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INTRODUCTION
The kidneys are one of two organ systems
(the other being the lungs) that had to
undergo major evolutionary changes to
allow vertebrates to survive in a terrestrial
environment. As Homer Smith pointed out
almost 60 years ago (Weder, 2007) from
the perspective of evolution, the kidneys
of vertebrates evolved to control blood vol-
ume, and, thereby, control blood pressure
(BP) in an environment where water and
salt ingestion were sporadic and generally
uncoupled from one another. In ancestral
marine teleosts, the primary requirement of
their kidneys was to excrete a large volume
of nutrient-free, isotonic urine with an elec-
trolyte composition similar to blood. This
function remains as the current day primary
function of the proximal convoluted tubule
in all vertebrates. As fish colonized fresh
water, the requirement to prevent dilution
of blood electrolytes required the kidneys
to conserve salt and led to the evolution of
the proximal straight tubule and the distal
convoluted tubule’s ability to reabsorb salt
with little water reabsorption. The advent of
terrestrial vertebrates required conservation
of both salt and water and mechanisms for
the separate control of salt and water balance
since salt and water were often ingested sepa-
rately. These requirements in mammals pro-
moted the evolution of the loop of Henle, the
collecting duct system, and renal medulla.
In this evolutionary context, the kidney
represents one of the major locations in
which the inside world of the body commu-
nicates with the external world. At the center
of all this communication is the nephron,
the functional unit of the kidney; and within
the nephron the barrier across which com-
munication occurs are the various epithelial
cell types and tissues within the nephron.
Epithelial tissues are certainly not restricted
to the kidney, but the kidney represents a
classic example of the function of epithelial
tissue. The initial step in renal function is the
separation of a very large volume (180 L/day)
of blood ultrafiltrate that is delivered to the
lumen of the nephrons. The epithelial tissue
of the nephrons forms a barrier between this

filtrate and the interstitial space of the body.
The epithelium is a selective barrier promot-
ing conservation (reabsorption) of materials
in the nephron lumen that are necessary to
the body while preventing reabsorption or
even promoting secretion of materials that
are not needed or even harmful to the body.
In the process, the volume of fluid in the
lumen of all the nephrons is reduced from
about 180 L of fluid to about 1 L of fluid/day
with a composition of electrolytes and non-
electrolytes that exactly matches the gener-
ally poorly controlled input from other parts
of the body. Thus, the kidney maintains the
homeostatic balance critical for all organ-
isms, but particularly terrestrial vertebrates.
It is in the pathologies of mechanisms for
maintaining this homeostatic balance that
the grand challenges for renal physiology
lay. But, because of the central role of epi-
thelial tissue in renal physiology, the grand
challenges will include understanding the
mechanisms by which epithelial tissues can
act as a selective barrier between the blood
and the outside world and how this barrier
can go awry. In considering the pathologies
that lead to grand challenges in renal physi-
ology, it is useful to keep the kidney’s evolu-
tion in mind because evolution provides a
rationale for renal regulatory and transport
mechanisms which otherwise might appear
to be a willy nilly collection of transporters
and hormonal control mechanisms with lit-
tle systematic integration.

THE CHALLENGE OF UNDERSTANDING
HYPERTENSION

Hypertension is a chronic increase of BP
to levels above normal. By definition, an
individual has hypertension when his or
her BP is at or above 140/90 mmHg. High
BP is a major risk factor for heart disease
and stroke, end-stage renal disease, and
peripheral vascular disease and is a chief
contributor to adult disability (National
Heart Lung and Blood Institute, 2011).
Approximately one in four adults in the
United States has hypertension (Kearney
et al., 2004). Although effective therapy
has been available for more than 50 years

(Kearney et al., 2005), most persons with
hypertension do not have their BP under
control (Chobanian et al., 2003). During
1999-2002, the age-adjusted prevalence of
hypertension in the study population was
28.6%. The prevalence of hypertension
increased with age and was higher among
women than men. Hypertension predis-
poses individuals to develop cardiovascular
disease, renal disease, and cerebral vascular
injury that was associated with the deaths
of 44,619 Americans in 2000.

