1a-hydroxylase and 24a-hydroxylase) that can
further hydroxylate calcidiol, producing 1,25(OH)2D, the
most active form of vitamin D, or 24,25-dihydroxyvitamin
D, an inactive metabolite (17). Hence, the vitamin D hor-
monal system consists of multiple forms, ranging from cu-
taneous precursors or dietary components to the most
active metabolite, 1,25(OH)2D, which acts upon the target
organ receptors to maintain calcium homeostasis and bone
health. However, the serum concentration of 25(OH)D,
which is the precursor form of the biologically active vita-
min D, is the best indicator of the overall vitamin D storage
or status (18). The 1,25(OH)2D enters the circulation and is
transported to the small intestine, where it enhances intes-
tinal calcium absorption. The most important endocrine
effect of 1,25(OH)2D in the kidney is a tight control of its
own homeostasis through simultaneous suppression of 1a-
hydroxylase and stimulation of 24-hydroxylase. An intact
1,25(OH)2D–vitamin D receptor system is critical for both
basal and PTH-induced osteoclastogenesis. Mature osteo-
clasts release calcium and phosphorus from the bone,
maintaining the appropriate levels of the two minerals in
the plasma (17,18).
SerumCalcium. Hypercalcemia is associated with an in-

crease in urinary calcium excretion as a consequence of an
increase in the filtered load and a decrease in the tubular
reabsorption of calcium. Although hypercalcemia can de-
crease GFR by renal vasoconstriction, which tends to offset
the increase in filtered load, hypercalcemia also causes a
decline in tubular reabsorption of calcium by both PTH-
dependent and -independent effects. Hypocalcemia de-
creases renal calcium excretion by decreasing the filtered
load and enhancing the tubular reabsorption of calcium (1,17).
Extracellular Fluid. Expansion of the extracellular fluid

is associated with an increase in sodium, chloride, and

calcium excretion, whereas reciprocal effects are seen with
volume contraction. The mechanisms of this effect are
interrelated with the effects of sodium reabsorption and
compensatory changes that occur as a result of volume
expansion (1).
Metabolic Acidosis. Acute and chronic metabolic acido-

sis can be associated with an increase in calcium excretion,
independent of PTH changes. The calciuria may, in part,
be due to the mobilization of calcium from bone, as the
hydrogen ion is buffered in the skeleton; however, direct
effects of acidosis on tubular calcium resorption also play a
role (1,7).
Diuretics. Loop diuretics decrease calcium absorption

as a result of inhibition of the transport of sodium chloride
at the NKCC2 transporter in the ascending loop of Henle.
Thiazide diuretics, which act in the distal tubule, are as-
sociated with hypocalciuria (1,7). Two main mechanisms
have been proposed to explain the effect of thiazides on
calcium excretion: (1) increased proximal sodium and
water reabsorption due to volume depletion, and (2) in-
creased distal calcium reabsorption at the thiazide-sensitive
site in the distal convoluted tubule.

Clinical Consequences of Alterations in Calcium Balance
Hypocalcemia. The main causes of hypocalcemia can be

categorized as follows: (1) lack of PTH (e.g., hereditary or
acquired hypoparathyroidism), (2) lack of vitamin D (e.g.,
dietary deficiency or malabsorption, inadequate sunlight,
and defective metabolism such as in liver and kidney dis-
ease), and (3) increased calcium complexation (e.g., bone
hunger syndrome, rhabdomyolysis, acute pancreatitis, tu-
mor lysis syndrome) (19). Low serum calcium stimulates
both PTH synthesis and release. Both hypocalcemia and
PTH increase the activity of the 1a-hydroxylase enzyme in
the proximal tubular cells of the nephron, which increases
the synthesis of 1,25(OH)2D. PTH increases bone resorp-
tion by osteoclast. In addition, PTH and 1,25(OH)2D stim-
ulate calcium reabsorption in the distal convoluted tubule.
1,25(OH)2D increases the fractional absorption of dietary
calcium by the gastrointestinal tract. All of these mecha-
nisms aid in returning the serum calcium to normal levels.
Hypercalcemia. Important causes of hypercalcemia in-

clude excess PTH production (e.g., primary hyperparathy-
roidism), excess 1,25(OH)2D (e.g., vitamin D intoxication,
sarcoidosis), increased bone resorption (e.g., metastatic os-
teolytic tumors, humoral hypercalcemia, immobilization,
Paget’s disease), increased intestinal absorption of calcium
(e.g., milk-alkali syndrome), decreased renal excretion of cal-
cium (e.g., thiazides), and impaired bone formation (e.g.,
adynamic bone disease). Elevated serum calcium inhibits
PTH synthesis and release. Decreases in PTH and hypercal-
cemia are known to decrease the activity of the 1a-hydroxylase
enzyme, which, in turn, decrease the synthesis of 1,25
(OH)2D. Hypercalcemia also stimulates the C cells in the
thyroid gland that increase synthesis of calcitonin. Bone
resorption by osteoclasts is blocked by the increased calci-
tonin and decreased PTH. The decrease in 1,25(OH)2D de-
creases gastrointestinal tract absorption of dietary calcium.
Low levels of PTH and 1,25(OH)2D also inhibit calcium re-
absorption in the distal convoluted tubule, which increases
renal calcium excretion. Finally, in the setting of hypercal-
cemia, activation of the basolateral CaSr inhibits ROMK

Table 1. Factors that alter renal regulation of calcium

Increase Calcium
Absorption

Decrease Calcium
Absorption

Hyperparathyroidism Hypoparathyroidism
Calcitriol Low calcitriol levels
Hypocalcemia Hypercalcemia
Volume contraction Extracellular fluid

expansion
Metabolic alkalosis Metabolic acidosis
Thiazides diuretics Loop diuretics
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channels, which are important contributors to the potas-
sium recycling into the lumen of the thick ascending limb
of the loop of Henle. This effect of hypercalcemia limits the
rate of Na1-K1-2CL2 cotransport by decreasing the avail-
ability of luminal K1 and therefore, dissipating the lumen-
positive transepithelial voltage. The end result is that the
CaSR activation diminishes paracellular sodium, calcium,
and magnesium transport, producing a phenotype similar
to Bartter’s syndrome. The signaling pathways underpin-
ning the inhibitory effects of CaSR activation on NKCC2
and ROMK activities involve, at least in part, production
of cytochrome P450 metabolites and/or of prostaglandins
(8–10). All of these effects tend to return serum calcium to
normal levels. Main therapy for hypercalcemia includes saline
and loop diuretics that increase renal excretion of calcium and
bisphosphonates, which inhibit bone resorption (19).

Phosphorus
Daily Phosphorus Balance
At steady state, oral phosphorus intake is balanced by

phosphate (Pi) excretion in the urine and feces (Figure 1B).
Daily phosphorus intake varies between 700 and 2000 mg,
depending on consumption of phosphorus-rich foods,
such as dairy products. After absorption, phosphorus is
transported across cell membranes as phosphate (31 mg/l
elemental phosphorus51 mmol/l phosphate). Phosphate
in the plasma or extracellular fluid undergoes one of three
fates: transport into cells, deposition in bone or soft tissue,
or elimination predominantly by the kidneys. Within the
body, the majority of phosphorus stores are in the bone.
Although serum phosphate (Pi) levels constitute ,1% of
total body phosphorus stores, maintenance of serum Pi
within a relatively narrow range (2.5–4.5 mg/dl in adult-
hood) is crucial for several important cellular processes,
including energy metabolism, bone formation, signal trans-
duction, or as a constituent of phospholipids and nucleic
acids (20). Maintenance of serum phosphate within the nor-
mal range depends on a complex interplay between ab-
sorption of phosphate in the gut, exchange with bone
stores, shifts between intracellular and intravascular com-
partments, and renal excretion.

Gastrointestinal Absorption of Phosphate
Although the kidneys are the major regulators of phos-

phate homeostasis, serum levels of phosphate are also
altered by intestinal Pi absorption mediated by the type IIb
NaPi cotransporters Npt2b (21) (Figure 2B). Npt2b is reg-
ulated by dietary phosphate intake as well as 1,25(OH)2D.
In the rat, phosphate reabsorption is greatest in the duo-
denum and the jejunum, with very little occurring in the
ileum. By contrast, in the mouse, Pi is absorbed along the
entire intestine with the highest levels of Pi reabsorption
occurring in the ileum. The human pattern of intestinal
phosphate reabsorption is thought to resemble that found
in the rat.

Renal Regulation of Phosphate Balance
The kidney plays a key role in phosphate homeostasis. In

normal adults, between 3700 and 6100 mg/d of phospho-
rus is filtered by the glomerulus (Figure 1B). Net renal
excretion of phosphorus is between 600 and 1500 mg/d,

which means that between 75% and 85% of the daily fil-
tered load is reabsorbed by the renal tubules.
Maintenance of normal serum phosphorus levels is pri-

marily achieved through a tightly regulated process of Pi
reabsorption from the glomerular filtrate. Within the neph-
ron, approximately 85% of phosphate reabsorption occurs
within the proximal tubule (Figure 3B). The remainder of
the nephron plays a minor role in Pi regulation and the
transporters involved have yet to be identified (22).
Within the proximal tubule, Pi transport from the ul-

trafiltrate across the proximal tubule epithelium is an energy-
dependent process that requires sodium (23). The three renal
sodium phosphate cotransporters, Npt2a, Npt2c, and PiT-2,
are all positioned in the apical brush border membrane of
renal proximal tubule cells and use the energy derived from
the transport of sodium down its gradient to move inorganic
phosphate from the luminal filtrate into the cell (Figure 6).
The amount of phosphate reabsorbed from the filtrate is
determined by the abundance of the cotransporters in the
apical membrane of proximal tubule cells and not by any
alterations in the rate or affinity of Pi transport by post-
transcriptional modifications (23). Thus, hormones or
dietary factors that alter phosphate reabsorption in the
kidney do so by changing the abundance of the sodium
phosphate cotransporters in the apical membrane of renal
proximal tubule cells. An increase in the brush border lev-
els of the sodium phosphate cotransporters abundance re-
sults in increased phosphate absorption from the urine,
whereas a decrease in cotransporter abundance leads to
phosphaturia. Transport of Pi from the renal proximal tu-
bule to the peritubular capillaries occurs via an unknown
basolateral transporter (24).
Npt2a and Npt2c are encoded by members of the SLC34

solute carrier family (25), of which Npt2a is encoded by
SLC34A1 (26), whereas Npt2c is encoded by SLC34A3 (27).
PiT-2 (SLC20A2) is encoded by a member of the SLC20 fam-
ily (28). Within the proximal tubule in rats and mice, the
abundance of Npt2a gradually decreases along the proximal
tubule, whereas Npt2c and PiT-2 are expressed mainly in the
first (S1) segment (29). Work from knockout studies in ro-
dents has shown that in mice, Npt2a is responsible for the
majority (approximately 70%) of the renal regulation of
phosphate transport (29). By contrast, linkage analyses
have found that in humans, Npt2a and Npt2c may contrib-
ute equally to phosphate reabsorption (30,31). The impor-
tance of PiT-2 in the renal control of Pi in humans remains
unclear (20).
There are a number of functional differences between the

three cotransporters (Figure 6). Both Npt2a and Npt2c
preferentially transport divalent phosphate. However,
Npt2a is electrogenic, transporting three sodium ions
into the cell for every one phosphate ion, whereas Npt2c
is electroneutral, transporting two sodium ions for every
one phosphate ion (32,33). PiT-2, on the other hand, al-
though electrogenic like NaPi2a, preferentially transports
monovalent phosphate (23). Changes in pH also affect the
transporters differently. Npt2a and Npt2c show a dou-
bling of Pi transport between pH 6.5 and 8, whereas the
transport rate of PiT-2 is constant over this range (34,35).
Renal control of phosphate reabsorption is regulated by a

number of hormonal and metabolic factors (Table 2) that
are discussed below in more detail. These factors change
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phosphate reabsorption from the ultrafiltrate by changing
the abundance of the three sodium phosphate cotransport-
ers in the brush border membrane of the proximal tubule.
It should be noted that the time course of response to var-
ious stimulatory or inhibitory factors differs between the
three cotransporters. In general, dietary or hormonal
changes result in relatively rapid (minutes to hours) inser-
tion or removal of Npt2a from the brush border mem-
brane, whereas regulation of Npt2c and PiT-2 occurs
more slowly (hours to days) (22).

Dietary Factors Regulating Renal Phosphate Handling
In animals with normal renal function, ingestion of

phosphorus-containing foods leads to removal of Npt2a,
Npt2c, and PiT-2 from the proximal tubule brush border
membrane, thereby decreasing phosphate reabsorption from
the ultrafiltrate. By contrast, dietary Pi restriction leads to in-
sertion of the sodium phosphate cotransporters in the prox-
imal tubule brush border membrane, increasing phosphate
reabsorption.
Potassium deficiency leads to an increase in phosphate

excretion in the urine despite a paradoxical increase in the
abundance of Npt2a in the proximal tubule brush border
membrane that should increase phosphate reabsorption.
Potassium deficiency leads to changes in the brush border

membrane lipid composition that are thought to inhibit
Npt2a activity (36).

Hormonal and Other Factors Regulating Renal Phosphate
Handling
PTH. PTH causes decreased renal reabsorption of phos-

phate and phosphaturia by decreasing the abundance of
Npt2a, Npt2c, and PiT-2 in the renal proximal tubule brush
border membrane (Figure 7). In response to PTH, Npt2a is
removed rapidly (within minutes), whereas the decrease in
apical membrane abundance of Npt2c and PiT-2 takes
hours (27,37,38). The sodium phosphate cotransporter re-
sponse to PTH involves several kinases, including protein
kinases A and C and mitogen-activated protein kinase ex-
tracellular signal-regulated kinase 1/2, as well as a myosin
motor (myosin VI) (39–41).
Fibroblast Growth Factor-23. Fibroblast growth factor-

23 (FGF23) is produced in osteoblasts in response to increases
in serum Pi. To exert its physiologic effects on the proximal
tubule, FGF23 requires the presence of a cofactor, Klotho,
which is produced in the kidney and activates FGF receptor 1
(42). FGF23 reduces the expression and activity of the so-
dium phosphate cotransporters in the renal proximal tubule
and is also thought to decrease the activity of the intestinal
sodium phosphate cotransporter. FGF23 also reduces serum

Figure 6. | Model of phosphate reabsorption in the renal proximal tubule. Pi is reabsorbed via three sodium phosphate cotransporters: Npt2a,
Npt2c and PiT-2. In humans, Npt2a and Npt2c are believed to play the most important role in phosphate reabsorption. The sodium phosphate
cotransporters, which are positioned in the apical membrane of renal proximal tubule cells, use energy derived from the movement of sodium
down its gradient to move Pi from the filtrate to the cell interior. The amount of phosphate reabsorbed is dependent on the abundance of the
sodium phosphate cotransporters in the apical brush border membrane and hormones such as parathyroid hormone and fibroblast growth
factor-23 decrease Pi reabsorption by decreasing the abundance of the sodium phosphate cotransporters in the brush border. Movement of
phosphate from the interior of renal proximal tubular cells to the peritubular capillaries occurs via an unknown transporter.
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levels of calcitriol by decreasing the renal expression of 1a-
hydroxylase, which is the rate-limiting step in calcitriol syn-
thesis, and increasing renal expression of 24-hydroxylase,
which is required for calcitriol degradation (43) (Figure 8).
In addition, FGF23 suppresses PTH synthesis, although the
parathyroid glands are believed to become resistant to
FGF23 as kidney disease progresses.
1,25(OH)2D. Calcitriol is believed to increase phosphate

reabsorption in the proximal tubule (44) but the effects are
confounded by the fact that changes in 1,25(OH)2D also
alter plasma calcium and PTH levels.

Glucocorticoids. Increased glucocorticoid levels lead to
decreased proximal tubule synthesis and abundance of
Npt2a as well as changes in brush border membrane lipid
composition, which is thought to modulate sodium phos-
phate cotransporter activity (45).
Estrogen. Estrogen causes phosphaturia by decreasing

the abundance of Npt2a in the proximal tubule without
altering Npt2c levels (46). Estrogen also increases FGF23
synthesis (47).
Thyroid Hormone. Increased levels of thyroid hormone

increase phosphate absorption by increasing proximal
tubule transcription and expression of Npt2a (48). The
Npt2a gene contains a thyroid response element and
transcription of Npt2a mRNA is regulated by 3,5,3-tri-
iodothyronine (49).
Dopamine. Dopamine leads to phosphaturia by inducing

internalization of Npt2a from the proximal tubule brush
border membrane. Dopamine-mediated internalization of
Npt2a is dependent on a scaffolding protein (sodium-hydrogen
exchanger regulatory factor 1) because dopamine does not
induce phosphaturia in sodium-hydrogen exchanger regu-
latory factor 1 knockout mice (50).
Metabolic Acidosis. Metabolic acidosis stimulates phos-

phaturia, which helps remove acid from the blood because
phosphate serves as a titratable acid (51). By contrast, met-
abolic alkalosis increases renal phosphate absorption (52).
In mice, acidosis increases proximal tubule brush border
membrane abundance of Npt2a and Npt2c, suggesting
that phosphaturia results from inhibition of sodium phos-
phate cotransporter activity rather than changes in the lev-
els of these proteins.
Hypertension. An acute increase in BP leads to decreased

renal phosphate reabsorption by inducing removal of Npt2a
from the proximal tubule brush border membrane microvilli
to subapical endosomes (53).

Clinical Consequences of Alterations in Phosphorus Balance
Hypophosphatemia. Hypophosphatemia can be caused

by a shift of phosphorus from extracellular fluid into cells,
decreased intestinal absorption of phosphate, or increased
renal excretion of phosphate (54). Hypophosphatemia is
also seen in rare genetic disorders that decrease renal so-
dium phosphate cotransporter activity or increase PTH or
FGF23 levels (55). Hypophosphatemia is generally asymp-
tomatic but serum phosphate levels ,1.5 mg/dl can cause
anorexia, confusion, rhabdomyolysis, paralysis, and sei-
zures. Respiratory depression in particular is associated
with serum levels ,1 mg/dl (56). Mild hypophosphatemia
is treated with oral supplementation, whereas severe hy-
pophosphatemia requires intravenous repletion (55).
Hyperphosphatemia. As the GFR falls, free serum cal-

cium levels fall and serum phosphorus increases (21). The
decrease in free serum calcium and increase in serum
phosphorus stimulate the parathyroid glands to produce
PTH, which decreases the abundance of Npt2a and Npt2c
in the renal proximal tubule, leading to increased Pi excre-
tion in the urine that in turn lowers serum Pi levels (Figure
6). Hyperphosphatemia also stimulates production of
FGF23, which decreases levels of Npt2a and Npt2c in the
kidney, resulting in increased urinary excretion of phos-
phate (Figure 7). FGF23 also decreases production of 1,25
(OH)2D, which decreases intestinal Pi absorption, further

Figure 7. | Schematic of PTH-induced homeostatic mechanisms to
correct hyperphosphatemia as GFR falls. As GFR falls, serum phos-
phorus levels increase, which stimulates release of PTH from the
parathyroid glands. This in turn decreases the brush border abun-
dance of Npt2a and Npt2c in the renal proximal tubule, leading
to increased urinary excretion of phosphorus. PTH, parathyroid
hormone.

Table 2. Factors that alter renal regulation of phosphate

Increase Phosphate
Absorption

Decrease Phosphate
Absorption

Low-phosphate diet Parathyroid hormone
1,25-Vitamin D3 Phosphatonins (e.g., FGF23)
Thyroid hormone High-phosphate diet

Metabolic acidosis
Potassium deficiency
Glucocorticoids
Dopamine
Hypertension
Estrogen

FGF23, fibroblast growth factor-23.
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decreasing serum Pi levels (21). As GFR continues to fall,
however, these compensatory mechanisms fail, leading to
hyperphosphatemia.
Acute elevations in serum phosphorus levels caused by

oral sodium phosphate bowel purgatives (e.g., used in
preparation for colonoscopy) can cause acute phosphate
nephropathy (57). Acute phosphate nephropathy is char-
acterized by AKI leading to chronic renal failure and bi-
opsy findings of tubular injury and tubular and interstitial
calcium phosphate deposits.
Hyperphosphatemia is strongly associated with increased

cardiovascular morbidity and mortality and increases the
risk of calciphylaxis (58). Current treatment of hyperphos-
phatemia involves the use of oral phosphate binders that
block phosphorus absorption from food.

Secondary Hyperparathyroidism
As mentioned above, under physiologic circumstances,

PTH maintains serum calcium, increases phosphorus ex-
cretion, and stimulates production of 1,25(OH)2D. How-
ever, as kidney function declines, PTH rises. A decrease
in GFR causes an increase in serum phosphorus and FGF23
levels, which, consequently, decreases 1a-hydroxylase ac-
tivity and 1,25(OH)2D synthesis. The decrease in serum con-
centrations of 1,25(OH)2D decreases serum calcium levels
and secondary hyperparathyroidism ensues (16). Although
FGF23 is known to suppress PTH in a nonuremic milieu,
the parathyroid gland becomes resistant to FGF23 with pro-
gressive kidney disease, favoring PTH release and worsen-
ing of secondary hyperparathyroidism (59). Hence, the lack
of 1,25(OH)2D and increased FGF23 allow increased PTH
production to continue (Figure 9).

The management of secondary hyperparathyroidism in
dialysis patients principally involves the administration of
some combination of the following: phosphate binders,
vitamin D analogs, and calcimimetics. The CaSR is one of the
main factors regulating PTH synthesis and secretion; therefore,
this target offers the potential to suppress PTH by comple-
mentary mechanism to vitamin D analogs. Calcimimetics are
agents that allosterically increase the sensitivity of the CaSR in
the parathyroid gland to calcium (22).

Magnesium
Regulation of Magnesium Homeostasis
Magnesium is the second most abundant intracellular

divalent cation. Magnesium serves several important func-
tions in the human body, including intracellular signaling,
serving as a cofactor for protein andDNA synthesis, oxidative
phosphorylation, cardiovascular tone, neuromuscular excit-
ability, and bone formation (60–64).
The total body magnesium content in adults is approxi-

mately 24 g, 99% of which is intracellular, stored predom-
inantly in bone, muscle, and soft tissue, with only 1% in the
extracellular space. Normal total serum magnesium concen-
tration is in the range of 0.7–1.1 mmol/l, 1.4–2.2 mEq/l, or
1.7–2.6 mg/dl. Sixty percent of serum magnesium exists in
the ionized, free, physiologically active form, which is im-
portant for its physiologic functions. Ten percent of serum
magnesium exists complexed to serum anions. Thirty per-
cent of serum magnesium is albumin-bound (60–64).
As detailed below, serum magnesium concentration is

regulated by the dynamic balance and interplay between
intestinal and renal transport and bone exchange (Figure 1C).

Figure 8. | Schematic of the role of FGF23 in reducing hyperphosphatemia as GFR falls. As GFR falls, serum phosphorus levels increase,
leading to increased FGF23 secretion from bone. FGF23 binds Klotho, a required cofactor, and the FGF23/Klotho complex binds and activates
FGFR1c, leading to decreased renal tubular expression of Npt2a and Npt2c. In addition, activation of FGFR1c by the FGF23/Klotho complex
results in decreased 1a-hydroxylase activity and increased 24a-hydroxylase activity, which leads to decreased levels of 1,25(OH)2D and
decreased Pi absorption from the gut. FGF23, fibroblast growth factor-23; FGFR1c, FGF23 receptor 1c.
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Intestinal Magnesium Absorption
Typicalmagnesium ingestion is approximately 300mg/d (65).

Intestinal absorption can range from 25% when eating
magnesium-rich diets to 75% when eating magnesium-
depleted diets. Approximately 120 mg of magnesium is
absorbed and 20 mg is lost in gastrointestinal secretions,
amounting to a net daily intake of 100 mg/d. Intestinal
magnesium absorption occurs via a saturable transcellular
pathway and a nonsaturable paracellular passive pathway
(65,66) (Figure 2C). The majority of magnesium is absorbed
by the small intestine and, to a lesser extent, by the colon.
Transcellular magnesium absorption is permitted by the
transient receptor potential melastatin (TRPM) cationic
channels TRPM6 and TRPM7. Mutations in TRMP6 result
in hypomagnesemia with secondary hypocalcemia (67,68).
TRMP7 also plays an important role in intestinal magne-
sium absorption because heterozygote TRMP7-deficient
mice develop hypomagnesemia due to decreased intestinal
magnesium absorption, whereas renal magnesium excre-
tion is low to compensate for the decreased intestinal mag-
nesium absorption (69). When dietary magnesium intake is

normal, transcellular transport mediates 30% of intestinal
magnesium absorption. This fraction increases when die-
tary magnesium intake is lower (70–72). When dietary
magnesium is higher, then the majority of intestinal mag-
nesium absorption occurs via the paracellular pathway,
which is regulated by proteins comprising the tight junc-
tion, including claudins, occludin, and zona-occludens-1
(73–76). Tight junction assembly and function can be mod-
ulated by a number of signaling molecules that alter the
phosphorylation state of the tight junctional proteins and
the ionic permeability of the paracellular pathway. Paracel-
lular transport depends on the transepithelial electrical
voltage, which is approximately 5 mV lumen-positive
with respect to blood. In addition, luminal magnesium con-
centrations range between 1.0 and 5.0 mmol/l compared
with serum magnesium concentrations of between 0.70 and
1.10 mmol/l, which also provides a transepithelial chemi-
cal concentration gradient favoring absorption.
Proton pump inhibitors, especially after long-term use,

have been associated with hypomagnesemia. Impaired in-
testinal magnesium absorption, rather than renal absorp-
tion, seems to mediate the effect of proton pump inhibitors.
Potential mediators include increased intestinal magne-
sium secretion, decreased active transcellular magnesium
absorption due to decreased TRPM6 activity secondary to
decreased intestinal acidity, or decreased paracellular
magnesium absorption (77,78).

Renal Regulation of Magnesium
Assuming a normal GFR, the kidney filters approximately

2000–2400 mg of magnesium per day. This takes into ac-
count the fact that only 70% of total serum magnesium
(30% is protein-bound) is available for glomerular filtration.
Under normal conditions, 96% of filtered magnesium is re-
absorbed in the renal tubules by several coordinated trans-
port processes and magnesium transporters detailed below
(9,12,79–84).
Proximal Tubule. As shown in Figure 3C, 10%–30% of

the filtered magnesium is absorbed in the proximal tubule.
Although the exact mechanisms are not known, magne-
sium is believed to be absorbed via a paracellular pathway
aided by a chemical gradient generated by Na gradient–
driven water transport that increases intraluminal magne-
sium as well as lumen-positive potential.
Thick Ascending Limb. A paracellular pathway in the

thick ascending limb absorbs 40%–70% of filtered magne-
sium, mostly enhanced by lumen-positive transepithelial
voltage, in which claudin-16 and claudin-19 play an im-
portant role. The NKCC2 cotransporter mediates apical
absorption of Na, K, and Cl. The apical ROMK mediates
apical recycling of K back to the tubular lumen and gen-
eration of lumen-positive voltage. The Cl channel ClC-Kb
mediates Cl exit through the basolateral membrane. Na,
K,-ATPase also mediates Na exit through the basolateral
membrane and generates the Na gradient for Na absorp-
tion. The tight junction proteins claudin-16 and claudin-19
play a prominent role in magnesium absorption. The CaSR
has also been determined to regulate magnesium transport
in this segment: upon stimulation, magnesium transport is
decreased. Basolateral receptor activation inhibits apical K
channels and possibly Na-2C1-K cotransport in the rat thick
ascending limb (85,86). This inhibition would be expected to

Figure 9. | Pathogenesis of secondary hyperparathyroidism in CKD.
Progressive loss of renal mass impairs renal phosphate excretion,
which causes an increase in serum phosphorus. Abnormalities in
serum phosphorus homeostasis stimulate FGF23 from bone. Higher
serum FGF23 levels in addition to decreased renal mass cause a
quantitative decrease in synthesis of 1,25(OH)2D. High serum FGF23
levels decrease the activity of the 1a-hydroxylase enzyme. 1,25
(OH)2D deficiency decreases intestinal absorption of calcium, lead-
ing to hypocalcemia, which is augmented by the direct effect of hy-
perphosphatemia. Hypocalcemia and hyperphosphatemia stimulate
PTH release and synthesis. The lack of 1,25(OH)2D, which would
ordinarily feed back to inhibit the transcription of prepro-PTH and
exert an antiproliferative effect on parathyroid cells, allows the in-
creased PTH production to continue. Current therapeutic methods
used to decrease PTH release in CKD include correction of hyper-
phosphatemia, maintenance of normal serum calcium levels, adminis-
tration of 1,25(OH)2Danalogs orally or intravenously, andadministration
of a CaSR agonist (e.g., cinacalcet).
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diminish transepithelial voltage and, in turn, passive trans-
port of magnesium within the cortical thick ascending limb.
Bartter’s syndrome is caused by mutations in NKCC2,

or ROMK, or ClC-Kb, or Barttin (an essential b-subunit for
ClC-Ka and ClC-Kb chloride channels), and/or CaSR.

