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Abstract
Aims/hypothesis The first clinical manifestation of diabetes is
polyuria. The prostaglandin E2 (PGE2) receptor EP3

antagonises arginine vasopressin (AVP)-mediated water reab-
sorption and its expression is increased in the diabetic kidney.
The purpose of this work was to study the contribution of EP3
to diabetic polyuria and renal injury.
Methods Male Ep3

−/− (also known as Ptger3−/−) mice were
treated with streptozotocin (STZ) to generate a mouse model
of diabetes and renal function was evaluated after 12 weeks.
Isolated collecting ducts (CDs) were microperfused to study
the contribution of EP3 to AVP-mediated fluid reabsorption.
Results Ep3

−/−-STZ mice exhibited attenuated polyuria and
increased urine osmolality compared with wild-type STZ
(WT-STZ) mice, suggesting enhanced water reabsorption.
Compared with WT-STZ mice, Ep3

−/−-STZ mice also had
increased protein expression of aquaporin-1, aquaporin-2,
and urea transporter A1, and reduced urinary AVP excretion,
but increased medullary V2 receptors. In vitro microperfusion
studies indicated that Ep3

−/− and WT-STZ CDs responded to

AVP stimulation similarly to those of wild-type mice, with a
60% increase in fluid reabsorption. In WT non-injected and
WT-STZ mice, EP3 activation with sulprostone (PGE2 ana-
logue) abrogated AVP-mediated water reabsorption; this
effect was absent in mice lacking EP3. A major finding of this
work is that Ep3

−/−-STZ mice showed blunted renal
cyclooxygenase-2 protein expression, reduced renal hypertro-
phy, reduced hyperfiltration and reduced albuminuria, as well
as diminished tubular dilation and nuclear cysts.
Conclusions/interpretation Taken together, the data suggest
that EP3 contributes to diabetic polyuria by inhibiting expres-
sion of aquaporins and that it promotes renal injury during
diabetes. EP3 may prove to be a promising target for more
selective management of diabetic kidney disease.
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SLP Sulprostone
STZ Streptozotocin
UT-A1 Urea transporter α1
V2R Arginine vasopressin receptor 2
WT Wild-type

Introduction

The earliest renal manifestation of poorly controlled diabetes
mellitus is increased urine flow rate or polyuria and a dimin-
ished ability to concentrate urine. High tubular glucose
concentration is a recognised initiating factor and persistent
hyperglycaemia may result in a primary defect in the
collecting ducts (CDs) rendering them impermeable to water
[1, 2]. The exact cause and consequence is unknown. Renal
prostaglandin E2 (PGE2) and cyclooxygenase-2 (COX-2) are
increased in humans with diabetes and in animal models of
diabetes [3–8]. Renal PGE2 promotes water reabsorption via
EP4 receptors and inhibits reabsorption via EP1 and EP3, but
its role in urine formation is not fully understood [9–13].

The EP3 receptor is of notable importance as it is highly
expressed in the CDs [14, 15], where water and urea transport
are hormonally controlled by the antidiuretic hormone argi-
nine vasopressin (AVP). PGE2 and the EP3/EP1 agonist
sulprostone (SLP) decrease cAMP and water permeability in
the rabbit cortical CD (CCD) through both pertussis toxin-
and staurosporine-sensitive mechanisms. EP3 also inhibits
membrane targeting of CD aquaporin-2 (AQP2) [9, 10].
Furthermore, inner medullary CDs display decreased AVP-
stimulated water and urea permeability in response to PGE2

[11, 16]. These findings suggest that the kidney may buffer
AVP-stimulated water and urea reabsorption through EP3.
Though AVP-mediated water flow via CD AQP2 is well
recognised, nothing is known about the role of EP3 in regu-
lating aquaporin-1 (AQP1). Cortical AQP1 in proximal
tubules contributes to the majority of water reabsorption,
and medullary AQP1 in the descending loops of Henle reab-
sorbs a smaller portion of water, a process that is regulated by
the medullary interstitial osmolar gradient [17].

