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ABSTRACT

Cyclooxygenases (COXs) and their main renal product, prostaglandin E, (PGE,), regulate
many physiological renal functions and are involved in the pathogenesis of diabetic
kidney disease. The PGE, receptor EP; has been repeatedly shown to be upregulated
during diabetes. Physiologically, EP; is best recognized to act as a diuretic by
antagonizing arginine-vasopressin (AVP)-mediated water reabsorption. Incidentally, the
first renal manifestation of diabetes is polyuria, which may trigger a cascade of events
leading to DN. We hypothesize that EP; contributes to polyuria and kidney dysfunction
during diabetes. We injected EPs”" mice with streptozotocin (STZ) and evaluated their
renal function 12-weeks post injection. EP3”~ STZ mice exhibit attenuated polyuria while
exhibiting increased urine osmolality suggesting enhanced water reabsorption. Western
blots reveal that EP;” STZ mice have increased expression of aquaporin-1 and
aquaporin-2 as well as reduced urinary AVP excretion compared to STZ mice. However,
salt transporters were equivalently increased in STZ and EP;” STZ mice. In vitro
microperfusion shows that EP; completely abrogates AVP-mediated water reabsorption
in STZ cortical collecting ducts. Furthermore, EP3'/' STZ mice showed blunted renal
COX-2 expression as well as reduced renal hypertrophy, glomerular hyperfiltration, and
albuminuria. Taken together, the data suggests that EP; contributes to polyuria during
diabetes by inhibiting expression of aquaporins. Additionally, EP; seems to contribute to
renal COX-2 induction during diabetes. The lack of an increase in renal COX-2 protein

levels in EP;” STZ mice may be protective by preventing further renal damage.
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1. INTRODUCTION

1.1 The Kidneys

The kidneys are a pair of organs located in the back of the abdomen of invertebrates
responsible for several key functions (1, 2). The kidneys participate in the maintenance of
a relatively constant extracellular environment that is necessary for the organism to
function normally (1, 2). This is achieved by excretion of waste products of metabolism
(e.g. urea, creatinine, and uric acid), conservation of water and electrolytes, and
maintenance of acid-base balance (1, 2). The kidneys also secrete hormones that
participate in the regulation of systemic and renal hemodynamics (e.g. renin, angiotensin
II, and prostaglandins), red blood cell production (i.e. erythropoietin), and mineral
metabolism (i.e. calcitriol) (1, 2). Lastly, the kidneys participate in the catabolism of
peptide hormones and the synthesis of glucose (i.e. gluconeogenesis) under fasting
conditions (1, 2).

Each kidney contains up to a million functioning units called nephrons. A
nephron consists of a filtering unit of tiny blood vessels contained in a capsule called a
glomerulus attached to a tubule (1, 2). The normal glomerular filtration rate (GFR) in
humans averages between 90 and 120 ml/ min/ 1.73 m?® (1, 2). This represents a daily
volume of about 170 liters, which is more than 10 times that of extracellular fluid volume
and approximately 60 times that of plasma volume (1, 2). Therefore, an individual’s
survival requires that virtually all of the filtered solutes and water be returned to the

systemic circulation by tubular reabsorption. Figure 1 shows the organization of the



nephron and lists the contributions of the different nephron segments to the reabsorption

of filtered solutes and fluid (1, 2).

Macula Densa/ Afferent Arteriole
Juxtaglomerular Apparatus Glomerulus
Distal Tubule Proximal Tubule
Na*
Cr Glucose
Amino Acids
Organic Anions
Urea
Thick Ascending Limb of Na*
Loop of Henle Cr
Efferent Arteriole H,0 B
Cortical HCO;,
Collecting Duct K
Cal+
Mg2+
HCO; =/
K+
H Cortex
o Medulla
2 K* Thin Descending Limb of
HCOy cr Loop of Henle
Medullary Collecting
Duct Vasa Recta
-
H,0
Urea Urea
Thin Ascending Limb of
Medullary Interstitial Cells the Loop of Henle

Figure 1. Structure and function, with respect to solute reabsorption and secretion, of the
different nephron segments. The proximal tubule reabsorbs filtered glucose, amino acids,
organic anions, Na*, CI, H,O, HCO5", K', Ca*", and Mg*". The thin descending limb of
the loop of Henle reabsorbs H,O only, while the thin ascending limb of the Loop of
Henle secretes urea and reabsorbs Na' and CI". The thick ascending limb of the loop of
Henle reabsorbs Na', K', and CI". The distal tubule reabsorbs Na" and CI". The cortical
and medullary collecting ducts reabsorb Na', Cl,, H,O, and HCO;™ and secretes HCO3',

K, and H'. Finally, the medullary collecting duct reabsorbs urea.



1.2 Diabetic Nephropathy

Diabetes, correctly termed, diabetes mellitus (DM) is a major epidemic of this century.
There are approximately 200 million people with diabetes mellitus worldwide, and this
number is projected to increase to 366 million by 2030 (3). Diabetes is a syndrome of
impaired carbohydrates, fat, and protein metabolism caused by either lack of insulin (type
1 diabetes) or decreased sensitivity of the tissues to insulin (type 2 diabetes) (4). Diabetes
is associated with a number of complications including diabetic kidney disease or
diabetic nephropathy (DN) (4). Up to one third of individuals with type 1 diabetes
eventually develop nephropathy, after approximately 20 years of diabetes (4). Among
those with type 2 diabetes, the risk of nephropathy is less clear and depends on many
factors including ethnicity, duration of DM, blood glucose levels, blood pressure, and diet
(4). According to the US Renal Data System, DN was the primary diagnosis in 45% of
patients starting renal replacement therapy (5).

Clinically, DN is typically defined by albuminuria — that is, a urinary albumin
excretion rate of 300mg/24 hours — or albuminuria alongside abnormal renal function as
represented by an abnormal serum creatinine or GFR (6). However, some patients may
present with progressive deterioration of renal function due to diabetes without
developing significant proteinuria (6). The late stages of DN are characterized by a
progressive increase in proteinuria and decline in GFR, hypertension, and a high risk of
cardiovascular morbidity and mortality (6). If left untreated, this can result in one or more
fatal outcomes (e.g. uremia, hyperkalemia, metabolic acidosis) due to the lack of

filtration (6).



The pathophysiology of DN is complex especially due to the diversity of cell
populations present within the kidney and the various physiological roles of this organ.
The early stage of DN is characterized by glomerular hyperfiltration mainly due to
dilation of the afferent arterioles (4, 6, 7). The resultant increased intra-glomerular
pressure alters the synthesis and turnover of mesangial matrix, leading to albuminuria
alongside tubular dysfunction (4, 6, 7). Following this initial period of growth, begins a
gradual decline in renal function associated with the development of glomerular and
tubulointerstitial fibrosis, and finally apoptotic loss of glomerular and tubular cells (4, 6,
7).

Altered renal hemodynamics is an early characteristic feature of diabetes in
humans as well as animal models (4, 6-8). It is widely held that glomerular capillary
hypertension in diabetes is the major hemodynamic alteration that contributes to
progressive glomerular injury (4, 6, 7). The increase in glomerular blood flow occurs
alongside an increase in glomerular capillary pressure, which is caused by afferent
arteriolar dilation with vasoconstriction of the efferent arteriole (4, 6, 7). An imbalance of
a variety of vasoactive and growth factors including the renin-angiotensin-aldosterone
system (RAAS), insulin-like growth factor-1, endothelin, nitric oxide, and prostaglandins
have been implicated in diabetic hyperfiltration (4, 6, 7). The two prevailing theories to
account for the hemodynamic changes in the glomerular alterations are (1) a primary
alteration in vascular function or (2) a primary alteration in tubular function (4, 6-8). The
vascular theory suggests that vascular smooth muscle cells, mesangial cells, and
endothelial cells are primarily responding to a combination of high-glucose

concentrations, local autacoids, and systemic signals to alter the normal autoregulatory



response (4, 6, 7). The tubular theory suggests that tubuloglomerular feedback (TGF), a
mechanism the kidney uses to regulate GFR in response to various stimuli, as the
initiating factor for the hemodynamic changes in DN (8). If the perfusion to the
juxtaglomerular apparatus in the kidney’s macula densa region decreases, then the
juxtaglomerular cells release the enzyme renin (1, 2). Renin cleaves angiotensinogen
released from the liver converting it into angiotensin I. Angiotensin I is then converted to
angiotensin II by angiotensin-converting enzyme (ACE), which is thought to be found
mainly in lung capillaries (1, 2). Angiotensin II binds to angiotensin II type-1 (AT1)
receptors on the efferent arteriole causing it to constrict, ultimately bringing GFR to an
appropriate level (1, 2). Physiologically, a large sodium chloride concentration sensed at
the macula densa is indicative of an elevated GFR, while low sodium chloride
concentration indicates a depressed GFR (1, 2). In diabetes, hypertrophy of tubules
stimulates increased uptake of sodium in the proximal tubule and in the medullary thick
ascending limb and this may limit sodium chloride delivery to the macula densa, thus
stimulating tubuloglomerular feedback and promoting constriction of the efferent
arteriole (8). Regardless of the cause of hemodynamic alterations in diabetes, progressive
renal injury eventually ensues (4, 6-8).

DN not only causes renal intraglomerular hypertension but also systemic
hypertension (4, 6, 7). In turn, systemic hypertension is also an important pathogenic
factor in the progression of DN (4, 6, 7). The kidney plays a key role in the physiological
long-term regulation of blood pressure mediated by the process of pressure natriuresis
whereby sodium excreted in the urine lowers blood volume because osmotic forces make

water follow sodium out of the body’s circulation and into the urine (1, 2). The RAAS is



the most significant physiological regulator of blood pressure (1, 2). Angiotensin II and
aldosterone have both systemic and renal mechanisms of action to regulate blood
pressure by modifying vascular tone and sodium and water balance (1, 2). First line
therapies for DN target the RAAS through the use of ACE inhibitors and AT1 receptor
antagonists (4).

As a consequence of hyperfiltration and the diabetic milieu, the kidney filters
increased amounts of glucose, which is free to trigger a number of pathological pathways
(4, 6, 7). Renal cells do not require insulin for glucose uptake causing them to be
particularly susceptible to greater loads of intracellular glucose (4, 6, 7). Excess unused
glucose enters the polyol pathway resulting in abnormalities of cellular function,
including activating protein kinase C (PKC) and mitogen-activated protein kinase
(MAPK), myo-inositol depletion, and reactive oxygen species (ROS) generation (4, 6, 7).
The polyol pathway may also produce metabolites capable of non-enzymatically
glycating intracellular proteins (4, 6, 7). Progressive tissue damage is closely related to
the deposition of glycated proteins (4, 6, 7). Tight glycemic control does not always
prevent further injury and evolution to end-stage renal disease (ESRD) suggesting that
many other factors are involved (4, 6, 7). The sustained responses to glucose are likely
mediated by activation of other factors including transforming growth factor beta (TGF-
B) (4, 6, 7). TGF-B is central to the pro-fibrotic response during diabetes contributing to
cytoskeletal reorganization, matrix changes, and scarring (4, 6, 7).

The early diabetic kidney undergoes significant hypertrophy (4, 6, 7).
Hypertrophy is seen within the glomeruli, which is accompanied by mesangial expansion

and thickening of the glomerular basement membrane (4, 6, 7). However, the tubules,



which constitute greater than 90% of the kidney mass, account for the greatest change in
growth in diabetes (4, 6, 7). In addition to tubular cell enlargement, dilatation and
increased fluid content of tubules, mainly collecting ducts, contribute substantially to the
maintenance of kidney size in DN with advanced chronic renal failure (4, 6, 7).

The earliest renal manifestation in untreated or poorly controlled diabetes in
addition to glucose in the urine (i.e. glucosuria) is excess urine production or polyuria as
well as a reduced urine concentrating ability (9). This is reflected in the origin of the term
diabetes, which derives from the Ancient Greek verb ‘diafave’ (to pass through) (9).
The diagnosis of diabetes for many centuries was based on observing the urine volume or
flow rate (9). The differential diagnosis was determined by utilizing the taste buds
whereby urine was classified as mellitus from the Latin word for honey or insipidus from
the Latin word tasteless (9). The extent of polyuria in diabetes is mostly defined by
glucose concentration-dependent osmotic forces (9). However even with strict glycemic
control, diabetics can develop polyuria particularly when exposed to strenuous conditions
such as temperature extremes or lack of access to hydration (9). Polyuria changes the
rheology of tubular flow and increases flow rate, particularly in the collecting ducts
where flow rates are physiologically low (10, 11). This causes pressure-induced
activation of tubular epithelial cells that respond with the upregulation of pro-
inflammatory mediators and pro-fibrogenic cytokines (12-15). Molecules thought to be
pathogenic in diabetic tubulointerstitial nephropathy including: TGF-B, connective tissue
growth factor (CTGF), and alpha smooth muscle actin (a-SMA), are preferentially or

exclusively expressed in dilated segments of the distal nephron (12-15).



In addition to distal nephron dilation and elevated luminal pressure, tubular cells
are exposed to shear stress due to polyuria (9). Tubular cells exposed to shear stress at the
apical membrane prompt significant re-arrangement of the actin cytoskeleton (16, 17).
Additionally, during diabetes tubular microvillar height is significantly reduced possibly
in response to flow induced shear stress. Increased tubular shear stress is correlated to
increased transcription factor binding to the shear stress response element (SSRE) (16,
17). The sequence of SSRE is found in pro-inflammatory transcription factors such as
NF-kB (nuclear factor kappa-light-chain-enhancer of activated B cells) (18).
Furthermore, increased shear stress specifically in collecting ducts raises nitric oxide and
activates several nitric oxide synthase isoforms which are responsible for the regulation
of sodium and water excretion possibly further exacerbating polyuria and its associated

damage (19).

1.3 Mouse Models of Diabetic Nephropathy

The major disadvantage of animal models of DN is the absence of renal failure
presumably due to the inadequate duration of hyperglycemia (20-22). Animal models
typically do not progress to advanced renal disease which is characterized by a loss of
glomerular filtration, overt proteinuria, and advanced structural lesions such as
glomerular and tubular basement membrane thickening, tubulointerstitial fibrosis, and
arteriolar hyalinosis (20-22). On the other hand, several of the short-term consequences
of diabetes and DN, including polyuria, kidney hypertrophy, glomerular hyperfiltration,

moderately increased albuminuria, and some of the characteristic histopathologic and



biochemical changes, can be detected in animal models (20-22). One can argue that since
diabetic nephropathy is characterized by a long clinically silent period without signs or
symptoms of disease, animal models are sufficient to develop improved methods of
detecting early mediators of renal injury and potential new therapeutic targets that
prevent progression to ESRD.