However, hypomagnesemia is not present in all patients
with Bartter’s syndrome.
Mutations in CLDN16 or CLDN19 encoding the tight

junction proteins claudin-16 and claudin-19 result in in-
creased urinary magnesium excretion, hypomagnesemia,
increased urinary calcium excretion, and nephrocalcinosis
(autosomal recessive familial hypomagnesemia with hy-
percalciuria and nephrocalcinosis).
By contrast, a recent study indicates a different pheno-

type for mutations in claudin-10 (87). Claudin-10 deter-
mines paracellular sodium permeability and its loss leads
to hypermagnesemia and nephrocalcinosis. In isolated per-
fused thick ascending limb tubules of claudin-10–deficient
mice, paracellular permeability of sodium is decreased and
the relative permeability of calcium and magnesium is in-
creased. Moreover, furosemide-inhibitable transepithelial
voltage is increased, leading to a shift from paracellular
sodium transport to paracellular hyperabsorption of cal-
cium and magnesium. These data identify claudin-10 as a
key factor in control of cation selectivity and transport in
the thick ascending limb, and deficiency in this pathway
as a cause of nephrocalcinosis.
Loop diuretics inhibit chloride (Cl2) absorption by

NKCC2 and also decrease basolateral Cl2 efflux. This re-
sults in loss of lumen-positive potential, thereby decreasing
the driving force for paracellular magnesium reabsorption
via claudin-16 and claudin-19.
Distal Convoluted Tubule. The remaining 5%–10% of

magnesium is reabsorbed in the distal convoluted tubule
mainly by active transcellular transport mediated by
TRPM6. The apical K channel Kv1.1 potentiates TRPM6-
mediated magnesium absorption by establishing favorable
luminal potential. EGF increases magnesium transport through
TRPM6. Inhibitors of EGF receptors such as cetuximab or
panitumumab, utilized for treatment of EGF responsive
cancers, are able to induce hypomagnesemia by interfering
with magnesium transport in the kidney (88).
Basolateral K channel Kir4.1 and the g-subunit of Na,

K-ATPase also increase magnesium reabsorption by generat-
ing a sodium gradient, making it possible for the thiazide-
sensitive NCC (thiazide-sensitive Na-Cl Cotransporter) to
facilitate sodium transport from the apical lumen to the cytosol.
The absorbed magnesium is then extruded via a recently

identified magnesium/sodium exchanger SLC41A1 family
(89–92) across the basolateral membrane (93). Interestingly,
mutations in SLC41A1 result in a nephronophthisis-like phe-
notype (93). In addition, CNNM2 (cyclin M2) has also been
identified as a gene involved in renal Mg21 handling in
patients of two unrelated families with unexplained domi-
nant hypomagnesemia. In the kidney, CNNM2 was pre-
dominantly found along the basolateral membrane of
distal tubular segments involved in Mg21 reabsorption (94).
In addition to TRMP6, the importance of these transporters

in the thick ascending limb and distal convoluted tubule as
well as the tight junction proteins in the thick ascending limb
to regulation of magnesium reabsorption is reflected by the
fact that mutations of these proteins result in various forms of
genetic syndromes of hypomagnesemia (Table 3).
Mutations in PCBD1 (pterin-4a-carbinolamine dehydratase/

dimerization cofactor of hepatocyte NF 1 homeobox A) were
recently shown to cause hypomagnesemia secondary to re-
nal magnesium wasting (95). PCBD1 is a dimerization

Table 3. Factors that alter renal regulation of magnesium

Increase Magnesium
Absorption

Decrease Magnesium
Absorption

Dietary magnesium
restriction

Hypermagnesemia

Parathyroid hormone Metabolic acidosis
Glucagon Hypercalcemia
Calcitonin Phosphate depletion
Vasopressin Potassium depletion
Aldosterone Diuretics (loop and thiazide)
Insulin Antibiotics (aminoglycosides)
Amiloride Antifungals (amphotericin B)
Metabolic alkalosis Antivirals (foscarnet)
EGF Chemotherapy agents

(cisplatin)
Immunosuppressants
(tacrolimus, cyclosporine,
rapamycin)

EGF receptor antagonists
FHHNC caused by
mutations in claudin-16
and claudin-19

HSH caused by mutations
in TRPM6

Bartter’s syndrome caused
by mutations in NKCC2
(type 1), ROMK (type II),
ClC-Kb (type III), or CaSR
(type V)

Dominant hypomagnesemia
caused by mutations of the
FXYD2 gene, HNF1B, or
CNNM2

Isolated dominant
hypomagnesemia caused
by mutations of Kv1.1

Isolated recessive
hypomagnesemia
caused by mutations
of pro-EGF

Gitelman’s syndrome
caused by mutations
of NCC

EAST/SeSAME caused
by mutations in Kir4.1

FHHNC, familial hypomagnesemia with hypercalciuria and
nephrocalcinosis; HSH, hypomagnesemia with secondary hy-
pocalcemia; TRPM6, transient receptor potential melastatin 6;
NKCC2, Na1-K1-2Cl2 cotransporter; ROMK, renal outer
medullarypotassiumK1; CLC-Kb,Cl channelKb;CaSR, calcium-
sensing receptor; FXYD2, sodium/potassium-transporting
ATPase gamma chain (a protein that in humans is encoded
by the FXYD2 gene); HFN1B, hepatocyte nuclear factor
1 beta; CNNM2, cyclin M2; NCC, thiazide-sensitive Na-Cl
Cotransporter; EAST (epilepsy, ataxia, sensorineural deafness,
and tubulopathy)/SeSAME (seizures, sensineural deafness,
ataxia, mental retardation, and electrolyte imbalance).
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cofactor for the transcription factor HNF1B. PCDB1 binds
HNF1B to costimulate the FXYD2 (sodium/potassium-
transporting ATPase gamma chain [a protein that in hu-
mans is encoded by the FXYD2 gene]) promoter, which
increases renal tubular magnesium reabsorption in the
distal convoluted tubule.
Bone. At least 50% of the total body magnesium content

resides in bone as hydroxyapatite crystals (96). Dietary
magnesium restriction causes decreased bone magnesium
content (97). Hypomagnesemia in rodents induces osteo-
penia with accelerated bone turnover, decreased bone vol-
ume, and decreased bone strength (98–101). Although the
bone magnesium stores are dynamic, the transporters that
mediate magnesium flux in and out of bone have not yet
been determined.

Clinical Consequences of Alterations in Magnesium Balance
Hypomagnesemia. Hypomagnesemia is usually defined

as serummagnesium,0.7 mmol/L, 1.4 mEq/L, or 1.7 mg/dl.
Biochemical hypomagnesemia is common, with a prevalence
of up to 15% in the general population and up to 65% in
patients in the intensive care units (60–64,102–109). The
causes of hypomagnesemia are listed in Table 3.
Hypomagnesemia can be secondary to impaired intestinal

magnesium absorption or increased urinary magnesium ex-
cretion secondary to various hormones or drugs that inhibit
magnesium reabsorption. At the clinical level, the assessment
of magnesium stores and cause of magnesium deficiency
continues to be a real challenge. Simultaneous measurements
of serum and urine magnesium may help differentiate the
cause of hypomagnesemia.
Although proton pump inhibitors most likely cause im-

paired intestinal magnesium absorption, most of the other
drugs associated with hypomagnesemia impair renal tu-
bular magnesium reabsorption by direct or indirect inhi-
bition of magnesium reabsorption in the thick ascending
limb or the distal convoluted tubule (102,110,111).
Hypomagnesemia is associated with hypokalemia, which

is mediated by stimulation of the ROMK channel resulting
in increased potassium excretion. Hypomagnesemia is also
associated with hypocalcemia secondary to impaired PTH
release and PTH resistance. Clinical manifestations of hy-
pomagnesemia include weakness and fatigue, muscle cramps,
tetany, numbness, seizures, and arrhythmias.
Hypermagnesemia. Hypermagnesemia is caused by in-

gestion and increased intestinal absorption of Epsom salts
and magnesium-containing cathartics, antacids, laxative
abuse, and enemas. In addition, overzealous intravenous
or intramuscular injection of magnesium for treatment of
preeclampsia can also result in hypermagnesemia.
Hypermagnesemia is associated with nausea, vomiting,

neurologic impairment, hypotension, and electrocardiog-
raphy changes including prolonged QRS, PR, and QT in-
tervals. At higher levels due to intoxication, complete heart
block, respiratory paralysis, coma, and shock can occur.
Maintenance of normal serum levels of calcium, phos-

phorus, and magnesium depends on a complex interplay
between absorption from the gut, exchange from bone
stores, and renal regulation. Renal reabsorption of calcium,
phosphorus, and magnesium occurs in several different
parts of the nephron and involves a number of channels,
transporters, and paracellular pathways, some of which

remain to be defined. The importance of the kidney in
maintaining normal calcium, phosphorus, and magnesium
homeostasis can be seen in renal failure in which abnor-
malities of calcium, phosphorus, and magnesium levels are
very common clinical findings.
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Renal Physiology

Urea and Ammonia Metabolism and the Control
of Renal Nitrogen Excretion

I. David Weiner,*† William E. Mitch,‡ and Jeff M. Sands§

Abstract
Renal nitrogen metabolism primarily involves urea and ammonia metabolism, and is essential to normal health.
Urea is the largest circulating pool of nitrogen, excluding nitrogen in circulating proteins, and its production
changes in parallel to the degradation of dietary and endogenous proteins. In addition to serving as a way to
excrete nitrogen, urea transport, mediated through specific urea transport proteins, mediates a central role in the
urine concentrating mechanism. Renal ammonia excretion, although often considered only in the context of acid-
base homeostasis, accounts for approximately 10% of total renal nitrogen excretion under basal conditions, but
can increase substantially in a variety of clinical conditions. Because renal ammonia metabolism requires
intrarenal ammoniagenesis from glutamine, changes in factors regulating renal ammonia metabolism can have
important effects on glutamine in addition to nitrogen balance. This review covers aspects of protein metabolism
and the control of the twomajormolecules involved in renal nitrogen excretion: urea and ammonia. Both urea and
ammonia transport can be altered by glucocorticoids and hypokalemia, two conditions that also affect protein
metabolism. Clinical conditions associated with altered urine concentrating ability or water homeostasis can
result in changes in urea excretion and urea transporters. Clinical conditions associated with altered ammonia
excretion can have important effects on nitrogen balance.

Clin J Am Soc Nephrol 10: 1444–1458, 2015. doi: 10.2215/CJN.10311013

Introduction
Nitrogen metabolism is necessary for normal health.
Nitrogen is an essential element present in all amino
acids; it is derived from dietary protein intake, is
necessary for protein synthesis and maintenance of
muscle mass, and is excreted by the kidneys. Under
steady-state conditions, renal nitrogen excretion
equals nitrogen intake. Renal nitrogen excretion con-
sists almost completely of urea and ammonia. (To note,
ammonia exists in two distinct molecular forms, NH3

and NH4
1, which are in equilibrium with each other.

In this review, we use the term ammonia to refer to the
combination of both molecular forms. When referring
to a specific molecular form, we state either NH3 or
NH4

1.) Other nitrogen compounds (e.g., nitric oxide
metabolites, and nitrates) and many nitrogen-containing
compounds (e.g., uric acid, urinary protein, etc.), com-
prise ,1% of total renal nitrogen excretion. The two
major components of renal nitrogen excretion, urea
and ammonia, are regulated by a wide variety of con-
ditions and play important roles in normal health and
disease, including roles in the urine concentrating mech-
anism and in acid-base homeostasis. In this review, we
discuss the mechanisms and regulation of both urea and
ammonia handling in the kidneys, their roles in renal
physiologic responses other than nitrogen excretion, and
the clinical uses of urea production and metabolism.

Urea Introduction
Proteins throughout the body are continually turn-

ing over but at vastly different rates: consider the

short half-lives of transcription factors versus the
longer half-lives of structural proteins of muscle. To
achieve such differences, there must be biochemical
mechanisms that precisely identify proteins to be
degraded plus mechanisms that efficiently degrade
doomed proteins. The consequence is that these pro-
cesses do not interfere with the turnover of proteins that
are required to maintain cellular functions. The “how”

and “why” of the biochemical reactions that are re-
quired for maintenance of cellular functions are being
uncovered (1,2). Here, we will examine the overall me-
tabolism and functions of urea. Knowledge of urea
functions and metabolism is important because urea
is the major circulating source of nitrogen-containing
compounds and it plays important roles in regulating
kidney function.
Foods rich in protein are converted to the 9 essential

and 11 nonessential amino acids, as shown in the sum-
mary of overall protein metabolism in Figure 1. The
difference between the two groups is that the essential
amino acids cannot be synthesized in the body and,
hence, they must be provided in the diet or proteins
cannot be synthesized. Amino acids have two fates: (1)
they can be used to synthesize protein, or (2) they are
degraded in a monotonous fashion in which the
a-amino group is removed and converted to urea in
the liver. Not surprisingly, the production of urea is
closely related to the amount of protein eaten; there-
fore, urea can be used to estimate whether a patient
with CKD is receiving the required amounts of protein
(3,4). In addition, urea production serves as an estimate
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of the accumulation of putative uremic toxins and, thus, as a
guideline for management of the diets of patients with CKD.
It has long been known that the amount of dietary

protein affects renal function (5,6). For example, otherwise

normal individuals who eat small amounts of protein have
low GFR values (7). On the contrary, eating a large meal of
protein transiently raises GFR (8). The role of a dietary pro-
tein–induced change in GFR as a contributor to the conse-
quences of CKD is unclear because most patients with
advanced CKD eat substantially more protein than recom-
mended by the World Health Organization (9).

Urea Transport
The urea transporter (UT)-A1 protein is expressed in the

apical plasma membrane of the terminal inner medullary
collecting duct (IMCD) (10–12). It consists of 12 transmembrane-
spanning domains connected by a cytoplasmic loop (Fig-
ures 2 and 3) (13). UT-A3 is the N-terminal half of UT-A1
and is also expressed in the IMCD, primarily in the baso-
lateral membrane, but can be detected in the apical mem-
brane after vasopressin stimulation (14,15). UT-A2 is the
C-terminal half of UT-A1 and is expressed in the thin de-
scending limb (11,15–17). UT-A4 is the N-terminal 25% of
UT-A1 spliced to the C-terminal 25% (11). UT-B1 protein
is expressed in red blood cells (11,16,17) and in nonfenes-
trated endothelial cells that are characteristic of descend-
ing vasa recta, especially in those that are external to
collecting duct clusters (18).

Urea Handling along the Nephron
Urea is filtered across the glomerulus and enters the

proximal tubule. The concentration of urea in the ultrafil-
trate is similar to plasma, so the amount of urea entering

Figure 1. | Overview of proteinmetabolism.Dietaryprotein intakecan
either be metabolized quickly to essential and nonessential amino acids or
to metabolic waste products and ions. Essential and nonessential amino
acids are interconvertiblewithbodyprotein stores.Aminoacidsmayalsobe
metabolized through the liver to form urea, which is then excreted in the
urine. Body protein stores can be converted back to essential and non-
essential amino acids or may be metabolized, forming waste products and
ions, which, as previously detailed, are excreted in the urine.

Figure 2. | Urea transporters along the nephron. The cartoon and histology show the urea transporters (UT-A1/UT-A3, UT-A2, and UT-B1)
along the nephron. UT-B1 is found chiefly in the vasa recta, UT-A2 is found in the thin descending limb of the loop of Henle, andUT-A1 (apical)
and UT-A3 (basolateral) are found in the inner medullary collecting duct. Modified from reference 12, with permission.
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the proximal tubule is controlled by the GFR. In general,
30%–50% of the filtered load of urea is excreted. The urea
concentration increases in the first 75% of the proximal
convoluted tubule, where it reaches a value approximately
50% higher than plasma (11). This increase results from the
removal of water, secondary to salt transport, and is main-
tained throughout the remainder of the proximal tubule.
Urea transport across the proximal tubule is not regulated
by vasopressin (also named antidiuretic hormone) but is
increased with an increase in sodium transport.
There are two types of loops of Henle: long looped in the

juxtamedullary nephrons and short looped in the cortical
nephrons. The difference is that short-looped nephrons
lack a thin ascending limb (Figure 4). All portions of short
loops are permeable to urea, but the direction and magni-
tude of urea movement varies with the diuretic state of the
animal (11). The urea concentration in the early distal tubule
(at the end of the loop) can reach 7 times the plasma con-
centration in antidiuretic rats, higher than the concentration
at the start of the loop. Therefore, the intervening segments
support urea secretion under antidiuretic conditions. By con-
trast, during water diuresis, there is no difference in the
proximal tubular movement of urea, whereas there is net
reabsorption of urea in the short loops (11).
Figure 5 summarizes urea permeabilities for the differ-

ent nephron segments from rat kidney. The urea perme-
ability of proximal convoluted tubules is higher than in
proximal straight tubules. Thin descending limbs of short
loops have a low urea permeability in the outer medulla,
but there is a higher urea permeability in the long loops in
the inner medulla. The increased intraluminal urea con-
centration in thin descending limbs results from a change

in the urea:water ratio because of water loss. Although
there are considerable differences in the absolute urea
permeability values measured in different animals, it is
generally agreed that urea is secreted into the lumen of
thin limbs under antidiuretic conditions (11). In addition,
the concentration of urea is increased by water reabsorp-
tion driven by the hypertonic medullary interstitium, which
results from the movement of urea out of the IMCD.
Urea concentration increases in thin ascending limbs (11)

due to the gradient for urea secretion provided by urea re-
absorption from the IMCD. The gradient decreases as thin
ascending limbs ascend, and the driving force to move
urea into the tubular lumen also decreases. The urea con-
centration reaches a level that is equi-osmolar with the sur-
rounding interstitium by the beginning of the medullary
thick ascending limb. In contrast with thin ascending limbs,
thick ascending limbs have a lower urea permeability
(11,16). However, there is an overall increase in urea con-
centration in the lumen from the beginning of the thick
ascending limb to the distal convoluted tubule.
The distal convoluted tubule has a low urea permeabil-

ity; however, some urea is reabsorbed in this segment so
that the urea concentration decreases from approximately
110% of the filtered load to approximately 70% by the
initial portion of the cortical collecting duct. Both the
cortical and outer medullary collecting ducts have low
urea permeabilities (11,16). By contrast, the IMCD has a
high urea permeability, which is increased by vasopres-
sin. There is extensive urea reabsorption from the IMCD
lumen into the interstitium. The tubular fluid (urine) ex-
iting the IMCD contains approximately 50% of the fil-
tered load of urea.

Figure 3. | The four renal UT-A protein isoforms. UT-A1 is the largest protein containing 12 transmembrane helices. Helices 6 and 7 are
connected by a large intracellular loop that recent studies have shown is crucial to the functional properties of UT-A1 (1). UT-A3 is the
N-terminal half of UT-A1, whereas UT-A2 is the C-terminal half of UT-A1. UT-A4 is the N-terminal quarter of UT-A1 spliced to the C-terminal
quarter. Modified from reference 13, with permission.
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Urine Concentrating Mechanism
Urea and urea transporters play key roles in the inner

medullary processes for producing concentrated urine.
Urea’s importance has been appreciated for nearly 8 de-
cades, since Gamble et al. first described “an economy of

water in renal function referable to urea” (19). Protein dep-
rivation reduces maximal urine concentrating ability and is
restored by urea infusion or correction of the protein mal-
nutrition (11,16). Decreased maximal urine concentrating
ability is present in several genetically engineered mice

Figure 4. | Structure of the nephron. Thecartoondepicts thecortex (top), outermedulla (middle), and innermedulla (bottom), showing the locationof
the various substructures of thenephron labeled as follows: 1, glomerulus; 2, proximal convoluted tubule; 3sand3l, proximal straight tubule in the short-
loopednephron (3s) and long loopednephron (3l); 4sand4l, thin descending limb; 5, thin ascending limb;6s and6l,medullary thick ascending limb; 7,
maculadensa; 8,distal convoluted tubule; 9, cortical collectingduct; 10,outermedullarycollectingduct; 11, initial innermedullarycollectingduct; and
12, terminal inner medullary collecting duct. Modified from reference 11, with permission of the American Physiological Society.

Figure 5. | Measuredureapermeabilities in thedifferentnephronsectionsof a ratkidney.CCD,cortical collectingduct;DCT,distal convoluted tubule;
IMCD, inner medullary collecting duct; mTAL, medullary thick ascending limb; OMCD, outer medullary collecting duct; PCT, proximal convoluted
tubule; PST, proximal straight tubule; tAL, thin ascending limb; tDL, thin descending limb.Modified from reference 11,with permission of theAmerican
Physiological Society.
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lacking different urea transporter(s), including UT-A1/A3,
UT-A2, UT-B1, and UT-A2/B1 knockout mice (11,12,16).
Thus, although the mechanism by which the inner medulla
concentrates urine remains controversial, an effect derived
from urea or urea transporters must play a role (11,16,17).
The most widely accepted mechanism for producing

concentrated urine in the inner medulla is the passive
mechanism hypothesis, proposed by Kokko and Rector (20)
and Stephenson (21). The passive mechanism requires that
the inner medullary interstitial urea concentration exceed
the urea concentration in the lumen of the thin ascending
limb. If an inadequate amount of urea is delivered to the
deep inner medulla, urine concentrating ability is reduced
because the chemical gradients necessary for passive NaCl
reabsorption from the thin ascending limb cannot be estab-
lished. The primary mechanism for urea delivery into the
inner medullary interstitium is urea reabsorption from the
terminal IMCD (22). Urea reabsorption is mediated by
the UT-A1 and UT-A3 urea transporter proteins (11,16,17).
Figure 2 shows the location of key urea transport proteins
that are involved in urine concentration.
The UT-B1 urea transporter also plays an important role

in urine concentration (11). UT-B1 protein is expressed in
red blood cells and descending vasa recta (11). UT-B1 is
the Kidd blood group antigen, a minor blood group anti-
gen. People lacking UT-B1 are unable to concentrate their
urine .800 mOsm/kg H2O, even after water deprivation
and vasopressin administration (23). UT-B1 knockout mice
also have a reduced maximal urine concentrating ability
compared with wild-type mice (24). These data suggest
that urea transport in red blood cells is important for effi-
cient countercurrent exchange, which is necessary for max-
imal urinary concentration (25). As red blood cells descend
into the medulla, they accumulate urea to stay in osmotic

equilibrium with the medullary interstitium. As the red
blood cells ascend in the ascending vasa recta, they need
to lose urea. In the absence of UT-B1, the red blood cells
are unable to lose urea quickly enough and take some of
the urea out of the medulla and into the bloodstream,
thereby reducing the efficiency of countercurrent exchange
and urine concentrating ability (25).

Rapid Regulation of Urea Transporter Proteins
Vasopressin. Vasopressin regulates both IMCD urea

transporters UT-A1 and UT-A3. Vasopressin increases
the phosphorylation and apical plasma membrane accu-
mulation of UT-A1 and UT-A3 (14,26). Vasopressin phos-
phorylates serines 486 and 499 in UT-A1, and both must be
mutated to eliminate vasopressin stimulation (27). Vaso-
pressin increases urea transport, urea transporter phos-
phorylation, and apical plasma membrane accumulation
through two cAMP-dependent pathways: protein kinase
A and exchange protein activated by cAMP (28) (Figure
6). Genetically engineered mice lacking UT-A1 and UT-A3
have reduced urine concentrating ability, have reduced inner
medullary interstitial urea content, and lack vasopressin-
stimulated urea transport in their IMCDs (29).
Hypertonicity. Urea transport across the IMCD is reg-

ulated independently by hypertonicity (11,16,17). Urea
permeability increases rapidly in perfused IMCDs when
osmolality is increased, even in the absence of vasopressin
(30,31). Vasopressin and hyperosmolality have an additive
stimulatory effect on urea permeability (11,16,17). Hyper-
osmolality, similar to vasopressin, increases the phosphor-
ylation and the plasma membrane accumulation of both
UT-A1 and UT-A3 (14,26,32,33). However, hyperosmolal-
ity and vasopressin signal through different pathways:
hyperosmolality via increases in protein kinase Ca and

Figure 6. | Urea transport across an IMCD cell.Vasopressin binds to the V2R, located on the basolateral plasmamembrane, and activates thea
subunit of the heterotrimeric G protein Gsa. Activation of the G protein stimulates AC to synthesize cAMP. The increase of intracellular cAMP
stimulates several downstream proteins including PKA and Epac, which phosphorylate UT-A1 and increase its accumulation in the apical
plasmamembrane. Urea enters the IMCD cell through UT-A1 and exits on the basolateral plasma membrane viaUT-A3. AC, adenylyl cyclase;
Epac, exchange protein directly activated by cAMP;Gs,Gprotein stimulatory subunit; P, phosphate; PKA, protein kinase A; V2R, V2 vasopressin
receptor. Modified from reference 13 with permission.
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intracellular calcium, and vasopressin via increases in
adenylyl cyclase (11,16,17). Hyperosmolality does not stim-
ulate urea transport in protein kinase Ca knockout mice
and they have a urine concentrating defect (31,34,35).

Long-Term Regulation of Urea Transporters
Vasopressin. Vasopressin regulates the IMCD urea

transporters in the long term through changes in protein
abundance (11,16,17). Administering vasopressin for 2
weeks to rats that have a congenital lack of vasopressin,
and, hence, central diabetes insipidus, increases UT-A1
protein abundance in the inner medulla (36). Suppressing
endogenous vasopressin by water loading rats for 2 weeks
decreases UT-A1 protein abundance (36). The increase in
UT-A1 protein abundance after vasopressin administration
matches the time course for the increase in inner medullary
urea content after vasopressin administration to rats that
have a congenital lack of vasopressin. UT-A3 protein ex-
pression is decreased in rats that are water loaded for
3 days and is increased in rats that are water restricted
for 3 days. The effect of vasopressin on UT-B1 abundance
is unclear because some studies show an increase and oth-
ers show a decrease (11,16,17).
Low-Protein Diets. Rats fed a low-protein diet for at

least 2 weeks have a decrease in the fractional excretion of
urea (37). This results, at least in part, from the functional
expression of vasopressin-stimulated urea permeability in
the initial IMCD, a segment in which it is not normally
present, and an increase in UT-A1 protein abundance
(11,16,17). The effect of a low-protein diet on the other
urea transporters has not been studied.
Adrenal Steroids. Glucocorticoids increase the frac-

tional excretion of urea (38). Despite this increase, serum
urea nitrogen (SUN) increases in patients given glucocor-
ticoids. This indicates that the increase in urea excretion is
insufficient to offset the increase in production in patients
given glucocorticoids.
Adrenalectomy, which eliminates both glucocorticoids

and mineralocorticoids, produces a urine concentrating
defect, although the mechanism is unknown (11). Adrenal-
ectomy increases UT-A1 protein abundance and urea per-
meability in rat terminal IMCDs (39). Administering
dexamethasone to adrenalectomized rats decreases UT-A1
protein abundance and urea permeability (39). Both UT-A1
and UT-A3 protein abundances decrease in rats given
dexamethasone (40). The decrease in urea transporters
in dexamethasone-treated rats could explain the increase
in the fractional excretion of urea because a reduction in
urea transporter abundance could result in less urea being
reabsorbed and, thus, more being excreted.
Administering mineralocorticoids to adrenalectomized rats

also decreases UT-A1 protein abundance in the inner medulla
(41). This decrease can be blocked by spironolactone, a min-
eralocorticoid receptor antagonist (41). Both mineralocorticoid
and glucocorticoid hormones appear to work through their
respective receptors because spironolactone does not block
the decrease due to dexamethasone (41).
Acidosis. Metabolic acidosis is a common complication

of renal failure. Acidosis increases protein degradation and
shifts the nitrogen and urea loads within the kidney (42).
UT-A1 protein abundance increases in the inner medulla
of acidotic rats, which may represent compensation for the

loss of kidney concentrating ability (increase in urine vol-
ume and a decrease in urine osmolality) that occurs during
acidosis (43).
Hypokalemia. Prolonged hypokalemia can cause a de-

crease in urine concentrating ability (44). The abundance of
UT-A1, UT-A3, and UT-B1 proteins in the inner medulla is
reduced in rats fed a potassium-restricted diet (44,45). UT-
A2 protein abundance was reduced in one study but in-
creased in another (44,45). The reason for the different
findings is unclear.
In summary, renal urea transport and urea transport

proteins mediate a central role in the urine concentrating
mechanism. Urine concentrating defects have been dem-
onstrated in several urea transporter knockout mice
(11,12,16). In many clinical conditions associated with al-
tered urine concentrating ability or water homeostasis,
changes in urea excretion and urea transporters may be
contributory factors.

Ammonia
Physiologic Role for Ammonia
Kidneys mediate a central role in acid-base homeostasis

through the combined functions of filtered bicarbonate
reabsorption and new bicarbonate generation. Bicarbonate
reabsorption is necessary for acid-base homeostasis, but it
is not sufficient. New bicarbonate must be generated to
replace the bicarbonate that buffered endogenous and
exogenous acids. New bicarbonate generation involves
urinary ammonia and titratable acid excretion. Ammonia
excretion accounts for the majority of basal bicarbonate gener-
ation and changes in ammonia excretion are the primary
response to acid-base disorders (Figure 7). Nitrogen excretion
in the form of ammonia is approximately 10% of urea nitro-
gen excretion in basal conditions, but can increase 5- to 10-
fold, enabling ammonia to have an important role in nitrogen
balance.

