Chapter 15
The Circadian Clock in the Mammalian
Kidney

Kristen Solocinski and Michelle L. Gumz

Abstract Healthy circadian rhythms are important for maintaining overall health.
Several core clock genes, including Bmall, Per, CLOCK, and Cry encode tran-
scription factors that regulate gene expression in the kidney and in nearly all other
organs and cell types. Modulation of clock genes can cause major physiological
effects. Loss of any of the core clock genes in mice results in significant changes in
blood pressure, indicating that the molecular clock is critical for regulation of blood
pressure. The kidney regulates electrolyte and volume balance and is thus an
important regulator of blood pressure. Several lines of evidence suggest a role for
the kidney clock in blood pressure regulation.

Many aspects of renal function, including glomerular filtration rate and electro-
lyte excretion, are known to vary with a circadian rhythm. Multiple studies have
demonstrated that the kidney is sensitive to food and light cues, consistent with a
role for circadian rhythms in the regulation of renal function. In the kidney, clock
genes are rhythmically expressed and thousands of genes that contribute to renal
function are subject to transcriptional regulation by the core clock proteins. Indeed,
several key circadian genes oscillate even in the fetal kidney. It is clear that the
circadian clock is an important regulator of renal function and that a better under-
standing of how it functions can open up new avenues for the treatment of kidney
disease and hypertension.
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15.1 Introduction

Since the formation of the earth, the sun has risen and set with a predictable
rhythmicity giving the world day and night. This daily, circadian rhythm has
been adapted by life in the form of rhythmic expression of genes and behaviors
around a ~24 h day. Indeed, life forms from archaebacteria to humans have been
shown to display circadian rhythms [reviewed in Richards and Gumz (2012)].
These rhythms were first noted by the French astronomer de Mairan three centuries
ago with his observation that the opening and closing of the heliotrope plant
occurred even in the absence of sunlight. Over a century ago, Vogel first reported
circadian fluctuations in urine volume in humans. Twenty years ago, Dr. Joseph
Takahashi and colleagues identified the CLOCK gene, one of the master regulators
of the circadian clock in mammals (Vitaterna et al. 1994). Since then, there have
been numerous advances in the field of circadian biology.

The circadian rhythms of the body are controlled by a master clock in the brain,
which helps entrain numerous peripheral clocks throughout the body (Dibner
et al. 2010). The master clock is located in the suprachiasmatic nucleus (SCN) in
the hypothalamus of the brain. This clock is entrained by light signals that enter
through the retina and are subsequently relayed to the SCN. These signals are
transmitted to peripheral clocks via neuronal and humoral signals.

Through transcription-based feedback loops, a core group of clock genes forms a
Transcription Translation Oscillating Loop (TTOL), which is the mechanism for
the function of the circadian clock. Briefly, circadian proteins CLOCK and Bmall
form a heterodimer capable of binding to E-box elements in the promoters of
circadian target genes (Fig. 15.1). When this heterodimer binds to E-box elements
of Cryptochrome 1 and 2 (Cry1 and Cry2) and Period 1 and 2 (Perl and Per2), Per
and Cry transcription is activated in the positive arm of the loop. Then Per and Cry
interact and inhibit CLOCK and Bmall activity, forming the negative arm of the
loop and inhibiting their own transcription. CLOCK/Bmall also binds to E-box
elements in the retinoid-related orphan receptor (ROR) and REV-ERBa promoters.
ROR and REV-ERBua in turn mediate opposing action on Bmall transcription.

15.2 Physiological Functions of the Kidney

The kidney is an important organ in the body because it not only removes waste but
it is responsible for maintaining fluid and ion homeostasis. This is critical because
even slight changes in ion balance can have deleterious effects. For example,
alteration of sodium reabsorption can result in large changes in blood volume
with subsequent effects on blood pressure. The kidney achieves blood filtration
through the nephron, or functional unit of the kidney (Fig. 15.2). An adult human
kidney contains about one million nephrons. Blood filtration starts when blood in
capillaries comes into contact with the nephron via the glomerulus. Filtrate then
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Fig. 15.1 Transcription-translation oscillating loop. Bmall and CLOCK heterodimerize and bind
to E-box elements on target genes to increase levels of transcription. They make up the positive
arm of the loop while the other two core components of the clock, Cry and Per proteins, make up
the negative loop. Once translated, Cry and Per inhibit the actions of CLOCK and Bmall. Other
integral parts of the clock machinery, ROR and Rev-erba (encoded by the nridl gene), also
participate in the ~24 h oscillation of activation and inhibition of target gene transcription