The most widely utilized animal models of diabetes involve the low-dose
injection of the pancreatic beta cell toxin streptozotocin (STZ) (20-22). STZ is a
glucosamine-nitrosourea compound making it toxic to cells by causing damage to DNA.
DNA damage induces activation of poly ADP-ribosylation, which is likely more
important for diabetes induction than DNA damage itself (20-22). STZ is similar enough
to glucose to be transported into the cell by glucose transporter 2 (GLUT2), but is not
recognized by the other glucose transporters (20-22). This explains its specific toxicity to
pancreatic beta cells, since these cells have relatively high levels of GLUT2 (20-22).
Given the resistance of mice to single doses of STZ and the presence of GLUT2 in a
variety of other tissues, multiple low-dose STZ injections cause repetitive low-grade beta
cell damage while mitigating nonspecific cytotoxicity (20-22). It is important to note that
similar to DN in humans, the genetic disposition of the animal plays a large role in
determining its susceptibility to developing DN (20-22). Unfortunately, the most widely
used inbred mouse strain, C57BL/6, is highly resistant to the development of DN as
defined by the Animal Models of Diabetic Complications Consortium criteria (20-22).
Nevertheless, this mouse model (C57BL/6 strain with STZ) does develop the early renal

diabetic changes described above (20-22).



1.4 Renal Prostaglandins

A group of lipid compounds derived enzymatically from fatty acids, called prostaglandins
(PG), play an essential role in maintaining homeostatic renal function and are suggested
to be involved in the pathophysiology of kidney disease (23-25). The kidney is a major
source of prostaglandin synthesis (23-25). As shown in Figure 2, PGs are synthesized
through a cascade of events starting with the release of arachidonic acid from
phospholipids by phospholipase A, (PLA,) (23-25). Arachidonic acid enters the
cyclooxygenase pathway where it is converted to prostaglandin H, by one of two
cyclooxygenases (COX) (23-25). COX-1 is constitutively expressed in the glomerulus,
proximal tubule, collecting duct, and medullary interstitial cells and is responsible for
housekeeping functions (23-25). On the other hand, COX-2 is rapidly induced by stress
stimuli (e.g. diabetes) in the glomerulus, proximal tubule, thick ascending limb, macula
densa, collecting duct, and medullary interstitial cells (23-25). However, studies have
shown that COX-2 is involved in certain renal housekeeping functions including kidney
development (26). The COX isoforms contain two enzymatic active sites (23-25). The
first site facilitates the oxygenation of arachidonic acid to produce PGG,, an unstable
intermediate (23-25). The second site possesses a peroxidase activity that allows the
conversion of PGG; into PGH,, a more stable intermediate (23-25). The COX isoforms
can be inhibited by non-steroidal anti-inflammatory drugs (NSAIDs), such as ibuprofen
and acetylsalicylic acid (23-25). Finally prostaglandin H; is converted to prostaglandin
E,, prostaglandin F,,, prostaglandin D,, prostacyclin, or thromboxane by PGE, PGF,

PGD, PGI, or TXA synthase, respectively (23-25).
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The most abundant prostaglandin in the kidney is PGE; (23-25). All renal cell
types can synthesize PGE,, but the highest production is seen in the glomeruli and
collecting ducts (23-25). Following its synthesis, PGE, can exit the cell by passive
diffusion or via a prostaglandin transporter to act on resident and neighboring cells (23-
25). PGE; can mediate a variety of renal processes by activating specific cell surface G-
protein coupled receptors, namely EP,, EP», EP3, and EP4(23-25). Figure 2 illustrates the
COX cascade leading to PGE, synthesis and its multiple signaling pathways in the kidney
(23-25). The diverse effects of PGE, derive from the different cells in which these
receptors are expressed as well as the diverse signaling pathways that mediate their
effects. Binding of PGE, to EP; activates Gyq protein and increases intracellular Ca*"
through phospholipase C (PLC) (23-25). The highest levels of EP; are observed in the
collecting duct, but EP; is also detected in glomerular mesangial cells, podocytes, and
proximal tubule cells (23-25). The EP, receptor stimulates adenylate cyclase via Gs and is
mainly found in vascular and interstitial compartments of the kidney (23-25). Renal EP;
is highly expressed in the thick ascending limb and most abundant in the cortical and
medullary collecting duct (23-25). EP; is unique among other EP receptors because it has
several splice variants that couple to different signaling pathways (23-25). Three different
EP; signaling pathways have been detected in the kidney: inhibition of adenylate cyclase
(AC) via a pertussis toxin sensitive Gj-protein, increasing intracellular calcium via Gy,
and activation of Rho kinase via the G;»/Gj3 protein pathway (23-25). EP4 is highly
abundant in the afferent arteriole; however, it has also been detected in almost all renal

cell types (23-25). The EP4 receptor stimulates adenylate cyclase increasing cyclic AMP
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(cAMP) via G;, similar to EP,, but it can also activate phosphoinositide 3-kinase (23-25).

Additionally, EP4 stimulates AMP-activated protein kinase in mouse podocytes (23-25).

——> Stimulation

Phospholipid (Cellular Membrane)
————| Inhibition

l PLA2

| Arachidonic Acid |
—| - -
NSAIDs \ s COXs (COX-1, COX-2)

(

il
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Figure 2. Prostaglandin E, synthesis and signaling pathways. Arachidonic acid is
released by PLA; from membrane phospholipids and converted into PGH, by
cyclooxygenases (COX-1/COX-2). COX activity is inhibited by NSAIDs. PGE, is
produced by PGE synthase (PGES) and signals by binding to its G protein-coupled
receptors: EPy4. Activation of EP; (coupled to Gy) increases intracellular Ca”" via PLC.
Activation of EP; (coupled to Gj) increases intracellular Ca®" via PLC and/or inhibits
cAMP production via adenylate cyclase (AC). Activation of EP, or EP4 (both coupled to

G;) stimulates cAMP production via AC.



1.5 PGE, and Diabetes

Renal COX expression and the urinary excretion of PGE, and its metabolite are
consistently reported to be increased in both rodent and human diabetes (27-32).
Additionally, the expression of all four renal EP receptors is altered (32). Although slight
differences were observed in the magnitude of change of EP receptor mRNA depending
on the diabetic animal model, overall regional alterations were similar (32). In the renal
cortex, EPy, EP,, and EP; are increased while EP, is decreased. In the renal medulla, EP,
and EP; are increased (32). Additionally, PGE, and COX2 are upregulated in the

pancreatic islets during diabetes alongside increases in EP3 (33).

1.3 PGE; and Vascular Hemodynamics

As previously mentioned, dysregulation of glomerular hemodynamics is a key
mechanism underlying the pathogenesis of DN. PGE, is an important regulator of renal
vascular tone and hemodynamics (23-25). In the rat afferent arteriole, PGE, elicits a
vasodilatory effect via EPs-cAMP (34). The same effect was observed in rat
preglomerular microvessels (36). The contribution of EP4 to the vasodilatory response of
the tubuloglomerular feedback mechanism was confirmed by using specific EP4
antagonists (37). Similarly, EP, receptors cause vaodilation of mouse afferent arterioles
and buffer vasoconstrictor effects via EP; and EP; (38). However, baseline renal

hemodynamics was unchanged in mice lacking EP, receptors but mice lacking EP;
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receptors had increased renal blood flow and decreased resistance (39). PGE, has been
shown to constrict the afferent arteriole at supra-physiological concentrations through
EP; (40). This vasoconstrictive action of PGE, via EP; has been shown to be more
pronounced in the interlobular arteries preceding the afferent arteriole (41). Furthermore,
EP; agonism decreased perfusion of the cortex and medulla in rats (42). Combining the
EP; agonist with a RAAS blocker confirmed that the vasoconstrictive effect in the rat
cortex is mediated by EP; independently of RAAS activation (42). Additionally, EP,
receptors may contribute to the vasoconstrictor effects of angiotensin II as mice lacking
EP; are protected from diabetic hyperfiltration (43). Altogether, the overall effect of
PGE, may be vasodilatory or vasoconstrictive dependent on several factors including
relative expression of EP receptors, the presence of other hormonal signals and the cell
context. PGE; can indirectly increase GFR via EP,; by stimulating macula densa renin
release to increase angiotensin II, which constricts the efferent arteriole (44, 45). NSAID
use can reduce GFR suggesting that the overwhelming effect of PGE, is to vasodilate the
afferent arteriole and/or vasoconstrict the efferent (9, 44, 45). Additionally, NSAID use in
individuals with existing renal disease, when GFR is already low, further exacerbates the
decline in renal function (9). However, COX-2 inhibition in normofiltering diabetics was
seen to increase GFR (9). Recent studies have shown that activation of EP; reverses the
effect of COX inhibitors on COX-2 expression in the mouse thick ascending limb,
revealing that EP; may also indirectly modulate GFR by regulating renin release and
tubuloglomerular feedback (46).

DN can contribute to the development of systemic hypertension, while systemic

hypertension can contribute to the development of DN. An important modulator of
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systemic blood pressure control is PGE,, where EP receptors have functionally
antagonistic actions (47). Activation of EP, and EP4 generally lowers blood pressure
whereas activation of EP; and EP; receptors generally raises blood pressure (47).
Systemic infusion of PGE; was found to cause a reduction in mean arterial pressure by
activating the EP, receptor (48). On the other hand, intra-cerebroventricular infusion of
PGE,; was found to cause a rise in mean arterial pressure by activation of the EP; receptor

(49).

1.7 PGE; and Renal Water and Salt Transport

A feature of DN is disturbances in salt and water balance with increased diuresis and
natriuresis in early DN (6, 7). These mechanisms contribute to increased fluid flow in the
tubular lumen, which can damage the kidneys (9). Physiologically, the body responds to
acute volume depletion by stimulating the production of the antidiuretic hormone,
arginine-vasopressin (AVP), within the hypothalamic paraventricular and supraoptic
neurons (1, 2). AVP is then processed, stored, and secreted into the venous flow by the
posterior pituitary to interact with renal V, receptors located in the principal cells of the
collecting duct to promote aquaporin 2 (AQP2) dependent water reabsorption (1, 2). AVP
and angiotensin II also increase the body’s thirst response to restore any depleted fluid
volume (1, 2). Diabetes typically induces AVP production presumably due to the volume
contraction caused by the polyuria; however, inconsistent increases and decreases in the
expression of AQP2 are reported suggesting that the physiological pathway is

dysfunctional in diabetes (50-57).
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Renal PGE, antagonizes the action of AVP since NSAIDs transiently enhance
urine concentration and promote water retention (58). In the cortical collecting duct
(CCD), PGE; and the EP,/EP; agonist, sulprostone, decreases cAMP and water
permeability through both pertussis toxin (G-protein inhibitor) and staurosporine (protein
kinase C inhibitor) sensitive mechanisms (59-62). Therefore, it can be hypothesized that
EP; inhibits AQP2 membrane targeting through binding to Gi and EP; acts through
protein kinase C to increase AQP2 endocytosis (59-62). Inner medullary collecting ducts
(IMCD) show decreased AVP induced water permeability in response to PGE, and AQP2
membrane targeting is abolished in response to EP; stimulation (63-66). Through several
experimental setups, the effect in the IMCD seems to occur at a post-cAMP level, which
is opposite to what occurs in the CCD (63-66). However, the differences in the segments
could be due to species differences, alterations in EP receptor profile, or different EP;
splice variants (59, 67, 68). Additionally, EP; is highly expressed in the IMCD, in
contrast to EP; which has the opposite expression profile, suggesting that the IMCD
effects are through EP; (68). PGE, also increases the production of hyaluronan in
medullary interstitial cells (69). Hyaluronan is capable of binding to large amounts of
water causing resistance to water flow (70). EP; is located in the medullary interstitial
cells and it is coupled to Gs similar to hyaluronan synthases implicating this receptor in
diuresis (71).

Transport of sodium ions out of the lumen of the CCD is strongly and rapidly
upregulated by AVP and it depends on the apical entry of sodium ions through the
epithelial sodium channel (ENaC) followed by the pumping of sodium into the

basolateral side by Na'/K -ATPase (1, 2). ENaC is a heterotrimeric complex made up of

16



alpha, beta, and gamma subunits (1, 2). AVP can increase the abundance of all three
subunits. RAAS can also affect ENaC activity, whereby angiotensin II stimulates the
secretion of the mineralocorticoid, aldosterone, from the adrenal cortex, which can then
increase the abundance of the alpha subunit of ENaC (aENaC) (1, 2). Thus, the overall
regulation of the electrogenic transport in the CCD is synergistically dependent on both
AVP and aldosterone (1, 2). Specific activation of EP; receptor during RAAS activation
has been shown to antagonize the action of aldosterone on aENaC expression in the renal
medulla (72). It is not inconceivable that EP; can antagonize the AVP mediated
abundance of ENaC similar to AQP2 however this has not been tested.

Similar to ENaC, AVP and aldosterone can stimulate the activity of the sodium-
potassium-chloride cotransporter 2 (NKCC2) found in the cells of the thick ascending
limb of the of Henle (1, 2). NKCC2 maintains electroneutrality by moving two positively
charged solutes (sodium and potassium) alongside two parts of a negative charged solute
(chloride) (1, 2). Studies have shown that EP; reduces countercurrent multiplication by
decreasing solute transport in the medullary thick ascending limb (73-75). Through
coupling to Gj, EP; regulates AVP-induced increases in cAMP and thereby prevents
recycling of NKCC2 (73-75). Furthermore, Nusing et al demonstrated that EP,”, EP;”",
and EP;”" mice exhibit blunted responses to chronic infusion of the NKCC2 inhibitor,
furosemide (44). The furosemide-induced diuresis was most significantly blunted in EP,”"

mice, suggesting that it predominates over other EP receptors in this response (44).
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1.8 PGE,; and Glucose Metabolism

PGE; in particular has long been known as a physiological inhibitor of insulin secretion,
acting via autocrine or paracrine mechanisms (76-77). Recently, EP; is being suggested
as an emerging target for type 2 DM therapeutics (33). Antagonizing EP; has been shown
to significantly improve the insulin secretory response of diabetic mouse and human
islets (33). EP; opposes the action of the glucagon-like peptide 1 (GLP-1) receptor, a Gs-
coupled receptor, and inhibits glucose-stimulated insulin secretion (33). EP; also plays a
critical role in systemic metabolic regulation (78). Mice lacking EP; develop obesity,
insulin resistance, glucose intolerance, and eat considerably more than wild-type controls
(78). EP; knockout mice showed altered nocturnal activity and feeding behavior. This can

be explained in part by elevated leptin and insulin levels (78).

1.9 Rationale

Despite the many advances made in DN research, to this day therapy is limited, and the
development of chronic kidney disease is still on the rise. PGE, and its EP receptors are
interesting targets for therapeutic measures since they are heavily implicated in many
mechanisms of the pathogenesis of DN. Of all the EP receptors, the role of EP; in the
diabetic milieu is not well understood. Renal EP; is considerably increased in both the
cortex and medulla while other EP receptor subtypes are either unchanged or modestly

increased (32). Additionally, EPs is implicated in many early changes of diabetes,
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including glucose metabolism, polyuria, glomerular hyperfiltration, and blood pressure
regulation. The ability of EPs to inhibit insulin secretion and affect eating habits may
contribute to diabetic complications (33, 78). The role of EP; in glomerular
hemodynamics is less clear. Studies show that EP; acts as a vasoconstrictor in the
interlobular arteries and the afferent arteriole, thereby suggesting that it may reduce
glomerular hyperfiltration in diabetes (34). However, EP; also was found to reverse the
renal effect of COX-2 inhibitors, which are known to reduce GFR (46). This finding
suggests that EP; may facilitate increases in GFR by potentiating COX-2 activity.
Regardless of its effect, this warrants further exploration. Importantly EP5 is implicated in
urine production. Fleming et al showed that basal osmolality was similar in EPs”" and
wild-type mice (79). However, after inhibition of endogenous PGE, production by
indomethacin, urine osmolality increased significantly in wild-type mice but not in EP;”"
mice (79). Furthermore, Zhang et al documented that genetic deletion of the purinergic
receptor, P,Y,, offers significant resistance to the development of Li-induced polyuria
due to altered PGE, signaling mediated by a marked decrease in EP; in the renal medulla
(80). These findings suggest that PGE, acts through EP; to modulate urine production,
but only in pathophysiological states such as diabetes (80). Lastly, EP; is suggested to act
as a vasoconstrictor in systemic vessels therefore contributing to increased blood pressure
(47). Increased blood pressure is an important pathogenic mechanisms in DN.
Considering all this evidence, we postulate that renal EP; receptors contribute to
disturbances in glucose metabolism, glomerular hyperfiltration, polyuria, and increased
blood pressure during diabetes. An essential tool in achieving our goal is the EP;

knockout mouse, which allows the examination of the effects of PGE,/EP; receptors in
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the diabetic kidney. This work should reveal the benefit of targeting renal EP3 receptors

as a therapeutic measure for diabetic kidney disease.