Renal Ammonia Handling
Overview. Renal ammonia metabolism differs in impor-

tant ways from that of other renal solutes. Other renal solutes
undergo net excretion, such that renal venous content is less
than arterial content. Ammonia is fundamentally different.
Almost all urinary ammonia is produced in the kidney
(47), and renal venous ammonia exceeds arterial ammo-
nia, meaning that the kidneys actually increase systemic
ammonia. Ammonia undergoes a complex set of transport
events in the kidney, which determines the proportion of
ammonia generated that is excreted in the urine as ammo-
nia nitrogen versus that which enters the renal capillaries
and is transported to the systemic circulation through the
renal veins.
Renal Ammoniagenesis. Renal ammoniagenesis occurs

primarily in the proximal tubule and glutamine is the primary
substrate (48). In the proximal tubule, glutamine uptake oc-
curs through the combination of the apical Na1-dependent
neutral amino acid transporter-1, and the basolateral sodium-
coupled neutral amino acid transporter-3 (SNAT3) (49).
Changes in ammoniagenesis, such as during metabolic aci-
dosis, are associated with changes in the expression of
SNAT3, but not expression of apical Na1-dependent neutral
amino acid transporter-1 (50). Ammoniagenesis primarily
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involves phosphate-dependent glutaminase, glutamate de-
hydrogenase, a-ketoglutarate dehydrogenase, and phos-
phoenolpyruvate carboxykinase (PEPCK) (47,51), and
complete glutamine metabolism generates two NH4

1 and
two HCO3

2 ions per glutamine. The bicarbonate produced
is then transported across the basolateral membrane via
electrogenic sodium-coupled bicarbonate co-transporter,
isoform 1A (NBCe-1A), and serves as “new bicarbonate”
generated by the kidney.

Ammonia Transport Overview
Only approximately 50% of the ammonia produced is

excreted in urine under basal conditions. The remaining
ammonia enters the systemic circulation through the renal
veins. Ammonia that enters the systemic circulation under-
goes almost complete metabolism in the liver; the major
metabolic pathway uses HCO3

2 as a substrate, and gener-
ates urea. Consequently, ammonia produced in the kidney,
transported to the systemic circulation, and metabolized in
the liver to urea has no net acid-base benefit.
The proportion of the ammonia produced that is excreted

in the urine, as opposed to being transported into the
systemic circulation, can be rapidly altered. This enables
changes in urinary ammonia to exceed, at least acutely,
changes in ammoniagenesis (52). In most chronic acid-base
disturbances, changes in ammoniagenesis account for the
majority of the changes in urinary ammonia content (47).
Importantly, renal epithelial cell ammonia transport deter-
mines the proportion of ammonia excreted in the urine.
Ammonia Transport. Ammonia produced in the prox-

imal tubule is secreted preferentially into the luminal fluid
(Figure 8). This appears to involve NH4

1 secretion by the
apical NHE3; there may also be a component of parallel
H1 and NH3 secretion (53–55). Conditions associated with
NHE3 activation, such as metabolic acidosis and hypoka-
lemia, also increase ammonia secretion (54).

In the loop of Henle, ammonia reabsorption occurs, with
the major transport site being the medullary thick ascending
limb. Ammonia is reabsorbed in the form of NH4

1 primarily
via the apical, loop diuretic-sensitive transporter, NKCC2
(Figure 9). Although other NH4

1 transporters are present,
their quantitative contribution is much less. Ammonia is
then transported across the basolateral membrane, largely
via the basolateral sodium-hydrogen exchanger NHE4 (56).
NH4

1 transport across the apical membrane, because NH4
1

is a weak acid, causes intracellular acidification (57) which
can inhibit ammonia reabsorption; bicarbonate entry via the
basolateral electroneutral sodium-bicarbonate cotransporter,
isoform 1 (NBCn1) appears to buffer this intracellular acid-
ification and enable continued ammonia reabsorption (58).
The net result is an axial interstitial ammonia gradient, with
the highest levels in the inner medulla, the intermediate lev-
els in the outer medulla and the lowest levels in the renal
cortex.
Ammonia is then secreted by the collecting duct (Figure

10). Collecting duct ammonia secretion involves parallel
H1 and NH3 secretion (59). NH3 secretion appears to in-
volve transport by the Rhesus glycoproteins Rhbg and
Rhcg, ammonia-specific transporters expressed in the col-
lecting duct (60–62). Basolateral Na1-K1-ATPase contrib-
utes to IMCD ammonia secretion through its ability to
transport NH4

1 (63). Apical H1 secretion involves both
H1-ATPase and H1-K1-ATPase.
An important recent addition to our understanding of

ammonia transport is the identification that sulfatides (highly
charged, anionic glycosphingolipids) are important for main-
taining papillary ammonium concentration and for urinary
ammonia excretion during metabolic acidosis (64). Their ex-
pression is highest in the inner medulla, intermediate in the
outer medulla, and lowest in the cortex. They appear to bind
NH4

1 reversibly, facilitating development of the axial am-
monia gradient and ammonia excretion. Figure 11 shows an
integrated view of renal ammonia metabolism.

Regulation of Ammonia Metabolism
Metabolic Acidosis. The primary mechanism by which

the kidneys increase net acid excretion in response to
metabolic acidosis is through increased ammonia metabo-
lism. Almost every component of ammonia metabolism is
increased, including SNAT3, phosphate-dependent gluta-
minase, glutamate dehydrogenase, PEPCK, NKCC2,
NHE4, Rhbg, and Rhcg (51). This integrated response in-
creases renal glutamine uptake, ammoniagenesis, genera-
tion of new bicarbonate, and ammonia excretion in urine.
To understand the effect of ammonia metabolism on

nitrogen balance, it is important to consider the metabolic
source of the glutamine used for ammoniagenesis. Renal
ammoniagenesis averages approximately 60–80 mmol/d
in humans under basal conditions, and can increase, as-
suming renal ammonia excretion is approximately
50% of total ammonia production, to approximately
3–400 mmol/d. Because each glutamine metabolized gen-
erates two NH4

1 molecules, approximately 150–200 mmol/d
of glutamine is necessary to support maximal rates of
ammoniagenesis. During metabolic acidosis, acidosis
stimulates skeletal muscle protein degradation that, coupled
with hepatic glutamine synthesis, increases extrarenal glu-
tamine production. This enables unchanged plasma

Figure 7. | Responses of urinary ammonia and titratable acid ex-
cretion to exogenous acid loads. Normal humans were acid loaded,
and changes in urinary ammonia and titratable acid excretion were
determined on days 1, 3, and 5 of acid loading. Changes in urinary
ammonia excretion are the quantitatively predominant response
mechanism on each day, and continued to increase over the 5 days of
the experiment. Titratable acid excretion is a minor component of the
increase in net acid excretion, and peaks on day 1 of acid loading.
Data calculated from reference 46.
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Figure 8. | Model of proximal ammonia transport. Glutamine serves as the primary metabolic substrate for ammoniagenesis. Proximal tubule
glutamine uptake involves transport across the apical membrane, primarily via BoAT-1, and across the basolateral membrane by SNAT3. Complete
metabolism of each glutamine results in generation of two NH4

1 and two bicarbonate ions. Bicarbonate is transported across the basolateral
membrane via NBCe-1A. Ammonium secretion across the apical membrane occurs primarily via NHE3-mediated Na1/NH4

1 exchange, with
a lesser contribution by parallel H1 and NH3 transport. B

oAT-1, apical Na1-dependent neutral amino acid transporter-1; NBCe-1A, electrogenic
sodium-bicarbonate cotransporter, isoform 1A; NHE3, sodium/hydrogen exchanger 3; SNAT3, sodium-coupled neutral amino acid transporter-3.

Figure 9. | Ammonia reabsorption by the thick ascending limb. Primary mechanism of apical ammonium absorption is via substitution of
NH4

1 for K1 and transport by the loop diuretic-sensitive, apical NKCC2 transporter. Cytoplasmic NH4
1 is transported across the basolateral

membrane either via Na1/NH4
1 exchange mediated by NHE4 or via a bicarbonate shuttling mechanism involving NH3 transport. NBCn1,

electroneutral sodium bicarbonate cotransporter, isoform 1; NHE4, sodium/hydrogen exchanger 4.
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glutamine levels despite substantial increases in renal gluta-
mine uptake (65).
This role of skeletal muscles in metabolic acidosis has

important clinical significance. Metabolic acidosis decreases
skeletal muscle mass and it increases ammonia nitrogen
excretion, which can cause negative nitrogen balance (65).
Correction of the metabolic acidosis associated with CKD
improves nitrogen balance, plasma albumin, skeletal mus-
cle size, and skeletal muscle strength (66,67).
Hypokalemia. Hypokalemia is a second condition as-

sociated with altered renal ammonia metabolism. Indeed,
the increased bicarbonate generation contributes to the
metabolic alkalosis often seen with hypokalemia. In addi-
tion, in adults on an otherwise adequate, but low-protein,
diet, hypokalemia-induced increases in ammonia excretion
can cause negative nitrogen balance (68). In children with a
low but otherwise adequate protein intake, hypokalemia
reduces the total body nitrogen retention necessary for nor-
mal protein synthesis and impairs growth due to increased
nitrogen excretion in the form of ammonia (68).
Glucocorticoid Hormones. Glucocorticoid hormones reg-

ulate approximately 70% of basal and 50%–70% of acidosis-
stimulated ammonia excretion (69,70). Their role appears to
involve regulation of SNAT3, PEPCK, and NHE3 (71–74). In
addition, glucocorticoids contribute to acidosis-induced skel-
etal muscle protein degradation (65), which by contributing
to extrarenal glutamine production, enables maintenance of
normal plasma glutamine levels (70). Thus, glucocorticoid
hormones have an important role in nitrogen balance medi-
ated, in part, through their effects on ammonia metabolism.
Protein Intake. Dietary protein intake has important

effects on renal ammonia metabolism. In general, high-protein

diets, particularly if high in sulfur-containing amino acids,
increase endogenous acid production, causing a parallel
increase in ammonia excretion, whereas low-protein diets
decrease ammonia excretion (75,76). Because ammonia ni-
trogen excretion changes parallel dietary nitrogen
changes, net nitrogen balance does not change.
However, the clinician should remember that urinary

ammonia averages only approximately 50% of total renal
ammonia production, and that a similar amount enters
the systemic circulation via the renal veins. Thus, after protein
intake, increased renal vein ammonia content can increase
plasma ammonia levels (77). In patients with impaired hepatic
function, this can either precipitate or worsen hepatic enceph-
alopathy. Similarly, the protein load from red cell break-
down resulting from gastrointestinal bleeding can increase
renal ammoniagensis, leading to increased renal vein ammonia,
which may contribute to development or worsening of hepatic
encephalopathy (78).

Urea Production and Metabolism
Clinical Uses
Uremic symptoms are principally due to the accumula-

tion of ions and toxic compounds in body fluids (79). Be-
cause protein-rich foods are the major source of these
waste products, CKD can be considered a condition of
protein intolerance. Indeed, it has been known since at least
1869 that restricting the amount of protein in the diet of
patients with kidney diseases improves their uremic symp-
toms (80). More recently, we learned that dialysis efficacy is
reflected in the removal of urea because changes in urea
accumulation reflect changes in accumulated metabolic

Figure 10. | Ammonia secretion by the collecting duct. Ammonia uptake across the basolateral membrane primarily involves either transporter-
mediateduptakeacross thebasolateralmembranebyRhbgorRhcg,with acomponent of diffusiveNH3absorption.CytosolicNH3 is transportedacross
the apical membrane by a combination of Rhcg and diffusive transport. In the IMCD, but not the CCD, basolateral Na1-K1-ATPase also contributes to
NH4

1uptake across the basolateralmembrane. CytosolicH1 is generated bya carbonic anhydrase II–mediatedmechanism, and is secreted across the
apical membrane via H1-ATPase and H1-K1-ATPase. Luminal H1 titrates luminal NH3, forming NH4

1 and maintaining a low luminal NH3 con-
centration necessary for NH3 secretion. CAII, carbonic anhydrase isoform II; Rhbg, Rhesus B glycoprotein; Rhcg, Rhesus C glycoprotein.
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waste products. Again, this is not a new concept: The link
between dietary protein and urea has been recognized since
at least 1905, when Folin reported that urea excretion varies
directly with different levels of dietary protein (81). These
relationships were elegantly documented by Cottini et al.
(Figure 12), who fed patients with CKD different amounts
of protein (expressed on the abscissa as nitrogen intake be-
cause 16% of protein is nitrogen) (82). With low levels of
dietary protein (e.g., approximately 12 g protein/d equiva-
lent to approximately 2.5 g nitrogen), nitrogen balance was
negative, indicating that this level of dietary protein causes
progressive loss of protein stores. When the diet was raised
.4 g nitrogen/d, nitrogen balance became positive, signify-
ing that protein stores were being maintained. With progres-
sively more dietary protein, nitrogen balance remained
positive but changed minimally. Instead, when dietary pro-
tein was above the level required to maintain nitrogen bal-
ance and protein stores, it was used to make urea. Clearly,
urea production reflects the level of protein in the diet and
the risk of developing complications of uremia. In addition,
a high-protein diet invariably contains excesses of salt, po-
tassium, phosphates, and so forth (83). The clinical problems
that arise from high-protein diets in patients with CKD were
recently highlighted in reports concluding that increases in
salt intake or serum phosphorus will block the beneficial
influence of angiotensin-converting enzyme inhibitors to de-
lay the progression of CKD (84,85).

Urea has special properties that can be used to evaluate
the severity of uremia or the degree of compliance with
prescribed changes in the diet. These properties include the
following: (1) a very large capacity for hepatic urea pro-
duction from amino acids, (2) urea is the major circulating
pool of nitrogen and it crosses cell membranes readily so
there is no gradient from intracellular to extracellular fluid
under steady-state conditions, and (3) the volume of dis-
tribution of urea is the same as water (the urea space is
estimated as 60% of body weight) (86–88).
One clinically useful calculation is the steady-state SUN

(SSUN), which reflects the severity of uremia because it
estimates the degree of accumulation of protein-derived
waste products. The SSUN calculation is useful because ure-
mic symptoms are unusual when SSUN is ,70 mg/dl.
The requirements for the calculation are that the patientwith

CKD is in the steady state (i.e., his or her SUN and weight are
stable) and urea clearance in liters per day is known. Using
the equation below, the amount of dietary protein that will
yield a SSUN of 70 mg/dl can be calculated as:

SSUN5ðdietary  protein3 0:162 0:031  g

  nitrogen=kg per day3weightÞ=urea  clearance  in  L=d:

The following steps are used to calculate the SSUN. First, the
prescribed dietary protein in grams per day is converted

Figure 11. | Integrated overview of renal ammonia metabolism. Renal ammoniagenesis occurs primarily in the proximal tubule, involving glu-
tamine uptake by SNAT3 and BoAT-1, glutamine metabolism forming ammonium and bicarbonate, and apical NH4

1 secretion involving NHE3 and
parallel H1 and NH3 transport. Ammonia reabsorption in the thick ascending limb, involving apical NKCC2-mediated uptake results in medullary
ammonia accumulation. Medullary sulfatides (highlighted in green) reversibly bind NH4

1, contributing to medullary accumulation. Ammonia is se-
creted in the collecting duct viaparallelH1andNH3 secretion. The numbers in blue represent the proportion of total excreted ammonia. BoAT-1, apical
Na1-dependent neutral amino acid transporter-1; gsc, galactosylceramide backbone; PDG, phosphate-dependent glutaminase.
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into dietary nitrogen by multiplying the grams per day of
dietary protein by 16%. Second, the nonurea nitrogen in
grams of nitrogen excreted per day is calculated as the
excretion of all forms of nitrogen except urea. This amount
is approximated as 0.031 g nitrogen/kg per day multiplied
by the nonedematous, ideal body weight (4,89). Third, the
nonurea nitrogen is subtracted from the nitrogen intake to
obtain the amount of urea nitrogen that must be excreted
each day in the steady state. Finally, dividing the urea nitro-
gen excretion in grams per day by the urea clearance in liters
per day yields the SSUN in grams per liter.
For example, consider a 70-kg adult with a urea clearance

of 14.4 L/d (or 10 ml/min) who is eating 76 g protein/d.
His SSUN (in grams per liter) is calculated from the follow-
ing: 12.2 g/d dietary nitrogen2(0.031 g nitrogen/kg per
day times 70 kg). The result is divided by the urea clear-
ance in liters per day and multiplied by 100 to convert
SSUN 0.69 g/L to 69 mg/dl.
This calculation arises from the demonstration that in the

steady state, the production of urea is directly proportional

to the daily protein intake (Figure 12). The only other as-
sumption is that urea clearance is independent of the
plasma urea concentration, which is reasonable for pa-
tients with CKD. The key concept is that steady-state con-
centrations of nitrogen-containing waste product
produced during protein catabolism will increase in par-
allel to an increase in the SSUN (4,82,89). By varying the
amount of dietary protein, changes in the diet can be in-
tegrated with different values of the SSUN. As shown in
Table 1, similar concepts can be used to determine
whether a patient is complying with the prescribed protein
content of the diet (81,86,88).
These examples emphasize that the net production of

urea in patients with CKD (also known as the urea ap-
pearance rate) can be used to estimate protein intake
(4,82,89). For dialysis patients, the same relationships have
been labeled as “urea generation” or the “normalized pro-
tein catabolic rate” (nPCR). Obviously, the nPCR equals
the net urea production rate or the urea appearance rate
except that it is not expressed per kilogram of body

Figure 12. | Urea excretion in adult humans with varying degrees of kidneymalfunction fed milk, egg, or an amino acid mixture: assessment
of nitrogen balance. Modified from reference 82, with permission.
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weight. However, the designation nPCR is misleading be-
cause the rates of protein synthesis and “catabolism” are
far greater than the protein catabolic rate: The nitrogen
flux in protein synthesis and degradation amounts to 45–
55 g nitrogen/d, equivalent to 280–350 g protein/d (1).
The principle of conservation of mass, however, indicates
the difference between whole-body protein synthesis and
degradation does estimate waste nitrogen production.

Urea Nitrogen Reutilization
Discussion of urea metabolism would be incomplete

without addressing urea degradation. It is calculated from
the plasma disappearance of injected [14C]urea or [15N]
urea (88,90) and averages about 3.6 g nitrogen/d in both
normal individuals and patients with uremia. The 3.6 g
nitrogen/d arises from degradation of urea by ureases of
gastrointestinal bacteria thereby supplying ammonia di-
rectly to the liver (88). Because this source of nitrogen
could be used to synthesize amino acids and ultimately
protein, the degradation of urea has been intensively stud-
ied (91). The evidence negates the hypothesis that urea
degradation is nutritionally important. First, the amount
of urea degraded has been expressed as an extrarenal
urea clearance by dividing the rate of urea degradation
by the SSUN. In normal adults, the extrarenal urea clearance
averages approximately 24 L/d; if this value were present in
patients with CKD and a high SUN, the amount of ammonia
derived from urea would be very high (79,88). However, the
quantity of ammonia arising from urea in patients with CKD
is not significantly different from that of normal individuals,
indicating that the extrarenal clearance of urea in patients
with CKD must be greatly reduced; the mechanism for this
observation is unknown (88).
Results from other testing strategies lead to the conclu-

sion that it is unlikely that urea degradation contributes a
nutritionally important source of amino acids to synthesize
protein. We fed patients with CKD a protein-restricted diet
and measured the turnover of urea using [14C]urea. The
results were compared with those obtained in a second
experiment in which patients received neomycin/kanamy-
cin as nonabsorbable antibiotics in order to inhibit bacteria
that were degrading urea. In roughly half of the patients,
antibiotic administration blocked urea degradation but
there was no associated increase in urea appearance.
This result means that ammonia arising from degradation

is simply recycled into urea production and hence does
not change urea appearance (90). We also addressed the
hypothesis that removal of nitrogen released by urea deg-
radation would suppress synthesis of amino acids and
thereby worsen Bn. In this case, the hypothesis was rejected
because inhibiting urea degradation with nonabsorbable
antibiotics actually improved Bn (92). Finally, Varcoe
et al. measured the turnover of urea and albumin simulta-
neously and concluded that the contribution of urea deg-
radation to albumin synthesis was minimal (93).
The possibility that ammonia from urea degradation is

used to synthesize amino acids was recently examined in
hibernating bears (94). The authors noted that hibernating
bears have very low values of SSUN (approximately 5–
10 mg/dl) despite a decrease in GFR and they suggested
that SSUN was low because urea was being used to synthe-
size amino acids. This finding would contribute to another
oddity of hibernating bears, namely that their muscle mass
and other stores of protein are relatively “spared” from
degradation. Why the metabolism of hibernating bears
might differ from that of patients with CKD is unknown
and we applaud the investigators who gathered the infor-
mation as experimenting on bears is quite tricky, even if
they are hibernating.

Is Urea Toxic?
Because excess dietary protein produces uremic symp-

toms and because urea is the major source of circulating
nitrogen, the potential for toxic responses to urea have been
investigated using different experimental designs. Johnson
et al. added urea to the dialysate of hemodialysis patients
who were otherwise well dialyzed (95). Complications in-
duced by the added urea were minimal until the SSUN was
chronically .150–200 mg/dl. This led to gastrointestinal
irritation. There was no investigation of ammonia or in-
hibitors of urea degradation so the effect of urea can only
be considered an association. An indirect evaluation of
both mice with CKD and cultured cells revealed that
urea may stimulate the production of reactive oxygen spe-
cies. Reddy et al. concluded that a high SUN not only in-
creased reactive oxygen species but also caused insulin
resistance (96). However, it is difficult to assign insulin
resistance to a single factor considering that there are so
many uremia-induced complex metabolic pathways (97,98).
It will be interesting to evaluate whether the production of

Table 1. Estimation of protein intake from urea metabolism

A60-year-oldmanwith stage 5CKD is admitted to the hospital for plastic surgery. Heweighs 70 kg and has been taught
to follow a diet containing 40 g protein/d (6.4 g nitrogen/d because protein is 16% nitrogen). He excretes 4 g urea
nitrogen/d, but on day 2 his BUN rises from 50 to 60 mg/dl.
c The increase in BUN signifies accumulation of urea nitrogen in body water (70 kg x 0.6 L/kg x 0.1 g urea
nitrogen/L = 4.2 g urea nitrogen/d).

c His NUN is 70 kg x 0.031 g nitrogen/kg per day = 2.17 g nitrogen/d.
c The total nitrogen excreted and accumulated is approximately 10 g/d (4 g urea nitrogen excreted/d +2.17 g
NUN/d + 4.2 g urea nitrogen accumulated/d = 10.3 g nitrogen/d).

c Because his nitrogen excretion substantially exceeds the dietary nitrogen of 6.4 g/d, he requires a consultation with
a nutrition/dietician and testing for gastrointestinal bleeding

SUN, serum urea nitrogen; NUN, nonurea nitrogen excretion.
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reactive oxygen species initiates similar events in patients
with CKD.
Another potential role of urea in producing uremia-

induced toxicity is through the development of protein
carbamylation, which could disrupt the structure of a
protein interfering with signaling pathways and so forth.
Stim et al. reported that the rate of carbamylation of hemo-
globin increased in parallel with the increase in SUN and
that carbamylation was significantly higher in patients with
ESRD compared with normal individuals (99). These re-
sponses were confirmed by Berg et al. (100) except that
the carbamylated protein was albumin, rather than hemo-
globin. Thus, carbamylation of several proteins can occur in
uremic individuals but whether this produces toxic reac-
tions has not been defined.
Finally, there are patient-based reports that cast doubt on

the hypothesis that urea is a toxin. Hsu et al. studied a man
and a woman from a family of patients who had chronic
but unexplained azotemia. Results of the evaluation indi-
cated that the high SUN arose from a autosomal dominant
genetic defect in urea reabsorption (101). Kidney function
of the two participants revealed subnormal urea clearances
but otherwise normal values of inulin clearance, urea ex-
cretion, and responses of urea clearance to diuresis and
antidiuresis plus normal sodium clearances. Although
the mechanism for the familial azotemia was not identi-
fied, the report is relevant because the participants had no
clinical or laboratory findings attributable to the increase
in SUN despite years of values varying from 49 to 65 mg/dl
and from 55 to 60 mg/dl, respectively. In another case study,
Richards and Brown studied a woman with prolonged azo-
temia to examine the association between a high SUN and
the development of uremic symptoms (102). The participant
subsisted on a diet consisting primarily of fish and a protein
powder, yielding urea nitrogen production rates of 40–50 g/d
for years. Although the participant maintained a SUN of
50–80 mg/dl for years, she had normal values of hemoglo-
bin, plasma creatinine, BP, and no weight loss. Together,
these reports indicate that even a prolonged increase in the
concentration of urea does not produce toxic reactions, at
least in patients with normal kidney function.
Urea is the largest circulating pool of nitrogen and its

production changes in parallel to the degradation of dietary
and endogenous proteins. These facts and other properties
of urea can be used to estimate the degree of uremia and the
compliance with prescribed amounts protein in the diet.
The available evidence in patients with CKD suggests that
reutilization of ammonia derived from urea degradation
for the synthesis of amino acids and proteins is minimal.
Whether the evidence would be more persuasive under
extreme conditions, such as in hibernating bears, is un-
known. The ability of urea to create toxicity is unsettled but
years of high SUN values do not produce toxic reactions in
individuals with otherwise normal kidney function.
In conclusion, renal urea and ammonia metabolism me-

diate critical roles in nitrogen balance, urine concentration,
and acid-base homeostasis. In this review, we evaluated criti-
cal processes involved in these homeostatic mechanisms.
Abnormal urea and ammonia metabolism both result from
and can lead to a wide variety of conditions, including
methods for evaluating issues that are critical to caring for
patients with impaired renal function.
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Chemical and Physical Sensors in the Regulation of
Renal Function
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Abstract
In order to assess the status of the volume and composition of the body fluid compartment, the kidney monitors a
wide variety of chemical and physical parameters. It has recently become clear that the kidney’s sensory capacity
extends well beyond its ability to sense ion concentrations in the forming urine. The kidney also keeps track of
organic metabolites derived from a surprising variety of sources and uses a complex interplay of physical and
chemical sensing mechanisms to measure the rate of fluid flow in the nephron. Recent research has provided new
insights into the nature of these sensory mechanisms and their relevance to renal function.
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Introduction
It has long been appreciated that we use sensory
receptors to detect the chemical and physical proper-
ties of the world around us. However, it has recently
become clear that we also utilize the same molecular
tools to monitor the composition of the world within
us. Many sensory receptors, including olfactory re-
ceptors (ORs), taste receptors, and other sensory G
protein–coupled receptors (GPCRs), as well as recep-
tors that function as mechanosensitive or chemosen-
sitive ion channels, have recently been shown to play
key roles in organs and tissues traditionally thought
of as “nonsensory.” In the past few years, a large and
diverse literature has developed documenting systems
in which “sensory” receptors are exploited to serve in a
wide variety of physiologic processes. The tongue’s sour
taste receptors, for example, are also called upon to
sense pH in the spinal column (1), its bitter taste recep-
tors also regulate bronchodilation and ciliary beat fre-
quency in the lung in response to certain inhalants (2,3),
and its sweet taste receptors regulate glucose transport
in the gut (4,5). In addition to taste receptors, there are
also numerous examples of ORs playing a variety of
roles in tissues outside of the nose. The OR gene family,
in fact, is the largest gene family in the genome (6–8),
and thus forms an expansive repertoire of GPCR-based
chemical detectors. In addition to odorant detection in
the nose, ORs are now understood to also mediate
chemical detection in other environments. For example,
ORs play roles in muscle cell migration and sperm che-
motaxis (9). Ligands for these receptors are often pro-
duced as a result of metabolic processes, implying that
seemingly inert intermediate metabolites or by-products
may have unappreciated signaling roles (1,10–13).

The kidney stands out as a particularly appropriate
tissue in which to deploy sensory receptors for chemo-
detection. The kidney evaluates and maintains a large
number of physiologic parameters, including systemic
acid-base balance, electrolyte concentrations, volume

status, and toxin levels. To achieve this, the kidneymust
monitor the concentration of numerous substances in
the plasma and the early urine. Sensory chemoreceptors
are by their nature well suited to play central roles in
these renal “chemosensory” tasks.
In addition to sensing chemical cues, the kidney must

also monitor physical or mechanical stimuli, such as
shear stress, pressure, and flow rate. Recent studies
have shown that fluid flow is an important sensory cue
in the acute regulation of urine composition (14) and in
the proper development and maintenance of the struc-
ture of the nephron. Studies in the fruit fly have shown
that mechanical stimulation is important in regulating
the pathways that control planar cell polarity (15),
which is the process through which neighboring epi-
thelial cells acquire distinct structural and functional
properties. Planar cell polarity signaling pathways are
critically important in the differentiation of the distinct
epithelial cell types that constitute the nephron. Impair-
ments in fluid flow detection may play roles in the de-
velopment of clinically significant diseases of the
kidney (16,17). Mechanical forces are important regula-
tors of the activity of renal ion channels (18–25), as well
as of the signaling activities that regulate renal ion and
fluid transport (14,26–28). Therefore, the capacity to
monitor mechanical sensations is exploited by the kid-
ney in its efforts to maintain homeostasis. In this re-
view, we discuss recent studies that reveal surprising
and important roles for mechanosensitive and chemo-
sensory molecular machinery in renal function.