Several animal models have been used to study the role of
PGE2/EP3 in urine formation. Ep3

−/− mice (also known as
Ptger3−/− mice) exhibit similar basal urine osmolality to
wild-type (WT) mice [18]. However, inhibition of PGE2 pro-
duction by indometacin increases urine osmolality in WT but
not Ep3

−/− mice, suggesting that EP3 contributes to urine con-
centrating function [18]. Furthermore, genetic deletion of the
purinergic receptor reduces lithium-induced polyuria, associ-
ated with a marked decrease in medullary EP3 [19]. PGE2

acting through EP3 may therefore modulate urine formation,
but only in pathophysiological states. As yet, no study has
assessed the role of EP3 in diabetic polyuria. Therefore, we
studied the contribution of PGE2/EP3 to diabetic polyuria,

AVP-mediated CCD water reabsorption, urine concentrating
function and diabetic injury in Ep3

−/− mice, with or without
diabetes induced by streptozotocin (STZ).

Methods

Animals All animal procedures were approved by the
University of Ottawa Animal Care Service. Mice were housed
two per cage, on a 12 h light–dark cycle, with free access to
standard chow and water. Ep3

−/− mice (C57BL/6) were
donated by R. M. Breyer (Vanderbilt University) [20]. Male
WT C57BL/6 mice were obtained from Charles River
(Wilmington, NC, USA). Diabetes was induced in 8-week-
old male mice with five daily intraperitoneal injections of
50 mg/(kg body weight) STZ (Sigma-Aldrich, St Louis, MO,
USA) or sodium citrate vehicle [21]. Four groups of mice were
studied:WT,Ep3

−/−,WT-STZ, andEp3
−/−-STZ; n=12–15mice

per group. Blood glucose was measured at 4 weeks post
injection to confirm hyperglycaemia (≥15 mmol/l). Blood was
collected when mice were killed for determination of various
plasma analytes by IDEXX laboratories (Markham, ON,
Canada). See ESM Methods for further details.

Metabolic cages and urine analysis At 10 weeks post STZ
administration, mice were placed in metabolic cages with free
access to water and food. Twenty-four hour urine output and
water intake were recorded following 24 h adaptation. Urine
osmolality was determined by freezing point depression
(Advanced Model 3MO Plus Osmometer; Advanced
Instruments, Norwood, MA, USA). Urine biochemistry was
performed by IDEXX laboratories. Twenty-four hour urine
albumin was quantified by Mouse Albumin ELISA (Bethyl
Labs, Montgomery, TX, USA) and AVP excretion rates were
measured using Arg8-Vasopressin ELISA (Enzo Life
Sciences, Farmingdale, NY, USA) and corrected for 24 h urine
output.

Estimation of glomerular filtration rate Glomerular filtra-
tion rate (GFR) was estimated in conscious mice, before they
were killed, by fluorescein isothiocyanate (FITC)-inulin
clearance [22]. Briefly, 5% FITC-inulin (Sigma-Aldrich)
dissolved in 0.9% saline (154 mmol/l NaCl) was dialysed
overnight and filtered. Mice were injected with 3.74 μl/(g
body weight) of FITC-inulin via the tail vein. Blood was
collected at 3, 7, 10, 15, 35, 55 and 75 min from the
saphenous vein into heparinised capillary tubes and cen-
trifuged. Samples were buffered in HEPES (500 mmol/l,
pH 7.4) and fluorescence was measured (excitation
488 nm/emission 538 nm). GFR was calculated using a
two-compartment clearance model [22].
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Histology and immunofluorescenceMicewere injectedwith
vehicle or STZ then euthanised by decapitation 12weeks later.
Trunk blood was collected for determination of plasma osmo-
lality. Glomerular and mesangial areas (20 glomeruli per
mouse) were viewed on periodic acid–Schiff (PAS)-stained
sections and CD luminal areas (50 CDs per mouse) were
quantified in a blinded manner. The number of nuclear cysts
in CD epithelium was quantified by visual inspection.
Immunofluorescence was performed on paraffin-embedded
sections blocked with 10% donkey serum–1% BSA for 1 h.
Sections were incubated with mouse AQP1 (ThermoFisher,
Ottawa, ON) or rabbit AQP2 antibody (Sigma-Aldrich). See
ESM Methods for further details.