passes into the proximal tubule (PT) where the bulk of sodium reabsorption occurs.
The cells in this segment contain the sodium-glucose-like transporter 1 (SGLT1),
which reabsorbs sodium and glucose and the sodium-hydrogen exchanger
3 (NHE3), which reabsorbs sodium and excretes hydrogen ions into the filtrate.
Filtrate then passes into the Loop of Henle where active sodium reabsorption only
occurs in the thick ascending loop (TAL). About 4 % of sodium reabsorption occurs
in the next segment of the nephron, the distal convoluted tubule (DCT). The cells in
this segment have the sodium-chloride co-transporter (NCC), which reabsorbs both
sodium and chloride ions from the filtrate.

As filtrate enters the last part of the nephron, the collecting duct (CD), the final
4 % of sodium reabsorption from the filtrate occurs. This is a highly regulated
process in order to avoid large changes in sodium reabsorption and blood pressure.
All cell types in each segment of the nephron (PT, TAL, DCT, CD) have a
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Fig. 15.2 Model of a renal nephron and representative cell types. (This illustration is focused on
mechanisms of sodium reabsorption that have been linked to the circadian clock.) Blood enters the
nephron at the glomerulus and is filtered as it passes through the tubule segments. Filtrate first
passes through (a) the proximal convoluted tubule (PT) followed by the Loop of Henle (cell
diagram not shown), through (b) the distal convoluted tubule (DCT) and (c) finally the collecting
duct (CD). Sodium reabsorption decreases as filtrate moves along the nephron as indicated by
arrows with approximate percentages of sodium reabsorption indicated. Each portion of the
nephron is characterized by different sodium transporters, shown in the representative cell models.
Different sections of the nephron are also found in different regions of the kidney, indicated by the
dashed lines to separate cortex, outer medulla and inner medulla

sodium-potassium Na*, K*-ATPase on the basolateral side, which pumps sodium
from the cells into the blood. In the principal cells of the collecting duct, the
epithelial sodium channel (ENaC) facilitates the reabsorption of sodium from the
filtrate. ENaC is regulated at many levels, one of which is by the hormone
aldosterone. Aldosterone causes the increased transcription of the alpha subunit
of ENaC via binding to mineralocorticoid receptors found inside the cell and
subsequent translocation into the nucleus and binding to hormone response ele-
ments. The Gumz lab found that one of the core clock genes, Perl, actually
regulates aldosterone thus showing that sodium reabsorption in the collecting
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duct of the kidney is at least partially under circadian control (Richards
et al. 2013b).

Potassium is another electrolyte excreted in urine that has been shown to be
regulated by the circadian clock as well (Gumz and Rabinowitz 2013). Numerous
studies have shown that potassium excretion oscillates in a circadian rhythm with
sodium in multiple species. Early microarray evidence accrued by Firsov
et al. suggested that potassium transporters in the nephron are expressed in a
circadian pattern (Zuber et al. 2009; Nikolaeva et al. 2012). Like sodium, potassium
also seems to play a role in blood pressure. Not only does it appear that potassium
excretion patterns are altered in disease states such as chronic kidney disease,
potassium supplementation may be useful in treating hypertension (Zicha
et al. 2011; Kanbay et al. 2013). It has been shown that potassium supplementation
leads to increased sodium excretion and therefore decreased blood pressure. Potas-
sium may also be beneficial in restoring a night time dip in blood pressure, lack of
which is associated with higher risk of cardiovascular disease.

15.2.1 Evidence for a “Kidney Clock”

Like many other organs in the body, the kidney undergoes circadian fluctuations
with respect to a number of aspects. In 1933, Robert Manchester reported on the
diurnal rhythms of urine, sodium and potassium and showed that they peaked in the
morning and reached a minimum at night (Manchester 1933). On a physiological
level, many processes related to kidney function and blood pressure oscillate over
the course of a day including glomerular filtration rate (GFR) (Koopman
et al. 1989), sodium excretion and renal blood flow (Pons et al. 1996). At a
transcriptional level, expression of clock genes including CLOCK, Bmall, Cryl,
Cry2, Perl and Per2 oscillate with a ~24 h rhythm (Reppert and Weaver 2002).