Physiology and Pathophysiology of Renal Cilia
With the possible exception of the intercalated cells of

the collecting duct (29), every epithelial cell that lines
the nephron is endowed with a single primary cilium
(30). These cilia arise from the apical surfaces of the
epithelial cells and protrude into the tubule lumen.
The typical renal epithelial cell cilium is 2- to 3-mm
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long and ,1 mm in cross-sectional width. The cilium’s sur-
face membrane is continuous with that of the apical plasma
membrane, although its lipid and protein compositions dif-
fer substantially from those of the surrounding apical cell
surface (31). Just beneath the ciliary membrane is the ciliary
axoneme, which is a scaffolding composed of nine doublet
microtubules that are parallel to one another and that extend
from the base of the cilium along its entire axial length. In
contrast with the motile cilia that are found on airway and
oviduct epithelial cells, primary cilia, such as those found on
renal epithelial cells, do not beat and do not move fluid.
Instead, their function appears to be entirely sensory and
their structure reflects their sedentary nature. The axonemes
of motile cilia possess a central pair of microtubules that is
connected by radial spokes to the nine doublet microtubules
at the ciliary periphery. These additional components in-
clude the motor proteins that allow motile cilia to generate
force. Although primary cilia, such as those found in the
kidney, lack these components found in their motile cousins,
they are by no means devoid of motor proteins. Large pro-
tein assemblies known as intraflagellar transport (IFT) com-
plexes exploit motor proteins to crawl up and down the
axonemal microtubules. These IFT complexes serve as de-
livery machinery that transport newly synthesized proteins
into the cilium and carry away components that are destined
for removal (32,33). The IFT complexes are absolutely re-
quired in order for primary cilia to form and to function.
It should also be noted that every cilium arises from a basal
body, which is a structure composed of paired cylindrical
assemblies of microtubules. The basal body serves as the
centriole that organizes the mitotic spindle in dividing cells.
A complex array of proteins connects the base of the axo-
neme to the basal body and forms the ciliary transition zone,
which serves as a barrier that helps to maintain the compo-
sitional distinctions between the apical and ciliary mem-
brane domains (34,35).
Although the structure of the renal primary cilium is

fairly well understood, the same cannot be said of its
function. It is clear that the cilia of renal epithelial cells
serve extremely important purposes, as evidenced by the
large number of renal phenotypes arising from mutations
in genes whose products participate in ciliogenesis (36).
Bardet–Biedl syndrome, nephronophthisis, Meckel–
Gruber syndrome, Joubert’s syndrome, Senior–Løken syn-
drome, and orofaciodigital syndrome are all caused by
loss-of-function mutations in genes that encode distinct
subclasses of the components of the cellular machinery
that is required to build and maintain the primary cilium
(37,38). These pleomorphic conditions are characterized by
partially overlapping lists of neurologic, skeletal, meta-
bolic, and sensory phenotypes, including renal cystic dis-
ease. In addition, the proteins encoded by the genes
responsible for both the autosomal dominant and autoso-
mal recessive forms of polycystic kidney disease localize,
at least in part, to the primary cilium (39–41). On the basis
of this brief summary, it might be logical to suggest that
the cilium participates in sending signals that are required
to prevent the development of renal cysts. Recent data,
however, suggest that the cilium’s role in renal cystic dis-
ease, although critical, is not this straightforward.
The groundbreaking work of Praetorius and Spring

revealed that the primary cilium can detect and respond

to mechanical stimuli (42). These investigators showed that
either direct or flow-induced bending of the primary cilia
of cultured renal epithelial cells led to the activation of ion
channels that mediated calcium influx, which secondarily
activated calcium release from intracellular stores. Studies
into the function of the proteins encoded by the autosomal
dominant polycystic kidney disease genes (41) have pro-
vided insight into the nature of the mechanosensitive ion
channels responsible for this cilia-dependent activity.
Polycystin-1, the product of the Pkd1 gene, encodes a mas-
sive protein. It is composed of 4302 amino acids and spans
the membrane 11 times. Polycystin-2, encoded by the Pkd2
gene, is roughly one fourth of the size of polycystin-1 and spans
the membrane 6 times. Polycystin-2 belongs to the transient re-
ceptor potential (TRP) family of calcium-permeable ion chan-
nels. Polycystin-1 and polycystin-2 interact with one another
to form a complex that localizes in part to the cilium and that
may contribute to the calcium channel activity that is induced
by ciliary bending. This activity may depend upon TrpV4,
another membrane of the Trp family of cation channels
whose channel activity may be regulated in some manner
by the polycystin proteins (43). These observations have
inspired a model in which the ciliary population of the
polycystin-1 and polycystin-2 complex serves as a sensor
that transduces tubular fluid flow to produce an elevation
of renal epithelial cell cytoplasmic calcium concentrations
(44). These observations prompt the further suggestion that
loss of this mechanically activated polycystin channel activity,
or of the mechanosensitive cilium in which this activity re-
sides, could lead to the perturbations in cell proliferation, dif-
ferentiation, and fluid secretion that together characterize the
formation of autosomal dominant polycystic kidney disease re-
nal cysts. Recent data indicate that close relatives of polycystins,
rather than the polycystin-1 and polycystin-2, may mediate
ciliary ion currents in at least some cell types (45,46).
Although the role of the ciliary polycystins as flow sensors

is intriguing, it seems quite likely that these proteins also
participate in other sensory processes. In addition to their
connection to cytoplasmic calcium levels, the polycystin pro-
teins have been connected to a very large and diverse
collection of signaling pathways that have the potential to
influence cellular growth and metabolism (41). Further-
more, polycystin-1 interacts with trimeric G proteins, sug-
gesting the intriguing possibility that it functions as an
atypical GPCR (47). Finally, it is worth noting that both
polycystin proteins have homologs that have been shown
to serve as chemosensors. Polycystin-1–like-3 and polycystin-
2–like-1 form a complex that detects low pH, serving both as
sour taste receptors in the tongue and as sensors of pH in the
central nervous system (1,48,49). Taken together, these facts
suggest that the polycystins may serve chemosensory roles in
renal epithelial cells. The nature of the ligands to which the
polycystins might respond and the subcellular localization in
which the polycystins perform this putative activity remain to
be determined.
As noted above, the connection between ciliary function

and the prevention of renal cystic disease has recently
become more complex. Clearly, the pathology associated
with the ciliopathies confirms that loss of cilia is sufficient
to lead to the development of renal cysts. Surprisingly,
however, studies utilizing mouse models reveal that loss of
cilia can suppress cyst formation that is caused by the loss
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of polycystin-1 or polycystin-2 expression (50). This unex-
pected observation suggests that, in the absence of the poly-
cystin proteins, cilia send a message or messages that
activate cystogenic processes. The polycystins appear to
counteract or suppress these messages. The nature of these
putative procystogenic and countercystogenic messages re-
mains to be determined. Elucidating the molecular details of
this apparently antagonistic relationship between the cilium
and the polycystins will no doubt provide interesting in-
sights into the mechanisms through which renal epithelial
cells exploit cilia and the polycystins to interrogate the chem-
ical composition and flow rate of the tubular fluid.
Although flow-induced ciliary bending may activate ion

channels directly, it is clear that this mechanical stimulus
also initiates a fascinating autocrine chemical signaling
process (Figure 1). Bending of the primary cilium causes
renal epithelial cells to release ATP into the tubule lumen
(51). This ATP appears to be stored inside the cell in ve-
sicular compartments that, upon stimulation, fuse with the
apical plasma membrane and release their contents (52).
This extracellular ATP can bind to and activate purinergic
receptors that are present on the apical plasma membranes
of renal epithelial cells. There are two distinct families of
purinergic receptors, each of which has many branches.
Members of the P2Y family are metabotropic receptors
that signal through trimeric G proteins, whereas the P2X
receptors are ligand-gated ion channels (53). Both types of
purinergic receptors populate the apical and basolateral
surfaces of renal epithelial cells. Thus, flow-induced ATP

release can activate both ionic currents and intracellular
second messenger pathways. Each nephron segment
expresses a distinct collection of purinergic receptors, dis-
tributed among their apical and basolateral plasma mem-
brane domains, which modulate the tubule segment’s
physiologic properties in response to the various physio-
logic stimuli that are transmitted through elevations in
extracellular nucleotide concentrations (54). Activation
of the apical P2Y G protein–coupled purinergic receptor
in the renal collecting duct, for example, results in activa-
tion of protein kinase C, which, in turn, inhibits the epi-
thelial sodium channel (ENaC) and, consequently, reduces
transepithelial sodium reabsorption (55). Thus, in this seg-
ment, high flow rates can be sensed by the bending of the
primary cilium and communicated to the epithelial ion
transport machinery through the release of ATP via fusion
of intracellular vesicles with the apical plasma membrane.
This autocrine and paracrine messenger acts through purinergic
receptors to reduce sodium uptake. Hence, high flow rates,
which can arise as a consequence of expansion of the extracel-
lular fluid volume leading to an increase in the GFR, reduce the
retention of sodium and volume. Through a collaboration be-
tween mechanical and chemical sensory tools, this multicompo-
nent and multimodal mechanism thus underlies a logical and
elegant physiologic adaptation.
The intriguing mechanism described in the preceding

paragraph by no means constitutes the only example of
renal tubule fluid flow being sensed or interpreted to in-
fluence the composition of the forming urine. The process

Figure 1. | Flow-induced bending of the primary cilium can be transduced through several mechanisms, including the activation of
mechanosensory ion channels and the release of vesicular ATP, which, in turn, activates purinergic receptors.
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of tubuloglomerular feedback is a classic example of flow
rates being “sensed” (as an index of changes in tubular fluid
electrolyte concentrations) to mediate changes in renal func-
tion. In addition, the large-conductance Ca21-sensitive potas-
sium channel of the renal collecting duct is responsible for the
capacity of the late nephron to increase potassium secretion
in response to increased flow rates (25,56). Therefore, a vari-
ety of renal mechanisms depend upon a complex combina-
tion of sensors and signaling pathways that participate in
adjusting the kidney’s capacity to modify the forming urine
to the rate at which it is flowing through the tubule lumen.
Finally, it is worth noting that cilia are not the only

mechanosensitve cellular organelles that extend into the
lumen of the renal tubule. The microvilli that constitute the
luxuriant brush borders of proximal tubule epithelial cells
may also manifest the capacity to monitor and communicate
tubular fluid flow rates (14). Flow-induced microvillar
bending, communicated through elements of the cyto-
skeleton to the intracellular signaling machinery that
regulates transport processes, may play an important
role in governing transepithelial uptake of sodium,
bicarbonate, and water in the initial segment of the
nephron (57).

Renal Chemosensors
The kidney monitors and responds to the levels of a

number of key metabolites. In this review, we focus on the
chemosensors that detect succinate, short chain fatty acids
(SCFAs), and bicarbonate.

Succinate
Succinate, which participates in the tricarboxylic acid (TCA;

or citric acid) cycle, resides primarily in the mitochondria.
However, this metabolite is also found in the plasma in the

micromolar range (11), where it plays an important signaling
role. It has been suggested that plasma succinate levels are an
index of the level of hypoxia and/or of oxidative or mito-
chondrial stress, based in part on the observation that tissue
levels of succinate rise in hypoxic conditions while the levels
of other TCA cycle intermediates fall (58,59). Succinate ad-
ministration increases BP in a dose-dependent manner (11),
and the succinate receptor GPCR 91 (Gpr91) was originally
identified as a mediator of the hypertensive response to suc-
cinate (11,60). The initial characterization of Gpr91 clearly
demonstrated that this receptor is highly expressed in the
kidney and that the hypertensive response to succinate was
dependent on the renin-angiotensin system (RAS) (11). The
details of the mechanism underlying this phenomenon
were unraveled in several studies that revealed that
Gpr91 is localized in the distal nephron, including the
macula densa (MD) (61). Succinate increases BP by bind-
ing to Gpr91 on the MD cells, which leads to renin release
from the adjacent juxtaglomerular apparatus, thus driving
the increase in BP (13) (Figure 2). Renin is an enzyme that
cleaves angiotensinogen to form angiotensin 1, and this
reaction constitutes the rate-limiting step in the RAS path-
way. Because elevated succinate levels are associated with
hypoxia and oxidative or mitochondrial stress, it may be
that the kidney uses succinate as a “cue” to increase sys-
temic BP (and, thus, its own perfusion) in the face of renal
energy deprivation.
Intriguingly, this Gpr91–renin-angiotensin signaling

pathway has been implicated in the pathophysiology of
diabetic nephropathy. It has been appreciated for some
time that diabetic nephropathy is a feature of both type
1 and type 2 diabetes, and that pharmacologic blockade of
the RAS can slow the progression of diabetic nephropathy
in patients with type 1 and type 2 diabetes (62). However,
the unifying mechanism underlying this synergy has not

Figure 2. | Macula densa cell Gpr91 mediates renin release from juxtaglomerular cells in response to succinate binding. Gpr91, G protein–
coupled receptor 91.
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been well understood. The connection appears to be high
plasma glucose levels, which are associated with elevated
succinate levels in both kidney tissue and in urine (63).
There is likely also increased localized succinate produc-
tion (through the TCA cycle) in the kidney under condi-
tions of hyperglycemia. These elevated succinate levels
activate Gpr91, increasing renin release. It should be noted
that although a minor component of the renin release re-
sponse may be induced by the osmolar effects of high glu-
cose levels, which is independent of Gpr91 (63), the
majority of this response is Gpr91-mediated and succinate-
dependent. Therefore, inappropriate activation of the RAS
in diabetes is likely tied to elevated plasma glucose, and
as a consequence, elevated succinate levels, which activate
Gpr91 (and, therefore, renin release). These observations
provide an interesting rationale for the well understood
benefits of RAS blockade and plasma glucose control in
the setting of diabetes.

Adenylate Cyclase 3
Adenylate cyclase 3 (AC3) is best known as a key com-

ponent of the canonical signaling pathway underlying
olfaction (64), but is also expressed in a variety of nonol-
factory tissues (9,65), including the kidney (66). In the
nose, when an odorant binds to its OR, OR activation leads
to downstream activation of the olfactory G protein (Golf),
which, in turn, activates AC3, leading to the opening of
nucleotide-gated ion channels, and, ultimately, to an ac-
tion potential (6,64,67). AC3 is indispensable for the sig-
naling pathway underlying olfaction, as evidenced by the
fact that AC3 knockout mice are anosmic (64).
Within the kidney, AC3 colocalizes with Golf in the distal

convoluted tubule and the MD. The MD is a highly spe-
cialized, tightly packed cell type that occurs where each
nephron makes physical contact with the vascular pole of
its own parent glomerulus. At the junction between the
thick ascending limb and the distal convoluted tubule,
the renal epithelial cells lining the tubule are referred to
as MD cells. These cells have a specialized sensory func-
tion that permits them to use chemical cues to deduce the
flow rate of the tubular fluid in the distal nephron. These
cells measure the chloride concentration of the tubular
fluid, which is higher when the flow rate through the thick
ascending limb is high. The MD cells can then signal the
parent glomerulus to increase or decrease the flow rate,
serving as a continuously operating single nephron GFR
calibrator, in a process known as tubuloglomerular feed-
back. In addition, when flow rates are low, MD cells can
also signal the juxtaglomerular cells associated with the
afferent arteriole that feeds their parent glomerulus to in-
crease renin secretion, which then raises systemic BP. Con-
sistent with the role of the MD cells in tubuloglomerular
feedback (and, therefore, GFR regulation) and renin secre-
tion, knockout mice that do not express AC3 have de-
creased GFR and decreased plasma renin (66) levels,
consistent with a defect in MD function. It remains to be
determined which receptor and ligand signal through
AC3 in the cells of the MD. It is clear, however, that com-
ponents of the molecular machinery of olfaction play a
key role in the kidney to regulate both GFR and renin
secretion.

Short Chain Fatty Acids
The succinate pathway nicely exemplifies the kidney’s

use of sensory receptors to monitor intermediates and by-
products of the body’s own metabolism. Recent studies
support the surprising conclusion that the kidney also ap-
pears to pay attention to metabolic by-products produced
by the gut microbiota. Indeed, the number of cells con-
tained within the human microbiota outnumbers the num-
ber of human cells in our bodies by more than a factor of
10 (68–71). The colon is the home to .70% of these mi-
crobes (69,71). A major class of metabolites produced by
the gut microbiota in the colon are SCFAs (primarily ace-
tate, propionate, and butyrate), which are produced at
such a high rate that SCFAs are found in the colon at
concentrations of approximately 100 mM (72). After ab-
sorption into the bloodstream, SCFAs are found in the
plasma at concentrations ranging between 0.1 and 10
mM (73–75). SCFAs produced by gut microbes have re-
cently emerged as signaling molecules in the physiology
of the host, where they play roles in modulating physio-
logic processes, such as metabolism, immune responses,
and susceptibility to HIV infection (73,74,76–79).
Gpr41 and Gpr43 are well characterized SCFA receptors

(73,74,77) that have been shown to play important roles in
regulating the physiology of the host organism in response
to gut microbiota metabolite production. For example, in
response to changes in plasma SCFA concentrations,
Gpr41 regulates host adiposity (77), and Gpr43 modulates
host inflammatory responses (73,74). It was recently found
that both Gpr41 and Gpr43 are expressed in the kidney
and the vasculature, along with a novel SCFA receptor,
OR 78 (Olfr78).
The identification and localization of Olfr78 was partic-

ularly intriguing, because it was found in the kidney
specifically in the afferent arteriole (a key component of the
juxtaglomerular apparatus [JGA], which regulates renin
secretion), as well as in resistance vasculature beds (80).
The identification of Olfr78 as a SCFA receptor (80), to-
gether with the distribution of Olfr78 (80), led to the novel
hypothesis that SCFA receptors may be responding to gut
microbiota–derived SCFAs in order to regulate BP. Indeed,
it was found that Olfr78 is responsible for inducing renin
release from the JGA upon increases in SCFAs (80) (Figure
3). This effect is detected in isolated JGA cells in culture,
and Olfr78 knockout mice exhibit reduced levels of plasma
renin and resting BPs. In addition, a separate acute vascu-
lar effect of SCFAs was identified: SCFAs delivered intra-
venously cause a rapid and dose-dependent hypotensive
response. This acute vascular effect was found to be me-
diated primarily by Gpr41, and to be opposed by a milder
counter-regulatory hypertensive response to SCFAs driven
by Olfr78. In summary, SCFAs have an acute effect to
lower BP via Gpr41, which is opposed by Olfr78 in two
ways: first, by an acute effect of Olfr78 to support vascular
tone; and second, by a more “chronic” effect of SCFAs to
increase renin secretion via Olfr78.
The functional significance of this pathway may be to

enhance the capacity of the colon tomaximally absorb remaining
nutrients after a meal. Although most nutrient absorption
occurs in the small intestine, a significant quantity of nutrients
are absorbed from the large intestine in animals (72,81–89) and
in humans (90–98). After a meal, one would expect SCFA
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concentrations in the vessels serving the large intestine to
peak, driving localized vasodilation that would in turn facil-
itate nutrient absorption.
It should be noted that Gpr41 and Olfr78 have very

different EC50s (half maximal effective concentrations) for
SCFAs [propionate: Gpr41, EC50 100–300 mM (73,99) in
a guanosine 59-O-(3-[35S]thio)triphosphate binding assay;
Olfr78, EC50 0.9 mM (80) in a cAMP-based reporter assay].
Therefore, under basal conditions in which plasma SCFAs
are 0.1–10 mM (73–75), one would expect Gpr41, but not
Olfr78, to be tonically active. After a meal, however, as
plasma SCFA concentrations rise, Gpr41 would become
further active and, thus, would further lower BP until
such a point that SCFA concentrations are sufficient to
activate Olfr78 as well. Activation of Olfr78 would act
as a “brake” on the hypotensive pathway, supporting an
increase in BP and, therefore, preventing dangerous hypo-
tension when SCFA concentrations are high.
These observations imply that BP is regulated not only by

the genetics of an individual, but potentially by the genetics
of that individual’s microbiota as well. The potential clinical
implications are numerous and prompt a variety of interest-
ing questions. For example, do alterations in the diet of the
host alter gut flora metabolite production and therefore BP?
Can purposeful alteration of the gut microbiota composition
alter BP? Similarly, are gut microbiota altered secondary to
other clinical treatments (e.g., antibiotics), and might this in-
fluence BP regulation? Future studies will be required to

better understand the complex and unexpected ways in
which gut microbiota affect host physiology in general,
and the renal regulation of BP in particular.

Bicarbonate
The proximal and distal segments of the renal tubule

utilize distinct sensory mechanisms to detect the concen-
tration of the bicarbonate ion and to tune ion transport
processes accordingly. Bicarbonate transport in the prox-
imal tubule is governed by several physiologic regulatory
mediators, including angiotensin II, which acts through its
GPCR to increase the activity of the apical sodium proton
exchanger NHE3 and, thus, to increase bicarbonate reab-
sorption (100). Bicarbonate itself also appears to serve as a
regulatory signal that modulates the activity of proximal
tubule transporters. Although the molecular nature of the
receptor that detects and responds to bicarbonate has yet
to be determined, the activity of a tyrosine kinase appears
to be involved in this process (101,102).
In more distal segments of the renal tubule, an ion

transport protein appears to serve as a key component of a
bicarbonate sensory mechanism that regulates sodium
transport. Pendrin is a Na1-independent Cl2/HCO3

2 ex-
changer expressed in the cochlea of the ear, the thyroid
gland, and the kidney. In the kidney, pendrin plays a
role in sensing and maintaining both volume status and
acid-base balance. The gene encoding pendrin (solute car-
rier family 26, member 4 [SLC26A4]) is mutated in the

Figure 3. | SCFA Receptors and blood pressure. (A) Olfr78 mediates renin release from juxtaglomerular apparatus cells in response to binding
of SCFAs. (B) Two different SCFA receptors (Olfr78 and Gpr41) are both expressed in blood vessels. Olfr78 mediates vasoconstriction in re-
sponse to SCFAs, whereas Gpr41mediates vasodilation. It should be noted that, whereas Olfr78 has been localized to vascular smooth muscle
cells, Gpr41 has not been localized to a specific cell typewithin bloodvessels (it was identified in bloodvessels byRT-PCR). Therefore, although
it is depicted here in vascular smooth muscle, the precise cell type in which it is localized has not been determined. Gpr41, G protein–coupled
receptor 41; Olfr78, olfactory receptor 78; SCFA, short chain fatty acid.
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autosomal recessive disorder known as Pendred syn-
drome. The pathophysiology of Pendred syndome reflects
the tissue localization of the pendrin protein, as patients
typically have hearing loss, goiter, and hypothyroidism.
Pendrin mediates iodide flux in the thyroid (103), and it
plays a key role in generating the endocochlear potential in
the inner ear (104). Although patients with Pendred syn-
drome do not typically present with a clinically significant
renal phenotype, recent studies have shown that pendrin
does indeed play important roles in renal physiology. In
the kidney, pendrin is expressed in the collecting duct,
where it localizes apically in interacalated cells (105)—in
particular, in type B and non-A non-B intercalated cells
(105,106). The transport activity of pendrin in these cells
appears to serve two distinct purposes. In its most
straightforward role, pendrin is a coupled cotransport pro-
tein that mediates both Cl2 reabsorption and HCO3

2 se-
cretion (107) and, thus, contributes to the collecting duct’s
compendium of ion transport machinery. Pendrin activity
is upregulated by angiotensin II (108) and aldosterone
(109). By mediating Cl2 absorption in the collecting duct,
pendrin plays a role in volume homeostasis and, therefore,
in BP control (109–111). As a direct consequence of chloride/
bicarbonate exchange activity, however, pendrin also plays
a central role in a recently defined signaling pathway. By
modulating the bicarbonate concentration in the lumen of
the collecting duct, pendrin sends a message to the neigh-
boring principal cells that, in turn, regulates the functional
expression of the ENaC sodium channels.
Evidence in support of this conclusion derives from

observations made on mice that are deficient for pendrin
expression. Although pendrin knockout mice are normal
at baseline, they do not gain weight and do not become
hypertensive upon treatment with an aldosterone analog
(unlike their wild-type counterparts) (109). If, however, the
bicarbonate concentration of the collecting duct tubule
fluid in the pendrin knockout mice is raised artificially
through pharmacologic manipulations, then these animals
respond normally to aldosterone by increasing their
ENaC-mediated sodium absorption. It appears that the bi-
carbonate ions that pendrin secretes into the collecting
duct lumen act through an as-yet-mysterious signaling
pathway to stimulate the upregulation of ENaC expression
and activity in principal cells (107).
In addition, pendrin also acts as the “downstream” part-

ner in a paracrine signaling scheme. A recent study dem-
onstrated that pendrin activity is altered by changes in
proximal tubule transport (112). It was reported that
changes in acid-base status alter proximal tubule transport
of a-ketoglutarate (aKG), and lead to changes in the con-
centration of aKG in the distal tubular fluid. In the con-
necting tubule and collecting ducts, aKG is sensed in
intercalated cells by a receptor (oxoglutarate receptor 1),
which then stimulates pendrin. Therefore, although pen-
drin itself is not found in the proximal tubule, it is respon-
sive to acid-base effects on proximal tubule transport.
Thus, pendrin appears to serve in a variety of physiologic

functions. By mediating Cl2 absorption, pendrin collaborates
with ENaC to participate in transepithelial NaCl uptake,
thus playing a direct role in regulating volume status. By
mediating HCO3

2 secretion, pendrin participates directly in
the regulation of acid-base balance. It also determines the

luminal concentration of bicarbonate, which acts as the crit-
ical determinant in a chemosensory pathway that helps to
control the capacity of the principal cells to increase their
sodium absorptive capacity in response to aldosterone. Fi-
nally, pendrin activity is also regulated by the acid-base sta-
tus of the proximal tubule. Although many of the receptors
and signaling pathways involved in this bicarbonate chemo-
sensory process have yet to be elucidated, these schemes
beautifully illustrate a fascinating cross-talk between trans-
port and sensory processes in the kidney.
The kidney must respond to a wide variety of physio-

logic cues in its efforts to maintain homeostasis. It has only
recently been appreciated that both mechanosensors and
chemosensors play important roles in controlling a variety
of renal functions in response to a number of novel stimuli.
Future studies will no doubt provide us with a clearer
understanding of the physiologic and pathophysiologic
implications of these pathways in the governance of renal
function.
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Physiology of the Renal Interstitium

Michael Zeisberg* and Raghu Kalluri†

Abstract
Long overlooked as the virtual compartment and then strictly characterized through descriptive morphologic
analysis, the renal interstitium has finally been associated with function. With identification of interstitial renin-
and erythropoietin-producing cells, the most prominent endocrine functions of the kidney have now been
attributed to the renal interstitium. This article reviews the functional role of renal interstitium.

Clin J Am Soc Nephrol 10: 1831–1840, 2015. doi: 10.2215/CJN.00640114

Introduction
The physiologic role of the interstitium of the kidney
has received comparatively little interest to date. This
may partially be attributed to the fact that it was long
considered the exclusive domain of descriptive ultra-
structural research, which implied that the interstitium
was mostly a passive tissue that structurally supported
the tubular epithelium (1,2). The renal interstitium received
increasing interest in the context of kidney abnormalities,
when the role of interstitial fibrosis in progression of
CKD became obvious (3–5). Only since transgenic animal
studies revealed the physiologic endocrine function of in-
terstitial cells as sources of erythropoietin (Epo) and renin
has the physiologic role of the renal interstitium received
its due attention. Here we review current knowledge of
the form and function of the renal interstitium.

Definition and Ultrastructure of the Renal
Interstitium

The renal interstitium is defined as the intertubular,
extraglomerular, extravascular space of the kidney.
It is bounded on all sides by tubular and vascular
basement membranes and is filled with cells, extra-
cellular matrix, and interstitial fluid (1). Its distribution
varies within the kidney; it accounts for approximately
8% of the total parenchymal volume in the cortex and
up to 40% in the inner medulla (6,7). The term “renal
interstitium” is often inadequately used to refer to the
peritubular interstitium (the space between tubules, glo-
meruli, and capillaries); the periarterial connective tissue
and the extraglomerular mesangium are considered spe-
cialized interstitia (1). It is debated whether microvessels
and capillaries, which are located within the peritubular
space, are actually part of the renal interstitium or just run
through it (1). Furthermore, lymphatics are considered in-
terstitial constituents (1). The tubular interstitium in the
cortex and medulla differ with regard to their cellular
constituents, extracellular matrix composition, relative
volume, and endocrine function, justifying the consid-
eration of cortical and medullary interstitium as sepa-
rate entities.

The intertubular interstitium harbors dendritic cells,
macrophages, lymphocytes, lymphatic endothelial cells

(in the cortical intertubular interstitium), and various
types of fibroblasts, the hallmark cell type of connective
tissues (8). In addition, it is believed that the intersti-
tium plays a role in fluid and electrolyte exchange and
insulation (1). Here we focus on fibroblasts and specif-
ically on fibroblasts with endocrine function and their
biology in health and disease (other articles have exten-
sively reviewed cellular constituents of the immune
system within the renal interstitium [9,10]) (Figure 1).