1.10 Hypothesis

We hypothesize that PGE, contributes to the development of DN via renal EP; receptors:
(1) by promoting polyuria and (2) by contributing to kidney growth and exacerbating the

decline in kidney function.

1.11 Objectives

1. To characterize the phenotype of global EP; deletion in C57BL/6 mice.

2. To characterize the phenotype of global EPs deletion in STZ diabetic C57BL/6 mice.

3. To characterize the role of EP; in altering water and salt transport in STZ diabetic

C57BL/6 mice, M1 cortical collecting duct cells, and in vitro microperfused tubules.
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2. MATERIALS AND METHODS

2.1 Animals

All procedures were approved by the Animal Care and Veterinary Service at the
University of Ottawa. Baseline experiments were performed on 8-week-old male EP;”
mice (global deletion on a pure C57BL/6 background) and on wild-type (WT) mice
(C57BL/6, Charles River, Wilmington, MA). Heterozygous EP;"" mice were generously
donated by Dr. Richard M. Breyer (Vanderbilt University, Nashville, TN) (81). These
mice were generated using Cre-LoxP technology. The contiguous y C-terminal coding
region on exon 2 of the EP3; gene was flanked by LoxP sites. These animals were crossed
with C57BL/6 Ella Cre mice, to generate a global deletion of all EP; splice variants. The
resulting heterozygote progeny were backcrossed to C57BL/6 to select for the loss of the
Ella Cre allele (81). Two female EP;"" were mated with one male EP;” when they
reached sexual maturity (6 to 8 weeks old). EP;” pups were identified by genotyping as
described below. Two female EP3'/ " were mated with one male EP3'/ " when they reached
sexual maturity (6 to 8 weeks old). Litters were genotyped for two generations to confirm

that all progeny are EP5”".

2.2 Genotyping

Male mice were genotyped after weaning for approximately four weeks. The

REDExtract-N-Amp Polymerase Chain Reaction (PCR) ReadyMix Kit (Sigma-Aldrich,
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St. Louis, MO) was used to extract DNA from freshly snipped ear tissue as per
manufacturers guidelines. PCR was then used to determine the genotype of extracted
DNA. Wild type master mix (16 pl per reaction) was prepared as follows: 2 pul
diethylpyroarbonate (DEPC) -treated water, 10 ul Sigma REDExtract-N-Amp PCR
reaction mix, 2 pl wild type EP; sense primers (sequence: gct gte tcc agt tge tct a) (10.5
uM) and 2 pl wild type EP; anti-sense primers (sequence: tgc ctc agt cca taa ggg tta ggg)
(10.5 uM). The null master mix (16 pl per reaction) was prepared as follows: 2 ul DEPC-
treated water, 10 pl Sigma REDExtract-N-Amp PCR reaction mix, 2 ul EP; null sense
primers (sequence: tgg cac aga aag gat tat cta) (10.5 uM) and 2 pl EP; null anti-sense
primers (sequence: aac gct tgt caa atg ttc at) (10.5 uM). Two separate reactions were run
with wild-type and null primers (81). Each reaction contained 16 pl of master mix and 4

ul of DNA sample.

The PCR tubes were placed in a thermal cycler and the following program was run:

Table 1. PCR thermal cycler settings for genotyping protocol

Taq PCR Extend Store
polymerase
Activation
HOLD Cycle (40 cycles) HOLD HOLD
Denature | Anneal | Extend
Time 3 min 15 sec 15sec | 30sec 10 min 00
Temperature 94°C 95°C 58°C 72°C 72°C 4°C
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A 1% agarose gel (Thermo Fisher Scientific, Waltham, MA) was used to analyze
the reactions. The polymerized gel was transferred into a horizontal electrophoresis
system and was submerged in 1X tris-acetate buffer. DNA ladder (300 pul) was prepared
as follows: 50 pl 100bp DNA Ladder (1 ug/ul) (Thermo Fisher Scientific), 50 pl 6X
DNA loading buffer (10 ml total: 3 ml glycerol, 25 mg bromophenol blue, and 7 ml
water), and 200 pl deionized water. DNA ladder (10 pl) was loaded into the first well
while the DNA samples were loaded into the remaining wells. Electrophoresis was run at
100 V for 30 minutes. Once the run was complete, the gel was viewed in an Alphalmager
system (ProteinSimple, San Jose, CA) for analysis. Expected band sizes are 152 bp for

wild type and 721 bp for EP3 null (81).

2.3 Glucose Tolerance Test

A glucose-tolerance test was performed at the onset of the light cycle (6:00 am) (78).
Eight-week-old baseline mice were weighed and fasted for 16 hours before the glucose-
tolerance test. Access to drinking water was allowed during this period. On the day of the
test, baseline glucose levels and body weight were determined before challenge with a
glucose load of 1.5 mg of glucose per gram of body weight (D-glucose, anhydrous;
Sigma-Aldrich) dissolved in sterile distilled water (0.75 g of D-glucose, anhydrous in 10
ml of sterile water). The conscious mouse was restrained in a 50 ml Falcon tube and the
hind leg was immobilized in the extended position and the fur was shaved to reveal the
saphenous vein. Using a 27-gauge needle, the saphenous vein was punctured and a small

drop (~ 5 pl) of blood was placed on the glucometer test strip and a blood glucose meter
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(both from Home Diagnostics, Fort Lauderdale, FL). After a 5 seconds developing time,
the baseline blood glucose value was recorded (in mM), and the mouse was returned to
his original cage. After the baseline glucose measurement, the mouse was injected intra-
peritoneal (i.p) with the glucose solution by using a 1-ml syringe and a 27-gauge needle.
The time of the injection was noted, and 15, 30, 60, and 120 minutes post-injection blood
glucose measurements were performed again. After the end of the study, mice were

returned, and food and water was provided ad libitum.

2.4 Insulin Tolerance Test

The effects of insulin injection were assessed in non-fasted male mice (78). Similar to the
glucose tolerance test described above, blood was withdrawn from the saphenous vein
without anesthesia before administration of human insulin (1 unit’kg, i.p.; Sigma-
Aldrich). Samples were collected 15, 30, 60, and 120 minutes after the insulin challenge.

Blood glucose levels were determined using a blood glucose meter (Home Diagnostics).

2.5 Blood Pressure Measurement

Systolic blood pressure was measured via tail-cuff plethysmography (BP 2000, Visitech
systems, Apex, NC). Mice were trained for at least three days. Following the training
period, daily blood pressure was measured at the same time each day for at least five
days. During the measurement period, 5 preliminary readings were performed followed

by 10 actual readings. Blood pressure readings for each day were retained only if at least
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4 out of 10 successful readings were obtained and the standard deviations for the readings

are within 20 mm Hg. At least five days of readings were averaged to obtain final values.

2.6 Metabolic Cages and Urine Analysis

Daily urine output as well as daily food and water intake was monitored using specially
designed metabolic cages (Techniplast, West Chester, PA). Mice were placed in
metabolic cages with free access to water and food for 24 hours to assimilate before
performing actual measurements. Following the assimilation period, food and water
receptacles were refilled and the starting amounts were recorded and mice were left in
their cages for another 24 hours. Following 24 hours, urine volume was recorded and
collected and the remaining amounts of food and water were recorded. Urine samples
were spun at 9,600 G for ten minutes to separate food, feces, or debris from the urine.
Urine was then transferred into new microcentrifuge tubes and the pellet was discarded.
Approximately 150 ul of urine was sent to IDEXX laboratories (Markham, ON) for urine
biochemistry analysis. Urine albumin was quantified using a Mouse Albumin ELISA Kit
(Bethyl, Montgomery, TX) as per manufacturer’s guidelines. Urine samples from WT
mice were diluted 1:1,000 while urine samples from diabetic mice were diluted 1:500.
The kit employs a sandwich enzyme-linked immunosorbent assay (ELISA) using goat
anti-mouse albumin antibody. Concentration of samples is determined by comparing their
absorbance (at 450nm) to that of a mouse reference serum. Daily urine albumin excretion
was determined by correcting for 24-hour urine output. Urine AVP was quantified using

the Arg®-Vasopressin ELISA Kit (Enzo Life Sciences, Farmingdale, NY) as per

25



manufacturer’s guidelines. Urine samples from WT mice were diluted 1:6 while urine
samples from diabetic mice were not diluted. The kit employs a competitive ELSIA using
a rabbit polyclonal antibody to vasopressin and the concentration of unknown samples is
determined by comparing their absorbance (at 450nm) to that of an Arg®-vasopressin
standard. Daily urine AVP excretion was determined by correcting for 24-hour urine

output.

2.7 Estimation of Glomerular Filtration Rate

Glomerular filtration rate was estimated by fluorescein isothiocyanate (FITC)-inulin
(Sigma-Aldrich) plasma clearance (82). 5% FITC-inulin was prepared in 0.9% NaCl. To
remove residual FITC not bound to inulin, the solution was filled into a 1000 Daltons cut-
off dialysis membrane (Spectra/Pro 6, Spectrum Laboratories Inc., Rancho Dominguez,
CA). The dialysis membrane filled with FITC-inulin was stirred suspended in 0.9% NaCl
for 24 hrs at room temperature. Prior to use, the dialyzed solution was sterilized by
filtration through a 0.22 pum filter (Sigma-Aldrich). The conscious mouse was restrained
in a 50 ml Falcon tube and the tail vein was dilated by submerging the tail in warm water
for approximately 1 minute. 5% FITC-inulin (3.74 pl/ g body weight) was injected in the
tail vein. The inner thigh was shaved and wiped with 75% ethanol, revealing the
saphenous vein. Approximately 20 ul blood was collected in a heparinized capillary tube
(Thermo Fisher Scientific) by puncture of the vein using a sterile 23-gauge syringe
needle. On average, this yields 10 pl of plasma following centrifugation (1,500 G, 10

min). Blood was sampled via the saphenous vein at 3, 7, 10, 15, 35, 55, and 75 minutes
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post injection of FITC-inulin. A two-compartment clearance model was employed for the
calculation of GFR. At any given time (tx), the plasma concentration of the tracer (Y)
equals Ae — atBe — Btx + Plateau. The parameters of the above equation were calculated
using a non-linear regression curve fitting program (GraphPad Prism, GraphPad
Software, Inc., San Diego, CA). GFR was calculated using the equation: GFR =1/ (A/a +
B/B), where I is the amount of FITC-inulin delivered by the i.v. injection, A (Span 1) and
B (Span 2) are the y-intercept values of the two decay rates, and a and B are the decay

constants for the distribution and elimination phases, respectively.

2.8 Blood Collection

Blood was collected from conscious mice equaling approximately 10% of their total
blood volume as per the ACVS guidelines. The conscious mouse was restrained in a 50
ml Falcon tube and the hind leg was immobilized in the extended position and the fur was
shaved to reveal the saphenous vein. Using a 27-gauge needle, the saphenous vein was
punctured and blood was collected in heparinized microcentrifuge tubes (BD, Franklin
Lakes, NJ). Samples were centrifuged at 9,600 G for 10 minutes. Plasma was collected
and stored at -80°C for future analysis. Approximately 150 pl of plasma was sent to

IDEXX laboratories for plasma biochemistry analysis.
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2.9 Kidney Collection

Each mouse was placed in a CO,/O, chamber until completely unconscious and
motionless, and then decapitated. The abdominal cavity was opened and the intestines
and surrounding fat and connective tissue were removed to free the kidneys from the
animal. Excess fat and vasculature was carefully cut from the renal pelvis. The renal
capsule was carefully peeled from top end of kidney. The kidneys were weighed and
stored in cold PBS for dissection. Renal medulla and cortex were carefully dissected
under a dissecting light microscope and consequently snap frozen in liquid nitrogen.

Tissue samples were stored at -80°C for later analysis.

2.10 Microdissection of Nephron Segments

Mice were sacrificed as described above and the kidneys were quickly removed, and 1 to
2 mm coronal slices were placed in chilled dissection dishes for freehand dissection of
proximal tubules, thick ascending limbs, and cortical collecting ducts, distinguished from
other segments based on various properties: diameter difference, cell heterogeneity, and
translucency. The tubules were placed on ice for mRNA isolation as described in section

2.11.
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2.11 Micro-Sized RNA Isolation

RNA was isolated from the freshly microdissected nephron segments using the
RNAqueous-Micro Total RNA Isolation Kit (Thermo Fisher Scientific) which employs a
guanidinium-based lysis/denaturant and glass fiber filter separation technology. The
samples were then treated with the optional DNase I (provided with kit) as per

manufacturers guidelines to remove trace amounts of contaminating genomic DNA.

2.12 Quantitative PCR using TaqgMan-based detection

Quantitative PCR (qPCR) was performed to determine the levels of EP receptors in the
microdissected nephron segments. Samples were prepared using the TagMan One-step
RT-PCR Master Mix Reagents (Thermo Fisher Scientific). The sequences of the probes

and primers are shown below (32):
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Table 2. Primer and TaqgMan probe sequences for mouse EP receptors.

Target | Size Primer sequences Probes sequences
Sense: ccaaagctaggccaaaccatt tgggctcaaggg
EP, 336 bp ]
Anti-sense: ccctaggcacactgagtttgaga ttcaagggcata
Sense: tgctccttgectttcacaatce ttgcctacatggatga
Anti-sense: gagctcggaggtcccacttt aacctcttcectaaa
Sense: gctggecatgttgettgtg cgegeagcta
EP; | 437 bp .
Anti-sense: ggaaagactttttgcgtttget tagacgeegg
Sense: tgtacgcgggcettcagttc ttcctcatecte
Anti-sense: cgcacaccagcacattge gecaccgtgct

The ABI Prism 7000 sequence detection system (Thermo Fisher Scientific) was
used to perform the sample analysis. The amplification conditions consisted of: 30
minutes at 48°C (RT step), 10 minutes at 95°C (AmpliTaq Gold activation), and 40
cycles of 15 seconds at 95°C and 1 minute at 60°C (PCR). Expression of each receptor
was normalized to GAPDH mRNA levels, detected with the TagMan Rodent GAPDH
control reagent kit (Thermo Fisher Scientific). A standard curve was produced for
absolute quantification. The RNA standard curve included 8 points derived from WT

renal cortex: 150 ng, 75 ng, 37.5 ng, 18.75 ng, 9.38 ng, 4.69 ng, 2.35 ng, and 0 ng (water

blank).
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2.13 Streptozotocin Induced Diabetes

Type 1 diabetes was induced by injecting 8-week-old mice with low-dose streptozotocin
(STZ) (Sigma-Aldrich) (83). Mice were fasted for 4-6 hours prior to injections to lower
blood glucose which may compete with STZ for GLUT2. Sodium citrate solution
(100mM, pH 4.5) (Thermo Fisher Scientific) was prepared and sterilized by filtration
through a 0.22 um filter (Sigma-Aldrich) to serve as the vehicle for STZ. Mice were
weighed and baseline blood glucose was determined by a blood glucose meter (Home
Diagnostics). A solution of Smg/ml STZ (Sigma-Aldrich) was prepared in sodium citrate
immediately prior to injection. Mice were injected i.p. with 50 mg/ kg body weight of
STZ or vehicle only. This protocol was repeated for five consecutive days. Blood glucose
levels were measured four weeks post injection to confirm hyperglycemia (i.e. > 15

mmol/ 1).