Western immunoblotting Primary antibodies were applied to
nitrocellulose membranes overnight, followed by the respec-
tive anti-mouse or anti-rabbit secondary antibody (Promega,
Madison, WI, USA), applied for 90 min. Visualisation was
done on the AlphaImager System (ProteinSimple, San Jose,
CA, USA) with SuperSignal West Pico Chemiluminescent
reagents (Fisher, Ottawa, ON, Canada). β-Actin was used as
a loading control. Densitometric analysis was performed using
ImageJ (NIH, Bethesda, MD, USA). See ESM Methods for
further details.

Quantitative PCR RNAwas extracted with TRIzol Reagent
(Life Technologies, Carlsbad, CA, USA) as per manufac-
turer’s guidelines and treated with DNAse I. EP1–4 receptors
were measured by quantitative PCR with the ABI Prism 7000
system using specific Taqman probes and primers and One-
step RT-PCR master mix [8]. A 6-point standard curve was
performed for each run using mouse cortex RNA 4.7–100 ng.
Expression was normalised to GAPDH (TaqMan Rodent
GAPDH; Applied Biosystems, ThermoFisher, Ottawa, ON,
Canada). The stability of GAPDH expression in WT-STZ
mouse cortex compared with WT mice was verified by
normalisation with 18S and β-actin as internal controls.

In vitro microperfusion Mice were euthanised at 12 weeks
post STZ administration and CCDs were microdissected for
in vitro microperfusions and measurement of net fluid reab-
sorption (Jv). [3H]Inulin (2775 kBq/ml) was used as a volume
marker. In control periods, three collections were made for
calculation of basal Jv following 30 min equilibration.
Tubules with a negative basal Jv were discarded. AVP
(10−8 mmol/l; Sigma-Aldrich) was added to the bath and three
10 min collections were made. SLP (10−7 mmol/l; Sigma-
Aldrich) was then added with five additional 10 min collec-
tions. Mean Jv was calculated from the three highest collec-
tions. See ESM Methods for further details.

Statistics Graphpad Prism (San Diego, CA, USA) was used
for data analysis. Values are expressed as means ± SEM.
Statistical analysis was done using one-way ANOVA follow-
ed by Tukey’s post hoc test. Significant difference was set at
p<0.05. Two-way ANOVA was also performed and signifi-
cance was indicated in the results sections. Samples were
randomised within groups. No data were excluded or omitted
from reporting. All measured parameters were included in the
results section.

Results

Polyuria and urine concentrating function in Ep3
−/−-STZ

miceAt 12 weeks post STZ, blood glucose was elevated three-
fold and urine glucose to about 135 mmol/l. Polyuria and poly-
dipsia were observed in both diabetic groups but were attenu-
ated by 20–35% in Ep3

−/−-STZ mice (only the changes in urine
glucose and volume were significant by two-way ANOVA)
(Table 1). Urine osmolality was reduced by 50% in diabetic
mice, compared with non-diabetic mice, but the reduction was
attenuated in Ep3

−/−-STZ mice (1,164±40 mOsm/kg) com-
pared with WT-STZ mice (899±10 mOsm/kg). Plasma osmo-
lality was increased in WT-STZ mice (402±20 mOsm/kg)
compared with WT (320±5 mOsm/kg), and reduced back to

Table 1 Ep3
−/−-STZmice exhibit

attenuated polyuria and polydip-
sia and have improved urine con-
centrating function despite
hyperglycaemia and glucosuria