Renal Fibroblasts
In general, fibroblasts are flattened cells with ex-

tended cell processes; in profile they display a fusiform
or spindle-like shape and a flattened nucleus (11). Fi-
broblasts typically are embedded within the fibrillar
matrix of connective tissues and are considered proto-
typical mesenchymal cells. Renal fibroblasts anastomose
with each other, forming a continuous network in cor-
tex and medulla (8). Fibroblasts can acquire an activated
phenotype with a relatively large oval nucleus with one
or two nucleoli, abundant rough endoplasmatic reticu-
lum, and several sets of Golgi apparatus; this reflects
their capacity to synthesize substantial amounts of extra-
cellular matrix constituents (12). Under physiologic con-
ditions, however, adult fibroblasts are relatively inactive,
the endoplasmatic reticulum is reduced, and the nucleus
is flattened and heterochromatic. On the basis of their
appearance, it was assumed that the primary function of
renal fibroblasts was to provide structural support to
nephrons through deposition of extracellular matrix
and through direct cell-cell interactions (1). In addition,
fibroblasts play an important role in maintaining vascu-
lar integrity in close association with vessels (then typi-
cally referred to as vascular smooth muscle cells and
pericytes) (13,14). Renal fibroblasts are best known for
their role in progression of interstitial fibrosis in pro-
gressive CKD because they are principal producers of
extracellular matrix (4). Finally, fibroblasts have been
identified as sources of Epo and renin in the kidney
(15,16). It is obvious that such diverse functions are
not fulfilled by one cell type but that renal fibroblasts
are instead a heterogeneous cell population with dis-
tinct functions.
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Heterogeneity of Renal Fibroblasts
Our current knowledge of fibroblast heterogeneity evolved

from morphologic descriptions to immunophenotyping, and
only recently the use of transgenic mouse models provided
insights into origins and functions of renal fibroblasts. Ultra-
structural analysis first revealed that cortical fibroblasts dif-
fer from medullary fibroblasts, as they form a finer network
through their radiating cytoplasmatic processes with tubular
cells, endothelial cells, and each other. Furthermore, medul-
lary fibroblasts often have a stouter appearance and harbor
cytoplasmatic lipid droplets (8). However, such ultrastruc-
tural analysis revealed little about distinct functions of fibro-
blast populations (1,2,8,17). Attempts to link ultrastructural
appearance to function were followed by studies that aimed
to define renal fibroblast populations through use of fibro-
blast markers. Such fibroblast markers included the interme-
diate filament-associated protein vimentin (which is not
specific for fibroblasts because it is also present in endothe-
lial cells and neurons) (18); desmin (which is present only
in a subset of fibroblasts and in muscle cells) (19,20); collagen
receptors, such a1b1 integrin (21) and discoidin domain re-
ceptor 2 (which are also present on cells of various other
lineages, including endothelial cells) (22); the intracellular
calcium-binding protein fibroblast-specific protein 1 (which
is present on fibroblasts but also in invasive carcinoma cells)
(23); the membrane-bound enzyme ecto-59-nucleotidase

(CD73) (which labels cortical renal fibroblasts but also T-
lymphocytes) (24,25); the PDGF receptor PDGF receptor-b
(which labels fibroblasts but also macrophages) (26,27); and
a-smooth muscle actin (which labels a subset of activated
fibroblasts and vascular smooth muscle cells) (28). In addition,
the synthesis of collagen types I, III, and V are considered a
hallmark feature of fibroblasts, although many other cell types
also robustly express these collagens (28). Clearly, all pro-
posed markers had deficiencies, creating an as-yet unresolved
dispute in the field regarding identity of fibroblasts and their
respective function in kidney health and disease. The confu-
sion is further fueled by assumed different origins of fibro-
blasts in diseased kidneys (for extensive information, see
elsewhere [4,29]). For practical purposes, we here define fibro-
blasts as the nonvascular, nonepithelial, and noninflammatory
cell constituents of the kidney (11). In the following para-
graphs we discuss the role of fibroblasts as sources of Epo
and renin in kidney health and disease.

Epo
Epo is an indispensable glycoprotein hormone that is pro-

duced by interstitial renal fibroblasts and controls hema-
topoiesis through promotion of survival, proliferation, and
differentiation of erythroid progenitors (30). Epo is best
known through its recombinant protein relatives, which

Figure 1. | Content of the virtual compartment. Left. The photomicrograph displays a cortical section of a paraffin-fixed periodic acid-Schiff–
stained mouse kidney. The interstitium, located between tubules, is barely visible. Arrows (black) point to interstitial fibroblasts or to microvessels,
respectively (green). Right. Glomerular and tubular cross-sections and contents of the interstitium are illustrated in the schematic. The interstitial
compartment contains non–hormone-producing fibroblasts (blue), microvessels (red), perivascular cells (green), renin-producing perivascular cells
(orange), juxtaglomerular cells (lilac), and erythropoietin (Epo)-producing fibroblasts (pink). Bottom. Representative drawings are explained.
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are widely used to treat anemia in dialysis patients (a $12
billion market worldwide at its peak in 2006) and its mis-
use as a performance-enhancing substance in cycling and
other sports (31). Insights into the physiologic mechanism
that underlies production of endogenous Epo are of inter-
est to understand the molecular basis of Epo deficiency in
patients with CKD and potential therapeutic strategies to
circumvent lack of Epo. Here we review the origins of en-
dogenous Epo and molecular mechanisms that control Epo
production in health and disease.

Identification of Renal Interstitial Fibroblasts as Primary
Origin of Epo
In adults, about 90% of Epo is produced by renal interstitial

fibroblasts, whereas 10% is contributed by extrarenal sources,
primarily liver cells (32). Decreased oxygen tension is the
principal stimulus for renal Epo expression, yet Epo produc-
tion decreases in CKD, which is associated with chronic hyp-
oxia (33,34). When Epo production is impaired in the injured
kidney, extrarenal sources of Epo cannot compensate for de-
creased Epo levels (35). Nevertheless, despite decades of ef-
fort, Epo-producing kidney cells have not yet been cultivated,
which is why most analyses of Epo production relied on liver-
derived hepatoma cells (36). The value of using hepatoma
cells to study mechanisms of Epo production is limited, how-
ever, because control of Epo expression underlies distinct
mechanisms in kidney and liver. To better understand this
unusual complexity of endogenous Epo expression, it is worth
reviewing the sequence of discoveries that led to the knowl-
edge of Epo expression.
A link between decreased oxygen availability and an

adaptive increase in red blood cell count was first suspected
by Miescher, who observed increased hemoglobulin levels in
patients who entered a high-altitude sanatorium in the Alps
(37). Yet it was not until 1953 when Erslev demonstrated that
plasma transfer from anemic rabbits caused increased hemo-
globin levels (but not white blood cells) in recipient rabbits (38).
Goldwasser succeeded in isolating Epo for the first time in
1977, but it took him 17 years and 2500 L of urine from pa-
tients with aplastic anemia to achieve this goal (39).
Because of the consistent association between CKD and

anemia, the kidney was long suspected as a primary source
of Epo. However, Epo expression levels are low, and
immunolabeling and in situ hybridization analyses proved
to be unreliable; it took extensive studies using transgenic
mice to finally, unequivocally identify renal interstitial fibro-
blasts as primary producers of Epo (16,40–42). Furthermore,
analysis of Epo expression in vivo is technically challenging
because large regions of noncoding DNA flanking the Epo
locus (which contains tissue-specific enhancers and repress-
ors) must be included to adequately reflect endogenous Epo
expression. Only recently, use of a 180-kb Epo transgene
fused to a green fluorescent protein reporter tag unequivo-
cally located hypoxia-induced Epo expression to fibroblasts
in the deep cortex to the outer medulla region (41). The
identity of these Epo-producing cells as fibroblasts was con-
firmed by immunophenotyping with antibodies to CD73.

Regulation of Epo Production
The kidney is the principal source of Epo. Because Epo

deficiency is the most important component of the ane-
mia that complicates CKD, cellular origins and molecular

mechanisms that control endogenous Epo production are
of great clinical relevance (43). Physiologic plasma Epo
levels in blood are relatively low at around 100 pg/ml,
whereas under hypoxic stress associated with anemia,
Epo levels can reach 100,000 pg/ml (44). A drop in tissue
PO2 is the principal stimulus for Epo expression, and
PO2 levels are consistently higher within the cortical in-
terstitium because there is a constant ratio of blood flow
rate and small O2 consumption, relatively independent
of cardiac output and renal blood flow (45,46). Hence, a
drop in hemoglobin levels and ensuing tissue hypoxia
are a prototypical stimulus for Epo expression. Because
Epo is not stored and has a relatively short half-life, cir-
culating Epo levels are closely linked to Epo expression
in interstitial fibroblasts. The mechanisms that control
transcriptional activity have received prominent atten-
tion in recent years (summarized in Figure 2) (44). The
true value of understanding mechanisms that underlie
control of Epo expression may be the possible therapeu-
tic solutions to overcome the transcriptional silencing of
Epo, a hallmark of CKD (47). While hypoxia is the prin-
cipal stimulus for Epo expression under physiologic con-
ditions, Epo transcription is silenced in chronically
diseased kidneys, despite the hypoxic conditions that
are a hallmark of renal fibrogenesis (34).
The molecular mechanisms that underlie transcriptional

silencing of Epo in fibrotic fibroblasts is only incompletely
understood, at least in part because of aforementioned difficul-
ties in the study of Epo expression in cultured renal cells. Two
recent studies that used transgenic mice harboring a 180-kD
chromosome fragment erythropoietin transgene reported that
de novo expression of a-smooth muscle antibody in intersti-
tial fibroblasts correlates negatively with Epo expression,
suggesting that additional superimposed intracellular
programs render the Epo gene unresponsive to transcrip-
tional stimuli (48,49). In this regard, differential expres-
sion of hypoxia-inducible factor (HIF) proteins, of globin
transcription factor proteins, or hypermethylation of reg-
ulatory elements has been suggested to be involved
(48,50). Relevance of such knowledge lies in possible use
of these pathways to rescue endogenous Epo production
in anemic patients (51).

Impaired Epo Production as Cause of Anemia
Anemia is a common complication of CKD, and the striking

effectiveness of recombinant Epo proves that impaired pro-
duction of endogenous Epo is a major cause of this (52). De-
creased Epo levels in patients with CKD are obvious only
when anemia is present but cannot be adequately elevated
when hematocrit drops, suggesting that part of the Epo pro-
duction capacity (i.e., through loss of Epo-producing cells) is
irreversibly lost (53–55). In general, decreased Epo levels (typ-
ically assessed by ELISA in serum) correlate with severity of
decreased excretory kidney function. While Epo levels are
better preserved in glomerular diseases than in interstitial dis-
eases, suggesting that impaired Epo production is a direct
consequence of interstitial disease (56), there is one exception
as polycystic kidney disease is often associated with increased
Epo production and polycythemia, due to aberrant HIF1a
accumulation around cysts due to local hypoxia (57). Never-
theless, circulating Epo levels have been suggested as diag-
nostic marker of the extent of tubulointerstitial involvement in
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diabetic nephropathy (58), but due to superimposed regulat-
ing factors (including anemia, systemic inflammation, and
reduced iron availability), utility of Epo levels as valid diag-
nostic marker for interstitial fibrosis could not be validated
(53). Impaired Epo production as cause of anemia is not lim-
ited to CKD but is also increasingly being recognized as a
cause of anemia in patients with diabetes mellitus. However,
unlike in patients with CKD, Epo production responds ade-
quately in diabetic patients to acute hypoxic stress, suggesting
that in principle Epo-producing cells still exist, but that they
don’t sense the anemia appropriately (59). While in CKD in-
terstitial cells appear to irreversibly lose capacity to produce
Epo, it is conceivable that altered oxygen sensing plays a role
in diabetes mellitus. In this regard, in early diabetes renal
blood flow is increased, and it is plausible that resulting in-
creased oxygen supply suppresses Epo production. In line
with this, blockade of the renin-angiotensin system in rats
increased interstitial blood flow (due to decreased intrarenal
resistance) and anemia (60), possibly explaining the drop in
hematocrit typically observed in the first month of therapy
with angiotensin-converting enzyme (ACE) inhibitors or an-
giotensin receptor blockers in patients (61).
While supplementation with recombinant Epo is highly

effective, it is associated with high costs, and its effectiveness
can be impaired by antibody formation. Hence, stimulation
of endogenous Epo production is an attractive therapeu-
tic strategy. In this regard, inhibition of prolyl-hydroxylase
(PHD; the enzyme that makes HIF accessible for VonHippel–
Lindau tumor suppressor protein [VHL] and subsequent
proteolytic degradation) has emerged as the primary thera-
peutic target as several small molecule inhibitors have been
developed. The rationale behind PHD inhibition is that con-
ceptually it increases intracellular HIF levels and thus stim-
ulates Epo production. In this regard, the PHD inhibitor
FG-4592 is undergoing clinical testing in anemic patients
with CKD stages 3 and 4. One possible drawback might
be that currently available PHD inhibitors do not display
PHD isoform specificity (among the known isoforms
PHD1–3, PHD2 is considered the one involved in renal Epo

transcriptional control), and adverse effects of enhanced HIF
activity (such as angiogenesis as the root of diabetic retinop-
athy) might be enhanced (62).

Adenosine
One often-underappreciated function of interstitial fibro-

blasts is their involvement in regulation of renal hemody-
namics and microvascular function through generation of
extracellular adenosine (63,64). To maintain glomerular fil-
tration within a narrow range, the kidney responds to in-
creased intratubular NaCl levels (upon increased GFR) by
vasoconstriction of afferent arterioles (to decrease GFR) (65).
A crucial mediator of this tubuloglomerular feedback loop is
extracellular adenosine, which is generated through hydro-
lysis of ATP released by macula densa cells into the inter-
stitium and which causes vasodilation of efferent arterioles
(through activation of A2 adenosine receptors) and vasocon-
striction of afferent arterioles through activation of A1 recep-
tors, decreasing intraglomerular pressure and GFR (65).
Furthermore, adenosine directly inhibits renin release in
juxtaglomerular cells. Hence, when GFR and NaCl concen-
tration of tubule fluid increase, adenosine is part of the tu-
buloglomerular feedback response to lower GFR and NaCl
secretion; when GFR and NaCl concentrations decrease,
adenosine levels drop under physiologic conditions (66).
One enzyme that catalyzes hydrolysis of ATP to adenosine
is 59ectonucleotidase (59NT, CD73), which is expressed in the
kidney predominantly by resident fibroblasts (a character-
istic that has made it a popular marker for renal fibro-
blasts) (63). 59NT-deficient mice display substantial
reduction of extracellular adenosine levels and reduced
kidney weight; however, renal blood flow and GFR are
unaltered (67), possibly because of intrinsic activity of in-
terstitial ATP on vascular tone (64). In the chronically in-
jured kidney, 59NT-positive fibroblasts and extracellular
adenosine levels accumulate, possibly contributing to the
lowered GFR through afferent arteriole constriction,
which is typical of CKD (2).

Figure 2. | Control of Epo expression. Renal Epo expression largely depends on enhancer regions located between 214 kb and 29.5 kb
upstream of the Epo gene, whereas negative regulatory elements located between26 and20.4 kb play an important role in preventing ectopic
Epo expression. Enhancer regions that control Epo expression in the liver are located at the 39 end at 0.7 kb downstream of the Epo locus. Under
hypoxic conditions hypoxia-inducible factor (HIF)-1a is stabilized, dimerizeswithHIF-1b, and translocates to the nucleus, where it can bind to
hypoxia response elements within the kidney enhancer region and induce Epo transcriptional activity. Once normoxia is restored, prolyl
hydroxylase (PDH1) hydroxylates HIF-1a, causing its association with the von Hippel–Lindau tumor suppressor protein (VHL), ultimately
causing ubiquitin-dependent degradation of HIF-1a.
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Renin
Renin is another protein that is released by renal cells and

indirectly acts systemically (on BP), even though strictly
speaking it is more an enzyme than a hormone. With more
than 50,000 publications listed in PubMed to date, renin is
among themost-studied proteins in biomedical sciences. Renin
is a key regulator of the renin-angiotensin-aldosterone sys-
tem, and plasma renin levels reflect the overall activity of this
system (68). The circulating active form of renin cleaves an-
giotensinogen to form angiotensin I (69). Because angiotensi-
nogen is highly abundant (its concentration is 1000-fold
higher than that of angiotensin I), it is the plasma renin activ-
ity that determines the rate of angiotensin I formation (68).
Circulating renin is secretedby juxtaglomerular cells (also called

granular cells or JGA cells), unique round cells of epithelioid
appearance that contain myofilaments and abundant peroxi-
somes (70). While under physiologic conditions juxtaglomerular
cells are located just at the outer edge of the renal interstitium
(in the juxtaglomerular interstitium, at the walls of afferent
arterioles just at the entrance into glomeruli) additional renin-
producing cells are recruited extramurally within the intersti-
tium (discussed in more detail below), and hence they are
discussed here as “interstitial cells” for practical purposes
(15). Release of renin by juxtaglomerular cells is regulated by
hormones such as atrial natriuretic peptide and angiotensin II
and by local factors contributed by adjacent tubular epithelial
cells, by vascular smooth muscle cells and endothelial cells
from afferent arterioles and by sympathetic nerve endings (71).
With regard to local regulatory factors, specialized tubular

cells of the cortical thick ascending limb of the loop of Henle
act together with macula densa cells to directly translate
changes in the tubular NaCl concentration into inverse
changes in renin secretion (72). In this system, macula densa
cells sense intratubular NaCl concentrations through activity
of the Na1-K–2Cl2 cotransporter NKCC2 (BSC1) and respond
to lower NaCl concentrations by release of prostanoids (gen-
eration of active prostaglandin E2 and prostacyclin depends
on cyclooxygenases) (71).
Furthermore, renin release is modulated by vascular

smooth muscle cells and endothelial cells from afferent
arterioles (71). In this system, renin stimulatory factors such
as nitric oxide (formed by endothelial nitric oxide synthase)
and prostacyclin/prostaglandin E2 are formed in the endo-
thelium adjacent to the granular cells, and inhibitory adenosine
(which is converted into ATP) is released by vascular smooth
muscle cells (73).
The sympathetic input provided by local nerve endings

(in addition to circulating catecholamines) stimulate renin
release through the b-adrenergic system (73). The magnitude
of sympathetic control of renin release is revealed by double-
knockout mice deficient in b1- and b2-receptors, which have
85% reduced plasma renin levels compared with wild-type
control mice (74). Hence, renal denervation and baroreceptor
stimulation conceptually seemed to be sound antihypertensive
strategies. In this regard, failure of renal denervation to signif-
icantly lower BP in clinical studies is not yet entirely under-
stood (75). Renal denervation also removes the input of the
sympathetic system mediated by a-receptors, including hemo-
dynamic and tubular effects, and systemic catecholamines re-
main fully functional; these findings suggest that baroreceptor
stimulation might be the most promising approach to target
the sympathetic nerve system to lower BP (76,77).

Renin secretion is further controlled by various hormones,
autocoids, and other factors, including angiotensin II, as atrial
natriuretic peptide, vasopressin, oxytocin, aldosterone, glu-
cocorticoids, thyroid hormones, sex steroids, adipokines, do-
pamine, bradykinin, adrenomedullin, and neuropeptide Y
(for further review, see extensive review elsewhere [71,73]).
While availability of potent ACE inhibitors and angiotensin
receptor blockers (and absence of potent renin blockers) long
overshadowed the role of renin in clinical practice, under-
standing of direct renin-receptor mediated effects and avail-
ability of aliskiren revived interest in renin biology (78).
Under physiologic conditions, secretion and activation of

prorenin by juxtaglomerular cells are sufficient for main-
tenance of GFR (71). During pathologic conditions, however,
additional perivascular fibroblasts (i.e., pericytes, vascular
smooth muscle cells) of afferent arterioles express prorenin,
which has led to increased interest in the ontogeny of renin-
producing cells (79). Under basal conditions, renin produced
by juxtaglomerular cells is sufficient to main BP and intra-
vascular volume (71). Upon prolonged threat to volume ho-
meostasis (i.e., through exposing mice to a low salt diet and
ACE inhibitors) additional cells along afferent arterioles ex-
press renin, in angiotensinogen-deficient mice renin is even
expressed by fibroblasts (pericytes) all through the kidney
cortex (80,81). Models of CKD are also associated with recruit-
ment of additional renin-producing cells. Because increased
renin expression is often at the root of hypertension, and be-
cause higher on-treatment plasma renin activity contributes to
progression of CKD and increased cardiovascular risk, mech-
anisms that cause such inopportune increase in renin release
and particularly recruitment of renin producers are of immi-
nent interest (82,83).

Interplay of Renin-Angiotensin and Epo Systems
Clinicians know that patients with renovascular hy-

pertension and kidney transplant recipients with trans-
plant renal artery stenosis have higher hematocrit values
compared with patients who have normal renal arteries (84).
The underlying pathomechanism of this clinical observation
is that ensuing renal hypoperfusion activates the renin-
angiotensin system (as described in detail above) and that
angiotensin II stimulates erythropoiesis through stimulating
Epo secretion and through its directs stimulating effect on
erythropoiegenesis in the bone marrow (85). This mecha-
nisms explains why effective blockage of the renin-angiotensin
system through ACE inhibitors and/or angiotensin receptor
blockers is often associated with a decrease in hematocrit
(86,87) and that ACE inhibitors are effective in normalizing
post-transplant erythrocytosis (88). ACE inhibitors even affect
hematocrit in hemodialysis patients, who require recombinant
Epo substitution because of impaired endogenous Epo pro-
duction (as discussed in more detail above). This occurs be-
cause treatment with ACE inhibitors is associated with
higher recombinant human Epo (rhEpo) requirements
(whereas withdrawal of ACE inhibitors decreases rhEpo
doses), reflecting the direct effect of angiotensin II on eryth-
ropoiegenesis (89). Exceptions to the link of renin-angiotensin
system activation and increased hematocrit are often cases
in which increment of red blood cells mass are masked
by volume expansion (i.e., in patients with severe heart
failure) (90).
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Hypertension is themost relevant side-effect of rhEpo therapy
(91). However, the increase in BP that is often observed in
dialysis patients receiving rhEpo therapy is independent of
the renin-angiotensin system; several clinical studies did not
demonstrate renin-angiotensin system activation upon rhEpo
therapy (92). Instead, the increased BP observed with rhEpo
therapy is most likely a direct systemic vasoconstriction (91).
Nevertheless, rhEpo-induced hypertension is correctable with
the typical antihypertensive therapeutic regimen, including
ACE/angiotensin receptor blocker inhibition (91).

Origins of Hormone-Producing Interstitial Cells
If we are going to develop specific therapeutic inter-

ventions, we need to understand the origins and development
of fibroblast subpopulations, including those that produce
Epo, those that produce renin, and those that proliferate and
lay down the extracellular matrix in fibrosis. Such studies are
done by crossing mice in which cre-recombinase is expressed
under control of promoters specific for a certain lineage (such as
myelin protein zero for neural crest or FoxD1 for mesenchyme)
or indicating Epo or renin expression (epo-cre or renin-cre) to
mice that harbor a floxed reporter gene, irreversibly tagging
them even when expression of the original marker is lost upon
further cell differentiation.
Published datamostly suggest that renin- and Epo-producing

cells are of two distinct lineages: Renin-producing cells are
considered to be derivates of FoxD1 mesenchymal cell pro-
genitor cells, whereas Epo-producing cells have been sugges-
ted to be of neural crest origin, although existing data to
support this are limited (Figure 3). Evidence for neural crest
origin of Epo-producing cells stems from one study that an-
alyzed P0-Cre;R26tdRFP;Epo-GFP triple transgenic mice (49).
In this system, Cre-recombinase expression is driven by the
myelin protein zero promoter, which is expressed by neural
crest cells in early embryonic development (93), tagging de-
riving cells through recombination of the RFP reporter allele
(94). These mice were crossed with reporter mice in which
GFP is fused to a 180-kD chromosomal fragment containing
the mouse Epo coding region and all necessary regulatory
elements and displays specific Epo expression within kidney
interstitial cells (95). On the basis of the observation that
.75% of Epo-GFP–positive cells were also positive for RFP,
it was assumed that most Epo-producing cells are of neural
crest origin (information on percentage of RFP-positive cells

that were also positive for GFP was not provided) (49). This
study also analyzed kidneys of P0-Cre;R26ECFP double trans-
genic mice (in these mice, derivate cells of myelin protein
zero-positive cells are tagged through expression of ECFP)
and found that almost all interstitial cells in the adult kidney
that expressed PDGF receptor-b and/or CD73 were also
ECFP positive. The researchers concluded that almost all in-
terstitial fibroblasts were of neural crest origin. In summary,
this study suggested that Epo-producing interstitial cells are
derivates of neural crest, just like all interstitial fibroblasts
(Figure 3). The authors do not indicate whether Epo-producing
cells are a specific subpopulation of fibroblasts or whether all
fibroblasts can potentially produce Epo (49). This study
somewhat contradicts a school of thought suggesting that
all resident interstitial fibroblasts in adult kidneys are deri-
vates of mesenchymal FoxD1-positive progenitor cells (27).
This thinking is based on a study that used FoxD1-GFP-

Cre;R26STOPlacZ double transgenic mice and found that
almost all interstitial cells in the adult kidney expressing
PDGF receptor-b and/or CD73 were also LacZ positive.
Those investigators concluded that almost all interstitial
fibroblasts were derivates of FoxD1-positive mesenchymal
progenitor cells (albeit only 20% of fibroblasts were LacZ
positive when inducible FoxD1-CreER;R26STOPlacZ trans-
genic mice were used) (27). Neither study conclusively de-
termined whether FoxD1 mesenchymal progenitors are of
extrarenal origin (Figure 3). In this context, there is ample
evidence that juxtaglomerular renin-producing cells are
progeny of renin-positive precursor cells (cells that also
give rise to perivascular fibroblast-like cells, which can be
recruited to produce renin when needed). This concept is
mainly based on studies that analyzed kidneys of Ren-1d-
Cre;R26STOPlacZ and Ren-1d-Cre;Z/EG double transgenic
mice as well as in Ren-1d-Cre;R26STOPlacZ ;ATGF2/2
composite mice (in these mice, angiotensinogen deficiency
causes additional recruitment of renin-producing cells [96]),
which documented common lineage for perivascular fibro-
blasts and renin-producing juxtaglomerular cells (70,79).
These aforementioned renin precursor cells are presumably
progeny of FoxD1-positive progenitor cells, but this informa-
tion has been disclosed only as “unpublished data” (Figure 3)
(97). A recent study by the Kurtz group demonstrated pro-
collagen production by renin precursor cells, hinting at a
common lineage of renin cells and non–renin-producing
fibroblasts (98).

Figure 3. | Origins of Epo- and renin-producing renal cells. Epo-producing fibroblasts are presumed to derive from myelin protein zero–
positive (P01) neural crest precursor cells.Whether all fibroblasts have the capacity to produce Epo is not yet known. Another school of thought
suggests that almost all fibroblasts derive from FoxD1-positive mesenchymal progenitor cells. Renin precursor cells have been suggested to
originate from FoxD1-positive precursors also. It is not yet known whether renin precursors give rise to generic fibroblasts. One study suggests
the possibility that renin-producing cells can convert to Epo-producing fibroblasts. VSMC, vascular smooth muscle cell.
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To explore the role of hypoxia as possible stimulus for
renin production, Kurtz and coworkers ablated VHL in
renin-producing cells (Renin-1d-Cre;Vhllox/lox) based on the
concept that absence of VHL causes HIF accumulation
(due to insufficient proteolytic degradation), mimicking
hypoxic signaling. Unexpected findings were that renin-
producing cells were decreased (it had been widely pre-
sumed that hypoxia stimulates renin production) and that
VHL-deficient juxtaglomerular cells produced Epo instead
of renin (99). Although it is unclear whether such clamping
of HIF at abnormally high levels (and resulting Epo over-
production and renin suppression) ever happens under in
non–genetically modified conditions, this observation rai-
ses several conceptual questions. For example, future stud-
ies should determine whether renin and Epo production
are interchangeable functions of a specialized interstitial
cell type, whether all renal fibroblasts have potential to
produce Epo or renin, or, in a broader view, what renin-
and Epo-producing cells truly are.

Pathophysiology of the Renal Interstitium
Just as the renal interstitium plays an integral role in

physiologic kidney function, it is a central determinant of
the fate of diseased kidneys. Chronic progressive kidney
injury is unequivocally associated with both quantitative

and qualitative changes of the renal interstitium, which are
commonly referred to as “interstitial fibrosis.” The fibrotic
interstitium is no longer invisible because it substantially
expands (although in normal kidneys the relative volume
taken up by the interstitium is no higher than 5%–10%, it
often occupies .60% of kidney tissue in a severely dis-
eased kidney). Such expansion is predominantly caused
by accumulation of extracellular matrix (ECM; fibers),
ECM-producing fibroblasts, and mononuclear cells. While
ECM-producing fibroblasts (and often also renin-producing
cells) accumulate in the fibrosing interstitium, Epo-producing
fibroblasts are lost, raising the question of whether Epo-
producing fibroblasts convert into non–Epo-producing fibro-
blasts in CKD and whether renin-producing cells could be
therapeutically converted into Epo producers (Figure 4). While
numerous cell types, including resident non–hormone-
producing fibroblasts, endothelial cell, epithelial cells, and
bone marrow–derived fibrocytes contribute to accumulation
of ECM-producing fibroblasts in kidney fibrosis (29), the
contribution of hormone-producing cells to accumulation of
activated fibroblasts in CKD is yet unknown. Of note, there
is a glaring disconnect between groups of different research
interests: Most studies to elucidate origins of fibroblasts in
fibrotic kidneys, including from our groups, did not analyze
possible Epo or renin expression of fibroblasts. Studies from
groups with an interest in Epo- and/or renin-expressing cells

Figure 4. | From physiology to pathophysiology of the renal interstitium. Pathologic involvement of the interstitium, so-called fibrosis, de-
termines progression of CKD. The schematic illustrates quantitative and qualitative changes that define the switch from physiologic (left) to
fibrotic (pathophysiologic) interstitium (right). The interstitium not only increases in volume due to accumulation of fibrotic extracellu-
lar matrix, but fibroblasts capable of producing collagen accumulate whereas Epo-producing fibroblasts are diminished. Renin-producing
perivascular cells accumulate within the interstitium.
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reported that these cells could contribute to collagen produc-
tion in CKD but did not use transgenic fate mapping systems,
which are established in the fibrosis field. Impaired hormone
production, however, is not the cardinal feature of the fi-
brosed interstitium in progressive CKD, as excretory kidney
function is also affected. In fact, the extent of tubulointerstitial
fibrosis is the single best determinant for requirement of RRT,
even in primary glomerular nephropathies (100–102) because
the expansion of the interstitium, paired with the overall kid-
ney contraction, causes functional nephron loss through en-
suing hypoxia (caused by microvascular rarefaction and
hindered diffusion of oxygen and nutrients), and stenosis of
glomerulotubular necks and tubular segments through phys-
ical pressure (103–105) (for in-depth information regarding
the molecular events which underlie renal fibrogenesis we
refer to extensive reviews elsewhere [4,105–108]).