The core clock proteins regulate the expression of up to 50 % of expressed genes
in the body (Pizarro et al. 2013). The function of these clock genes is different
depending on the tissue in which they are present. Wu et al. showed that a 30 min
feeding stimulus was sufficient to not only significantly decrease transcript levels of
the circadian gene Dbp but also to shift the peak of expression by 4 h in the heart but
not in the kidney (Wu et al. 2012). The same study also showed decreased mRNA
levels of Bmall, Cryl, Perl and Per2 in the heart with 30 min feeding stimulus
while only Perl mRNA was significantly decreased in the kidney.

Clock genes are ubiquitously expressed and dysregulation or loss of expression
can cause profound physiological changes. In 2005, Okamura et al. provided the
first evidence for the circadian control of a renal gene (Saifur Rohman et al. 2005).
They showed that the Na*, H" exchanger NHE3 is expressed in the membrane in a
circadian manner and furthermore is regulated by CLOCK:Bmall heterodimers.
This occurs in a similar fashion to that mentioned for aldosterone regulation. The
CLOCK:Bmall heterodimers bind to E-box elements in the NHE3 gene to regulate
its transcription. This group also showed that the circadian expression of NHE3 is
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severely blunted in Cry1/2 knockout (KO) mice, further supporting the notion of
circadian control of this gene.

In 2006, Schibler et al. demonstrated the effects of knocking out three circadian
transcription factors in mice (Dbp/Lef/Tcf triple KO) (Gachon et al. 2006). While
single or double KOs of these factors do not produce much of a phenotype, triple
KO mice usually do not live past 1 year. This may be due to the fact that the three
factors have very conserved amino acid sequences and are able to compensate for
the loss of one another. The triple KO caused changes in mRNA expression of
numerous genes, many of which are related to drug metabolism or transport.
Importantly, this group later showed that the Dbp/Lef/Tcf triple KO mice exhibited
a phenotype of low blood pressure, reduced aldosterone levels and cardiac hyper-
trophy, providing strong evidence for the role of circadian proteins in cardiovas-
cular physiology (Wang et al. 2010).

15.2.2 Circadian Clock Proteins and Blood Pressure

In 2007, Curtis et al. described the blood pressure phenotype of the Bmall KO
mouse (Curtis et al. 2007). While the wild type mice have normal circadian
variations in heart rate and blood pressure, KOs do not show these variations.
The KO mice are also hypotensive, meaning they have low blood pressure, com-
pared to the wild type mice. These results provided the first evidence that loss of a
single circadian protein can dramatically alter blood pressure.

Per1 KO mice exhibit a lower blood pressure phenotype compared to wild type
mice (Stow et al. 2012). This may be to due to increased renal endothelin 1 (ET-1,
encoded by the Ednl gene) as Perl KOs have increased levels of ET-1 in the
medulla of the kidney. While ET-1 is known as a potent vasoconstrictor in the
vasculature, ET-1 acts to decrease blood pressure via inhibition of ENaC in the
renal collecting duct (Lynch et al. 2013; Bugaj et al. 2008). The subsequent
reduction in sodium reabsorption results in a decrease in blood volume, leading
to decreased blood pressure.

As previously stated, Per2 is part of the negative arm of the Transcription
Translation Loop of the circadian clock mechanism. Vukolic et al. characterized
the Per2 mutant mouse, which contains a mutated, not knocked out, Per2 protein
(Vukolic et al. 2010). These mutant Per2 proteins are shortened, missing possible
dimerization sites. This group found that the mutant mice have a higher heart rate
during the light period than wild type mice but have similar locomotor activity. The
Per2 mutant mice also had shorter circadian periods of heart rate, mean arterial
pressure and locomotion as compared to wild type mice. The mutant mice also had
smaller variations in heart rate and blood pressure between light and dark. Exam-
ples of normal and aberrant circadian oscillation are described in Fig. 15.3.