2.14 Trizol RNA Isolation

TRIzol Reagent (Thermo Fisher Scientific) was used to isolate RNA from renal cortex
and medulla. Snap-frozen tissue (10-15 mg renal medulla and 50-100 mg renal cortex)
was homogenized using a COE CapMixer (GC America, Alsip, IL) set to 10 seconds and
1,800 G. The homogenate was then dissolved in 1 ml TRIzol Reagent and RNA was
isolated as per manufacturers guidelines. RNA was suspended in 20 pul

diethylpyrocarbonate (DEPC)-treated water and treated with 0.3 U/pg DNAse I (Thermo
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Fisher Scientific). RNA concentration was determined by measuring absorbance at 260

nm.

2.15 Quantitaitve PCR using SYBR Green-based detection

The RNA derived from renal cortex and medulla was reverse-transcribed into cDNA
using the High-Capacity cDNA Reverse Transcription Kit (Thermo Fisher Scientific) as
per manufacturer’s guidelines. mRNA expression of EP receptors was quantified using
SYBR Advantage qPCR Premix (ClonTech, Mountain View, CA) as per manufacturer’s
guidelines. The sequences of primers and probes are as described earlier (Section 2.12).
The ABI Prism 7000 sequence detection system was used to perform the sample analysis.
The amplification conditions consisted of: denaturing at 94°C for 240 seconds, followed
by 35 cycles of denaturing at 94°C for 15 seconds; annealing at 60°C for 30 seconds;
extension at 72°C for 30 seconds, then 72°C for 10 min; and finally, cooldown to 4°C.
Expression of each receptor was normalized to GAPDH mRNA levels, detected with the
TagMan Rodent GAPDH control reagent kit (Thermo Fisher Scientific). Gene expression

levels were determined using the AACt method (84).

2.16 Western Blots

Following collection of kidneys from mice, total protein isolation was performed. Snap-

frozen tissue was homogenized using a COE CapMixer (GC America, Alsip, IL) set to 10

seconds. The homogenate was then suspended in modified radioimmunoprecipitation
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assay (RIPA) protein lysis buffer (1% Nonidet P-40, 1% sodium deoxycholate, 0.1%
sodium dodecyl sulfate (SDS w/v), 4.5mM NaCl, 2.5mM Tris base (pH 7.4), 8uM
EDTA, 0.2mM sodium phosphate (pH 7.2), 0.5mM phenylmethanesulfonyl fluoride
(PMSF), 1:100 protease inhibitor cocktail (Sigma, St.Louis), 1ImM sodium
pyrophosphate, 10mM sodium fluoride and 100uM sodium orthovanadate). The protein
lysate was then centrifuged at 9,600 G for 10 minutes at 4°C, and the supernatant was
transferred to a clean Eppendorf tube.

Protein quantification was performed using Bradford reagent (Bio-Rad, Hercules,
CA). Samples were combined with Laemmli loading buffer and heated at 70°C for 15
minutes to denature the proteins. Samples were then loaded into a polyacrylamide gel
(10-15% resolving gel with a 4% stacking gel) and electrophoresed at 150V for
approximately 60 minutes. Following separation, the proteins were transferred onto a
nitrocellulose membrane (GE healthcare, Piscataway, NJ) at 100V for 60 minutes.
Membranes were blocked in 5-10% milk/TBS-T (137mM NaCl, 20mM Tris base, 0.1%
Tween 20) for 60 minutes and incubated overnight with a primary antibody (Table 3).
Three washes of 15 minutes in TBS-T were performed the next day and the appropriate
secondary antibody (in 5-10 % milk/TBS-T) was applied to the membranes for 90
minutes. Finally, the membranes were washed three times in TBS-T for 90 minutes. The
protein bands of interest were viewed on the Alphalmager System (ProteinSimple) or on
BioMax autoradiography film (Carestream, Rochester, NY) following a 5-minute
incubation with SuperSignal West Pico Chemiluminescent reagents (Thermo Fisher
Scientific). B-actin protein expression was used as a loading control. Densitometric

analysis was performed using ImageJ (NIH, Bethesda, MD). A list of antibodies with
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their respective dilutions and secondary antibody is provided in the table below. All the

secondary antibodies were obtained from Promega (Madison, WI):

Table 3. Primary and secondary antibody dilutions and blocking solution composition.

Primary Antibody Secondary Antibody
Name Dilution Name Dilution

B-actin (Sigma) 1:10,000, 5% milk | Anti-mouse IgG HRP 1:4,000
AQP2

1:1,000, 10% milk | Anti-rabbit IgG HRP 1:2,000
(Cell Signaling)
AQP1 (Pierce) 1:1000, 10% milk | Anti-mouse IgG HRP 1:2,000
Na'/K'-ATPase o-1

1:10,000, 5% milk | Anti-mouse IgG HRP 1:4,000
(Pierce)
a-ENaC (Pierce) 1:1,000, 10% milk | Anti-rabbit [gG HRP 1:2,000
NKCC2 (Abcam) 1:1,000, 10% milk | Anti-rabbit IgG HRP 1:2,000
COX-1 (Cayman) 1:200, 10% milk | Anti-rabbit IgG HRP 1:2,000
COX-2 (Cayman) 1:200, 10% milk | Anti-rabbit IgG HRP 1:2,000

2.17 Histology and Immunofluorescene

At sacrifice, kidneys were excised, dissected, and immediately fixed in 4%
paraformaldehyde. Paraffin-embedded kidney sections (3 pm) were obtained and stained
with periodic-acid Schiff (PAS) reagent. All sectioning, paraffin embedding, and PAS-
staining were performed by the University of Ottawa’s pathology department. Kidney
sections were viewed under light-microscopy at 20X magnification (Axioskop 2 Imager
Al, Zeiss, Germany). Representative glomerular areas (20-25 glomeruli/mouse) and

collecting duct luminal areas (40-50 collecting ducts/mouse) for each group were
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analyzed in a blinded manner. Image] (NIH) software was used to quantify
aforementioned areas.

Renal AQP1 (Thermo Fisher Scientific) immunofluorescence was performed on
paraffin-embedded sections mounted on glass slides. Sections were deparaffinized in
mixed xylene (Thermo Fisher Scientific) and rehydrated through a gradient of ethanol
and distilled water. Sections were washed three times in PBS, boiled for 20 minutes in
0.1 M Na-Citrate buffer (pH 6.0) for antigen unmasking. Sections were blocked in PBS
containing 10% donkey serum/ 1% BSA for 1 hour and incubated with mouse anti-AQP1
(1:500) overnight at 4°C. Slides were washed and treated with a FITC-labeled donkey
anti-mouse secondary antibody (1:1000; Molecular Probes, Burlington, ON) for 1 hour.
Sections were covered with fluorescent mounting medium (Vector laboratories,
Burlington, ON) and coverslips. Slides were visualized under fluorescence microscopy
whereby representative medullary profiles from each group were obtained in a blinded

manner.

2.18 Cell Culture

In vitro experiments were conducted on the M-1 CCD cell line (ATCC, Manassas, VA;
#CRL-2038). M-1 cells are commonly used as a model of the CCD and display many
important morphological and physiological characteristics of this segment. This
immortalized cell line was derived from a mouse transgenic for the early region of

Simian Virus 40, Tg(SV40E)Bri/7 (85). These cells exhibit a significant transepithelial
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solute gradient, an amiloride-sensitive Na' transport system, expression of epithelial Na"
channel (ENaC) and expression of specific CCD antigens (85).

The cells were cultured in Dulbecco’s modified Eagle’s medium and Ham’s F-12
nutrient medium (DMEM:F12 1:1, Gibco, Carlsbad, CA) containing 7.5mM glucose,
2.5mM L-glutamine, 15mM HEPES, 0.5mM sodium pyruvate and 1.2g/L. sodium
bicarbonate, pH 7.4. The media was supplemented with 5% fetal bovine serum (FBS)
and 1% penicillin/streptomycin (Gibco). The cells were grown at 37°C and 5% CO,.

To determine the effects of arginine-vasopressin (AVP; Sigma-Aldrich), high salt,
and/or sulprostone (SLP; Sigma-Aldrich), the cell culture media was replaced with fresh
serum-free media containing 10® M AVP, 107 M SLP, and/or high salt (240mM NaCl)

24 hours before the cells reached confluence.

2.19 In Vitro Microperfusion

Note: Joe Zimpelmann performed the freehand dissections and perfusions. I prepared the

mice, solutions, and analyzed the data.

Male WT or EP;” mice 12 weeks post STZ or vehicle injection were sacrificed as
described previously (Section 2.9). The kidneys were quickly removed, and 1 to 2 mm
coronal slices were placed in chilled dissection dishes for freehand dissection of cortical
collecting duct (CCD), distinguished from other segments based on various properties:

diameter difference, cell heterogeneity, transluscency (86). The microdissected CCD was
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then transferred to a chamber for in vitro perfusions and measurement of net fluid
reabsorption (Jv).

Microdissected cortical collecting ducts were transferred to a thermostatically
controlled chamber of 1 cm® volume and cannulated using concentric micropipettes. Bath
solution was continuously exchanged at 0.5 ml/min by infusion pump (Harvard
Apparatus, Holliston, MA) and was maintained at 37°C. The dissecting solution consisted
of 137mM NaCl, ImM MgCl,, 0.8mM MgS04, SmM KCI, 0.25mM CaCl,, 10mM Tris
HCI, 0.33mM Na,HPO4, 2mM glutamine, 0.44mM KH,PO4, and 2mM L-lactate. The
perfusate composition was 40mM NaCl, 2mM calcium lactate, 5.5mM glucose, 23mM
NaHCOs3, 0.2mM sodium citrate, 0.8mM K,;HPO,, and 0.24 MgSO,. The composition of
bath medium was 118mM NaCl, 2mM calcium lactate, 5.5mM glucose, 23mM NaHCO:s,
ImM sodium citrate, 4mM K,HPO,, and 1.2mM MgSO,. Bovine serum albumin (5%,
Sigma, St. Louis, MO) was also added prior to dissections. The perfusate, which
contained *H-inulin (75 pCi/ml) as a volume marker was collected into a constriction
pipette of known volume (between 90 and 130 nl) and counted for *H-inulin (New
England Nuclear, Boston, MA). The perfusion rate was maintained between 12-20 nl/min
by adjusting the hydrostatic pressure. In control studies, 30 min of equilibration were
allowed and then, three collections were made for calculation of basal Jv in nI'mm " 'min™'.
Tubules with a negative basal Jv were discarded. Then 10® M AVP (Sigma) was added to
the bath and five timed collections were made to determine net volume reabsorption (Jv).
Following the five collections, 107 M SLP was added and an additional five collections
were made to determine Jv. In the experimental period the 3 highest collections of 5 were

used to calculate mean Jv as the difference between the perfusion rate V, and the
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collection rate Vi, both in nl/min, normalized to tubule length (L, in mm): Jv = (V,-
Vo)L, where V, = VL (C./C,), where Cp and C, are perfusate and collected fluid

concentrations in cpm/nl, respectively.

2.20 Statistics

Graphpad Prism (version 4) was used to analyze and present the data. Values are
expressed as means =+ standard error of the mean (SEM). Statistical analysis for multiple
comparisons was done using one-way ANOVA followed by a Tukey post-test. A p-value

< 0.05 with n > 3 was considered statistically significant assuming a normal distribution.
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3. RESULTS

3.1 Confirmation of EP;”” Genotype

Heterozygous EP;”~ C57BL/6 mice generously donated by Dr. Richard M. Breyer
(Vanderbilt University, Nashville, TN) were intercrossed to generate homozygous null
animals. Following the weaning of pups, DNA was extracted from freshly snipped ear
tissue and the genotype was determined. Figure 3 shows a representative agarose gel of
DNA viewed under UV light, whereby figure 3A shows the wild-type bands (152 bp) and
figure 3B shows the mutant bands (721 bp). Samples 1 and 3 are EP;”" due to the
presence of a mutant band and the absence of a WT band while sample 2 is EP;" since

both bands are present.
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Figure 3. Representative agarose gel of DNA viewed under UV light showing (A) wild-
type (WT) and (B) mutant EP3; bands. The WT EP; band is 152 bp while the mutant EP3
band is 721 bp. Samples 1 and 3 are derived from EP;” mice while sample 2 is derived
from an EP;"" mouse. Agarose gel (1%) was run in a horizontal electrophoresis system at

100V for 1 hour. A 1 kbp DNA ladder was loaded into the first lane.
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3.2 EP; "~ Mice Exhibit Increased Body Weight, Impaired Glucose Tolerance, and

Increased Blood Pressure

Previous studies have reported that EP;” mice develop an obese phenotype under a
normal fat died fed ad libitum (78). Therefore, we examined the metabolic characteristics
of EP;”" mice at 8-weeks of age. EP;”" mice show significantly increased body weight
compared to wild-type mice (WT: 23.2 + 0.4 g vs. EP;": 259+ 0.4 g; n =25 per group;
p < 0.01 using unpaired t-test). Non-fasting blood glucose concentrations were
comparable between both groups (WT: 9.20 + 0.5 mM vs. EP;”: 9.60 + 0.5 mM; n = 25
per group). The mice were then fasted for 16 hours before performing a glucose tolerance
test. The mice were challenged with a 1.5 mg of glucose per gram of body weight. Blood
glucose concentrations were similarly elevated after 15 min in EP3'/ “and WT mice, but
blood glucose concentrations reached higher levels in EP;”" mice after 30 min and
remained higher until 120 min post-injection (Figure 4A). Non-fasted mice were then
injected with 1 unit of human insulin per kg of body weight to assess their insulin
tolerance. No significant difference was observed between the groups in blood glucose

concentrations up to 120 min post-injection (Figure 4B).
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Figure 4. EP;”" mice exhibit impaired glucose tolerance but normal insulin tolerance. (A)
Glucose tolerance test presented as blood glucose concentration following glucose
challenge. (B) Percentage of change from baseline on the ability of insulin to acutely
stimulate glucose clearance by performing an acute insulin challenge. N = 10 per group;

*P <0.05 vs. WT using an unpaired t-test.
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PGE; has been shown to act as a systemic vasoconstrictor through EP;, therefore
we assessed blood pressure in these mice (47). By tail-cuff plethysmography, EPs” mice
show increased systolic blood pressure compared to WT mice (WT: 101 + 2 mmHg vs.