Outlook
Epo and renin production are two of the kidney’s most

prominent functions, and these functions are localized to
the fibroblasts of the renal interstitium. Thus, understanding
of fibroblast origins and phenotypic plasticity is as relevant
as ever. Future work will reveal whether reprogramming of
fibroblasts may not only circumvent progressive deteriora-
tion of excretory kidney function but also limit relative Epo
deficiency and renin overproduction in the future.
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Endothelium-specific platelet-derived growth factor-B ablation
mimics diabetic retinopathy. EMBO J 21: 4307–4316, 2002

14. Abramsson A, Lindblom P, Betsholtz C: Endothelial and non-
endothelial sources of PDGF-B regulate pericyte recruitment
and influence vascular pattern formation in tumors. J Clin Invest
112: 1142–1151, 2003

15. Kurtz A: Renin release: Sites, mechanisms, and control. Annu
Rev Physiol 73: 377–399, 2011

16. Kurtz A, Eckardt KU, Neumann R, Kaissling B, Le Hir M, Bauer
C: Site of erythropoietin formation. Contrib Nephrol 76: 14–20,
discussion 21–23, 1989

17. Komuro T: Re-evaluation of fibroblasts and fibroblast-like cells.
Anat Embryol (Berl) 182: 103–112, 1990

18. Franke WW, Schmid E, Osborn M, Weber K: Different
intermediate-sized filaments distinguished by immunofluores-
cence microscopy. Proc Natl Acad Sci U S A 75: 5034–5038,
1978

19. Lazarides E, Balzer DR Jr: Specificity of desmin to avian and
mammalian muscle cells. Cell 14: 429–438, 1978

20. Tuszynski GP, Frank ED, Damsky CH, Buck CA, Warren L: The
detection of smooth muscle desmin-like protein in BHK21/C13
fibroblasts. J Biol Chem 254: 6138–6143, 1979

21. Gardner H, Kreidberg J, Koteliansky V, Jaenisch R: Deletion of
integrin alpha 1 by homologous recombination permits normal
murine development but gives rise to a specific deficit in cell
adhesion. Dev Biol 175: 301–313, 1996

22. Vogel W, Gish GD, Alves F, Pawson T: The discoidin domain
receptor tyrosine kinases are activated by collagen.Mol Cell 1:
13–23, 1997

23. Strutz F, Okada H, Lo CW, Danoff T, Carone RL, Tomaszewski
JE, Neilson EG: Identification and characterization of a
fibroblast marker: FSP1. J Cell Biol 130: 393–405, 1995

24. Marxer-Meier A, Hegyi I, Loffing J, Kaissling B: Postnatal
maturation of renal cortical peritubular fibroblasts in the rat.
Anat Embryol (Berl) 197: 143–153, 1998

25. Thompson LF, Ruedi JM, Glass A, LowMG, Lucas AH: Antibodies
to 59-nucleotidase (CD73), a glycosyl-phosphatidylinositol-
anchored protein, cause human peripheral blood T cells to
proliferate. J Immunol 143: 1815–1821, 1989

26. Fellström B, Klareskog L, Heldin CH, Larsson E, Rönnstrand L,
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Handling of Drugs, Metabolites, and Uremic Toxins by
Kidney Proximal Tubule Drug Transporters
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Abstract
The proximal tubule of the kidney plays a crucial role in the renal handling of drugs (e.g., diuretics), uremic toxins
(e.g., indoxyl sulfate), environmental toxins (e.g., mercury, aristolochic acid), metabolites (e.g., uric acid), dietary
compounds, and signaling molecules. This process is dependent on many multispecific transporters of the solute
carrier (SLC) superfamily, including organic anion transporter (OAT) and organic cation transporter (OCT)
subfamilies, and the ATP-binding cassette (ABC) superfamily. We review the basic physiology of these SLC and
ABC transporters, many of which are often called drug transporters. With an emphasis on OAT1 (SLC22A6), the
closely relatedOAT3 (SLC22A8), andOCT2 (SLC22A2), we explore the implications of recent in vitro, in vivo, and
clinical data pertinent to the kidney. The analysis of murine knockouts has revealed a key role for these trans-
porters in the renal handling not only of drugs and toxins but also of gut microbiome products, as well as liver-
derived phase 1 and phase 2 metabolites, including putative uremic toxins (among other molecules of metabolic
and clinical importance). Functional activity of these transporters (and polymorphisms affecting it) plays a key role
in drug handling and nephrotoxicity. These transporters may also play a role in remote sensing and signaling, as
part of a versatile small molecule communication network operative throughout the body in normal and diseased
states, such as AKI and CKD.

Clin J Am Soc Nephrol 10: 2039–2049, 2015. doi: 10.2215/CJN.02440314

The kidney proximal tubule is the site of elimination
of a vast number of small molecules. These include
drugs (e.g., antibiotics, antivirals, diuretics, nonste-
roidal anti-inflammatory drugs, and antidiabetic
agents), physiologically important metabolites (e.g.,
folate, a-ketoglutarate, urate, and carnitine), nutri-
ents (e.g., vitamins and flavonoids), signaling
molecules (e.g., odorants, cyclic nucleotides, and
prostaglandins), exogenous toxins (e.g., mercurial
conjugates and aristolochic acid), gut microbiome prod-
ucts (e.g., kynurenine), and endogenous toxins (so-
called uremic toxins, such as indoxyl sulfate) (1–7).
Apart fromexcretingunmodified smallmolecule drugs,
the kidney handles many conjugated metabolites, most
of which are produced by phase 1 and phase 2 metab-
olism in the liver (e.g., products of hydroxylation, sulfa-
tion, andglucuronidation reactions) (8). Genes forphase
1 and 2 reactions are also expressed in the kidney and
are likely to be very important in metabolic functions of
the proximal tubule cells of kidney as well (9), although
this area of research is underexplored.

Consider a hypothetical hospitalized patient with
stage 3 CKD, who may have slightly elevated levels of
circulating uremic toxins (e.g., indoxyl sulfate) and is
also being treated with b-lactam antibiotics, loop di-
uretics, statins, and antiviral agents. This scenario thus
includes a host of drugs, metabolites, and molecules
that are handled by proximal tubule transporters,
which orchestrate their clearance from the blood and
their elimination into the urine. The presence of gene
variants of some of these transporters (possibly more

common given this patient’s ethnic background) could
cause differences in expression or function of the trans-
porters in the proximal tubule of this patient compared
with others on the ward. Furthermore, perhaps the pa-
tient’s blood pH has varied considerably, thus altering
the net charge of some of the aforementioned organic
molecules, and thus their capacity to be transported
into different body tissues and fluids or be eliminated.
Many of these small molecules tend to be protein
bound, and perhaps the patient’s albumin concentra-
tion is low, which may further affect small molecule
distribution and elimination.
While this patient is hypothetical, this type of sce-

nario is not uncommon. The variables that affect serum,
tissue, and body fluid levels of a single drug, toxin, or
metabolite excreted by the transporters that handle small
molecules is quite complicated; much more so if one
simultaneously considers several small molecules.
Nevertheless, a great deal of progress has been made in
the past few decades on the basic biology of drug, toxin,
and metabolite handling, including those functioning in
the kidney proximal tubule. With these details at hand,
integration of this information and application to clinical
settings, such as the scenario presented in the preceding
paragraph, should eventually be feasible.
Many of the small molecules of clinical interest are

charged: organic anions, organic cations, or molecules
that have a zwitterionic character (both positive and
negative charges).Molecules that are too large or albumin
bound have limited glomerular filtration, and excretion
instead depends largely on tubular secretion. First,
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the molecules flow through the peritubular capillaries,
where they are extracted by multispecific drug trans-
porters at the basolateral (blood) surface of the proximal
tubule cell (Figure 1, A and B). For the most part, these
molecules are secreted unchanged into the tubular lumen
by a set of transporters at the apical (luminal or urine)
surface of the proximal tubule cell. There appear to be
more than two dozen types of transporters involved in
the net transport of organic anion, organic cation, or
organic zwitterions by the proximal tubule. In some cases
(e.g., urate), the net transport may be the result of both
secretion and absorption, but here we mostly focus on
the role of proximal tubule transporters in net secretion
in the setting of the normal kidney and in disease states.

Classification of Organic Ion Transporters
Organic ion transporters in the proximal tubule are fre-

quently collectively called multispecific drug transporters
because of their multispecific nature and their crucial role
in drug handling. But depending on the discipline (phys-
iology, biochemistry, or pharmacology), or for historical
reasons, a single transporter can sometimes be described by
multiple different names in the literature (Table 1) (1). This
can make it confusing, even for researchers in the field.
These multispecific transporters fall into two general fam-
ilies: solute carrier (SLC) or ATP-binding cassette (ABC)
transporters (1,3,10,11). The SLCs generally transport sub-
stances either down their concentration gradient or against
their concentration gradient coupled with movement of a
second substance down its concentration gradient. In the
kidney, the most important multispecific SLC transporters
appear to be the organic anion transporters (OATs), includ-
ing OAT1 (SLC22A6, originally described as novel kidney
transporter [NKT]) and OAT3 (SLC22A8), which appear to
be the main transporters inhibited by the drug probenecid,
and the organic cation transporters (OCTs) such as OCT2
(SLC22A2) (1). But increasing attention is being paid to
other members of multiple SLC families, including organic
anion transporting polypeptides (OATP, or SLCO family),
multidrug and toxin extrusion proteins (MATEs or SLC47
family), peptide transporters (SLC15 family), and organic
carnitine/zwitterionic transporters (SLC22A4 and SLC22A5)
(1,12,13).
ABC transporters use energy generated by the hydrolysis

of ATP to transport molecules across cell membranes.
Several ABC transporters, including P-glycoprotein (P-gp;
ABCB1), also known as multidrug-resistant protein 1
(MDR1), and breast cancer resistance protein (BCRP,
also known as ABCG2) play key roles in tubular efflux.
Other key family members involved in kidney proximal
tubule transport are the multidrug-associated resistance
proteins, (MRP2 [also known as ABCC2] and MRP4
[ABCC4]), located on the apical (urinary) surface of the
cell (1,10).
Most substrates of medical importance (e.g., drugs, me-

tabolites, and toxins) are eliminated primarily by more than
one renal transporter in vivo. Para-aminohippurate (PAH),
however, is largely extracted from the blood in vivo by
OAT1, the classic PAH transporter (14–16). Many common
drugs (e.g., antivirals) are known to interact with more than
one SLC and/or ABC transporter expressed in the kidney,

albeit with varying affinities and inhibitory constants
(roughly 10 mM–1 mM); this makes it difficult to pin
down the relative contributions of key transporters involved
in renal elimination (1,17). Furthermore, while much of the
data from in vitro transport assays and mouse knockout
studies seems relevant to humans, caution must be exercised
in extrapolating to human physiology.

Figure 1. | Transcellular movement of organic cations (OCs) and
organic anions (OAs) in kidney proximal tubule epithelial cells.
(A) Transcellular movement of OCs in a kidney proximal tubule
epithelial cell. Movement of OCs are facilitated by the negative
potential difference within the cell, which is maintained by the
basolateral Na1,K1-ATPase (not shown). OCs enter the cell across
the basolateral membrane by organic cation transporters (OCTs),
such as OCT2. The authors note that OCT2 is also sometimes de-
picted as an OC exchanger. Secretion across the apical membrane
into the lumen occurs by electroneutral exchange with H1 by solute
carrier (SLC) transporters, including multidrug and toxin extrusion
(MATE) protein 2/2K, and by ATP-binding cassette (ABC) transporters,
such as multidrug-resistant protein 1 (MDR1), which use energy
generated by ATP hydrolysis to transport molecules across the apical
membrane. Only a fraction of the known transporters are shown. (B)
OA transport via organic anion transporters (OATs) in a proximal tu-
bule epithelial cell. Primary active transport of sodium out of the cell
by the basolateral Na1,K1-ATPase creates the gradient that facilitates
sodium dicarboxylate cotransporters (NaDCs) to move sodium and
dicarboxylates [R(COO2)2], such as a-ketoglutarate, into the cell.
The resulting high intracellular concentration of dicarboxylates pro-
motes uptake of OA across the basolateral membrane in exchange
for [R(COO2)2] by organic anion transporters (OAT1 and OAT3).
Apical exit involves ABC transporters including multidrug-associated
resistance proteins (MRP2, MRP4) and possibly other SLC transporters
including OAT4 and urate transporter 1 (URAT1, not shown).
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Basic Organic Ion Transporter Physiology
Excretion of organic cations begins with transport on the

basolateral surface of the proximal tubular cell (Figure 1A).
This is primarily achieved by OCT2, a transporter of or-
ganic cations, which takes advantage of the negative poten-
tial difference within the cell maintained by the basolateral
Na1-K1-ATPase. Several carriers on the apical surface
subsequently transport organic cations across the apical
membrane through electroneutral transport by exchange
with proton (H1), which capitalizes on the electrochemical
gradient that favors movement of H1 into the cells. The key
apical transporters appear to be the MATEs (SLC47), but
other SLC and ABC transporters may be involved.
OATs on the basolateral and apical membranes function

in tandem to move organic anions from the blood, across
the proximal tubule cells, and into the lumen (Figure 1B).
The best-studied transporters on the basolateral membrane
are OAT1 and OAT3, which have dozens of well estab-
lished substrates. These transporters are organic anion/
dicarboxylate exchangers, which use a tertiary active trans-
port system on the basolateral side of the proximal tubule
cell. The Na1-K1-ATPase pumps sodium out of the cell,
while sodium/dicarboxylate cotransporters move so-
dium and dicarboxylate molecules into the cell. The
OAT antiporters move organic anions into the cell and
dicarboxylate molecules out of the cell because the gradi-
ent favors outward movement of dicarboxylates, such as
a-ketoglutarate, to the peritubular capillary. The current
thinking is that MRP2 (ABCC2) and MRP4 (ABCC4) are
the main apical efflux transporters of many of the organic
anions taken up by OAT1 and OAT3, but other trans-
porters, such as OAT4 and the urate transporter urate
anion exchanger 1 (URAT1 [SLC22A12]), may also be in-
volved (18). These transporters seem to work in concert
to control the excretion of organic solutes (1–7,17).
Organic anion secretion has been recognized as an im-

portant function of the kidney for more than half a century.

In addition, it has long been known that secretion of or-
ganic anions by the kidney can be saturated, such that the
addition of a second substance can inhibit secretion of the
first. Since the mid-to-late 1990s, many of these transporters
have been cloned (1,7,15,19,20) and a great deal of knowl-
edge has accumulated as a result of transport studies in
microinjected frog oocytes, transfected cells, and in vivo as
well as ex vivo analysis of wild-type and knockout tissues
(5,21,22). These data may help explain drug-drug interac-
tions (DDIs) but also may explain differences in pharma-
cokinetics in different patients, some of whom may have
transporter single-nucleotide polymorphisms (SNPs) that
lead to more rapid or relatively delayed transport. This re-
presents a large body of work by many investigators, and
it is impossible to cover each transporter (1,7,21,23–26). In
this review, however, we focus mainly on OAT1, OAT3,
and OCT2, which have emerged as the primary transporters
for many common drugs, toxins, and metabolites encoun-
tered in the clinical renal setting. To illustrate concepts,
along the way we also highlight some interesting findings
related to some of the other SLC and ABC transporters
mentioned earlier. Additional details in the context of the
broader field of drug transport can be found elsewhere (1).

Drugs and Toxins
There are now US Food and Drug Administration (FDA)

regulatory guidelines to examine the transport of new drugs
with a view toward understanding DDIs at the transporter
level (27). Indeed, the FDA recommends that applications
for new drugs and biologics in which renal secretion is
significant be studied in vitro to determine whether these
agents are substrates for OAT1, OAT3, or OCT2 (28). When
these transporters appear to play a role, additional studies
may be required. The list of drugs known to interact with
these renal transporters is extensive, and there are data in
human, rodents, and other species (5,17). This focus on drug

Table 1. Select transporters involved in organic ion transport in the kidney proximal tubule

Name HGNC Gene
Symbola

Common
Symbol

Alternative
Symbol(s) Other Name

Organic Anion Transporter 1 SLC22A6 OAT1 NKT Novel Kidney Transporter
Organic Anion Transporter 3 SLC22A8 OAT3 ROCT Reduced in Osteosclerosis

Transporter
Organic Anion Transporter 4 SLC22A11 OAT4
Urate Anion Exchanger 1 SLC22A12 URAT1 RST Renal-Specific Transporter
Organic Cation Transporter 2 SLC22A2 OCT2
Multidrug and Toxin Extrusion Protein 1 SLC47A1 MATE1
Multidrug Resistance Protein 1 ABCB1 MDR1 P-gp P-glycoprotein
Breast Cancer Resistance Protein ABCG2 BCRP
Multidrug Resistance Associated Protein 2 ABCC2 MRP2
Multidrug Resistance Associated Protein 4 ABCC4 MRP4

aFor each solute carrier (SLC), a number (the family series) is followed by the letter A, which serves as a divider, and then the number
of the particular transporter within that family; ATP-binding cassette (ABC) nomenclature includes a letter (A–G) to describe the
subfamily, and then the number of the transporter member. By convention, transporters are displayed as all uppercase letters when
referring to proteins or human genes. HGNC, Human Genome Organisation gene nomenclature committee; OAT, organic anion
transporter; URAT1, urate transporter 1; OCT, organic cation transporter; MATE1, multidrug and toxin extrusion protein 1; MDR1,
multidrug-resistant protein 1; BCRP, breast cancer resistance protein; MRP, multidrug-associated resistance protein.
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transporters promises to eventually improve understanding
of pharmacokinetics in normal and diseased states (5).
The endogenous metabolite, creatinine, is a well de-

scribed substrate for OCT2 and apical MATEs; competitive
inhibition of these carriers can cause increases in serum
creatinine by blocking its excretion (Figure 2A) (29–31).
Drugs such as cimetidine and trimethoprim are examples.
OATs, while mainly transporters of organic anions, can
also transport some organic cations, including creatinine
(32,33). In addition, newer agents, such as the integrase
inhibitor dolutegravir and the novel pharmacoenhancer co-
bicistat, also block creatinine excretion (34,35). This effect
appears to be largely from drug-metabolite interactions
due to competition for OCTs, MATEs, and possibly OATs
(29,32–35).
OCTs also transport organic cation drugs, such as met-

formin, and it has been postulated that polymorphisms
in these transporters might account for the variability in
clinical effect of this medication and the risk of toxicity. In
the case of metformin, polymorphisms in OCT1, primar-
ily expressed in hepatic cells, may explain variable efficacy,
whereas polymorphisms in renal secretion initiated by
OCT2 may contribute to variable pharmacokinetics (13).
The ABC transporter, P-gp (MDR1), which transports a

wide range of molecules, is one of the best understood
from the viewpoint of protein structure in relation to

transport function (1,36,37). P-gp has been widely studied
in the context of cancer biology and its contribution to
tumor resistance to chemotherapy (with increased expres-
sion of MDR1 on cancer cells associated with greater resis-
tance). MDR1 also transports digoxin and interacts with
quinidine.
OAT1, originally described as an NKT (15), and OAT3,

also known in mice as reduced in osteosclerosis trans-
porter) (38), are the main transporters of organic anions
in the proximal tubule (Figure 2B) (1,7). When the Oat1 or
Oat3 genes are deleted in mice, the knockout mice have
markedly blunted responses to loop and thiazide diuretics
(14,39). These diuretics must enter the proximal tubule cell
from the blood (basolateral) side and then be secreted into
the proximal tubular lumen (apical side) before they can
act more distally in the nephron to inhibit sodium trans-
port. In addition, Oat3 knockout mice are deficient in pen-
icillin excretion (40), and both the Oat1 and Oat3 knockout
kidney tissue has defective handling of antiviral agents,
such as those used to treat HIV (41,42). It is worth noting
that the kidney may handle medications in the same class
differently. For example, furosemide is filtered and se-
creted, whereas filtration appears to be the main route of
bumetanide entry into the tubular lumen (43,44); these
pharmacologic differences may be important when di-
uretics are used in the setting of certain types of acute
kidney disease and CKD.
Recent metabolomics data from Oat3 knockout mice, to-

gether with in vitro studies, support the view that OAT3
is a major route of elimination for many compounds that
undergo phase 2 modifications by drug-metabolizing en-
zymes in the liver (e.g., glucuronidation) (8). Although de-
tailed studies need to be performed in knockout mice, such
modified compounds might be expected to include dietary
plant products along with drugs and toxins. Many of these
hepatically metabolized compounds are not routinely
measured. In addition, it is possible that competition by
drugs (e.g., antibiotics, nonsteroidal anti-inflammatory
drugs [NSAIDs], and antivirals) for OATs can affect the
levels of many other metabolized compounds in the blood.
Historically, probenecid was used to limit renal penicillin
elimination where there was a critically small supply (45).
It was later used to augment the effect of penicillin in the
treatment of gonorrhea and other systemic infections (46).
Probenecid is also used to block uric acid reabsorption in
the proximal tubule for the treatment of gout (47); as dis-
cussed below, uric acid is a substrate of several proximal
tubule drug transporters, including BCRP (ABCG2), OAT1,
OAT3, and the related OAT family member (URAT1).
Drug transporters also handle environmental toxins, which

may contribute to their toxicity to the renal tubules. For ex-
ample, mercury exists in the blood in thiol conjugates (with
glutathione and cystathione), which effectively act like or-
ganic anions. OAT1 and OAT3 appear to be the major trans-
porters involved in elimination of mercuric conjugates, which
can lead to renal and central nervous system toxicity fol-
lowing mercurial exposure (48–51). The proximal tubule of
the kidney of the Oat1 knockout mouse is largely resistant
to nephrotoxic damage that occurs from systemic adminis-
tration of mercuric chloride (Figure 3) (52). Aristolochic
acid (53) and ochratoxin A (54), the putative nephrotoxins
involved in Balkan endemic nephropathy, are both

Figure 2. | Schematic of potential interactions between drugs, me-
tabolites, and toxins due to competition for tubular secretion at the
transporter level. (A) Some of the molecules that are transported by
organic cation transporters (e.g., OCT2). Transport is inhibited by
cimetidine and trimethoprim and by the novel pharmacoenhancer,
cobicistat. (B) Some of the substrates for the organic anion trans-
porters OAT1 and/or OAT3. Transport is inhibited by probenecid.
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transported into the proximal tubule by OATs. In this
disorder, patients may present with evidence of tubular
dysfunction or simply advanced CKD. The pathology is
characterized by tubulointerstitial disease and fibrosis. Al-
though the mechanism is not certain, these substances are
clearly toxic to cultured renal epithelial cells (55). There is
also a high incidence of uroepithelial cancer in these pa-
tients. Environmental toxins, such as the water-repellent
polymer, perfluorooctanoic acid, are also substrates of
OATs (56).

Uremic Toxins
Over 100 molecules have been implicated in the path-

ogenesis of uremic syndrome (57–60). Their precise roles
are debated, but many of these are small organic anions,
such as indoxyl sulfate, carboxy-methyl-propyl-furanpro-
pionate, p-cresol sulfate, and kynurenine; molecules as-
sociated with CKD that can accumulate between dialysis
sessions (57,59). These and many other potential uremic
toxins are good OAT substrates. In Oat1 knockout mice,
some of these organic anions accumulate (61), although
the mice do not appear ill and have normal life spans
(14). Putative uremic toxins are also affected to varying
degrees in Oat3 knockout mice and OATP4C1 transgenic
rats (8,62,63). Uremic toxins interact with other SLC and
ABC transporters as well. On the basis of in vitro trans-
port data, the high levels of circulating organic anion

uremic toxins have the possibility of competing, at the
level of transporters, for elimination and distribution of
drugs, metabolites, and toxins (64). To the extent that
transporters such as OAT1 and OAT3 play central roles
in the regulation of systemic and local metabolism, this
could contribute to the abnormalities in metabolism seen
in uremia (1,7,65). How these transporters handle various
uremic toxins in the kidney and nonrenal tissues in the
setting of both normal physiology and disease is a fertile
area for future translational research and may provide
important insights into how to both delay and treat the
symptoms of uremia.

Gut Microbiome Products, Nutrients, and Natural
Products
There is growing evidence that many of the potential

uremic toxins have their origin in the gut microbiome.
Indole, for example, is produced by gut bacteria, undergoes
sulfation in the liver, and is then excreted as indoxyl sulfate
by the kidney (66). One of the primary renal transporters
involved appears to be OAT1, which transports several
gut microbial products or their metabolites (61,67).
OAT1, OAT3, and other SLC and ABC transporters are
also necessary for the elimination of dietary natural pro-
ducts, including a wide range of flavonoids, as well as
vitamins, and thus might indirectly regulate vitamin-
dependent metabolic pathways (8,67).

Metabolites and Signaling Molecules
Metabolomic studies in knockout animals, particularly

Oat1 and Oat3 knockout mice, have confirmed a central
role for drug transporters in the transport of many impor-
tant metabolites and signaling molecules (8,14,61,67,68).
These include a-ketoglutarate, which plays a central role
in the Krebs cycle (tricarboxylic acid cycle); vitamins; mole-
cules with antioxidant properties (e.g., urate and flavonoids);
and the gut microbial derivatives already described. Signal-
ing molecules, such as cyclic nucleotides, prostaglandins,
odorants, and conjugated steroids, are also eliminated via
the OATs and other SLC and ABC drug transporters. Recent
systems biology and omics integration of metabolomics and
transcriptomics data from Oat knockout mice suggests that
OATs and possibly all multispecific drug transporters play a
role in the regulation of systemic and tissue metabolic and
signaling processes (1,7,8,65,67,69). This type of information
has led to the remote sensing and signaling hypothesis dis-
cussed below (65,69).
The transporter-mediated regulation of uric acid, mainly

by renal transporters but also by nonrenal (e.g., intestinal)
transporters, appears quite complex in both humans and
mice. Genome-wide association studies, in vitro transport
data, and studies on knockout mice indicate that earlier
models for uric acid handling were oversimplified. Several
transporters have been implicated in renal urate handling
to date; apical URAT1 (originally known as the renal-
specific transporter in mice [70]) and SLC2A9 appear to
play important roles in urate reabsorption, whereas apical
ABCG2 (BCRP) and basolateral OAT1 and OAT3 are likely
to play key roles in urate secretion (71,72). The complex
regulation of uric acid may reflect a functional role that is

Figure 3. | Photomicrographs demonstrating tubular and cellular
changes in wild-type (WT) and organic anion transporter 1 (Oat1)
knockout kidneys upon exposure to mercuric chloride, HgCl2. (A) In
the wild-type kidney, substantial tubular damage was seen, as in-
dicated by the dilated tubular lumen and flattened tubule epithelial
cells, after a single dose of HgCl2 (4 mg/kg body wt, intraperitoneal).
(B) In contrast, theOat1 knockout (Oat1KO)mice had normal tubules
that appeared unaffected by mercury exposure. Although not shown,
serum urea nitrogen levels increased significantly in the wild-type
mouse but not in the knockoutmousewith preserved tubules. (Adapted
with permission from Torres et al. 52.)
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not yet fully appreciated. Further study is clearly needed
because uric acid has been implicated as both an antioxi-
dant and a pro-oxidant and, in the case of the latter, a
potential culprit in a range of disorders from atherosclero-
sis to hypertension and renal disease (73).
The details of transcriptional regulation of drug trans-

porters in the proximal tubule are just beginning to
unfold. Through a combination of systems-biology ap-
proaches involving analysis of transcriptomics and com-
bining chromatin immunoprecipitation with DNA
sequencing (ChIP-seq) data, it has been possible to
implicate, and then show experimentally, that hepato-
cyte nuclear factor-4a and hepatocyte nuclear factor-1a
are major regulators of OAT and OCT expression, as
well as other proximal tubule transporters and drug-
metabolizing enzymes (9,74,75). Unlike the extensive
modern understanding of drug metabolism in the liver,
the role of proximal tubule drug-metabolizing enzymes,
in the context of both the proximal tubule cell and sys-
temic physiology, is not well understood and is proba-
bly underappreciated. Future studies of the regulation
of renal drug transporter expression by pharmaceuti-
cals, uremic toxins, and environmental agents are likely
to have a major effect on our understanding of the path-
ophysiology of CKD, as well as renal pharmacology and
toxicology. It is conceivable that the transcription factors
in the proximal tubule coordinate the regulation of drug
transporter gene expression by sensing levels of signaling
molecules, metabolites, drugs, and toxins, and respond-
ing by producing and deploying additional transporters
as needed (1,7,65,69).