CLOCK KO mice are hypotensive and have mild diabetes insipidus but have
normal 24 h blood pressure rhythms (Zuber et al. 2009). CLOCK KO mice also
have altered circadian expression patterns of 20-HETE (20-hydroxyeicosate-
traenoic acid), which is a regulator of blood pressure (Nikolaeva et al. 2012).
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20-HETE can lead to both increases and decreases in blood pressure through
actions on the kidney. If acting on preglomerular arterioles, the vasoconstrictive
action of 20-HETE raises blood pressure (Nikolaeva et al. 2012). However, it is also
capable of blocking channels and transporters that reabsorb sodium in the thick
ascending limb and proximal tubule of the nephron, which leads to a decrease in
blood pressure. Therefore, Firsov et al. have proposed the dysregulation of
20-HETE to be a contributing factor to the blood pressure phenotype of CLOCK
KO mice. In 2014, Firsov elaborated on the role of Bmall by producing a mouse
that has Bmall knocked out in renin-producing cells in the kidney (Tokonami
et al. 2014). These Bmall mutant mice have decreased plasma aldosterone com-
pared to control mice and also have significantly lower blood pressure compared to
controls.

15.2.3 Development of the Kidney Clock

It has been known for decades that the fetal SCN is synchronized by the mother.
After birth, maternal care helps to keep the clock entrained. Eventually, the
neonatal SCN matures enough to take over its job as the central clock (Ohta
et al. 2002). By using mice with luciferase-tagged Per2, Nishide et al. looked at
the change in expression of Per2 in embryos to adult mice (Nishide et al. 2014).
They showed that before birth, peak circadian rhythms of Per2 between the liver,
kidney and lung were similar. However, after birth, these peaks changed between
tissues. Furthermore, they showed that there is a phase shift in Per2 expression in
lung and kidney from embryonic day 20 (E20) to adult mice. While there were
shifts in these tissues, they found no significant change in the rhythms of the SCN,
supporting the idea that it is not the sole source of entrainment for peripheral clocks.
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One possible explanation for this shift in circadian expression irrespective of the
SCN is that between 2 and 3 weeks after birth, pups switch from drinking milk to
eating chow (Nishide et al. 2014). This change in nutrition composition may cause
some alteration of digestive organs including the kidney. In addition, the pups are
not fully mature after birth. Organs are still growing and changing which may also
account for changes in circadian patterns due to loss or introduction of new factors
because of the loss or change of cell phenotypes.

To probe even earlier stages of development, Dolatshad et al. looked at 10 day
old embryos in conjunction with maternal rhythms (Dolatshad et al. 2010). They
found that many core clock genes (CLOCK, Bmall, Cryl and Per2) were expressed
as early as E10 but found little evidence that this expression was oscillating in a
circadian manner up to E18. The maternal tissues, however, did express high levels
of circadian oscillation. When embryonic tissues (heart, liver and kidney) were
cultured, they did show circadian expression of the clock genes. While the authors
determined that this rhythm was an artifact of the tissue culture process, it shows
that the tissues are capable of being synchronized but something may prevent that
from occurring. It is also possible that individual cells do have rhythmic expression
but they are not synchronized within a tissue either due to interference by rapid
mitosis of embryonic cells or some other factor.

Meszaros et al. explored this further by looking at clock genes specifically in rat
embryonic kidneys (Meszaros et al. 2014). They saw that at E20 many clock
(CLOCK, Per2) and clock-controlled genes (ENaC, Sgkl and NHE3) exhibited
circadian patterns of expressions whose amplitude was significantly increased later
in life. At 1 week postpartum, even more genes were observed to display circadian
patterns of expression including Bmall, Cryl, Cry2, and Perl. These investigators
also showed that by only allowing pups to nurse during the dark (active) period,
their peak expression of CLOCK and Bmall was shifted by 12 h. This demonstrates
how feeding can entrain clocks since normally the pups would feed during the
mother’s inactive period during the day. By changing the feeding time, the phase of
expression of clock genes was shifted as well. This may occur because the SCN is
not fully developed in rats until postnatal day 10 (Sladek et al. 2004) so nutrient
(as opposed to light) cues entrain the peripheral clock in the kidney.

15.2.4 Effect of Food and Light Cues on the Kidney Clock

As previously mentioned, one of the main entrainment signals for the peripheral
clocks is feeding time. While this has been established for some time, Oike
et al. explored the effect of certain diets, particularly high salt diets in mice. It
has already been shown that the type of diet can alter gene expression to adapt to
new needs (Ferraris 2001). These authors looked at how high salt diets can affect
circadian gene expression and found that in the liver, kidney and lung high salt diets
decrease expression of Bmall while increasing expression of Dbp over time.
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While food cues are significant in the entrainment of peripheral clocks, it is
important to remember that the central clock, which sends signals to the peripheral
clocks, is entrained primarily by light. Wu et al. investigated this by looking at the
effects of only reversing the light/dark (LD) cycle, restricting feeding to the
daytime (the inactive period of the rat) or reversing both the LD cycle and feeding
time in rat kidneys (Wu et al. 2010). LD reversal did not alter the expression pattern
of Bmall, Cryl, CLOCK or Per2 but did delay the peak expression of Perl by 4 h.
In addition, the expression levels of Perl, Cryl, CLOCK and Bmall were altered
only with the reversal of the LD cycle.