EP;”: 118 £ 2 mmHg; n = 25 per group; p < 0.01 using unpaired t-test).

3.3 Altered EP mRNA Profile in EP;” Mice

EP; deletion may change the renal PGE,/EP signaling pathway. Consequently, we
isolated proximal tubules (PT), thick ascending limbs (TAL), and cortical collecting
ducts (CCD) from a subset of 8-week old EP;” and WT mice and analyzed EP;, EP,, and
EP, mRNA expression. EP;”" and WT mice express comparable levels of EP;, EP,, and
EP; mRNA in the PT and CCD (Figures 5A-5C). However, EP mRNA was markedly
altered in the TAL, where EP3'/ " mice exhibit a 3-fold increase in EP4 mRNA while EP,
mRNA decreased by 3-fold (Figures SA-5C). Additionally, EP; mRNA was numerically
decreased by approximately 50% in the TAL in EP;”" mice but this effect did not reach

statistical significance (Figures SA-5C).
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Figure 5. (A) EPy, (B) EP,, and (C) EP4 mRNA expression in proximal tubule (PT), thick
ascending limb (TAL), and cortical collecting duct (CCD) isolated from EP;” (black
bars) and WT (white bars) mice. N = 5 per group. *P < 0.05 versus WT using one-way

ANOVA with a Tukey post-test.
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3.4 Hyperglycemia and Renal Hypertrophy are Unchanged in EP;”” STZ Mice

We hypothesized that the PGE,/EP; axis is detrimental in the diabetic kidney, therefore
we injected 8-week old WT and EP;”" mice with STZ or vehicle (sodium citrate) and
analyzed their physiological parameters 12-weeks post injection. At 12-weeks post STZ
injection, STZ and EP;” STZ mice show a 3-fold elevation in blood glucose
concentration and a massive increase in urine glucose concentration compared to the non-
diabetic mice (Table 4). Additionally, STZ and EP;” STZ mice show an approximately
20% increase in kidney weight corrected for body weight when compared to non-diabetic
mice (Table 4). Additionally, STZ and EP;” STZ mice show an approximate 30%
reduction in body weights compared to the non-diabetic mice (Table 4). EP;”~ STZ mice
show a numerically increased body weight compared to STZ mice; however, this is likely
due to their greater baseline body weight prior to STZ injection (Table 4). An upward
trend in systolic blood pressure was observed in the STZ and EP;”” STZ mice, but this did
not reach statistical significance (Table 4). Additionally, EPs”" mice continue to exhibit a
numerically elevated systolic blood pressure (BP) compared to WT mice (Table 4). No

change in heart weight was observed between all four groups (Table 4).
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Table 4. Physiological parameters of diabetic and non-diabetic EP;”" and WT mice. KW

= kidney weight, BW = body weight, BP = blood pressure. N = 5 — 10 per group. P <

0.05 vs. WT and 'P < 0.05 vs. EP;” using a one-way ANOVA and a Tukey post-test.

WT EP;" STZ EP;” STZ
Plasma Glucose (mM) 9.0+ 1.0 7.8+ 1.0 275440  269+4.0
Urine Glucose (mM) 27+0.2 2.1+0.2 135.0+0.1°  136.0+0.17
Body Weight (g) 302+ 1 345+ 1 23.6+03 269+0.7"
Kidney Weight (mg) 169+ 10 187+ 10 204 + 10" 208 + 4
KW/ BW (mg/g) 58+02 52+02 8.1+02" 7.6 +0.4"
Tibia Length (mm) 17.6 +0.2 17.4+0.1 173+0.05 17.3+02
KW/TL (mg/m) 9.6+0.5 10.8 + 0.4 11.840.5  11.0+03
Heart Weight (mg) 154+5 157+5 145+ 10 1385
HW/BW (mg/g) 53+03 4.4+02 57+0.4 50+0.2
Systolic BP (mmHg) 103 £1 110+£2 109+3 116 £4
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3.5 Glomerular Enlargement is Unchanged in EP;” STZ Mice

Persistent hyperglycemia can lead to glomerular enlargement as well as increased
mesangial matrix deposition (6, 7). Both diabetic groups show a modest but significant
increase of 25% in glomerular area (Figures 6A, 6B). Mesangial area was numerically
increased in the STZ mice however it did not reach statistical significance (Figures 6A-

6C).
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Figure 6. Enlarged glomerular and mesangial area in diabetic mice. (A) Representative
images of periodic acid-Schiff stained paraffin-embedded kidney (PAS) sections, (B)
quantification of glomerular area, and (C) quantification of PAS positive mesangial area.
Images are shown at 20X magnification. Approximately 25 images showing a cluster of
glomeruli were taken per group. Data presented as means + SEM. P-values were

calculated using a one-way ANOVA and a Tukey post-test.

3.6 Attenuated Hyperfiltration and Albuminuria in EP;”” STZ Mice

Increased GFR or hyperfiltration is a key feature of early diabetic kidney disease
followed by urinary albumin excretion (6, 7). STZ mice show a 50% increase in GFR
indicative of hyperfiltration accompanied by a doubling in urinary albumin excretion
(Figures 7A, 7B). In contrast, EP;” STZ mice show a GFR and a urinary albumin

excretion rate comparable to controls (Figures 7A, 7B).
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As kidney function declines with the progression of diabetic kidney disease,
certain metabolites build up in the plasma (6, 7). Plasma creatinine and urea were found
to be generally comparable across all four groups confirming that these mice are still in
the early stage of diabetic kidney disease (Figure 5C). However, STZ mice showed an

upward trend in plasma urea compared to WT and EP;”" STZ mice (Figure 5C).
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Figure 7. Diabetic hyperfiltration and albuminuria attenuated in EP;”~ STZ mice. (A)
GFR estimated by inulin plasma clearance, (B) daily urine albumin excretion, and (C)
plasma creatinine (black bar) and urea (white bar). N = 5 - 10 per group. P values

calculated using a one-way ANOVA and Tukey post-test.
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3.7 COX-1 Unchanged in EP;” STZ Mice.

Although renal COX-1 is involved in house-keeping functions and is not typically
induced under pathological stress, we have reported it to increase in more than one
diabetic mouse model (32). By Western immunoblotting, neither STZ or EPs” STZ mice

showed any change in cortical or medullary COX-1 protein expression (Figures 8A-8D).
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Figure 8. Cortical and medullary COX-1 expression are unchanged in EP;”~ STZ mice.
(A-B) Representative Western blots showing cortical and medullary COX-1 and B-Actin
protein bands and (C-D) densitometric analysis. Densitometric data presented as fold
wild-type (WT) and as means + SEM. N =5 per group. P-values calculated using a one-

way ANOVA and a Tukey post-test.
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3.8 Diabetic Induction of COX-2 Blunted in EP;” STZ Mice

Renal cyclooxygenase-2 (COX-2) has been consistently reported to increase in diabetes
and has been implicated in renal functional and structural changes (20-24). By Western
immunoblotting, STZ mice showed a 50% increase in cortical COX-2 and a 100%
increase in medullary COX-2 protein expression (Figures 9A-9D). On the other hand,
EP;” STZ mice showed no change in cortical or medullary COX-2 protein expression

(Figures 9A-9D).
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Figure 9. STZ mice but not EP;” STZ mice express increased cortical and medullary
COX-2 protein expression. (A-B) Representative Western blots showing cortical and
medullary COX-2 and B-Actin protein bands and (C-D) densitometric analysis.

Densitometric data presented as fold wild-type (WT) and as means = SEM. N = 5 per

group. P-values calculated using a one-way ANOVA and a Tukey post-test.
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3.9 Altered EP mRNA Profile in EP;”” STZ Mice

We have previously shown that the EP profile is considerably altered during STZ
diabetes (32). Given this fact and the absence of COX-2 induction in EP;”~ STZ mice, we
quantified the cortical and medullary EP profile in all the mouse groups at 12-weeks post
injection of STZ or vehicle. Using SYBR Green detection, we found that STZ mice show
a 2-fold increase in medullary EP; and this is reversed back to baseline in EP;” STZ
mice (Figure 10A). On the other hand, cortical EP; mRNA was unchanged across all
groups (Figure 10B). Cortical and medullary EP, mRNA was found to be unchanged in
STZ and EP;"~ STZ mice (Figures 10C, 10D). Medullary EP; mRNA was increased by
approximately two-fold while cortical EP; mRNA was increased by 50% in STZ mice
(Figures 10E, 10F). EP; mRNA was absent in EP;”" and EP;” STZ mice as determined
by genotyping in Figure 3. Medullary EP4 mRNA was increased by 50% in STZ mice
and this effect was reversed in EP;”” STZ mice (Figure 10G). Cortical EP, mRNA was

found to be unchanged across all groups (Figure 10H).
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Figure 10. Renal medulla and cortex (A-B) EP;, (C-D) EP,, (E-F) EPs, and (G-H) EP4
mRNA expression 12-weeks post STZ or vehicle injection. mRNA expression was
determined using the SYBR Green detection system. Data presented as means + SEM. N

= 5-7. P values calculated using one-way ANOVA and a Tukey post-test.
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3.10 Induction of Salt Transporters Unchanged in EP_«,'/ “STZ Mice

Salt handling is dysfunctional during diabetes, therefore we employed Western
immunoblotting to quantify cortical and medullary Na'-K'-Cl" co-transporter 2
(NKCC2), epithelial Na channel alpha subunit (aENaC), and Na'-K'-ATPase-al subunit
(NKA-al) protein expression (87). STZ injected mice show a numerical increase in
cortical expression of NKCC2, however, this did not reach statistical significance
(Figures 11A-11D). In contrast, diabetic mice showed a 2-fold increase in medullary
NKCC2 (Figures 11A-11D). Additionally, aENaC protein expression was significantly
increased in both diabetic mice showing about a 3-fold increase in the cortex and about a
5-fold increase in the medulla (Figures 12A-12D). Similarly, NKA-al protein expression
was significantly increased in both diabetic mice in the cortex and medulla (Figures 13A-
13D). Interestingly, a greater increase in NKA-al protein expression was seen in the
cortex (2.5-fold increase) as opposed to the medulla (1.5-fold increase) as was observed

with the other salt transporters (Figures 13A-13D).
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Figure 11. Medullary NKCC?2 increased in diabetic mice. (A-B) Representative Western
blots showing cortical and medullary NKCC2 and B-Actin protein bands and (C-D)
densitometric analysis. Densitometric data presented as fold wild-type (WT) and as
means = SEM. N = 5 per group. P-values calculated using a one-way ANOVA and a

Tukey post-test.
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Figure 12. Increased medullary and cortical oENaC in diabetic mice. (A-B)
Representative Western blots showing cortical and medullary aENaC and -Actin protein
bands and (C-D) densitometric analysis. Densitometric data presented as fold wild-type
(WT) and as means £ SEM. N = 5 per group. P-values calculated using a one-way

ANOVA and a Tukey post-test.
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Figure 13. Increased medullary and cortical NKA-al in diabetic mice. (A-B)
Representative Western blots showing cortical and medullary NKA-aland p-Actin
protein bands and (C-D) densitometric analysis. Densitometric data presented as fold

wild-type (WT) and as means = SEM. N = 5 per group. P-values calculated using a one-

way ANOVA and a Tukey post-test.
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3.11 Plasma Parameters in Mice

Due to the altered salt and water transporters in the kidney as well as the metabolic
changes due to diabetes, we assessed plasma biochemistry to determine if these changes
translated to changes in its composition. We observed no difference in the major
electrolytes between all four groups (Table 5). However, we observed a numerical
downward trend in plasma sodium, potassium, and chloride (Table 5). Intriguingly, STZ

mice show significantly increased triglycerides compared to WT (Table 5).

Table 5. Plasma biochemistry of non-diabetic and diabetic WT and EPs”" mice. N = 5 for
WT and EP;”. N = 2 for STZ and EP;"~ STZ. P < 0.05 vs. WT using a one-way

ANOVA and a Tukey post-test.

Plasma Biochemistry WT EP;" STZ EP;” STZ
(mmol/ L)

Sodium 149+ 0.8 147+ 1 141 142+ 5
Potassium 7.68 0.5 7.60+0.3 7.15+0.3 7.15+0.8
Chloride 107 +0.8 107 £1 102 103 +4
Phosphorus 2.05+0.2 2.05+0.2 1.95+0.3 2.70+0.7
Calcium 2.18£0.05 2.15+0.03 1.95+0.05 220+0.3
Magnesium 0.755+0.03 0.798+0.03 0.720£0.03 0.965+0.3
Bicarbonate 30.8+0.8 27+3 27 26.0+ 8
Cholesterol 3.00+ 0.1 335+£0.3 2.35+£0.8 3.00+0.5
Triglycerides 0.898 £ 0.1 1.02+0.2 1.71 £ 0.1 1.23+0.1
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3.12 Attenuated Polyuria and Polydipsia in EP;” STZ Mice

Polyuria was observed in both diabetic groups; however, the extent of polyuria was
significantly attenuated by about 35% in the EPs” STZ group (Figure 14A). Polydipsia
was concomitantly observed with polyuria in the diabetic groups (Figure 14B). A
significant 20% attenuation in polydipsia was also observed in the EPs”~ STZ group
(Figure 14B). A large reduction in urine osmolality was observed in the diabetic groups
as a consequence of the polyuria (Figure 14C), however urine osmolality in the STZ and
EP;”" STZ groups did not numerically match (STZ: 458 + 7 mOsm/kg vs. EP3”": 536 + 30
mOsm/kg) (Figure 14C). A 20% increase in urine osmolality is observed in the EP;”
STZ group suggesting increased water reabsorption (Figure 14C). Diabetic mice also
exhibited an increase in daily food intake correlative to the increase in water intake
(Figure 14D). Additionally, due to the polyuria, daily urinary excretion of electrolytes
was greatly elevated in the diabetic groups and was comparable between STZ and EP;™

STZ mice (Table 6).
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Figure 14. Decreased daily urine output and water intake in EP;”” STZ Mice. (A) Daily
urine output, (B) urine osmolality, (C) daily water intake, and (D) daily food intake in
diabetic and non-diabetic WT and EP;”" mice. N = 10 per group. P values calculated
using a one-way ANOVA and a Tukey post-test. *P value calculated using an unpaired t-

test.
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Table 6. Daily urinary excretion of electrolytes in non-diabetic and diabetic WT and EP3
" mice. N=5 per group. "P < 0.0001 vs. WT and P < 0.0001 vs. EP;" using a one-way

ANOVA and Tukey’s post-test.