HYPERTENSION: A DISEASE OF

ABNORMAL SODIUM BALANCE

Theassociation of salt with hypertension has
been suspected for more than 4,500 years
since the Chinese suggested that salt “hard-
ens” the pulse (Ruskin, 1956). Hypertension
is often considered a disease of civilization
since the genes producing hypertension or
at least a pre-disposition to hypertension
are now maladaptive. Presumably the genes
provided selective advantage if salt was quite
scarce; that is, they are “thrifty genes” (Neel,
1962; Gleiberman, 2001). Natural selec-
tion shapes organisms to function within a
particular set of environmental conditions,
but environments change and in the case
of thrifty genes the modern environment
with readily available salt promotes the
development of diseases like hypertension
(Wilson, 2011b). The average American
diet contains about 10 g of salt/day, but
the ingested amount of salt can vary enor-
mously depending upon the dietary compo-
sition. Despite these large daily variations in
salt intake, normal values of plasma sodium
deviate very little from the normal range of
135-145 mmol/L. Therefore, under normal
circumstances, the input must be critically
balanced by an output that is exactly equal
to the input. While there is some sodium
output in sweat and feces; the output in
sweat is incidental to maintaining ther-
mal balance and the output in feces under
any normal physiological circumstance
is generally small. The obvious point for
control of total body sodium is variable
excretion by the kidneys. Urinary sodium
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concentrations are usually in the range of
10—40 mmol/L; but can range from unde-
tectable to 150 mmol/L. Thus, the kidney is
the primary organ responsible for removing
sodium from the body and for maintain-
ing total body sodium balance and normal
blood levels of sodium. Na* is the principal
extracellular cation making up over 90% of
the osmotically active solute in the body,
and under normal conditions Na* content
largely determines extracellular fluid (ECF)
volume. Thus, Na* plays a vital role in main-
taining ECF volume and therefore BP.
Hypertension must always be associated
with a blood volume and total body sodium
content that is too high for the physiological
circumstances (Guyton, 1990a, 1991, 1992).
In some cases the reason for the excess blood
volume is clear. There are a large number of
identifiable single genetic defects in the reg-
ulation of sodium balance that lead to either
increases or decreases in BP. Despite the
relatively extensive list of known defects, in
many cases of hypertension, the etiology is
unclear. Renin levels, angiotensin levels, and
aldosterone levels, hormones that normally
control salt balance and BP, are normal or
even reduced, and yet, BP is elevated as if the
set point of the control loop from sensing
BP to sodium reabsorption is inexplicably
high (Guyton, 1990b; Hall et al., 1996).
There are familial propensities to develop
hypertension implying some significant
genetic component to the disease. However,
except for the highly specific monogenetic
disorders, the examination of the genetics
of hypertension have suggested an involve-
ment of a very large number of genes. At
least 22 different areas of the genome have
been identified in genome-wide association
studies (Smith, 1953; Wilson, 2011a) and
the genome sequence of the Dahl sponta-
neously hypertensive rat had a surprisingly
large number of mutated genes (788 genes
are mutated in SHR compared to the refer-
ence genome, including 60 that are deleted
altogether; Atanur et al., 2010). As one
might have expected based on the role of
the renal epithelial tissues in hypertension,
of the 788 mutated genes identified in the
SHR genome, many are related to cellular
functions such as ion transport and plasma
membrane localization, their relationship
to the causes of hypertension are unclear.
Physiology, as a discipline, is involved in
the study of function and systemic integra-
tion. The results from the genetic analyses of

hypertension underscores the importance
of contemporary physiology. The grand
challenge for renal physiologists will be to
examine the protein products of the genes
linked to hypertension, determine their
function and how they interact with one
another, and how at a systemic level they
can contribute to hypertension.

THE CHALLENGE OF POLYCYSTIC
KIDNEY DISEASE

Hypertension is a systemic disorder that
finally is manifest as a defect in renal regu-
lation. However, there are more specific
problems affecting the renal epithelium,
itself. Polycystic kidney disease (PKD) is
a kidney disorder passed down through
families in which many cysts form in the
kidneys, causing them to become enlarged
(Figure 1). PKD occurs in two forms, auto-
somal dominant and autosomal recessive.
Autosomal dominant PKD occurs in both
children and adults, but it is much more
common in adults. Symptoms often do not
appear until middle age. It affects nearly 1
in 1,000 Americans. The actual number
may be more, because some people do not
have symptoms. The autosomal recessive
form of PKD appears in infancy or child-
hood. This form is much less common than
autosomal dominant PKD, but it tends to be
very serious and gets worse quickly. It can
cause serious lung and liver disease, end-
stage kidney disease, and it usually causes
death in infancy or childhood. Other than
symptomatic treatment, there is no other
treatment for the underlying fundamental
cause of either form of the disease.

Autosomal dominant polycystic kidney
disease (ADPKD) is caused by mutation of
PKDI and PKD?2 genes that encode poly-
cystin-1 and polycystin-2 proteins (Wilson,
2011Db). Polycystin-1 and 2 are transmem-
brane proteins that apparently transduce
external developmental and polarity signals
to epithelial cell interior. In normal cells,
the two proteins are located in several cel-
lular locations but one of the locations is
in conjunction with primary cilia. Primary
cilia are involved in mechanosensation,
photoreception, and chemosensation, but
the mechanosensitivity appears important
in PKD (Winyard and Jenkins, 2011): in the
simplest model, fluid flow across the api-
cal surface of renal cells bends the cilia and
induces calcium influx, and this is perturbed
in PKD. Downstream effects include changes
in cell differentiation and polarity. There are
many physiological abnormalities associated
with PKD, but one is failure of proper epi-
thelial differentiation and the loss of epithe-
lial polarity (Wilson, 2011a). Epithelial cell
polarity is essential for the establishment and
maintenance of the normal barrier function
and regulation of fluid and electrolyte by
renal epithelial tissue. Epithelial cell polariza-
tion is established early during development
and is controlled by specific sets of proteins
that provide cues for cellular polarization.
Abnormalities in these protein polarization
complexes lead to a variety of diseases in dif-
ferent organs, one of which is PKD in which
epithelial cysts develop in renal tubules
because of the mislocalization of membrane
proteins. The defects in the polarity of mem-
brane protein in autosomal dominant PKD

FIGURE 1 | A polycystic kidney. Please note the prominent cysts and inflammation. Image courtesy of the
National Institute of Diabetes and Digestive and Kidney Diseases.
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include abnormal trafficking of proteins that
normally reside in the basolateral membrane
to the apical membrane and vice versa. Since
proper polarization of epithelial cells lining
renal tubules is essential for normal kidney
development and differentiation to prevent
abnormal cystic dilation, the challenge is
to understand the mechanisms underlying
cellular polarization with the intent that
understanding the mechanism would allow
interventions to reverse polarity defects and,
thereby, provide treatment opportunities
for PKD. In addition to understanding the
source of polarity, an additional challenge
will be to understand how cilia fit into the
other aspects of PKD physiology.

Understanding the two specific patholo-
gies described above represent major chal-
lenges to the field of renal physiology, but
they also illustrate a more general challenge
to renal physiology in particular and phys-
iology in general. With increasingly large
amounts of genetic information available
the challenge is to use physiological meth-
ods to link the genes to the function of the
proteins they encode. This should allow
translation of physiological data from the
bench to the bedside.
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