Feeding time reversal caused peak expression shifts of 8—12 h for CLOCK, Cry1
and Bmall after 7 days while causing 4 h shifts in Perl and Per2. Combining LD
and feeding time reversal resulted in a total reversal of the circadian expression of
all five genes studied within 7 days. This evidence points to the cumulative effects
of light and food cues regarding the entrainment of peripheral clocks.

15.2.5 Circadian Regulators Decl and Dec2 in the Kidney

In addition to Per and Cry homologs, Decl and Dec2 are also negative regulators of
the clock transcription translation loop. They are expressed in a circadian rhythm in
most tissues. Recently, Wu et al. studied their expression in the kidney and the heart
of rats (Wu et al. 2011). Both Dec1 and Dec2 showed a pattern of daily oscillation
in the heart while only Dec2 showed a similar oscillation in the kidney. By
restricting feeding to daytime, as opposed to the normal night time feeding of
rats, they showed that in the heart, Decl and Dec2 expression was shifted about
8 h. However, in the kidney, Dec2 expression was shifted 4 h and Decl expression
became rhythmic.

They next reversed feeding and the light/dark schedule for the rats. After 7 days,
peak expression was shifted for Decl in the heart and Decl and Dec2 in the heart
and kidney. Expression of Dec1 in the kidney did not change significantly. Noshiro
et al. showed that Dec1 exhibits a circadian rhythm of expression in mice, indicat-
ing that this clock protein acts in tissue- and species-specific ways (Noshiro
et al. 2005). Along with the fact that Decl and Dec2 have similar DNA binding
domains, this evidence suggests that Decl may be redundant in the kidney. This is
one of many indications of the importance of maintaining circadian clock function.

15.2.6 Perl in the Kidney

A role for Perl in the regulation of renal function was first conceived when it was
identified as a novel aldosterone target gene in a murine model of the inner
medullary collecting duct IMCD) (Gumz et al. 2003). Perl was subsequently
shown to be induced by aldosterone treatment in vivo and to mediate downstream
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action on the well-known aldosterone target gene, the alpha subunit of the renal
epithelial sodium channel (kENaC) (Gumz et al. 2009).

In order for Perl to get into the nucleus and affect its target genes, it has to be
phosphorylated. This occurs through the actions of Casein Kinase 1 isoforms &/e
(CK16/e) (Takano et al. 2004). The Gumz lab showed that a CK168/e inhibitor
(PF670462) does inhibit the entry of Perl into the nucleus in mpkCCD,,4 cells,
which are a model of the murine CCD (Richards et al. 2012). This inhibition
therefore prevents the interaction of Per1 with the E-box element from the promoter
of the aENaC gene (Scnnla). Furthermore, inhibition of Perl nuclear entry
decreases basal Scnnla expression, indicating that Perl not only increases ENaC
transcription but is also involved in basal regulation of expression. This effect was
observed at the protein level, as cells treated with the inhibitor show a 60 %
decrease in tENaC membrane protein levels.

In addition to regulating Scnnla, the Gumz lab investigated other genes that may
be regulated by Perl as well (Stow et al. 2012). Using mpkCCD,4 cells, Perl was
knocked down using siRNA. Perl knockdown caused changes in mRNA expression
of four genes associated with sodium transport. FxydS mRNA levels decreased in
response to Perl knockdown whereas Ube2e3, Cav-1 and Ednl mRNA levels all
increased. FxydS5 increases the activity of the Na, K-ATPase, which pumps sodium
reabsorbed by ENaC on the apical side of cells through the basolateral side back
into the blood (Lubarski et al. 2005). Ube2e3 is an E3 ubiquitin ligase, a class of
enzymes that are known to ubiquitinate the ENaC subunits, thus targeting these
proteins for proteasomal degradation (Debonneville and Staub 2004). This action
removes ENaC from the membrane, thereby decreasing sodium reabsorption. Loss
of Perl increases the mRNA levels of this ligase, which could lead to higher protein
levels and increased ENaC degradation. Cav-1 is a lipid raft protein that has been
shown to participate in removal of ENaC from the membrane (Lee et al. 2009).
Finally, ET-1 causes blockade of ENaC through decreasing the open probability of
the channels via a mechanism involving the ETB receptor and nitric oxide (Bugaj
et al. 2008; Gallego and Ling 1996). In order to investigate the role of Perl in the
regulation of these ENaC-modulating proteins, Perl expression was knocked down
using siRNA in mpkCCD,,4 cells. ET-1 mRNA expression increased nearly four-
fold after Perl knockdown (Stow et al. 2012). After Perl knockdown, mRNA and
membrane aENaC protein levels were reduced (Richards et al. 2012). Cav-1
membrane protein levels were also increased, as were ET-1 protein levels. These
results support a role for Perl in the coordinate regulation of a number of genes that
contribute to the regulation of ENaC in the kidney (Fig. 15.4).