Urine Biochemistry

(nmol/ 24hrs) WT EP;” STZ EP;” STZ
Sodium 82.8+ 10 89.9 +7 683 + 50" 622 + 707
Potassium 141+ 30 136+ 30 1040 +30° 925 + 70"
Chloride 141 £ 20 154 + 10 1050 + 70" 894 + 90"
Phosphorus 444+ 6 413+5 173+ 10° 179 + 107
Calcium 1.35+0.2 0.947 £ 0.1 10.1+2° 9.97 + 3
Magnesium 6.07+ 1 7.26+0.7 89.9+7 86.8+ 7"
Creatinine 3.06+ 0.3 2.45+03 102+05" 109+ 1
Glucose 240+ 0.5 1.38+02 4020 +£300° 3540 +400°

3.13 Decreased Collecting Duct Luminal Area and Nuclear Cysts in EP;” STZ Mice

PAS staining of paraffin-embedded kidney sections revealed several signs of polyuria-
mediated injury of the distal nephron particularly the collecting ducts (Figure 15A).
Markedly dilated collecting ducts were observed in STZ mice showing an approximate 2-
fold increase in luminal area compared to the non-diabetic groups (Figures 15A, 15B).
EP;”" STZ mice still show an increase in collecting duct luminal area compared to EP;”"
however it is attenuated by about 20% compared to STZ mice (Figures 15A, 15B).
Nuclear cysts were present in large numbers in the lining of collecting ducts in both
diabetic groups (Figures 15A, 15C). Similar findings have been reported in other water-
wasting diseases such as lithium-induced polyuria and diabetes insipidus (9, 88-91).

Interestingly, the incidence of nuclear cysts was reduced in EP;”" STZ mice possibly
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correlative to their reduced polyuria and polydipsia (STZ: 7.97 £ 1 vs. 5.26 + 1 nuclear

cysts/image) (Figures 15A-15C).
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Figure 15. Attenuated collecting ducts luminal area dilation and nuclear cysts in EP3™”
STZ mice. (A) Representative images of periodic acid-Schiff stained paraffin-embedded
kidney sections, (B) quantification of collecting duct area, and (C) quantification of
nuclear cysts. Images shown at 20X magnification. Approximately 25 images showing a
cluster of collecting ducts were taken per group. Total collecting duct area including
lumen and tubular lining was determined in pixels. Number of nuclear cysts were counted
per field. Data presented as means = SEM. P-values calculated using a one-way ANOVA

and Tukey’s post-test.

3.14 Increased AQP2 and AQP1 in EP;” STZ Mice

Urine output and concentration depends, in part, on the expression of AQP2 water
channels in the collecting duct (1, 2). Therefore the protein expression of AQP2 was
assessed by Western immunoblotting. STZ mice showed a 50% reduction in cortical and
medullary AQP2 protein expression (Figure 16A-16D). On the other hand, EP;” STZ

mice show comparable protein expression of cortical AQP2 to that of the control groups
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(Figures 16A-16D). Additionally, medullary AQP2 protein was increased 50% beyond

control levels in EP;”” STZ mice (Figures 16A-16D).
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Figure 16. Increased cortical and medullary AQP2 protein expression in EP;” STZ mice.
(A-B) Representative Western blots showing cortical and medullary AQP2 and B-Actin
protein bands and (C-D) densitometric analysis. Densitometric data presented as fold
wild-type (WT) and as means = SEM. N = 5 per group. P-values calculated using a one-

way ANOVA and Tukey’s post-test.
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Furthermore, urine concentrating mechanisms also rely on the maintenance of an
osmolar gradient across the tubular lumen and into the medullary interstitium and this is
dependent, in part, on the expression of AQP1 water channels in the medullary thin
descending limbs and vasa recta. On the other hand, AQP1 in the cortical proximal tubule
is responsible for reabsorbing the bulk of filtered water. Therefore the protein expression
of AQP1 was assessed by Western immunoblotting. Both diabetic groups show an
approximate 50% reduction in cortical AQP1 protein expression corresponding to
reduced AQP1 expression in the proximal tubules (Figures 17A, 17C). However,
medullary AQP1 protein was decreased by 50% in only the STZ mice while EPs” STZ
mice show comparable levels to control mice (Figures 17B, 17D). AQPI1
immunofluorescence analysis of kidney sections illustrates this difference whereby we
observe a reduction in medullary AQP1 in STZ mice but not in EP;” STZ mice (Figure

18).
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Figure 17. Increased medullary AQP1 protein expression in EP;” STZ mice. (A-B)

Representative Western blots showing cortical and medullary AQP1 and B-Actin protein

bands and (C-D) densitometric analysis. Densitometric data presented as fold wild-type

(WT) and as means £ SEM. N = 5 per group. P-values calculated using a one-way

ANOVA and Tukey’s post-test.
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Figure 18. Increased medullary AQPI1 protein expression in EPs” STZ mice.
Representative fluorescent images of paraffin-embedded kidney sections probed with

AQP1 antibody. Images shown at 10X magnification.
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3.15 Urinary AVP Excretion Rate is Blunted in EP3'/ “STZ Mice

AVP levels are consistently reported to be elevated in diabetes despite the presence of
polyuria and inability to adequately concentrate urine (50-52). Given that we observed
changes in AQP2, which is physiologically regulated by AVP, we measured urinary
excretion of AVP. WT and EP;”" showed similar levels of urinary AVP excretion rates
(Figure 19). We found that 24 hour urinary AVP excretion rate was elevated by 15-fold
in STZ mice compared to WT mice (Figure 19). EP;” STZ mice showed an attenuated
elevation in urinary AVP excretion of approximately 10-fold compared to EPs”~ mice

(Figure 19). This represents a reduction of about 35% compared to STZ mice (Figure 19).
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Figure 19. 24 hour urinary arginine-vasopressin (AVP) excretion in WT and EP;”" 3-
month post vehicle or STZ injection. N = 6 per group. P values calculated using one-way

ANOVA and Tukey’s post-test.

3.16 AQP2 Unchanged with AVP, SLP, or High Salt in M-1 Cells

In order to understand the mechanistic link between EP; and AVP, we used M-1 cortical
collecting duct cells and stimulated them with the EP3/EP; agonist SLP under several
conditions. Although, high glucose would be the best environment to recapitulate the
diabetic mileu in vitro, we have previously shown that this cell line is unresponsive to
high glucose concentrations (unpublished data). Therefore, we stimulated M-1 cells for
24 hours with 10® M AVP or high salt (HS; 240 mM NaCl) in the presence or absence of
SLP. By Western immunoblotting, AQP2 protein expression was found to be unchanged

after 24 hours stimulation with AVP, HS, and/or SLP (Figure 20).
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Figure 20. AQP2 protein expression was unchanged in M-1 cells following AVP, high

salt (HS), and/or sulprostone (SLP) stimulation. (A-B) Representative Western blots

showing cortical and medullary AQP2 and p-Actin protein bands and (C-D)

densitometric analysis. Densitometric data presented as fold wild-type (WT) and as

means + SEM. N = 5 per group. P-values calculated using a one-way ANOVA and

Tukey’s post-test.
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3.17 NKA ¢-1 Increased with HS but aENaC Unchanged in M-1 Cells

Several studies have demonstrated that PGE, may regulate NKA a-1 and aENaC
expression in the collecting duct, therefore we explored if this occurs via EP;. We used
M-1 cortical collecting duct cells and stimulated them for 24 hours with the EP3/EP,
agonist SLP, with 10°® M AVP, or high salt (HS; 240 mM NaCl). By Western
immunoblotting, aENaC protein expression was found to be unchanged after 24 hours
stimulation with AVP, HS, and/or SLP (Figure 21). NKA a-1 protein expression was
found to be increased after 24 hours stimulation with HS and this effect was unchanged
with SLP co-stimulation (Figure 22). NKA o-1 protein expression was unchanged with

AVP or SLP alone (Figure 22).
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Figure 21. aENaC protein expression was unchanged in M-1 cells following AVP, HS,
and/or SLP stimulation. (A-B) Representative Western blots showing cortical and
medullary oENaC and B-Actin protein bands and (C-D) densitometric analysis.
Densitometric data presented as fold wild-type (WT) and as means + SEM. N = 5 per

group. P-values calculated using a one-way ANOVA and Tukey’s post-test.
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Figure 22. NKA a-1 protein expression increased with HS in M-1 cells but was

unchanged with AVP or SLP. (A-B) Representative Western blots showing cortical and

medullary NKA o-1 and B-Actin protein bands and (C-D) densitometric analysis.

Densitometric data presented as fold wild-type (WT) and as means + SEM. N = 5 per

group. P-values calculated using a one-way ANOVA and Tukey’s post-test.
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3.16 In Vitro Microperfusion

We performed in vitro microperfusion experiments using isolated CCDs to confirm the
role of EP; in water handling in the non-diabetic and diabetic state. Since baseline water
reabsorption is absent or low in isolated CCD (61, 62), AVP was used to induce water
reabsorption and sulprostone (SLP; EP;/; agonist) was used to agonize EP;. AVP induced
a 2-fold increase net water reabsorption (Jv) in both WT and EP;”" mice (Figure 23A).
SLP partially reversed the AVP-induced increase in Jv in WT mice. In EP;”, mice SLP
did not inhibit Jv in the presence of AVP and Jv remained elevated to the same extent as
it was with AVP stimulation (Figure 23B). In STZ mice, AVP induced a 2-fold increase
in Jv, while SLP completely reversed Jv back to baseline (Figure 23C). AVP induced an
approximate 50 % increase in Jv in EP5” STZ mice while SLP did not inhibit Jv in the

presence of AVP (Figure 23D).
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Figure 21. SLP inhibits AVP mediated fluid reabsorption via EP;. Net fluid reabsorption
(Jv) of cortical collecting ducts isolated from (A) WT, (B) EP;™”, (C) STZ, and (D) EP;”
STZ mice 3-month post STZ or vehicle injection stimulated with AVP (10®M) and SLP
(107 M) presented as fold change compared to control. Dashed lines represent individual
experiments and solid line represents the mean + SEM. N = 3-5. P < (.05 versus control
and TP < 0.05 versus AVP. P values calculated using one-way ANOVA with Tukey’s

post-test.
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4. DISCUSSION

4.1 Major Findings

This study is the first to examine the in vivo role of the PGE,/EP;s receptor system in
diabetes. The data clearly demonstrate a major role for EP3 in the process of polyuria
during diabetes. Whether EP3; promotes polyuria and as a result promotes polydipsia or
vice-versa is unknown. However, increased urine osmolality in EP;”" STZ mice alongside
increased AQP2 and AQP1 protein expression suggest that EP; mediates polyuria at the
renal level and this may drive changes in the thirst response. This is further emphasized
in the in vitro microperfusion experiments, whereby SLP reduces AVP-mediated water
reabsorption. Additionally, EP3 seems to contribute to renal COX-2 induction during
diabetes. The lack of an increase in renal COX-2 protein levels in EP;”” STZ mice may be
protective by preventing renal hypertrophy, glomerular hyperfiltration, and urinary

albumin excretion.

4.2 Phenotype of Global EP; Deletion in C57BL/6 Mice

Baseline EP;”™ mice at 8-weeks of age exhibit a significant increase in body weight
compared to WT when fed a standard chow diet ad libitum. Although increased body
weight in these mice has been reported previously by Sanchez-Alavez et al, the
magnitude of the increase was much greater (78). This is likely due to the difference in

fat content in the chow given to the mice (78). When fed a high fat breeder diet, EP;”
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mice are described as developing an obese phenotype as early as three months of age
with increased abdominal and subcutaneous fat (78). The increased body weight is partly
attributed to increased night-eating (78, 92, 93). This may suggest a role for EP; in the
regulation of sleep architecture, as PGE; acting through hypothalamic EP; may act as a
sleep-producing agent therefore explaining increased light cycle eating (94, 95). A role of
PGE; in sleeping is supported by the fact that wakefulness was induced in rats
administered an EP,4 agonist into the posterior hypothalamus (96). EP; may buffer these
responses induced by EP; as it typically inhibits cAMP through Gi while EP4 stimulates
cAMP through Gs. Thus, in the absence of EP;, mice may experience abnormal sleep
patterns leading to increased night eating.

We demonstrate that baseline 8-week-old EP;”" mice show impaired glucose
tolerance. Studies have reported that EP;” mice show significantly increased plasma
levels of insulin (78). This is likely due to the lack of EP3 mediated inhibition of cAMP in
pancreatic islets, which physiologically opposes and buffers the action of the glucagon-
like-peptide-1 (GLP-1) receptor and inhibits glucose-stimulated insulin secretion (33).
Continuous exposure to high levels of insulin is associated with the development of
insulin resistance (97). Increasing doses of intermediate-acting insulin in rats was shown
to decrease the number of insulin receptors on target tissues with a corresponding
decrease in cell sensitivity to insulin (97). The fact that the mice exhibit impaired glucose
tolerance, demonstrated by continued elevated blood glucose levels post glucose
challenge compared to WT mice, suggests that these mice have impaired beta cell
function and possibly insulin resistance. Surprisingly, the insulin tolerance test suggests

that EP;”" mice respond equivalently to WT when challenged with insulin. However, the
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insulin tolerance test is inherently less accurate than the glucose tolerance test due to the
lack of a consistent baseline glucose level (98). Fasting prior to insulin injection is
unfeasible due to the high risk of insulin shock and/or hypoglycemia (98). To circumvent
this problem, data is presented as a percentage of basal glucose, however, basal glucose
levels varied among the groups, which may lead to an erroneous interpretation (98). For
the same absolute decrease in blood glucose following an insulin injection, a mouse with
higher fasting glucose will exhibit a smaller percentage fall in glucose (98). Therefore,
when expressing blood glucose as a percentage of basal, the conclusion would be that the
mouse with higher fasting glucose is insulin resistant (98). This limitation likely impacted
the results of the insulin tolerance test. Regardless, EPs”" mice clearly exhibit impaired
glucose tolerance presumably due to impaired insulin secretion in pancreatic islets.
Bascline 8-week-old EPs” mice exhibit increased systolic blood pressure
compared to WT mice. This finding is contradictory to the published literature that
suggests that EP; acts as a systemic vasoconstrictor (47). Chen et al showed that EP;”
mice exhibited reduced baseline mean arterial pressure monitored by both tail-cuff and
carotid arterial catheterization (81). Additionally, the vasopressor effect of acute or
chronic infusion of angiotensin II was attenuated in EPg'/ " mice (81). This diminished
vasopressor effect in EP;”" mice is attributed to reduced Ca®" sensitivity and reduced
intracellular calcium concentration in vascular smooth muscle cells therefore decreasing
arterial contractility (81). The EP;”" mice with these blood pressure changes have some
key differences to the ones used in our experiments (81). Chen et al used only male EP;”
mice aged 12 to 16 weeks and with 20 to 25 g of body weight (81). We report that EP;”

mice aged 16 weeks are considerably heavier than 25 g when fed a standard chow diet.
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At 12 weeks, the majority of EP;”" mice were heavier than 25 g. Excluding mice with
increased body weight may select out mice with the metabolic abnormalities we and
others have reported (i.e. impaired glucose tolerance and hyperinsulinemia).
Hyperinsulinemia is closely linked to hypertension as insulin can cause sodium retention
(99, 100, 105, 106); it enhances proximal tubule sodium-proton exchanger type 3
(NHE3), Na'-K'-ATPase (101-103), and epithelial sodium channel (ENaC) in the mouse
collecting duct (104). We also characterized EP receptor expression in EP;”" mice in
different nephron segments, which may account for the elevation in blood pressure. EP3”
mice showed the greatest alterations in EP expression in the thick ascending limb (TAL)
with an increase in EP, mRNA. EP, is recognized to play a major role in regulation of
renin (39, 44). EP4 in the TAL is shown to stimulate renin secretion from the
juxtamedullary apparatus/macula densa (39, 44). Stimulation of the RAAS markedly
increases blood pressure through several mechanisms including vasoconstriction of
systemic blood vessels and salt retention (1, 2). In contributing to salt retention and fluid
retention, these mechanisms may in part account for the increased body weight in the
EP;" mice, however fluid content in these mice was not measured. Overall, the altered

profile of EP receptors in EP;” mice may also account for increased blood pressure.