DDIs and Drug-Metabolite Interactions
Knowledge of DDIs at the level of organic ion transport

in the kidney can also influence care. Some DDIs, such as
penicillin and probenecid, are well established and have
been put to clinical use; the half-life of penicillin is greatly
prolonged by coadministration of probenecid, an OAT
inhibitor (45–47). In contrast, some DDIs can lead to dire
consequences. Methotrexate is taken up from the blood
via OATs. NSAIDs can inhibit OATs, and when metho-
trexate and NSAIDs are used together, methotrexate tox-
icity can occur, manifesting as severe bone marrow
suppression (76,77). DDIs at the level of P-glycoprotein
(MDR1/ABCB1) in the proximal tubule and elsewhere are
thought to explain the well known digoxin-quinidine inter-
action resulting in digoxin toxicity, including arrhythmias
(78). Poor renal function can further complicate the clinical
picture (79).
Whereas DDI via substrate competition has been well

recognized (80), drug-metabolite interaction by a similar
mechanism has received comparatively less attention. Con-
siderable in vitro and substrate modeling (e.g., pharmaco-
phore) data suggest that drug-metabolite interaction could
be a substantial problem because the drugs and metabolites
handled by OATs and other drug transporters have struc-
tural similarities (61,81). This may be especially important
in a setting such as CKD, in which circulating organic anion
levels (e.g., uremic toxins such as indoxyl sulfate) are high.
With the broader application of metabolomics methods,
this should become clearer in the near future.

Pharmacogenomic and Toxicogenomic
Considerations
Early studies of transporter polymorphisms raised the

possibility that multiple SNPs in basolateral (e.g., OAT1
and OAT3) (82,83) and apical (e.g., URAT1, OAT4, MRP2,
and MRP4) drug transporters may affect the net transport of
drugs, toxins, and metabolites from blood to urine (50,84).
In addition, noncoding SNPs that regulate drug transporter
expression might be particularly important (82,85). These
polymorphisms may explain differences in drug response
and toxicity among individuals. While emerging data seem
to be consistent with these notions, there is much to be done
in order to improve understanding of how coding or non-
coding SNPs in renal drug transporter genes, and particu-
larly combinations of these SNPs, affect overall renal
handling of drugs, metabolites, and toxins (83).
As noted earlier, OAT1 and OAT3 are the major trans-

porters of loop and thiazide diuretics, and secretion into the
urinary space by the proximal tubular cells is necessary for
these diuretics to induce the desired natriuresis by inhibiting
sodium transport in later tubule segments. A noncoding
region polymorphism has been identified in patients with
diuretic resistance that could affect OAT1 and/or OAT3
expression (86). Polymorphisms in OAT1, OAT3, and MRP2
are more common among miners exhibiting toxicity from
mercury-containing vapors (50). Additionally, OAT3 poly-
morphisms have been associated with altered cephalosporin
handling (87), and suggestive evidence indicates the possible
involvement of OATs in antiviral and methotrexate elimina-
tion (88,89). One of the better-studied examples of drug
transporter polymorphisms affecting renal drug elimination
is that of OCT2 (SLC22A2). Patients with certain SNPs in
this transporter have altered metformin handling (90). In
addition, polymorphisms in MATE1, on the apical mem-
brane, may also affect metformin handling (91). OCT2 poly-
morphisms that affect transport function also may play a
role in determining whether cisplatin nephrotoxicity occurs,
as cisplatin gains entry into proximal tubule cells from the
basolateral membrane (92).
Overall, results from in vitro transport studies in cells that

overexpress transporters, together with results from studies
in knockout animals (or tissues derived from them), and rat
experiments (e.g., after probenecid treatment) seem reason-
ably concordant with available human clinical data. Al-
though there are sure to be many caveats and exceptions,
this overall concordance is a very important point from an
experimental and translational standpoint; it indicates that
the considerable in vitro, ex vivo, and in vivo knockout
mouse and rat data can continue to be used to help guide
our clinical understanding.

Pediatric Developmental Pharmacology and Drug
Elimination in the Aging Population
Most of our understanding of renal drug elimination

comes from analysis of adult patients and adult animals. In
addition, most studies have only limited consideration of
ethnicity, sex, and the extremes of age (3,93). Human pe-
diatric kidney data remain limited, so what we currently
know, especially from a mechanistic standpoint, comes
largely from a limited number of rodent studies. For ex-
ample, it is known that drug transporter expression occurs
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early in embryogenesis; indeed, several renal drug trans-
porters are expressed transiently in the developing central
nervous system and other tissues (94). Late in rodent ges-
tation, the expression is largely limited to the future prox-
imal tubules of the kidney (15,95); thereafter, there is a
burst in renal expression around the time of birth, eventu-
ally reaching (and perhaps overshooting for a short time)
adult expression (9,96). This is paralleled by functional
changes, such as increasing PAH clearance (96). There is
evidence in animals for a developmental inducibility win-
dow, during which renal drug transporters may, during
the early postnatal period, be induced by substrates or by
hormones (97,98). If this is true in humans, substrate in-
duction could theoretically enhance the ability of a prema-
ture infant’s kidney to excrete potentially deleterious drugs
and toxins. A coordinated response by the postnatal kid-
neys with the liver is also needed to excrete drugs and
metabolites during the continuing period of maturation
(3). Furthermore, many OAT1 and OAT3 substrates are
drugs, toxins, and metabolites that have been modified by
phase 1 (e.g., cytochrome-dependent) or phase 2 (conjuga-
tion, such as glucuronidation) reactions. For example, OAT3
is responsible for the elimination of many glucuronidated
compounds (8). How this liver-kidney coordination is
achieved during postnatal maturation, or during recov-
ery from organ injury, is not yet well understood.
Adverse drug reactions in the elderly are also a major

clinical concern. Some of these adverse drug reactions may
be partly related to altered expression or function of drug
transporters in the aging kidney (99,100). However, data
on this important issue are limited.

AKI and CKD
Following AKI from ischemia or toxins, substantial changes

have been observed in transcript and protein expression of
many drug transporters. Initially, expression of certain trans-
porters seems to decrease, followed by upregulation during
recovery (24). The extent to which this is reflected in func-
tional handling of specific drugs, metabolites, and toxins
is not well understood. As discussed earlier, many of
the putative uremic toxins, including indoxyl sulfate and
kynurenine, are excellent substrates of OATs and other drug
transporters, such as OATPs, and they accumulate in the
knockout or transgenic models of these transporters. These
substances may themselves be toxic to the tubule cell and
may also contribute to the progression of CKD (8,61–63,101).
Although drug transporters on the basolateral and apical

membranes of the proximal tubule protect from systemic
toxicity by enhancing drug and toxin elimination, they are,
in some instances, the mechanism by which substances toxic
to the proximal tubule gain entry. Cephaloridine, a first-
generation cephalosporin that has largely been replaced by
newer agents with better bioavailability and less nephrotox-
icity, is one such example. Cephaloridine, like other ceph-
alosporins, is excreted unchanged by renal tubular secretion.
Yet this agent accumulates in the proximal tubule; after
basolateral OAT3 uptake, secretion by apical membrane
transporters may not be sufficiently rapid to avoid toxicity,
perhaps because of the zwitterionic nature of this agent
(102). Toxicity appears to be related to oxidative stress from
depletion of reduced glutathione (103). This imbalance in

proximal tubular cell entry and exit has also been impli-
cated in the proximal tubule defect produced by the anti-
viral agent tenofovir. Indeed, Oat1 knockout mice appear
protected from tenofovir-induced proximal tubular dam-
age, whereas those with loss of apical efflux of tenofovir
seen in Mrp4 knockout mice were particularly susceptible
(104).
The role of drug transporters in proximal tubule metab-

olism raises some interesting questions in the context of
renal ischemia and other types of injury. The proximal
tubule exhibits some unique metabolic characteristics (105).
Although glycolytic enzymes are present in the proximal
tubule, the cells are largely obligate oxidative in metabolic
character; they are relatively incapable of glycolytic metab-
olism and poorly utilize glucose as a preferred substrate
(77,106). Thus, in the setting of cell stress, the proximal
tubule cells might be expected to depend more on gluco-
neogenesis, whereby glucose is synthesized from substrates
such as lactate, a compound not produced by proximal
tubules but potentially taken up by proximal tubule trans-
porters. Kidney gluconeogenesis then differs from hepatic
gluconeogenesis by using lactate as a primary substrate.
Because proximal tubules are unable to shift to glycolytic
activity, the proximal tubule cells are a potential victim of
hypoxic damage in comparison to renal cells located more
distally in the nephron, which retain considerable glyco-
lytic capacity, in keeping with the often lower oxygen lev-
els in the environment. The proximal tubule does require
substrates and coupling OAT transport with a-ketoglutarate
as the intracellular counter-transporting molecule, plays a
role in regulating the intracellular levels of citric acid cycle
molecules involved in oxidative metabolism. This also
raises a question as to whether changes in net proximal tu-
bule OAT activity as a result of altered expression levels or
competing anions could affect proximal tubular metabo-
lism and ability to maintain normal oxidative substrate
supply when the proximal tubule dynamics are altered
in the context of extremes of age, stress, injury, or recov-
ery from injury. It may thus be very interesting to study
whether resistance to hypoxia and ATP depletion can be
conditioned by altering OAT function.

Remote Sensing and Signaling Hypothesis
In general, the application of multiple omics methods

(e.g., metabolomics and transcriptomics in wild-type and
knockout animals) combined with systems biology ap-
proaches to reconstruct drug transporter–dependent me-
tabolism is beginning to yield a new perspective on the
role of renal and nonrenal SLC and ABC multispecific
drug transporters. Transport of molecules by various SLC
and ABC drug transporters in and out of cells could play a
role in remote communication between cells and tissues as
well as interfacing body fluids. Because SLC and ABC drug
transporters are selectively expressed in different cells (e.g.,
kidney, choroid plexus, intestine, biliary tract, liver, brain
capillary endothelium, olfactory mucosa, placenta, mam-
mary gland, and testes) that interface with body fluids
that bathe other cells, these so-called drug transporters
may be part of a remote sensing and signaling system
(1,7,65,69) involved in cell, tissue, and organ crosstalk. These
transporters are also well situated to play a role in mediating
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and/or restoring homeostasis after injury; certain aspects of
the pathophysiology of AKI and CKD may be considered
disordered remote sensing and signaling. The broader re-
mote sensing and signaling hypothesis has been explained
in more detail in other articles (1,7,65,69).
Several OAT isoforms appear somewhat specialized for

transport of classic signaling molecules and antioxidants
and therefore well suited for signaling: liver-expressed OAT2
transports cyclic guanosine monophosphate (107), placental-
expressed OAT4 transports conjugated estrogens (108),
olfactory-expressed OAT6 has high selectivity for odorants
(109), and OATPG seems specialized for prostaglandins
(110). The drug transporters mediating the influx and efflux
through tissues and body fluid compartments (e.g., blood,
urine, bile, cerebrospinal fluid, and amniotic fluid) could reg-
ulate remote communication via transport of key (potentially
rate-limiting) metabolites and signaling molecules, hence
regulating the movement of these molecules across tissue
barriers in the body and also at the cellular level. Various
types of data suggest that these SLC and ABC drug trans-
porters are also involved in communication between gut
bacteria and the body, and also across the maternal-fetal
and maternal-neonate barriers via breast milk (1, 7).
In addition to a potential contribution to signaling in

their own right, various drug transporters are directly
affected by signaling molecules, which may govern trans-
porter density on the cellular membrane. Drug transporters,
like other transporters in the cell, may traffic from an
internal pool, which might be deployed as needed or
internalized (111) under stimulation by signaling path-
ways. Internalization or abnormal trafficking may affect
drug excretion.

Summary
The hypothetical clinical vignette presented at the outset

of this article represents the challenges that can be seen in
many patients. The ballooning data regarding handling of
small molecule drugs, metabolites, nutrients, and toxins by
multispecific transporters expressed in the proximal tubule
still do not explain the complexity of organic ion transport
at play in the patient. While the discussion here has tended
to focus more on renal drug transporters of the SLC22
family (especially OAT1 and OAT3), it is important to
emphasize that many of the same principles and consider-
ations are likely to apply to other SLC and ABC drug
transporters in the kidney. Moreover, by focusing on the
differences in tissue expression patterns, substrate specific-
ities, regulation in development, evolutionary biology, and
disease states, the field is just beginning to understand the
role these drug transporters play not only in drug and toxin
handling but in normal physiology and pathophysiology
(24,65,69,112,113). Viewing uremia partly as a disorder of
remote sensing and signaling may lead to new avenues of
research and, possibly, novel therapeutic approaches.
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Renal Physiology

Acid-Base Homeostasis

L. Lee Hamm,*† Nazih Nakhoul,*† and Kathleen S. Hering-Smith*†

Abstract
Acid-base homeostasis and pH regulation are critical for both normal physiology and cell metabolism and
function. The importance of this regulation is evidenced by a variety of physiologic derangements that occur when
plasma pH is either high or low. The kidneys have the predominant role in regulating the systemic bicarbonate
concentration and hence, the metabolic component of acid-base balance. This function of the kidneys has two
components: reabsorption of virtually all of the filteredHCO3

2 and production of new bicarbonate to replace that
consumed by normal or pathologic acids. This production or generation of new HCO3

2 is done by net acid
excretion. Under normal conditions, approximately one-third to one-half of net acid excretion by the kidneys is in
the form of titratable acid. The other one-half to two-thirds is the excretion of ammonium. The capacity to
excrete ammonium under conditions of acid loads is quantitatively much greater than the capacity to increase
titratable acid. Multiple, often redundant pathways and processes exist to regulate these renal functions.
Derangements in acid-base homeostasis, however, are common in clinical medicine and can often be related to
the systems involved in acid-base transport in the kidneys.

Clin J Am Soc Nephrol 10: 2232–2242, 2015. doi: 10.2215/CJN.07400715

Acid-base homeostasis and pH regulation are critical
for both normal physiology and cell metabolism and
function. Normally, systemic acid-base balance is well
regulated with arterial pH between 7.36 and 7.44;
intracellular pH is usually approximately 7.2. For
instance, chronic metabolic acidosis can be associated
with decreased bone density, nephrolithiasis, muscle
wasting, and progression of CKD (1–3). On a cellular
level, many essential cellular processes, metabolic en-
zymes, and transmembrane transport processes are
highly pH sensitive. Although this reviewwill address
systemic pH regulation and the role of the kidneys,
individual cells also have a variety of mechanisms to
regulate their intracellular pH (4). Overall concepts
will be emphasized rather than specific pathways or
processes, which are well covered elsewhere; refer-
ences are selective.

Basic Concepts
Intracellular and extracellular buffers are the most

immediate mechanism of defense against changes in
systemic pH. Bone and proteins constitute a sub-
stantial proportion of these buffers. However, the
most important buffer system is the HCO3

2/CO2

buffer system. The Henderson–Hasselbach equation
(Equation 1) describes the relationship of pH, bicar-
bonate (HCO3

2), and PCO2:

pH56:11 log
HCO2

3

0:033 PCO2
(1)

where HCO3
2 is in milliequivalents per liter and PCO2

is in millimeters of mercury. Equation 2 represents the
reaction (water [H2O]):

CO2 1H2O↔H2CO3↔H1 1HCO2
3 (2)

This buffer system is physiologically most important
because of its quantitative capacity to buffer acid or al-
kali loads and because of the capacity for independent
regulation of HCO3

2 and PCO2 by the kidneys and
lungs, respectively. In fact, this latter aspect of in-
dependent regulation is the most powerful aspect of
this system. Although the lungs and kidneys can
compensate for disorders of the other, normal homeo-
stasis requires that both CO2 and HCO3

2 be normal.
Disorders of CO2 are usually referred to as respiratory
disorders, and disorders of HCO3

2 or fixed acids are
referred to as metabolic disorders.
Arterial CO2 is predominantly regulated by alveolar

ventilation after production in peripheral tissues; CO2

is often referred to as a gaseous acid, because its addi-
tion to aqueous solutions produces carbonic acid,
which then releases H1 and HCO3

2 (Equation 2 driven
to the right). Plasma HCO3

2 is predominantly regu-
lated by renal acid-base handling, and it will be dis-
cussed extensively below. The kidneys reabsorb,
produce, and in some circumstances, excrete HCO3

2.
Plasma HCO3

2 is normally consumed daily by dietary
acids and metabolic acids. As expressed by Equation 1,
raising HCO3

2 or lowering PCO2 will raise sys-
temic pH, and lowering HCO3

2 or raising PCO2 will
lower pH.
In physiologic systems, the addition of an acid and

the loss of alkali are essentially equivalent; for instance,
as obvious in Equation 2, loss of HCO3

2 will pull the
equation to the right, producing more H1. A frequent
example of this is the loss of HCO3

2 with diarrhea or
proximal renal tubular acidosis. Conversely, the phys-
iologic addition of alkali and the loss of acid are
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essentially equivalent. Therefore, the excretion of acid by
the kidneys is equivalent to the production of base or
HCO3

2; this point becomes important in considering below
how the kidneys produce more HCO3

2.
Typical high–animal protein Western diets and endoge-

nous metabolism produce acid, typically on the order of
1 mEq/kg body wt per day or approximately 70 mEq/d for a
70-kg person. Phosphoric acid and sulfuric acid are signifi-
cant products of this normal metabolism of dietary nutri-
ents, such as proteins and phospholipids. To maintain
acid-base homeostasis, these nonvolatile acids must be ex-
creted by the kidney. Other nonvolatile acids, such as keto-
acids and lactic acids, are produced in pathologic
conditions. Nonvolatile acid loads (or loss of HCO3

2,
which is an equivalent process) in excess of the excretory
capacity of the kidneys cause metabolic acidosis. Of note,
vegetarian diets with high fruit and vegetable content are
not acid producing and may produce a net alkali load (5);
this may be an important consideration in the progression
or treatment of CKD (6). Although the kidneys normally
control plasma HCO3

2, a few other factors have been con-
sidered. Endogenous acid production may be regulated, at
least under certain circumstances (7); for instance, lactic acid
and ketoacid production are decreased by a low pH. Also,
hepatic production of HCO3

2 in the metabolism of proteins
and amino acids is altered by systemic acid-base balance.
Therefore, a role for hepatic contribution to the control of
plasma HCO3

2 has been hypothesized (8).

Respiratory Control of PCO2
Alveolar ventilation normally eliminates approximately

15 mol CO2 per day produced from normal cellular oxida-
tive metabolism and maintains arterial PCO2 around
40 mmHg. Normally, with increases (or decreases) in CO2

production, alveolar ventilation increases (or decreases) to
maintain PCO2 and keep pH constant. Alveolar ventilation
is controlled by chemoreceptor cells located in the medulla
oblongata (and to a lesser extent, those in the carotid bodies),
which are sensitive to pH and PCO2 (4). Chemoreceptors re-
spond to a decrease in cerebral interstitial pH by increasing
ventilation and hence, lowering PCO2. Therefore, small in-
creases in plasma CO2, which decrease pH, will result in
stimulation of ventilation, which will normally rapidly re-
turn PCO2 toward normal. Metabolic acidosis and the result-
ing acidemia will also result in an increase in ventilation
(and lowering of PCO2) in response to decreases in cerebral
interstitial pH. However, in contrast to the rapid response to
changes in CO2, the response to nonvolatile acids or a
change in plasma HCO3

2 is slower, because the central che-
moreceptors are relatively insulated by the blood-brain bar-
rier. Hence, acute changes in plasma HCO3

2 have a slower
effect on cerebral interstitial pH and hence, stimulation of
central chemoreceptors. This likely accounts for the 12- to
24-hour delay in the maximal ventilatory response to meta-
bolic acid-base disturbances. The maximal ventilation re-
sponse cannot usually reduce PCO2 ,10–12 mmHg (9–12).
Decreases in ventilation may be limited because of a variety
of clinical circumstances, such as lung disease, fluid over-
load, and central nervous system derangements. Also, de-
creases in PO2 may limit the extent to which decreased
ventilation can raise PCO2.

Renal Control of Plasma HCO3
2

The kidneys have the predominant role of regulating the
systemic HCO3

2 concentration and hence, the metabolic
component of acid-base balance. This function of the kid-
neys has two components: reabsorption of virtually all of
the filtered HCO3

2 and production of new HCO3
2 to re-

place that consumed by normal or pathologic acids. This
production or generation of new HCO3

2 is done by net
acid excretion. In other words, the kidneys make new
HCO3

2 by excreting acid.
Because HCO3

2 is freely filtered at the glomerulus, approxi-
mately 4.5 mol HCO3

2 is normally filtered per day (HCO3
2

concentration of 25 mM/L 3GFR of 0.120 L/min 31440
min/d). Virtually all of this filtered HCO3

2 is reabsorbed,
with the urine normally essentially free of HCO3

2. Seventy
to eighty percent of this filtered HCO3

2 is reabsorbed in the
proximal tubule; the rest is reabsorbed along more distal
segments of the nephron (Figure 1).
In addition to reabsorption of filtered HCO3

2, the kidneys
also produce additional HCO3

2 beyond that which has been
filtered at the glomerulus. This process occurs by the excre-
tion of acid into urine. (As indicated above, the excretion of
acid is equivalent to the production of alkali.) The net acid
excretion of the kidneys is quantitatively equivalent to the
amount of HCO3

2 generation by the kidneys. Generation of
new HCO3

2 by the kidneys is usually approximately
1 mEq/kg body wt per day (or about 70 mEq/d) and re-
places that HCO3

2 that has been consumed by usual en-
dogenous acid production (also about 70 mEq/d) as
discussed above. During additional acid loads and in cer-
tain pathologic conditions, the kidneys increase the amount
of acid excretion and the resulting new HCO3

2 generation.
Net acid excretion by the kidneys occurs by two processes:
the excretion of titratable acid and the excretion of ammo-
nium (NH4

1). Titratable acid refers to the excretion of pro-
tons with urinary buffers. The capacity of the nephron to
excrete acid as free protons is limited as illustrated by the
fact that the concentration of protons (H1), even at a urine
pH 4.5, is ,0.1 mEq. However, the availability of urine

Figure 1. | Relative HCO3
2 transport along the nephron. Most of the

filtered HCO3
2 is reabsorbed in the proximal tubule. Virtually no

HCO3
2 remains in the final urine. CCD, cortical collecting duct; DT,

distal convoluted tubule; IMCD, inner medullary collecting duct; TAL,
thick ascending limb.
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buffers (chiefly phosphate) results in the excretion of acid
coupled to these urine buffers (13). Under normal condi-
tions, approximately one-third to one-half of net acid excre-
tion by the kidneys is in the form of titratable acid. The other
one-half to two-thirds is the excretion of NH4

1. The mecha-
nism whereby the excretion of NH4

1 results in net acid
excretion will be discussed below. The capacity to excrete
NH4

1 under conditions of acid loads is quantitatively much
greater than the capacity to increase titratable acid (Figure 2)
(14,15). Net acid excretion in the urine is, therefore, calcu-
lated as

net acid excretion5 titratable  acid

1 ammonium2 urinary HCO2
3 (3)

Loss of alkali in the urine in the form of HCO3
2 decreases

the amount of net acid excretion or new HCO3
2 generation.

Loss of organic anions, such as citrate, in the urine represents
the loss of potential alkali or HCO3

2. However, in humans, the
loss of these organic anions is not usually quantitatively sig-
nificant in whole–body acid-base balance (15).

Proximal Tubule HCO3
2 Reabsorption

The proximal tubule reabsorbs at least 70%–80% of the
approximately 4500 mEq/d filtered HCO3

2. The proxi-
mal tubule, therefore, has a high capacity for HCO3

2 re-
absorption. The mechanisms of this reabsorption are
illustrated in Figure 3. Most (probably .70%) of this
HCO3

2 reabsorption occurs by proton secretion at the
apical membrane by sodium-hydrogen exchanger NHE3
(16) (Figure 3). This protein exchanges one Na1 ion for one
H1 ion, driven by the lumen to cell Na1 gradient
(approximately 140 mEq/L in the lumen and 15–20 mEq/L
in the cell). The low intracellular Na1 is maintained by
the basolateral Na1/K1-ATPase. An apical H1-ATPase
and possibly, NHE8 under some circumstances account

for the remaining portion of proximal tubule H1 secretion
and HCO3

2 reabsorption (17–19). This H1-ATPase shares
most subunits with the distal tubule H1-ATPase described
below.
In the lumen of the proximal tubule, the secreted H1

reacts with luminal HCO3
2 to generate CO2 and H2O,

which for the purposes here, can be considered to be freely
permeable across the proximal tubule and reabsorbed.
This reaction in the lumen (Equation 2 going from right
to left) is relatively slow unless catalyzed, which occurs
normally, by carbonic anhydrase (CA; in this case, membrane-
bound CAIV tethered in the lumen). There are multiple
isoforms of CA, but membrane-bound CAIV and cytosolic
CAII are most important in renal acid-base transport
(20,21). Mutations in CAII are known to cause a form of
mixed proximal and distal renal tubular acidosis with
osteopetrosis (22).
The source of the H1 in the cells is the generation of H1

and HCO3
2 from CO2 and H2O (Equation 2) catalyzed in

the cell by intracellular CA, predominantly cytosolic CAII.
The HCO3

2 generated within the proximal tubule cell by
apical H1 secretion exits across the basolateral membrane.
Most of this HCO3

2 exit occurs by sodium HCO3
2 co-

transport, NBCe1-A, or SLC4A4 (23). The stoichiometry
and transported ionic species have been active areas of
investigation, but studies suggest that 3 HCO3

2 Eq or
1 HCO3

2 Eq and 1 CO3
22 Eq are transported with each

Na1; this electrogenic stoichiometry results in Na1 and
HCO3

2 being driven out of the cell by the cell–negative
membrane voltage. Mutations in this (NBC-e1) protein
cause proximal renal tubular acidosis (24). Chloride-
bicarbonate exchange may also be present on the basolateral
membrane of the proximal tubule but is not the main mech-
anism of HCO3

2 reabsorption.
The proximal tubule is a leaky epithelium on the basis of

its particular tight junction proteins and therefore, unable
to generate large transepithelial solute or electrical gradi-
ents; the minimal luminal pH and HCO3

2 obtained at the
end of the proximal tubule are approximately pH 6.5–6.8
and 5 mM, respectively. The inability of the proximal tu-
bule to lower pH further may also result from the

Figure 2. | Relative urinary titratable acid and ammonia in adults on
a control or acid loading diet (with NH4Cl). Reference 15.

Figure 3. | Schematic representation of HCO3
2 reabsorption in the

proximal tubule. Most H1 secretion occurs through Na1/H1 ex-
change, although a component of an H1 pump is also present. Car-
bonic anhydrase (CA), both intracellular and luminal, is important for
HCO3

2 reabsorption. HCO3
2 exits the cell by NBCe1-A.
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dependence on the Na1 gradient (140:15–20) driving the
H1 (pH) gradient. In the late proximal tubule, ongoing re-
absorption of the low concentrations of luminal HCO3

2

may be countered and balanced by passive backleak of
plasma or peritubular HCO3

2 into the lumen; however,
continued Na1/H1 exchange activity will result in contin-
ued Na1 reabsorption.

Regulation of HCO3
2 Reabsorption in the Proximal

Tubule
A number of processes regulate proximal tubule HCO3

2

reabsorption both acutely and chronically. Many of these
regulatory processes function to maintain acid-base ho-
meostasis and are seemingly quite redundant; this is true
in both the proximal and distal nephron segments. How-
ever, other processes overlap with volume or sodium reg-
ulatory processes, and the acid-base effects seem
secondary and at times, dysfunctional for pH per se; for
instance, during metabolic alkalosis induced by vomiting
and volume depletion, various hormones are activated
(catecholamines, angiotensin II, and aldosterone) that restore
volume status but secondarily maintain high plasma HCO3

2

and alkalemia.
To maintain or restore acid-base balance, the proximal

tubule increases HCO3
2 reabsorption during acidemia or

acid loads and decreases HCO3
2 reabsorption during al-

kalemia or alkali loads (such that HCO3
2 might be ex-

creted into the urine). Because this has been recently
reviewed in this series (18), only a few comments will be
made. The signals for these changes are often thought to
be pH per se, either intracellular or extracellular. A variety
of pH sensors have also been proposed (25), most notably
including nonreceptor tyrosine kinase Pyk2, endothelin B
receptor (activated by endogenous renal endothelin)
(26,27), and CO2 activation of ErbB1/2, ERK, and the api-
cal angiotensin I receptor (28). More directly, decreased
intracellular pH will increase the availability of protons
for H1 secretion and also, allosterically enhance the
Na1/H1 exchanger (29). In addition to allosteric modula-
tion of acid-base transporters, acute acidosis will cause in-
sertion of additional transport proteins into the apical
membrane, probably through the mechanisms immediately
above; this has been best studied for NHE3. Chronic aci-
dosis induces the production of additional transport pro-
teins by increased transcription and production of mRNA;
this is activated through a variety of signal transduction
processes that are still being actively investigated. Both api-
cal transport proteins (e.g., NHE3) and basolateral trans-
porters (e.g., NBCe1-A) are often activated and increased in
abundance in parallel, although the specifics may vary (30).
Chronic potassium depletion also increases H1 secretion,
probably in response to changes in intracellular pH (31). In
fact, hypokalemia has many effects on the kidney that par-
allel chronic acidosis, including effects on NH4

1 excretion
discussed below.
Extracellular fluid volume status is also an important

determinant of proximal HCO3
2 reabsorption. Decreasing

extracellular causes increased reabsorption of not only so-
dium but also, HCO3

2, both in large part through in-
creased Na-H exchange. Increases in volume status inhibit
reabsorption of sodium and HCO3

2, other factors being

unchanged. As mentioned above and discussed more below,
clinically, this relates to the association of metabolic alkalosis
with both volume contraction and edematous states (be-
cause these have decreased effective arterial volume). Vol-
ume expansion can be associated with decreased plasma
HCO3

2 and metabolic acidosis, usually mild. An important
additional component of the change in net HCO3

2 reab-
sorption with volume overload is an increased backleak of
HCO3

2 into the tubule lumen. In contrast to the effects of
volume, increasing delivery of HCO3

2 to the proximal tu-
bule with constant extracellular volume results in a pro-
portional increase in HCO3

2 reabsorption; this can be
conceptualized as an increase in delivery to a reabsorptive
system that is not saturated (i.e., below the transport Km,
the Michaelis–Menten constant [the substrate concentration
that gives half-maximal velocity of an enzymatic reaction and
also, is used to model transport kinetics]).
A variety of hormones, some as above, affect proximal

HCO3
2 reabsorption (32,33). Some of these hormones act

on a short-term basis (response in minutes to hours), and
others act over longer periods (days). On an acute basis, for
instance, adrenergic agonists and angiotensin II stimulate
HCO3

2 reabsorption (32). Parathyroid hormone acting
through cAMP inhibits but hypercalcemia stimulates proxi-
mal HCO3

2 reabsorption. With these hormones and others,
many studies have addressed the specific processes and sig-
nal transduction events (32). With chronic acid loads or ac-
idosis, intrarenal endothelin-1 acting through the endothelin
B receptor has been identified as a crucial element in the
upregulation of Na1/H1 exchange (26,27). Glucocorticoids
also are important in the development of proximal HCO3

2

transport and may be important in the chronic response to
acidosis (34). In clinical circumstances, various regulatory
factors may interact and be simultaneously operative. The
net effect of these combined influences would vary depend-
ing on the exact circumstance. For instance, in metabolic
alkalosis, volume contraction (and the associated hormonal
changes and frequent fall in GFR) and high filtered loads of
HCO3

2 increase proximal tubule HCO3
2 reabsorption,

whereas increases in peritubular HCO3
2 and increased in-

tracellular pH may be inhibiting HCO3
2 reabsorption—the

net effect is maintenance of metabolic alkalosis until the
volume status is corrected.
Despite the regulation mentioned above, changes in

proximal HCO3
2 reabsorption may not be directly reflec-

ted in changes in whole–kidney net acid excretion or
urinary HCO3

2 excretion, because additional HCO3
2

reabsorption and acid secretion occur in the distal nephron.
Also, because virtually all of filtered HCO3

2 is normally
reabsorbed by the kidneys, increases in HCO3

2 reabsorption
per se cannot compensate for increased systemic acid loads
This compensation can only occur with increased acid excre-
tion as titratable acids or NH4

1.