Additional studies with Perl KO mice showed that higher ET-1 protein levels
were present in the inner medulla and cortex of the kidney compared to wild type
mice (Stow et al. 2012). In wild type and Perl KO mice, ET-1 levels were higher at
noon (during their inactive period) when blood pressure is lower, showing an
inverse relationship between blood pressure and renal ET-1 levels. This is consis-
tent with the established action of ET-1 to inhibit ENaC activity, decreasing sodium
reabsorption and therefore causing a decrease in blood pressure as well. Indeed,
these Perl KO mice exhibited an 18 mmHg decrease in mean arterial pressure
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Fig. 15.4 Model for the action of Perl in principal cells of the renal CD. Sodium derived from the
filtrate enters a principal cell in the collecting duct through the epithelial sodium channel (ENaC).
Sodium is exported from the cell through the action of the Na*, K*™-ATPase and passes into the
blood. ENaC is negatively regulated at the membrane by caveolin-1 (Cav-1) and endothelin (ET-1)
while the Na*, K*-ATPase is positively regulated by Fxyd5. The genes encoding these proteins are
regulated on a transcriptional level in the nucleus by Perl. Perl activates transcription of the o
subunit of ENaC (aENaC) and Fxyd5 but negatively regulates transcription of ET-1 and Cav-1. In
other words, Perl inhibits inhibitors of sodium reabsorption and activates activators of sodium
reabsorption

compared to wild type mice. The contribution of ET-1 to this phenotype has not
been directly tested.

Aldosterone regulates )ENaC expression and Perl appears to play a role in this
regulation. Interaction of Perl with E-box response elements in the «ENaC pro-
moter increases in aldosterone treated mpkCCD,4 cells (Richards et al. 2013c).
Aldosterone treatment also resulted in increased binding of RNA pol II to the ENaC
promoter, which is indicative of increased transcription. This regulation is also
evidenced by the fact that Perl knockdown decreases the aldosterone-mediated
induction of aENaC expression (Gumz et al. 2009). This effect is paralleled with
use of the CK18/e inhibitor (Richards et al. 2012). In mpkCCD,4 cells, mRNA
expression of aENaC is increased approximately 6x after addition of aldosterone
compared to vehicle treated cells. In the presence of the CK18/e inhibitor, xENaC
mRNA levels drop below vehicle levels. With the CK18/e inhibitor and aldoste-
rone, mRNA levels increase about 1.5 x compared to 6 x with aldosterone treatment
alone. Importantly, CK18/e inhibitor treatment resulted in decreased ENaC activity
in mpkCCDy, 4 cells and in A6 cells, a model of the amphibian kidney.

In addition to aldosterone regulating Perl, Perl appears to regulate aldosterone
levels. The Gumz lab investigated this possibility using Perl heterozygous mice,
which have an approximate 50 % reduction in Perl expression (Richards
et al. 2013a). Like all mice, they are nocturnal and are active at night. Wild type
and Perl heterozygous mice were investigated at noon and midnight, the midpoint
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of their rest and active phases, respectively. Perl heterozygous mice do not exhibit
the normal increase in plasma aldosterone during their active phase like wild type
mice and their plasma aldosterone levels are lower than wild type mice as well. This
may be due to decreased 3p-HSD expression, which was observed in Perl hetero-
zygous mice in a pattern similar to plasma aldosterone levels (decreased at both
noon and midnight compared to wild type mice with a blunted circadian pattern).