Variable WT Ep3
−/− WT-STZ Ep3

−/−-STZ

Plasma glucose (mmol/l) 9.0 ± 1.0 7.8 ± 1.0 27.5 ± 4.0* 26.9 ± 4.0†

Urine glucose (mmol/l) 2.7 ± 0.1 2.1 ± 0.2 135.0 ± 0.1* 136.0 ± 0.1†

Urine output (ml/24 h) 0.6 ± 0.1 0.7 ± 0.1 29.6 ± 2.0* 19.8 ± 2.0†‡

Water intake (ml/24 h) 4.2 ± 0.4 3.2 ± 0.4 35.9 ± 2.0* 28 ± 3†‡

Plasma osmolality (mOsm/kg) 320 ± 5 328 ± 8 402 ± 20* 356 ± 5‡

Urine osmolality (mOsm/kg) 2,350 ± 200 2,340 ± 100 899 ± 10* 1,164± 40†‡

Urine Na+ (mmol/l) 142 ± 9 143 ± 10 23.0 ± 0.4* 24.0 ± 0.5†

Urine Cl− (mmol/l) 247 ± 20 244 ± 10 35.6 ± 0.7* 34.8 ± 1.0†

Urine K+ (mmol/l) 242 ± 20 213 ± 6 35.4 ± 2.0* 36.6 ± 3.0†

Data are means ± SEM; n= 5–15 per group

*p< 0.05 vs WT; † p< 0.05 vs Ep3
−/− ; ‡ p < 0.05 vs WT-STZ

1320 Diabetologia (2016) 59:1318–1328



356±5 mOsm/kg in Ep3
−/−-STZ mice. This effect was sig-

nificant by two-way ANOVA. Urine concentrations of
sodium, potassium and chloride were decreased by 80–90%
in WT-STZ and Ep3

−/−-STZ mice. Plasma analytes were un-
changed between WT-STZ and Ep3

−/−-STZ mice, including
sodium, potassium, glucose, blood urea nitrogen and creati-
nine (data not shown).

AQP1 and AQP2 in Ep3
−/−-STZ mice The majority of renal

water reabsorption occurs through AQP1 in the proximal
tubule [17]. Cortical AQP1 analysed by western blot was
reduced by 50% in both STZ groups (Fig. 1a) and was local-
ised to the proximal convoluted tubules (Fig. 2a). AQP1 fluo-
rescence intensity was similarly reduced in the cortex of dia-
betic mice (Fig. 2b). Neither analysis was significant by two-
way ANOVA.

The maintenance of an interstitial osmolar gradient partly
depends on AQP1 in the medullary thin descending limbs and
vasa recta [17]. Western blot analysis of medullary AQP1
showed a 50% reduction in STZ mice that was abrogated in
Ep3

−/−-STZ mice (Fig. 1b) Immunofluorescence analysis
showed that AQP1was increased by 25% in the outer medulla
(non-significant) in Ep3

−/−-STZmice compared withWT-STZ
mice, expressed in pars recta of proximal tubules as demon-
strated by their tall cuboidal epithelium (Fig. 2c, d). Inner
medullary AQP1 was increased by 50% in Ep3

−/−-STZ mice

compared with WT-STZ mice, localised to the descending
loop of Henle, with squamous epithelium and large lumen
(Fig. 2e, f). The medullary changes in AQP1 in both western
blot and immunofluorescence analyses were also significant
by two-way ANOVA.

AQP2 is hormonally regulated by AVP and mediates CD
water reabsorption [17]. Cortical and medullary AQP2,
analysed by western blot, decreased by 50% inWT-STZ com-
pared with WT mice (Fig. 1c, d). Cortical AQP2 was in-
creased by 50% (Fig. 1c) and medullary AQP2 was increased
threefold in Ep3

−/−-STZ mice compared with WT-STZ
(Fig. 1d). We showed the same trends by immunofluores-
cence, but the magnitude of the increase was greater in the
inner medulla (Fig. 3). AQP2 was reduced by 30 and 80% in
the cortex and medullary regions of WT-STZ mice compared
with WT mice (Fig. 3b, d, f) and was increased by 50% in
cortical CDs and threefold in outer medullary CDs of Ep3

−/−-
STZ mice compared with WT-STZ mice (Fig. 3a–d).
However, AQP2 in inner medullary CDs was elevated four-
fold in Ep3

−/−-STZ mice compared with WT-STZ mice
(Fig. 3e, f). The changes in AQP2 revealed by western blot
and immunofluorescence were all significant by two-way
ANOVA.

In vitro microperfusion Since baseline water reabsorption is
absent or low in isolated CCDs, AVP was used to stimulate
water reabsorption. AVP increased Jv by 70% in both WT
and Ep3

−/− mice (Fig. 4a, b). SLP completely reversed the
AVP-stimulated Jv in WT mice (Fig. 4a). In Ep3

−/− mice, SLP
did not inhibit AVP-stimulated Jv, which remained at 50–70%
above baseline (Fig. 4b). In WT-STZ and Ep3

−/−-STZ mice,
AVP increased Jv by 70% with respect to baseline (Fig. 4c,
d). SLP completely reversed the AVP-stimulated Jv in
WT-STZ mice (Fig. 4c) but not Ep3