4.3 Phenotype of Global EP; Deletion in STZ Diabetic CS7BL/6 Mice

COX-2 and PGE; are consistently elevated in both rodent and human diabetes, and renal

EP;_4receptor subtypes are altered (27-32). Although slight differences were observed in

the magnitude of change of EP receptor mRNA depending on the diabetic animal model,

81



overall regional alterations were similar (32). In the renal cortex, EP;, EP,, and EP; are
increased while EPy is decreased. In the renal medulla, EP; and EP; are increased (32).
The roles of EP,, EP,, and EP, are well understood in the diabetic context however, the
role of EP; in this disease model is yet to be studied. Given that EP; is elevated during
early DN and that COX-2 inhibition is protective at this stage of the disease, it is likely
that EP; plays a role in mediating renal injury. Therefore we studied the role of the EP;
receptor on the progression of DN in C57BL/6 WT and EP;”” mice 12-weeks post STZ or
vehicle injection.

To assess the COX signaling pathway, we analyzed cortical and medullary
expression of the COX enzymes. The constitutively expressed COX isoform, COX-1,
was found to be unchanged across all groups in both the cortex and medulla. This finding
is in accordance with other reports showing that COX-1 is relatively unchanged during
diabetes (108). On the other hand, cortical and medullary COX-2 protein was increased
in STZ mice, with a larger increase in the medulla. The regional differences most likely
reflect the higher abundance of inducible COX-2 in the renal medulla, particularly in the
medullary interstitial cells, compared to the cortex (23-25). Contrastingly, COX-2
induction was blunted in EP;”~ STZ mice in both renal cortex and medulla. We also
assessed the EP mRNA profile in our mouse groups. Medullary EP; mRNA was
increased in STZ mice while EP3'/' STZ mice showed EP; mRNA levels similar to non-
diabetic mice. Medullary EP, mRNA was numerically increased in STZ mice while EP;”
STZ mice showed EP, mRNA levels similar to non-diabetic mice. Both cortical and
medullary EP; mRNA was elevated in STZ mice. Finally, medullary EP4 was increased

in STZ mice while EP;” STZ mice showed EPs mRNA levels similar to non-diabetic
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mice.

The reduction in COX-2 protein expression in EP;” STZ mice is contrary to
findings in recent studies showing that EP; downregulates COX-2 expression in the
physiological and hypertonic medullary thick ascending limb (46, 109). Celecoxib
treatment in mice resulted in an increase in COX-2 protein expression and sulprostone
acting on EP; reversed this effect (46) suggesting that EP; deletion would result in greater
levels of COX-2 especially in diabetes. However our lab as well as others have shown
that during diabetes renal COX-2 and EP; both increase (32, 110), but the interaction has
not been studied. Since EP; exists in several splice variants and can signal not only
through G;j but also through Gq/PLC/Ca2+ (115), targeting different splice variants of EP;
may account for these conflicting reports. Furthermore, COX-2 expression is also
regulated by calcium-sensing receptors, bradykinin, and angiotensin II (112-114); and
EP; has been impicated in PGE;-induced enhancement of the bradykinin response of
mouse and rat neurons (116, 117). We observe an increase in medullary EP, mRNA
exclusively in STZ mice and given that EP,4 in the juxtamedullary apparatus stimulates
renin secretion (thus making angiotensin II), it is possible that increased EP; leads
indirectly to increases in COX-2 protein expression by activating angiotensin II (39, 44).
Furthermore, the EP, receptor was shown to be part of a positive feedback loop to induce
COX-2 via cAMP-PKA in Madin-Darby canine kidney cells (118). We show a numerical
but non-significant increase in medullary EP, in STZ mice but the exact mechanisms
contributing to increased COX-2 further exploration.

Twelve weeks post injection of STZ, both EP;"" and EP;” mice exhibited

hyperglycemia and glucosuria. This is to be expected as low-dose STZ treatment leads to
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hyperglycemia as early as two weeks post injection (20, 21). Although EP;” mice
exhibited glucose metabolism abnormalities at baseline, namely impaired glucose
tolerance, no difference in blood or urine glucose was observed between STZ and EP;”
STZ mice. We expected that EP;” STZ mice may respond differently to STZ since EP;
was implicated in insulin secretion, however, this was not the case (33). STZ increases
blood glucose by destroying insulin-producing pancreatic  cells, therefore, it is possible
that the mechanistic link between EP; and insulin secretion in 3 cells is severely defective
or abolished together (20, 21).

As expected, STZ injected mice lost body weight relative to non-diabetic controls,
despite an increase of food intake, presumably from the combined effects of persistent
polyuria leading to severe volume contraction and the inability to store calories as fat
induced by severe insulin deficiency (119). Furthermore, insulin deprivation in diabetes
causes a profound increase in protein catabolism, especially in skeletal muscle (4).
Catabolism of protein in skeletal muscle could also contribute to the reduction in body
weight in STZ injected mice. Although the body weights of STZ and EP5”" STZ mice did
not numerically match, when compared to their non-injected cohorts, the percent
reduction in body weight was comparable. Therefore, the different starting body weights
prior to injection most likely account for the different body weights post injection.

Both STZ and EP;”" STZ mice showed increased kidney weight when corrected
for body weight, but STZ mice alone showed increased kidney weight (i.e. uncorrected)
and increased kidney weight corrected for tibia length. Since STZ mice show significant
reductions in body weight, correcting kidney weight to body weight might be unsuitable

in this particular diabetic mouse model. A significantly reduced body weight would
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artificially increase the kidney to body weight ratio when in fact kidney weight is
unchanged when compared to the non-diabetic group. A more reliable reference for
kidney weight in STZ diabetes is tibia length, which remains constant with STZ-induced
hyperglycemia (120, 121). Using this correction method, EP;” STZ show attenuated
renal enlargement compared to STZ mice.

The early diabetic kidney typically undergoes significant enlargement
predominantly via hypertrophy (cell enlargement) and to a lesser extent, via hyperplasia
(cellular proliferation) (6-8). In vitro and in vivo studies have shown that exposing renal
cells to high ambient glucose concentrations leads to the arrest of the cell cycle in the G1
phase followed by complementary signals increasing RNA and protein synthesis (122,
123). This Gl-phase arrest is mediated by p27 and p21, which are inhibitors of cyclin-
dependent kinases (122, 123). This involves the downregulation of the cyclin E/cdk2
complex which is required for the transition from G1 to S phase of the cell cycle (122,
123). COX-2 has been shown to be an important mediator of p21 as well as its upstream
regulators: TGF-B and tumor necrosis factor oo (TNF-a). COX-2 selective inhibition was
shown to downregulate STZ induced increases in TGF-B, TNF-a, and p21 (30, 31).
Additionally, COX-2 selective inhibition was shown to prevent STZ induced renal
hypertrophy (124). The lack of COX-2 induction in EP;”" STZ mice might protect these
mice against renal hypertrophy, presented as a reduced kidney weight to tibia length ratio
compared to STZ mice. The altered EP mRNA profile may also account for this effect.
STZ mice showed a significant increase in medullary EP; and EP4 while this effect was
attenuated in EP;” STZ mice. Several lines of evidence suggest that EP; and EP,

contribute to diabetic renal hypertrophy. STZ rats treated with an EP; selective antagonist
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showed a significant attenuation in STZ induced kidney hypertrophy while STZ mice
treated with an EP4 agonist exhibited increases in regulators of renal hypertrophy, namely
inflammatory chemokines (TNFa, TGF-B, IL-6, MCP-1, and IP-10) (125, 126). However,
mice injected with an EP4 agonist showed no change in STZ induced renal hypertrophy
(126). Still, the role of EP4 in contributing to injurious processes remains controversial as
a number of studies suggest a potential protective role for EP4 (127). Additionally, we
recently demonstrated that EP; and EP, increase p27 while decreasing the cyclin E/cdk2
complex in proximal tubule cells (128). Although this suggests a role for EP; and EP4 in
cortical growth, it is very likely that these receptors mediate these same effects in the
medulla. Taken altogether, it is likely that the EP3”~ STZ mice are protected against renal
hypertrophy due to blunted COX-2 and medullary EP,/EP4 induction.

We assessed glomerular and mesangial size in all groups using a routine PAS
stain. We observed similar glomerular enlargement in both STZ and EP;”" STZ mice with
no change in mesangial area. EP; is not located in the glomerulus and is only localized to
the afferent arteriole, thick ascending limb, and collecting duct (129). Therefore, it is
unlikely that EP; mediates glomerular growth responses. Although COX-2 is increased in
the cortex in STZ mice, the cortical EP receptor profile is relatively unchanged
suggesting that this glomerular hypertrophy is occurring independently of PGE,.
Furthermore, EP;”~ STZ mice show no increase in cortical COX-2 expression yet still
exhibit glomerular hypertrophy further emphasizing that this process is independent of
COX-2. Whether COX-2 inhibitors (coxibs) are protective or detrimental in glomerular
hypertrophy is controversial, most studies agree that COX-2 plays an important role in

this process (30, 31, 124). However, all these studies report mesangial expansion, which
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is absent in our mice suggesting that we are observing an early stage (30, 31, 124). Early
glomerular growth may occur through other mediators including TGF-B and angiotensin
I (6, 7).

The fact that EPs” STZ can show attenuated diabetic renal hypertrophy yet
glomerular hypertrophy reflects a primary attenuation of tubular hypertrophy. In addition
to tubular cell hypertrophy, dilation and increased fluid content of tubules, mainly
collecting ducts, contribute substantially to the maintenance of kidney size in DN with
advanced chronic renal failure in animal models and humans (9). As will be discussed
later in greater detail, EP;”" STZ mice exhibit attenuated polyuria, attenuated polydipsia,
and attenuated hyperfiltration compared to STZ mice. The lowered fluid content in the
kidneys as a result of these reduced parameters in EP;”~ STZ mice may in part explain the
attenuation in kidney size compared to STZ mice.

Glomerular hyperfiltration is a hallmark change in early DN (6-8). We detected
an increase in GFR 12-weeks post injection in STZ mice however this increase was
attenuated in EP;” STZ mice. Hyperfiltration is hypothesized to be a precursor of
intraglomerular hypertension leading to albuminuria (6-8). Therefore, it is no surprise
that the hyperfiltering STZ mice show increased urinary albumin excretion while this is
absent from the normofiltering EP3'/ ° STZ mice. The reason for these changes is
suspected to be due to alterations in COX-2 expression, whereby we observe an increase
in STZ mice only, while no increase is observed in EP3'/ " STZ mice. This is consistent
with other reports showing that coxibs decrease diabetic glomerular hyperfiltration (30,
124). Additionally, we observe an increase in medullary EP4 in STZ mice while this is

attenuated in EP;” STZ mice suggesting that this pathway might be responsible for the
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observed increase in GFR. Several studies show that EP4 in the TAL stimulates renin
production, which would constrict the efferent arteriole through the activity of
angiotensin II (130, 131). This results in an increase in glomerular hypertension and
consequently GFR. These findings initially seem confounding since Tang et al show that
EP; acts as a vasoconstrictor on the afferent arteriole (34). Therefore in its absence one
would expect that GFR would further increase during early DN. However, the
predominant PGE; effect on the afferent arteriole appears to be vasodilatory as evidenced
by the GFR lowering effect of coxibs and NSAIDs in STZ animals (30, 124). However,
the vasoconstrictive effect of PGE, on the afferent arteriole is achieved only at
supraphysiological concentrations (34). Furthermore, recent studies have shown that EP3
is more abundant in the interlobular arteries rather than in the afferent arteriole (40).

EP; has been shown to modulate AVP responses in the kidney, particularly V2
receptor mediated water-reabsorption in the collecting duct (62). AVP can also modulate
other processes in the kidney by binding to its V1 receptor, mainly located on renal
vasculature, which may also be regulated by EP; (1, 2). Therefore, we measured urinary
AVP excretion rates. WT and EPs”" mice show similar levels of urinary AVP excretion.
On the other hand, STZ mice exhibit markedly elevated urinary AVP excretion. EP;”"
STZ mice show elevated urinary AVP excretion compared to EP;”" mice; however, urine
AVP was significantly attenuated compared to STZ mice. COX-2 and PGE; have
repeatedly been shown to regulate the secretion of vasopressin in the hypothalamus (132,
133). Furthermore, PGE, was shown to modulate urine concentration by acting at EP;
receptors, not in the collecting duct, but within the hypothalamus to promote AVP

synthesis in response to acute water deprivation (134). EP; is readily expressed in the
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hypothalamus, therefore it is conceivable that EP; regulates hypothalamic AVP secretion
especially since splice variants of EP; can signal through the same Gq/PLC/Ca”" pathway
as EP; (94, 115). A reduction in urinary AVP in EP;” mice can prove effective in
protecting against diabetic nephropathy as AVP-deficient Brattleboro rats have been
shown to be resistant to diabetic hyperfiltration, albuminuria, and renal hypertrophy
(135).

Several human studies have demonstrated a link between vasopressin and
increases in GFR. After an initial water diuresis, Andersen et al infused healthy subjects
with AVP for 2 hours to raise AVP concentrations to levels within the physiological
range (136). Creatinine clearance, a surrogate marker for GFR, increased significantly
along with a marked increase in urine osmolality and a decrease in the fractional
excretion of urea (136). Furthermore, in two independent studies, renal function was
analyzed twice in healthy subjects at a 2-week interval, once during diminished hydration
and once during increased hydration (137, 138). In both studies, AVP was increased
alongside GFR (137, 138). Finally, infusion of the selective V2 receptor antagonist,
tolvaptan, to patients with autosomal dominant polycystic kidney disease led to a
significant reduction in GFR (139). It is thought that AVP, acting via renal V2 receptors
indirectly reduces the efficiency of urea excretion and increases GFR (140). This leads to
an increased energetic demand on the kidney and contributes to hypertrophy (140-143).
Physiologically, AVP stimulation leads to a reduction in the fractional excretion of urea
(140-143). AVP acting on urea transporters in the terminal inner medullary collecting
duct promotes urea diffusion into the inner medullary interstitium (140-143). In the

meantime plasma urea increases, therefore to filter more urea the kidney responds by
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increasing GFR (140-143). The immediate benefit is to limit the rise in plasma urea and
reduce the risk of toxicity (140-143). However, this comes with a metabolic cost due to
the increased load of solutes to reabsorb requiring a greater energy demand (140-143).
This physiological response is similar to what is observed in animal models fed a high
protein diet, which causes a similar increase in both plasma urea concentration and GFR
(144, 145). If this adaptation is maintained over a long period, it can lead to kidney and
glomerular hypertrophy and increased risk of glomerulosclerosis (140-144). A sustained
increase in GFR can also lead to albuminuria (140-144). We show that STZ mice have
increased plasma urea concentration and increased urinary AVP excretion while these
changes are attenuated in EP;”~ STZ mice. Attenuation of urinary AVP excretion may
serve a protective purpose by preventing glomerular hyperfiltration, renal hypertrophy,

and albuminuria.