3B-HSD is produced in the adrenal glands, which are also responsible for the
production of aldosterone, among other hormones. Using a human adrenal cell line
(NCI-H295R), it was shown that Perl knockdown causes a 58 % decrease in
3B-HSD mRNA levels (Richards et al. 2013b). This result was confirmed in vivo
in wild type mice using the CK1/e inhibitor. Mice injected with the inhibitor every
12 h for 2.5 days showed a decrease in 3f-HSD mRNA of around 60-70 %
compared to wild type mice.

In contrast to Perl heterozygous mice, Cry1/2 KO mice have increased levels of
3B-HSD and an accompanying increase in plasma aldosterone levels (Doi
et al. 2010). Indeed Perl and Cryl/2 appear to exhibit opposing actions on target
gene expression (Richards et al. 2013a). Perl causes repression of Cry2 and
knockdown of Perl with shRNA in mpkCCD,4 cells does indeed result in
increased Cry2 protein levels. This result was supported by the evidence that
nuclear blockade of Perl by the CK18/e inhibitor increases cytosolic and nuclear
Cry2 levels in AML12 (mouse liver) cells.

Similar results were found in mpkCCDy4 cells and AML12 cells with regard to
the effect of Perl and Cry2 on Perl target genes (Richards et al. 2013a). Perl
mRNA expression was decreased with Perl siRNA and increased with Cry2
siRNA. CLOCK mRNA expression also decreased with Perl siRNA and increased
with Cry2 siRNA. Cry2 mRNA expression increased with Perl siRNA while it
decreased with Cry2 siRNA. These results are consistent with the hypothesis that
Perl suppresses Cry2 in the Transcription-Translation Oscillating Loop, which
inhibits Cry2 from suppressing CLOCK/Bmall. Further support for the opposing
actions of Per and Cry comes from the observation that Per1/Cryl KO mice have a
normalization of the phenotypes observed in single Perl and Cryl KO mice (Oster
et al. 2003). Oster et al. showed that while Cryl KO mice have a shortened
circadian period (of about 22.5 h) (van der Horst et al. 1999), knocking out Perl
in Cryl KO mice restores the normal circadian period of about 24 h.

Perl also regulates the NaCl cotransporter (NCC) in the kidney (Richards
et al. 2014). The thiazide sensitive NCC is expressed in the apical membrane of
cells in the distal convoluted tubule (DCT) of the kidney where it mediates sodium
and chloride entry into the cell. Using a model of the DCT, mDCT15 cells, the
Gumz lab demonstrated that either Perl knockdown or treatment with the CK16/e
inhibitor resulted in decreased NCC expression. NCC mRNA levels were decreased
in the renal cortex of Perl heterozygous mice compared to wild type controls.
Likewise, NCC expression was reduced in CK19/e inhibitor-treated wild type mice
compared to vehicle treated controls. Importantly, CK18/e inhibitor treatment
resulted in decreased NCC activity in mDCT15 cells, supporting a role for Perl
in the regulation of a key sodium transporter in the kidney.
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15.3 Role of the Kidney Clock in the Regulation of Arterial
Blood Pressure

The main function of the kidney is to filter wastes out of blood and maintain
homeostasis of fluid and ions in the body. This maintenance helps maintain blood
pressure within a healthy range. Hypertension, or high blood pressure, can cause a
myriad of problems in the body including stroke, heart failure and renal disease. It is
the main risk factor for developing cardiovascular disease, which is the cause of
death of about one third of Americans every year (Go et al. 2014).

There have been numerous studies which show a correlation between the kidney
and blood pressure. Grisk et al. (2002) transplanted kidneys from normotensive rats
into spontaneously hypertensive rats (SHRs). This resulted in a decrease in MAP in
over 50 mmHg compared to sham operated SHRs. When normotensive rats
received a kidney from SHRs, the MAP increased by around 40 mmHg. These
findings give strong evidence for the importance of the kidney in maintaining
healthy blood pressure.

Almost all forms of Mendelian (inherited) hypertension can be traced to some
defect in the Renin-Angiotenson-Aldosterone System (RAAS) (Lifton et al. 2001).
Briefly, when low blood pressure is sensed, the juxtaglomerular cells release the
enzyme renin. In the blood stream, renin converts angiotensinogen to angiotensin I
which is then converted to angiotensin II by the angiotensin-converting enzyme
(ACE). Angiotensin II (Angll) is itself a vasoconstrictor, which causes an increase
in blood pressure due to decreased volume for blood to occupy. Angll also
stimulates aldosterone secretion, which as previously stated, leads to an increase
in aENaC transcription. Increased ENaC in the cell membrane allows for increased
sodium reabsorption back into the blood and a consequent increase in blood
pressure. There is increasing evidence for an intrarenal RAAS system as well as a
whole-body system (Moon 2013). This further implicates the kidney in the devel-
opment of hypertension.