−/−-STZ mice, where Jv
remained elevated at 50–70% above baseline (Fig. 4d). AVP
time course experiments were performed on WT CCDs for
80 min following an established baseline for 20 min, and con-
firmed that the AVP response is maintained at 50–70% above
baseline (p<0.05; n=5) throughout the experimental period

Urinary AVP excretion rate and medullary V2 receptor
and urea transporterα1 expressionAVP levels are elevated
in diabetes despite the presence of polyuria and inability to
adequately concentrate urine [1, 23–27]. Since we observed
changes in AQP2, which is physiologically regulated by AVP,
wemeasured urinary AVP excretion [17].WTand Ep3

−/−mice
showed a similar urinary AVP excretion rate (207 and 194 pg/
24 h, respectively) (Fig. 5a). Both STZ groups exhibited in-
creased AVP excretion rates compared with their vehicle-
injected cohorts (2,924 pg/24 h for WT-STZ mice and
1,809, pg/24 h for Ep3

−/−-STZ mice). However, the AVP uri-
nary excretion rate was reduced by 40% in Ep3

−/−-STZ mice
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Fig. 1 Ep3
−/−-STZ mice express increased cortical AQP2 and medullary

AQP1/AQP2 compared with WT-STZ mice. Representative western blot
and densitometric analyses of cortical (a) and medullary AQP1 (b) and
cortical (c) and medullary AQP2 (d) in WT, Ep3

−/−, WT-STZ (STZ) and
Ep3

−/−-STZ mice. Data are presented as fold of WT, means ± SEM, n=6.
**p<0.01 and ***p<0.001 vs WT; ††p<0.01 and †††p<0.001 vs Ep3

−/−;
‡‡p<0.01 and ‡‡‡‡p<0.0001 vs STZ
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compared with WT-STZ mice (Fig. 5a). This effect was sig-
nificant by two-way ANOVA.

AVP increases water reabsorption and expression of
AQP2 by binding to the AVP V2 receptor (V2R) on CD
principal cells [17]. Cortical and medullary V2R was
increased 50% and 80% in Ep3

−/−-STZ mice, respective-
ly, compared with STZ mice (Fig. 5b, c). AVP can also
bind to V2R to increase urea transporter α1 (UT-A1) in
the inner medullary collecting duct (IMCD) and conse-
quently increase urea reabsorption, which is necessary
to maintain urine concentrat ing funct ion [28] .
Medullary UT-A1 was reduced by 50% in WT-STZ
mice compared with WT mice, but was increased three-
fold in Ep3

−/−-STZ mice compared with WT-STZ mice
(Fig. 5d). This effect was significant by two-way
ANOVA.

Renal COX-2 and EP receptor expression COX-2 expres-
sion is increased in diabetes and contributes to renal functional
and structural changes [6–8, 29]. Cortical and medullary
cyclooxygenase-1 (COX-1) levels remained unchanged in
all groups relative to WT mice (Fig. 6a, b). COX-2 was in-
creased by 50% in the cortex and by 2.5-fold in the medulla of

WT-STZ mice compared with WT mice (Fig. 6c, d). Cortical
COX-2 was decreased by 50% and medullary COX-2 by two-
fold in Ep3

−/−-STZ mice compared with WT-STZ (Fig. 6d).
Cortical Ep1 (also known as Ptger1) mRNA was

expressed at similar levels in all mouse groups but medul-
lary expression was increased twofold in WT-STZ mice
compared with WT mice (Fig. 7a). Expression of Ep1
mRNA was reduced twofold in Ep3

−/−-STZ medulla com-
pared with WT-STZ medulla (Fig. 7a). Cortical and medul-
lary Ep2 (also known as Ptger2) mRNA expression was
similar in all groups (Fig. 7b). Cortical Ep3 mRNA expres-
sion was increased by 50%, while medullary Ep3 mRNA
was increased by twofold in WT-STZ mice compared with
WTmice (Fig. 7c). Ep3mRNAwas absent in Ep3