Distal Tubule Acidification
Several segments after the proximal tubule contribute

substantially to acid-base homeostasis. First, the thick
ascending limb (TAL) reabsorbs a significant amount of
HCO3

2, approximately 15% of the filtered load, predomi-
nantly through an apical Na1/H1 exchanger (35). TAL
acid-base transport is regulated by a variety of factors
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(e.g., Toll-like receptors, dietary salt, aldosterone, angio-
tensin II, etc. [36–38]), but the integrated role of the thick
limb acid-base transport in various acid-base disorders has
not been well clarified.
Beyond the TAL, the distal tubule compared with the

proximal tubule has a limited capacity to secrete H1 and
thereby, reabsorb HCO3

2. During inhibition of proximal tu-
bule HCO3

2 reabsorption, increased distal delivery of
HCO3

2 can overwhelm this limited reabsorptive capacity.
However, the collecting tubule is able to generate a large
transepithelial pH gradient (urine pH ,5 with blood pH
approximately 7.4). This large pH gradient is achievable
because of the primary active pumps responsible for distal
nephron H1 secretion (discussed below) and because of
the relative impermeability of the distal tubule to ions (i.e., a
tight epithelial membrane). The large pH gradient ensures
the generation of titratable acid and the entrapment of NH4

1.
The limitation in HCO3

2 reabsorption is likely, in part,
caused by the absence of luminal CA discussed below, but
there may be other factors as well, such as a limited number
of H1 pumps.
The distal tubule beyond the TAL consists of several

distinct morphologic and functional segments, including
the distal convoluted tubule, the connecting segment, and
several distinct collecting duct segments, each with several
cell types. Although several of these cell types can secrete
H1, the CA–containing (and mitochondrial–rich) interca-
lated cells (ICs) are chiefly responsible for acid-base trans-
port. There are at least three types of ICs: type A or a ICs,
which secrete H1; type B or b ICs, which secrete HCO3

2;
and non–A, non–B ICs, with a range of function that

remains under investigation. These have been recently re-
viewed in this series (39) (Figure 4).
Conceptually, H1 secretion in the type A ICs will result

in HCO3
2 reabsorption in the presence of luminal HCO3

2

but will acidify the urine and generate new HCO3
2 in the

absence of luminal HCO3
2 (i.e., if virtually all of the fil-

tered HCO3
2 has been reabsorbed upstream). The mech-

anism of this H1 secretion involves primarily an apical
H1-ATPase as illustrated in Figure 4. The apical H1-ATPase
is an electrogenic active pump (vacuolar ATPase) able to
secrete H1 down to a urine pH of approximately 4.5. This
is a multisubunit ATPase resembling that in intracellular
organelles. The subunits are in two domains: a V0 trans-
membrane domain and a V1 cytosolic domain. Mutations
in certain subunits are a known cause of distal renal tubu-
lar acidosis (40). Regulation of this pump is primarily by
recycling between subapical vesicles and the plasma mem-
brane involving the actin cytoskeleton and microtubules
(41). Regulation may also be accomplished, in certain sit-
uations by assembly or disassembly of the two domains
and phosphorylation of subunits. H1 secretion also oc-
curs through another set of pump(s): apical H1/K1

-ATPases. H1/K1-ATPases in the collecting duct include
both the gastric form of H1/K1-ATPase and the colonic
form of H1/K1-ATPase (42). On the basis of inhibitor
studies, there may also be a third type of H1/
K1-ATPase in the collecting duct (43,44). These trans-
porters likely contribute to urine acidification under nor-
mal conditions but particularly during states of
potassium depletion (42,44).
Conceptually, HCO3

2 reabsorption (or new HCO3
2

generation) as in the proximal tubule is a two-part process:
secretion of H1 into the lumen and HCO3

2 exit from the
cell across the basolateral membrane. Therefore, to com-
plete the process of HCO3

2 reabsorption or new HCO3
2

generation, HCO3
2 produced in the cell from CO2 and

H2O exits across the basolateral membrane (Equation 2
as in the proximal tubule, with H1 being secreted across
the apical membrane). In other words, the HCO3

2 gen-
erated intracellularly by any of these pumps exits the
basolateral membrane. This exit into the blood occurs
through a chloride-bicarbonate exchanger, a truncated version
of the anion exchanger 1 (AE1; band 3 protein), which is the
Cl2/ HCO3

2 exchanger in red blood cells that facilitates CO2

transport (45). This is an electroneutral exchanger
driven by the ion concentrations of chloride and HCO3

2.
Mutations in AE1 can also cause distal renal tubular acidosis
(40,46). Two other transporters SLC26a7 (a C12/HCO3

2 ex-
changer) and KCC4 (a KCl cotransporter) are also in the
basolateral membrane of some acid secreting cells in the
collecting duct and likely contribute to urine acidification
in certain conditions (47–49).
In the cortical collecting duct, in addition to HCO3

2

reabsorption by type A ICs, simultaneous HCO3
2 secretion

occurs in separate cells, the type B ICs (39,50). This process
involves an apical chloride-bicarbonate exchanger and a
basolateral H1-ATPase (51). In animal studies, HCO3

2

secretion is stimulated by alkali loading and inhibited by
low luminal chloride. The basolateral H1-ATPase is the
same pump as in the apical membrane of type A IC, but
the apical Cl2/ HCO3

2 exchanger has been identified as
pendrin, a protein first identified as being abnormal in

Figure 4. | Schematic of H1 and HCO3
2 transport in the types A and B

intercalatedcells (ICs) in thecollecting tubule (details are in the text).AE,
anion exchanger.
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some patients with hereditary deafness (39,52,53). The
importance of HCO3

2 secretion in human pathophysio-
logic circumstances is not well characterized but may be
important in the maintenance and/or repair of metabolic
alkalosis.
The type B ICs, non–A, non–B ICs, and pendrin have

now also been implicated in NaCl transport/balance and
hypertension (53). This involves transport of Cl2 and
HCO3

2 on pendrin and also, a sodium–driven chloride/
HCO3

2 exchanger (NDCBE or SLC4A8); Cl2 exits the cell
on AE4 (54–57).
Cytosolic CA, CAII, is present in all ICs of the collecting

tubule, and it facilitates provision of H1 to be secreted into
the lumen and HCO3

2 to be released into the basolateral
aspect and blood. However, several segments of the distal
nephron do not have luminal CA (i.e., CAIV). The implica-
tions of this are that, as H1 is secreted into the lumen, lumi-
nal pH may be below equilibrium pH, with pH, CO2, and
HCO3

2 only coming to equilibrium later downstream in the
final urine. Final urine PCO2 may, therefore, rise above blood
PCO2 (as H1 and HCO3

2 react and come to equilibrium with
CO2) and be an index of distal nephron H1 secretion.

Regulation of Acid-Base Transporters in the Distal
Nephron
Regulation of distal nephron acid-base transport is

crucial, because this is the final site of control of urine
composition. The distal tubule responds to systemic aci-
dosis in a teleologically appropriate direction of increased
H1 secretion and new HCO3

2 generation. As in the prox-
imal tubule, changes in intracellular pH and plasma PCO2

affect proton secretion in the distal nephron. A significant
portion of this increased H1 secretion is through insertion
of additional H1-ATPase by fusion of subapical vesicles
(containing H1-ATPase) with the plasma membrane.
These processes are mediated, in part, by a variety of sig-
nal transduction systems (cAMP, cGMP, and PLC/protein
kinase C) (39,41). A role for soluble adenyl cyclase, G
protein–coupled receptor 4, and other mechanisms in sensing
pH changes or acid-base loads has also been proposed in
type A ICs and previously discussed in this series (39,41).
Although the response to acidosis begins with these fairly
rapid changes, chronic acidosis leads to a variety of
changes in mRNA and protein levels of various transporters.
Potassium depletion also increases H1 secretion in the distal
tubule, similar to changes in the proximal tubule.
The electrogenic nature of the apical H1-ATPase makes

this process sensitive to transepithelial voltage. Therefore,
an increased lumen–negative voltage (e.g., more Na1 re-
absorption) will increase H1 secretion. Increased Na1 re-
absorption, such as with increased mineralocorticoids, will,
therefore, be accompanied by increased H1 secretion. In-
terestingly, the cell voltages of ICs are strikingly different
from most cells, including principal cells: first, although
there is little data, the cell-negative voltages as shown in
Figure 4 are much less (less negative), and second, the cells
are energized by the H1 pump rather than by Na-K-ATPase
as in most cells (54,57,58). H1 secretion, including in the
medullary collecting tubule, is also directly stimulated by
mineralocorticoids, not just by secondary electrical effects
(59,60). Distal tubule acidification may be strongly

influenced by chloride concentration gradients between tu-
bular lumen and peritubular blood; this may result both
from voltage changes and by direct lumen to cell concentra-
tion gradients driving pendrin and other transporters.
In addition to aldosterone, other hormones and receptors,

including angiotensin II and the calcium-sensing receptor,
stimulate distal acidification (61). An important role for in-
trarenal endothelin has also been found (27,62,63).
Remodeling of IC morphology, number (relative numbers

of A, B, and non–A, non–B ICs), and distribution of various
transporters has also been characterized (64,65). The matrix
protein hensin is a key mediator of this remodeling.

Ammonia Excretion
NH4

1 excretion represents the other major mechanism
whereby the kidneys excrete acid (66). Of the net acid
excreted (or new HCO3

2 generated) by the kidneys,
approximately one-half to two-thirds (approximately
40–50 mmol/d) is because of NH4

1 excretion in the
urine. Additionally, during acid loading or acidosis,
NH4

1 excretion can increase several fold, in contrast to
a more limited increase in titratable acidity (15) (Figure 2).
Traditionally, NH4

1 excretion was viewed as the excretion
of protons in conjunction with a buffer (ammonia [NH3]):

H 11NH3 ↔NH 1
4 (4)

However, NH3/NH4
1 is not an effective physiologic buffer,

because its pKa is too high (approximately 9.2), and most
of total ammonia (.98%) at physiologic pH is NH4

1 on
the basis of the pKa. Furthermore, NH4

1, not NH3, is
produced within the kidneys. However, total ammonia
excretion in the urine does represent acid excretion (or the
production of new HCO3

2) when considered in conjunc-
tion with the metabolism of the deamidated carbon skele-
ton of glutamine. Glutamine is the predominant precursor
of NH3 in the kidney (Figure 5). Conceptually, the metab-
olism of the carbon skeleton of glutamine can result in the
formation of one HCO3

2 formed for every NH4
1 excreted.

Other amino acids can also be used to some extent. The
predominant enzymatic pathway for NH3 formation is
mitochondrial phosphate–dependent glutaminase in the
proximal tubule, which produces one NH4

1 and glutamate.
Glutamate dehydrogenase can then convert glutamate into
a-ketoglutarate and a second NH4

1. The a-ketoglutarate
produced can be converted to glucose or completely me-
tabolized to HCO3

2. Other pathways for NH3 production
also exist but are thought to be less important. Other
nephron segments other than the proximal tubule can
produce NH3 but not to the same extent, and the other
segments do not have the same significant adaptive in-
creases in ammoniagenesis with sustained acidosis as the
proximal tubule. A variety of conditions affect the renal
production of NH3, but the most important is that of acid-
base status. Chronic metabolic acidosis can increase NH3

production several fold in the kidneys. Potassium balance
also alters NH3 production, such that hyperkalemia sup-
presses NH3 formation (and transport in both the proximal
tubule and thick limb), and hypokalemia increases NH3

production by the kidneys. Each of these changes has
clinical correlates in overall acid-base balance. A variety
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Figure 5. | Schematic of ammonia (NH3) production in the proximal tubule. A proximal tubule cell is enlarged to show that glutamine (Gln) is
metabolized to ammonium (NH4

1) by phosphate-dependent glutaminase (PDG); through a series of steps, the carbon skeleton of glutamine
can be metabolized to HCO3

2. NH3 can enter the proximal tubule lumen by either NH3 diffusion or NH4
1 movement on the Na1-H1 ex-

changer. AA0, neutral amino acids; B*AT1, B-type neutral amino acids transporter; GDH, glutamate dehydrogenase; aKG, alfa keto-glutarate;
LAT2, L-type amino acids transporter-2; OAA, oxalo-acetate; PEP, phospho enol-pyruvate; PEPCK, phospho enol-pyruvate carboxy kinase;
TCA, XXX.

Figure 6. | Ammonium (NH4
1) transport along the nephron. In the thick ascending limb, NH4

1 is reabsorbed by the Na2K22Cl trans-
porter. In the collecting duct, Rh proteins mediate ammonia (NH3)/NH4

1 transport. The numbers depict the percentages of urinary total
NH3 at each site. Total NH3 is concentrated in the medulla (details are in the text). Gln, glutamine; PDG, phosphate-dependent
glutaminase.
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of hormones (angiotensin II, prostaglandins, etc.) have
also been shown to alter NH3 production. The enzymatic
and transporter changes that facilitate enhanced ammo-
niagenesis during acidosis have recently been reviewed in
this series (18).
The transport of the produced NH4

1 along the nephron
and into the urine is a complex process that is still a topic
of intense study (Figure 6). Most of the NH4

1 produced is
excreted into the urine rather than added to the venous
blood; this is particularly true with acidosis—the propor-
tions into urine and blood are almost even in normal con-
ditions (13,67). Therefore, during acidosis, both total NH3

production and secretion into urine are increased. The
overall picture of NH3/NH4

1 transport is summarized
as follows. In the proximal tubular, NH4

1 is produced
from glutamine as discussed above and then, secreted
into the lumen. This secretion occurs by both Na1/NH4

1

exchange on the Na1/H1 exchanger and NH3 diffusion
across the apical membrane (68–70). Interestingly, the se-
cretion of NH4

1 across the apical membrane is augmented
by angiotensin II (71). Whether the diffusion of NH3 across
the apical membrane of the proximal tubule is lipid-phase
diffusion as long thought or facilitated by certain gas
channels has not been determined. In the loop of Henle,
NH4

1 ion is reabsorbed into the interstitium, where it
accumulates in the medulla. In the TAL, NH4

1 is trans-
ported across the apical membrane predominantly on the
Na1-K1-2Cl cotransporter, with perhaps some entry on
K1 channels (72). NH4

1 has a similar hydrated size as K1

and therefore, can often be transported through many K1

pathways (73). Remarkably, the apical membrane of the
TAL is virtually impermeable to NH3 in contrast to most
cell membranes (74). NH3 probably leaves the TAL cell
across the basolateral membrane by NH3 diffusion and
NH4

1 movement by NHE4 (72). One fraction of this med-
ullary NH4

1 is secreted back into the late proximal tubule
as NH3 diffusion coupled to H1 secretion, and therefore, it
is partially recycled. Another fraction of medullary NH4

1

enters the lumen of the cortical and medullary collecting
ducts and as such, bypasses the superficial/cortical distal
segment of the nephron. A small fraction of interstitial
NH4

1 is shunted to the systemic circulation for eventual
detoxification by the liver.
In the cortical and medullary collecting ducts, interstitial

NH3/NH4
1 is secreted into the lumen by several mecha-

nisms, most identified only in recent years. The classic
mechanism involves diffusion of medullary NH3 across
the basolateral and apical membranes into the lumen,
where secreted H1 titrates NH3 to NH4

1. Another fraction
of transcellular NH4

1 secretion involves the Na1-K1-ATPase
that carries NH4

1 into the cell by substituting NH4
1 for

K1. NH4
1 can also be transported by H1-K1-ATPases in

the collecting duct. Another critical mechanism of NH3/
NH4

1 transport is Rh proteins, specifically RhBG and
RhCG. These were only identified as NH3/NH4

1 trans-
porters in recent years (75,76). These proteins function as
NH3/NH4

1 transporters, clearly facilitating diffusion of
NH3 but also, probably including (at least for RhBG) elec-
trogenic transport of NH4

1 (77,78). RhBG is present in the
basolateral membrane of type A ICs and can transport
NH4

1 and NH3 into the cell, whereas RhCG, present at
the apical membrane of several cell types (and in some

circumstances, basolateral membrane), transports NH3

into the lumen. Luminal NH3 is then titrated by secreted
H1 to NH4

1 as described above.

Acid and Alkali Loads
With this background, what are the pathologic chal-

lenges to normal acid-base homeostasis? Table 1 provides a
basic conceptual classification of pathophysiologic types of
acid and alkali loads. This differs from the usual classifi-
cations of acid-base disorders per se, which focus only on
clinical diagnostic algorithms or dive deeper into mecha-
nisms. Acid loads can be in the form of either CO2 or non-
volatile acids. Both types of acid loads occur normally on a
daily basis and must be excreted. Primary ventilatory dis-
orders resulting in increased arterial PCO2 are referred to
by the term respiratory acidosis. Nonvolatile acids, such
as phosphoric acid and sulfuric acid, are also normal by-
products of metabolism of dietary nutrients, proteins, and
phospholipids. Nonvolatile acid loads in excess of the excre-
tory capacity of the kidneys produce conditions termed met-
abolic acidosis. In other words, with normal acid loads or
some increased acid loads that develop slowly, the kidneys
can adapt, increasing acid excretion by both titratable acid
and NH4

1 excretion, and maintain normal systemic acid-
base homeostasis and pH. With larger acid loads (or base
losses; for example, through severe diarrhea), the kidneys
cannot keep up (i.e., cannot excrete sufficient acid into the
urine), and metabolic acidosis ensues. Metabolic acidosis is
reflected predominantly by lowering of plasma or systemic
HCO3

2. Also, the loss of alkali from the body is equivalent
to the addition of acid, and therefore, it represents metabolic
acidosis; such loss of alkali might occur from excess stool
HCO3

2 losses or loss of HCO3
2 in the urine.

Alkali loads, in contrast to acid loads, are not the result of
normal physiology in persons on most diets, which provide
net dietary acid. Alkali loads can be either respiratory or
metabolic. Primary increases in ventilation and lowering of
PCO2 are referred to as respiratory alkalosis. Metabolic al-
kali loads can result from excess excretion of urinary acid,
loss of other acids (such as gastric acid), or administration
of exogenous alkali, and they can result in metabolic alka-
losis. Metabolic alkalosis is reflected primarily by an in-
creased plasma or systemic HCO3

2.
Usually, however, as briefly discussed below, such met-

abolic alkali loads can be quickly excreted, so that the
focus in understanding metabolic alkalosis is more on
the factors that maintain the high plasma HCO3

2 and not
the original generation by alkali load (79). Clinically, the
factors that often maintain high plasma HCO3

2 include
extracellular volume and chloride depletion, which may
decrease GFR, increase proximal tubule HCO3

2 reabsorp-
tion, and increase angiotensin and mineralocorticoids, po-
tent stimuli for H1 secretion in the proximal and distal
tubules, respectively, as discussed above. The intermediar-
ies in volume depletion include increased sympathetic ac-
tivity and increased catecholamines, angiotensin II, and
aldosterone, all of which increase H1 secretion, HCO3

2

reabsorption, and/or NH4
1 excretion as discussed above.

The classic edematous disorders of congestive heart failure
and cirrhosis and some nephrotic syndrome also have ef-
fective extracellular volume depletion because of low
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cardiac output or arterial underfilling (80); these condi-
tions, thus, have sodium and H2O retention but also, can
have increased HCO3

2 reabsorption, H1 secretion, and/or
NH4

1 excretion caused by the factors discussed above.
Therefore, both volume depletion (e.g., vomiting and di-
uretics) and edematous disorders (primarily heart failure
and cirrhosis) can and often are associated with metabolic
alkalosis. Chloride depletion alone through a variety of
mechanisms may also maintain metabolic alkalosis. Excess
mineralocorticoids from any condition can also stimulate
H1 secretion and maintain metabolic alkalosis. Potassium
depletion contributes to the maintenance of metabolic alka-
losis by stimulating continued H1 secretion.

Compensation for Acid-Base Disorders
The mechanisms of physiologic responses to acid or base

loads can be expected on the basis of the understanding of
the mechanisms of usual physiology described above. The
predicted extent of clinical response, however, is on the
basis of empirical observations and not just mechanisms. On
the basis of the chemistry, acute changes in PCO2 alter plasma
HCO3

2 slightly, because nonbicarbonate body buffers are
titrated. With chronic changes in PCO2 (respiratory acid-
base disorders), the kidneys respond to the change in pH
by altering plasma HCO3

2 in a direction to lessen the change
in systemic pH through the mechanisms described above.
These changes within the kidney take several days for com-
pletion and in general, do not return systemic pH completely
back to normal. With chronic hypocapnia and the resultant
increase in systemic pH, decreases in reabsorption of HCO3

2

in the proximal tubule and distal tubule H1 secretion result
in a fall in plasma HCO3

2; these changes can begin within a
very few hours (81). With chronic hypercapnia, increased
proximal and distal H1 secretion results in increased HCO3

2

reabsorption and increased production of new HCO3
2, result-

ing in a higher level of plasma HCO3
2; most of the cell and

molecular mechanisms parallel the response to metabolic acid
loads, where these have been studied (82). Increased NH4

1

excretion is expected as well with chronic respiratory acidosis
(83). With the ubiquitous changes that occur in response to
acidosis or acid loads, many investigators have looked for acid

sensors; a variety of proteins seem to serve some of this func-
tion, but no single sensor can be proposed (25).
Increased metabolic acid production or ingestion will

initially result in increased new HCO3
2 generation, such

that plasma HCO3
2 does not change. With larger acid loads,

the capacity of the kidneys to generate new HCO3
2 is over-

whelmed, and plasma HCO3
2 decreases. Metabolic acid

loads or metabolic acidosis results in increased fractional
proximal tubule HCO3

2 reabsorption, increases in distal
H1 secretion (resulting in lower urine pH), and increased
NH4

1 excretion. (However, the lower plasma HCO3
2 during

metabolic acidosis decreases filtered HCO3
2 and hence, de-

creases absolute proximal HCO3
2 reabsorption.) Increased

H1 excretion may result not only from adaptive changes in
response to systemic pH per se but also, secondary to in-
creases in systemic glucocorticoids and mineralocorticoids
with chronic acidosis and potassium depletion. The adaptive
changes within the kidney include various factors discussed
in the sections above, including endogenous endothelin. The
increased H1 secretion can result in increased titratable acid
excretion up to 2- to 3-fold in certain situations. Urinary
NH4

1 excretion (a result of both increased production and
increased secretion of produced NH4

1) can increase several
fold (Figure 2). The maximum renal compensation for acid
loading requires 3–5 days. Metabolic acid loads sufficient to
lower plasma pH result in increased ventilation, result-
ing in a decrease in PCO2 sufficient to raise the systemic
pH toward but not to normal. The full respiratory
compensation requires 12–24 hours. Paradoxically, the
compensatory hypocapnia during metabolic acidosis
may actually decrease somewhat the renal response to
metabolic acidosis (84).
Metabolic alkali loads can normally be quickly elimi-

nated in the urine, because the filtration rate of HCO3
2 is

high, and a small reduction in proximal tubule HCO3
2

reabsorption can result in spillage of HCO3
2 in the urine

and prompt correction of the metabolic alkalosis. Fre-
quently, however, in states of metabolic alkalosis, other
factors prevent the excretion of HCO3

2 and maintain the
metabolic alkalosis as described above. Metabolic alkalosis
also results in some hypoventilation and increase in PCO2

to compensate for the alkalemia.

Table 1. Acid and alkali loads

Acid loads
CO2: Respiratory acidosis
Nonvolatile acids: Metabolic acidosis
Exogenous acids (e.g., salicylate, methanol, and ethylene glycol)
Pathologic endogenous acids (e.g., ketoacids and lactic acid)
Decreased renal acid excretion (e.g., renal failure and distal renal tubular acidosis)
Loss of alkali, equivalent to acid load
Gastrointestinal losses (e.g., diarrhea)
Urine losses (e.g., proximal renal tubular acidosis)

Alkali loads
Excess CO2 exhalation: Respiratory alkalosis
Nonvolatile alkali: Metabolic alkalosis
Exogenous alkali (e.g., NaHCO3 administration)
Loss of acid, equivalent to alkali load
Gastrointestinal losses (e.g., gastric fluid)
Excess urineH1 losses and renal production of newHCO3

2 (most classic causes ofmetabolic alkalosis, including
chloride depletion metabolic alkalosis and mineralocorticoid excess)
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Summary
Acid-base homeostasis is critical for normal physiology

and health. Hence, multiple, often redundant pathways
and processes exist to control systemic pH. Derangements
in acid-base homeostasis, however, are common in clinical
medicine and can often be related to the systems involved
in acid-base transport in the kidneys. These have been
studied for decades, but a variety of new pathways, such as
pendrin and Rh proteins, have illustrated that our un-
derstanding is still far from complete.
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8. Häussinger D: Liver regulation of acid-base balance. Miner
Electrolyte Metab 23: 249–252, 1997

9. Adrogue HJ, Madias NE: Tools for clinical assessment. In: Acid-
Base Disorders and Their Treatment, edited by Gennari FJ,
Adrogue HJ, Galla JH, Madias NE, Boca Baton, FL, Taylor and
Francis Group, 2005, pp 801–816
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82. MadiasNE, AdroguéHJ: Cross-talk between twoorgans:How the
kidney responds to disruption of acid-base balance by the lung.
Nephron, Physiol 93: 61–66, 2003

83. Polak A, Haynie GD, Hays RM, Schwartz WB: Effects of chronic
hypercapnia on electrolyte and acid-base equilibrium. I.
Adaptation. J Clin Invest 40: 1223–1237, 1961

84. Madias NE, Schwartz WB, Cohen JJ: The maladaptive renal re-
sponse to secondary hypocapnia during chronic HCl acidosis in
the dog. J Clin Invest 60: 1393–1401, 1977

Published online ahead of print. Publication date available at www.
cjasn.org.

2242 Clinical Journal of the American Society of Nephrology

http://www.cjasn.org
http://www.cjasn.org

	CJASN_Renal Physi Cover
	cjasn113edboard
	cjasn113masthead
	RenalPhysfortheClinician
	RenalPhysfortheClinician
	1 - A New CJASN Series - Renal Physiology for the Clinician
	2 - Homeostasis, the Milieu Inte´rieur, and the Wisdom of the Nephron
	3 - The Glomerulus - The Sphere of Influence
	4 - Proximal Tubule Function and Response to Acidosis
	5 - Urine-Concentrating Mechanism in the Inner Medulla - Function of the Thin Limbs of the Loops of Henle
	6 - Thick Ascending Limb of the Loop of Henle
	7 - Distal Convoluted Tubule
	8 - Collecting Duct Principal Cell Transport Processes and Their Regulation
	9 - Collecting Duct Intercalated Cell Function and Regulation
	10 - Control of Urinary Drainage and Voiding
	11 - Integrated Control of Na Transport along the Nephron
	12 - Osmotic Homeostasis
	13 - Regulation of Potassium Homeostasis
	14 - Renal Control of Calcium, Phosphate, and Magnesium Homeostasis
	15 - Urea and Ammonia Metabolism and the Control of Renal Nitrogen Excretion
	16 - Chemical and Physical Sensors in the Regulation of Renal Function
	17 - Physiology of the Renal Interstitium
	18 - Handling of Drugs, Metabolites, and Uremic Toxins by Kidney Proximal Tubule Drug Transporters
	19 - Acid-Base Homeostasis