4.4 Role of EP; in altering water and salt transport in STZ diabetic CS7BL/6 mice,

M1 cortical collecting duct cells, and in vitro microperfused tubules

DN is commonly associated with dysregulated salt and water transport, where in the early
stages the kidney enters a hyperfunctioning stage due to the large amounts of salt and
water being filtered requiring reabsorption (56, 87, 146). However, even though the
kidney attempts to reabsorb all the contents of the filtrate, loss of electrolytes and fluid
ensues (56, 86, 146). PGE, is involved in the regulation of sodium and water reabsorption
and is thought to act as a counter-regulatory mechanism under conditions of increased

sodium and water reabsorption acting as a diuretic or natriuretic (44, 72). Therefore we
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analyzed the expression of several salt and water transporters in STZ diabetic mice with
or without EPs. The three salt transporters analyzed: NKCC2, aENaC, and NKA o-1,
were increased in diabetes and they remained increased in mice lacking the EP; receptor.
We expected that EP; plays a role in NKCC2 expression in diabetes since EPs, through
coupling to Gi, was found to modulate AVP-induced increases in cAMP and thereby
prevents recycling of NKCC2 in isolated single mouse medullary thick ascending limbs
of Henle (147). Furthermore, Nusing et al showed that EP;”" mice exhibited blunted
natriuresis in response to the NKCC2 inhibitor, furosemide (44). Nevertheless, an
induction of medullary NKCC2 was observed in both STZ and EPg'/ " STZ mice, while
cortical levels were unchanged. This can be attributed to the counter-current mechanism
in the ascending limb whereby the vast majority of salt reabsorption occurs in the
medulla, the location of the largest concentration gradients, which drive this transport
function (1, 2). On the other hand, NKA o-1 and aENaC were increased in both cortical
and medullary regions. AVP is also capable of activating ENaC through cAMP induction
(148). PGE; has been shown to regulate ENaC activity in cultured mouse cortical
collecting duct (149). Therefore we expected EP3; to modulate aENaC by inhibiting AVP
mediated increases in cAMP, however, no difference in aENaC was observed between
STZ and EP;”" STZ mice. Although AVP may modulate the B and y subunits of ENaC,
studies suggest that aldosterone not AVP primarily regulates the limiting subunit in the
assembly of the ENaC complex, aENaC (150). A larger increase in aENaC was observed
in the medulla and this likely reflects the larger proportion of ENaC containing principal
cells compared to intercalated cells in the medullary collecting duct (1, 2). NKA a-1 was

found to be equivalently increased in both STZ and EP;” STZ mice. As opposed to
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NKCC2 and aENaC, the largest increase was observed to occur in the cortex. NKA a-1 is
located throughout the nephron rather than localized to one segment and it facilitates salt
reabsorption back into the blood on the basolateral side of tubular epithelial cells (1, 2).
The largest proportion of salt reabsorption occurs in the cortical proximal tubule and this
may explain the larger increase in cortical NKA a-1 versus medullary NKA a-1 (1, 2).
Although we demonstrated that several major solute transporters are upregulated, STZ
injected mice exhibit severe diuresis and natriuresis. This is evidenced by the large daily
urinary excretion of salts and downward trend in plasma concentration of salts in both
STZ and EP;"" STZ mice.

We further characterized the increased urine output in these mice and found that
EP;”" STZ mice exhibited attenuated polyuria compared to STZ mice. Additionally, EP;”
STZ mice also showed attenuated polydipsia correlating with the reduction in urine
output. If decreased input were the only cause of the attenuated polyuria, one would
expect equivalent urine osmolality in both STZ mice. However, urine osmolality did not
match in both groups, with the EP;”” STZ mice showing an increase. This highly suggests
that not only are these mice drinking less, but they are also reabsorbing more water
through their aquaporins. Which effect drives the other is unknown at the moment and
warrants further investigation.

To characterize the changes in water reabsorption occurring at the level of the
kidney, we assessed the protein levels of the two major water transporters AQP1 and
AQP2. PGE; is heavily implicated in regulating the collecting duct water transporter,
AQP2, where EP3 is suspected to have a diuretic role by inhibiting AVP-mediated water

reabsorption. (59-62). We found that AQP2 is markedly downregulated in the cortex in
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STZ mice while AQP2 protein levels return to baseline in EPs” STZ mice. Additionally,
we found that AQP2 is markedly downregulated in the medulla in STZ mice while AQP2
protein levels were increased in EP;”~ STZ mice. Since AQP2 is only present in the
collecting duct, these expression levels represent the cortical and medullary collecting
ducts.

On the other hand, cortical AQP1 protein levels are equally reduced in both STZ
and EP;”" STZ mice. However, medullary AQP1 levels were also found to be reduced in
STZ mice but their expression was restored to baseline in EPs”" STZ mice. There are
controversial findings about AQP1/2 expression in STZ-induced diabetes (53-57). Some
studies have shown an increase in both expression and translocation of AQP1/2, whereas
others have shown either a decrease or no change in the expression of the proteins (52-
57). The results seem highly dependent on the stage of development of diabetes as well as
the strain of rodent being studied as discussed below (53-57).

AVP is the hormonal regulator of AQP2 in the collecting duct (1, 2). EP; has been
shown to modulate AVP responses in the kidney, particularly V2 receptor mediated
water-reabsorption in the collecting duct (62). Therefore, we measured urinary AVP
excretion rates. We found similar levels of urinary AVP excretion in WT and EP3'/ " mice.
However, STZ mice exhibit markedly elevated urinary AVP excretion. While EP;”" STZ
mice also show elevated urinary AVP excretion compared to EP;”" mice, it is
significantly attenuated compared to STZ mice. As discussed previously, EP; may affect
hypothalamic AVP secretion similar to EP, as demonstrated in EP,” mice (134).
However, the data suggests that EP;” STZ mice have enhanced water reabsorption

compared to STZ suggesting a role for EP; at the renal level. This is evident by the
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attenuated polyuria and increased urine osmolality in EPs”~ STZ. The fact that the EP;”
mice have lower urinary AVP excretion yet enhanced water reabsorption suggests the
cells are more sensitive to AVP stimulation. On the other hand, STZ mice seem to be
resistance to AVP stimulation due to enhanced water contraction and polyuria. It has
been suggested that diabetes mellitus may cause a form of partial nephrogenic diabetes
insipidus, a disease characterized by excessive thirst and excretion of large amounts of
severely dilute urine due to a deficiency in AVP production or insensitivity of the kidneys
to AVP (151). Secretion of AVP in response to osmotic stimuli is regularly reported to be
increased in type 1 diabetes (152-154). However, when diabetic patients were infused
with hypertonic saline, their urine osmolality remained lower than in non-diabetic
controls despite comparable plasma AVP concentrations (153). This suggests the
presence of renal resistance to the antidiuretic actions of AVP in type 1 diabetes (153).
Furthermore, urine osmolality in diabetic patients infused intravenously with AVP failed
to match that of non-diabetic patients and was severely reduced (155). Additionally,
urinary AQP2 concentrations after infusion of AVP were significantly higher in non-
diabetic patients compared to diabetic patients (155). This further emphasizes that
individuals with DM do develop some sort of resistance to AVP similar to what is
observed in diabetes insipidus. We postulate that EP5 is in part responsible for resistance
of the kidneys to AVP in DM. We show that EP; is upregulated in the cortex and medulla
of STZ mice. Persistent upregulation of EP; may inhibit AQP2 expression and
translocation in STZ mice, while EP;”” STZ mice can freely express AQP2 unopposed.
On the other hand, cortical AQP1 is not hormonally regulated and is

constitutively active in the proximal tubule (1, 2). The fact that both STZ and EP;”" STZ
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mice show reductions in cortical AQP1 suggest that reductions in this transporter
contributes the most to diabetic polyuria. This is in accordance to what occurs
physiologically where the bulk of filtered water is reabsorbed by AQP1 in the proximal
tubule. This is supported by the finding that selective proximal tubule AQP1 deletion in
mice prevents the ability to concentrate urine and renders them constitutively polyuric
(156). Medullary AQP1 is expressed in the descending loop of Henle and vasa recta and
is regulated by the medullary osmolar gradient (1, 2). The hypertonicity of the medullary
interstitium is created by the reabsorption of urea in the inner-medullary collecting duct
(IMCD) (1, 2). IMCDs have been shown to display decreased AVP-induced urea
permeability in response to PGE; (66). Given that STZ mice alone exhibit increased
medullary COX-2, it is likely that the medullary hypertonicity is not maintained.
Furthermore, PGE; possibly via EP, has been shown to increase hyaluronan production
by papillary interstitial cells, which decreases the interstitial gradient (69-71). We show
that STZ mice alone show an increase in medullary EP, mRNA while it is unchanged in
EP;” STZ mice. Upregulation of EP, may affect the papillary interstitial gradient and
contribute to decreased medullary AQP1, and consequently reduced water reabsorption.
To demonstrate a mechanistic link between EP; and AQP2 expression, we used
the M-1 cortical collecting duct cell line and stimulated the cells with AVP, high salt,
and/or sulprostone (SLP; EP3/EP; agonist). Unfortunately, M1 cells were unresponsive to
AVP and SLP stimulation. No change in AQP2, aENaC, or NKA a-1 protein expression
was observed. This is in accordance with a study published by Huang et al claiming that
M-1 cells are not responsive to AVP (157). High salt did not produce a change in AQP2

or aENaC protein expression. However, high salt was found to induce an upregulation of

95



NKA a-1 expression. This same finding was reported by Nasrallah et al in M-1 cells as
well (158).

Since M-1 cells could not demonstrate a mechanistic link between EP3 and AQP2,
we used in vitro microperfusion to assess the water transport function of microdissected
cortical collecting ducts (CCD) in response to AVP followed by SLP. We found that fluid
reabsorption was increased in WT CCDs in response to AVP and this effect was
attenuated but not completely abolished with SLP treatment. This is similar to what was
reported by Hebert et al in rabbit cortical collecting ducts (61, 62). CCDs derived from
EP;”" mice showed a similar increase in fluid reabsorption in response to AVP but were
unresponsive to SLP suggesting that EP; alone is mediating the SLP effect seen in WT
mice. Also, fluid reabsorption was similarly increased in STZ CCDs in response to AVP
but this effect was completely abolished with SLP treatment. CCDs derived from EP5”"
STZ mice showed a similar increase in fluid reabsorption with AVP but were
unresponsive to SLP. This again suggests that EP; alone mediates inhibition of AVP-
induced water reabsorption post the V2 receptor. This follows logically as PGE, binding
to EP; signals through Gi downregulating cAMP while AVP binding to the V2 receptor
signals through Gs upregulating cAMP making these two molecules opposed in their
mechanism of action. The fact that SLP was capable of completely abolishing the AVP
effect in the STZ CCDs alone suggests that these tubules are more sensitive to inhibition
of water reabsorption. This could be due to the increased expression of cortical EP;
mRNA leading to more EP; receptors, thus increasing the target sites for SLP. The fact
that CCDs derived from STZ mice show a similar response to AVP would suggest that

these tubules are not resistant to AVP contrary to what was presented earlier. Firstly, STZ
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tubules seem to be more susceptible to inhibition of AVP-mediated water reabsorption
with SLP. PGE, has a very short half-life and it is likely that by the time the tubule is
mounted for perfusion, the concentration of active PGE; is low (1, 2). Therefore, if the
resistance to AVP is mediated by PGE, binding to EP; as we proposed, then when the
tubule is placed in this artificial environment, this signaling pathway is suppressed.
Secondly, one cannot discount the role of the medullary collecting duct. The medullary
collecting duct consists of a larger proportion of AQP2-expressing principal cells (1, 2).
The rat IMCD shows larger increases in water reabsorption compared to mouse CCD in
response to AVP, however, this also might be due to differences in species (63, 66).
Furthermore, we show that medullary AQP2 is reversed beyond baseline in EP;” STZ
mice, suggesting that the inhibition of AQP2 by EP5 is more pronounced in the medullary
collecting duct. Therefore, a resistance of medullary collecting ducts to AVP responses
may occur in DM and this may contribute to polyuria and the inability to concentrate
urine.

Persistent polyuria can be damaging to the distal tubules, particularly the
collecting ducts which physiologically do not encounter such high flow rates (10). We
demonstrate that STZ mice have severely dilated collecting duct lumens in accordance
with their extreme polyuria while EP;” STZ mice still show this dilation, but it is
reduced correlative to their attenuated polyuria. In addition to luminal dilations, STZ
mice exhibited a large number of nuclear cysts in the lining of these dilated collecting
ducts while the number of these cysts was attenuated in the EP3'/ " STZ mice. These nuclei
appear to be emptied of their contents and appear atrophic. Similar structural changes are

reported in STZ-diabetic rats as well as other polyuric diseases including lithium-induced
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polyuria (88, 89, 91, 159). The nature of this damage is thought to be driven by both
polyuria and by the expression of paracrine mediators including PGE; and COX-2 (163).
PGE; activity can lead to PI3 kinase-PKB/Akt-mediated phosphorylation and inactivation
of GSK-3f enzyme activity by phosphorylation at the serine 9 residue, and pGSK-3f is
associated with microcyst epithelium (160-162). As COX-2 is upregulated in conditions
with negative salt balance and polyuria, as shown here in diabetes, the epithelium is
exposed to elevated concentrations of PGE,, which is free to exert its effects and produce
cysts. In contrast, a new report suggests that the microcyst formation in lithium-induced
polyuria occurs independent of COX-2 in rats (91). Use of a coxib did alleviate some
symptoms of this disease including urine concentrating ability (91). It is clear that COX-2
does play a role in the damage in polyuric conditions, however its role in cyst formation
is yet to be fully understood.

AVP is also known to inhibit cystogenesis in animal models orthologous to
human autosomal recessive polycystic kidney disease and in mice with medullary cystic
kidney disease by downregulating cAMP signalling, cell proliferation, and fluid secretion
(164-166). The direct role of AVP in cyst growth was demonstrated by crossing
polycystic kidney disease (PKD) rats with Brattleboro rats (i.e. AVP”). PKD AVP™ rats
had lower cAMP and almost complete inhibition of cystogenesis compared with PKD
AVP"" rats. Attenuated urinary AVP excretion in EP3'/ " STZ mice may account for the

reduction in nuclear cysts compared to STZ mice.
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4.5 Summary

PGE; and COX-2 are known to regulate urine output in pathologic polyuric states
including lithium-induced polyuria, diabetes insipidus, and postobstructive polyuria. This
is the first study to demonstrate a role for PGE,/COX2 and particularly EP3 in urine
output during diabetes mellitus. During diabetes, EP; appears to be upregulated and thus
actively opposes water reabsorption contributing to polyuria. Although renal AVP levels
are increased in STZ mice, these mice are polyuric and cannot concentrate their urine.
Resistance of diabetic mice to renal AVP might be mediated by EP;. Since polyuria is the
first renal manifestation in DM, it presents a lucrative therapeutic target to prevent
progression into DN. Furthermore, we show that EP3 plays a role in the early stages of
DN. EP; appears to regulate renal AVP levels as well as renal COX-2. These two
molecules have many implications on the early renal injurious processes including renal
enlargement, glomerular hyperfiltration, and albuminuria. Deletion of EP; recapitulates
many features of coxib treatment as well as AVP-V2 inhibition in early DN. This
highlights the potential benefit of antagonizing EP; during early DN without the

unwanted side effects of inhibiting all prostaglandin production.
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