Further evidence for the kidney’s role in blood pressure maintenance has been
provided by Coffman and colleagues [reviewed in Crowley et al. (2007)]. Dahl and
Heine showed that a hypertensive phenotype tracks with the kidney by cross-
transplantation studies using rats (Dahl and Heine 1975). They cross-transplanted
kidneys from hypertension-resistant rats into hypertension-prone rats and found
that it resulted in a significant drop in blood pressure. This phenomenon has been
observed in human kidney transplant recipients as well (Curtis et al. 1983).

Angll mediates its actions primarily through the angiotensin receptor type
1 (AT{R) (Timmermans et al. 1993). In mice, there are two subtypes of this receptor
(A and B) and it is widely accepted that type A (AT;sR) is the human homologue.
Activation of AT, by Angll causes release of aldosterone and vasoconstriction in
the kidney, both of which lead to an increase in blood pressure [reviewed in
Crowley et al. (2007)]. Coffman et al. also did cross-transplantation studies using
four groups of mice: WT, Systemic KOs having AT AR only in the kidney, Kidney
KOs having AT 4R everywhere but the kidney and finally Total KOs lacking
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AT AR everywhere (Crowley et al. 2007). These mice were generated by
transplanting kidneys from either WT or AT;,R KO animals to respective recip-
ients. For example, the Systemic KO was achieved through transplantation of a
kidney from a WT animal into an AT;,R KO animal. The Kidney KO group had a
significantly lower MAP compared to WT mice, demonstrating the impact the
kidney has on blood pressure. It is important to note that the systemic KO animals
had almost identical MAP values and similar circadian variation in MAP, demon-
strating the importance of the systemic tissues in determining blood pressure
as well.

Hypertension treatments such as ACE inhibitors aim to interrupt the RAAS
system and decrease the amount of Angll being made, therefore reducing the
hypertensive effects of the RAAS. Another possible target for hypertension treat-
ment was observed in Cryl/Cry2 KO mice. These mice lacking integral circadian
clock genes have salt-sensitive hypertension and increased plasma aldosterone (Doi
et al. 2010). Microarray analysis identified an enzyme in the aldosterone synthesis
pathway (Hsd3b6/3B-HSD) as having increased expression in these mice. This
enzyme is involved in the conversion of pregnenolone to progesterone, which is
an early step in aldosterone synthesis, and its expression is restricted specifically to
zona glomerulosa cells of the adrenal gland. This enzyme could be a possible target
to treat hypertension.

15.4 Role for Chronotherapy in Hypertension Treatment

Another proposed way of treating hypertension is chronotherapy. This is the
administration of medicines with respect to time, primarily circadian time. Many
hypertension medications are taken in the morning, mostly for convenience. How-
ever, a recently completed study on the effects of chronotherapy has shown that
taking at least one hypertension medication at night not only significantly increases
its effectiveness but also may increase its longevity. The MAPEC study also
showed that nighttime hypertension medication dosing increased nocturnal dipping
by about 30 % which, as previously mentioned, is associated with decreased risk of
cardiovascular disease (Hermida et al. 2010; Kario and Shimada 2004).

15.5 Perspectives

In conclusion, it is quite apparent that the circadian clock is important for
maintaining overall health and that modulation of clock genes can cause major
physiological effects. Loss of any of the core clock genes in mice results in
significant changes in blood pressure, indicating that these genes are important in
its regulation. The kidney is also an important regulator of blood pressure and has
been shown to display circadian rhythms of clock gene expression in addition to
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having specific genes under control of clock proteins themselves. This is important
because it implicates the circadian clock in the proper function of the kidney which
functions in a circadian manner as evidenced by the circadian thythm of sodium
excretion, renal blood flow and urine volume excretion. This further shows that
blood pressure is at least partially under circadian control and provides new ideas
for targets of hypertension treatments. It also sheds light on the fact that timing of
treatment is important with regard to drug efficacy and patient well-being. It is clear
that the circadian clock is an important regulator of renal function and that a better
understanding of how it functions can lead to better treatments for kidney-related
diseases.
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