−/− groups.
Expression of cortical Ep4 (also known as Ptger4) mRNA
was similar in all groups while medullary Ep4 mRNA ex-
pression was increased by 50% in WT-STZ mice (Fig. 7d).
As shown in Fig. 7e, we confirmed that GAPDH expression
is stable in the cortex of WT-STZ mice compared with WT
mice, justifying the use of GAPDH as an internal control in
our diabetic studies. As shown, GAPDH expression nor-
malised to 18S or β-actin was similar in WT and WT-STZ
mouse cortex.
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CD dilation and cysts Polyuria has been associated with CD
injury, inducing dilation and formation of nuclear cysts in

various models of polyuria [30–32]. As shown in Fig. 8a,
CDs were unremarkable with respect to dilation and presence
of nuclear cysts inWTand Ep3

−/−mice. Markedly dilated CDs
were observed in WT-STZ mice with a twofold increase in
luminal area compared with that of the vehicle-injected WT
mice (Fig. 8a, b, arrows). CD luminal area remained elevated
in Ep3

−/−-STZ mice compared with Ep3
−/− mice; however, the

elevation was attenuated by 20% compared with WT-STZ
mice (Fig. 8a, b). Nuclear cysts were present in the CD lining
in both STZ-injected groups, with the incidence being 30%
lower in Ep3

−/−-STZ mice (7.97±1 cysts per field in WT-STZ
mice; 5.26±1 cysts per field in Ep3

−/−-STZ mice; Fig. 8a, c,
asterisk). The effects on CD cysts and dilation were significant
by two-way ANOVA.

GFR and renal hypertrophy Increased GFR and urinary
albumin excretion are key features of early diabetic kidney
disease [33]. As shown in Table 2, WT and Ep3

−/− mice
exhibit similar GFRs. GFR was increased by 50% in WT-STZ
mice with a twofold increase in urinary albumin excretion. In
contrast, GFR was reduced by 20% in Ep3

−/−-STZ mice com-
pared withWT-STZmice but the reduction in albumin excretion
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rate was non-significant (Table 2). The difference in GFR was
significant by two-way ANOVA.

Persistent hyperglycaemia and hyperfiltration can lead to
glomerular and tubular hypertrophy and consequently over-
all kidney growth [33]. As shown in Table 2, body weight
was reduced by 20% in WT-STZ mice compared with WT
mice, and increased by 10% in Ep3

−/−-STZ mice compared
with WT-STZ mice. WT and Ep3

−/− mice exhibited similar
kidney weight corrected for tibia length (KW/TL), while
WT-STZ mice showed a 30% increase in KW/TL compared
with WT mice. Ep3

−/−-STZ mice showed a 10% reduction
in KW/TL compared with WT-STZ mice. This effect was
significant by two-way ANOVA. Glomerular area was in-
creased by 25% in both STZ-injected groups when com-
pared with WT mice (ESM Fig. 1 a, b) but the change in
mesangial area was non-significant (ESM Fig. 1 a, c).

We also analysed markers of cell growth and fibrosis.
WT and Ep3

−/− mice expressed similar levels of p21, p27,
fibronectin (FN) and TGF-β (Fig. 9a–h). Cortical and
medullary p21 and p27 were reduced by twofold
(Fig. 9a–d) and FN and TGF-β were reduced by 60% in
Ep3

−/−-STZ mice compared with WT-STZ mice (Fig. 9e–
h). The effects on cortical and medullary p21 and p27
were significant by two-way ANOVA, whereas only those
on cortical TGF-β and FN were significant.

Discussion

This study demonstrates the major role of PGE2 EP3 receptors
in the diabetic kidney and the process of diabetic polyuria. Ep3
deletion did not affect urine formation in the basal state, but
Ep3

−/−-STZ mice display attenuated polydipsia and improved
urine and plasma osmolality, suggestive of increased renal
water reabsorption. We show that cortical and medullary
AQP2 and medullary AQP1 and UT-A1 are reduced in WT-
STZ mice and increased in Ep3

−/−-STZ mice, suggesting that
the medullary osmolar gradient is maintained. The role of EP3
in CD fluid reabsorption is confirmed by in vitro tubular per-
fusion, whereby SLP reverses AVP fluid reabsorption only in
Ep3

+/+ mice and not in Ep3
−/− mice.

Urinary AVP excretion rate is increased in WT-STZ mice
and attenuated in Ep3

−/−-STZ mice, consistent with reports in
rodent models of diabetes and in diabetic patients [3–8], pre-
sumably to prevent water contraction as a result of persistent
polyuria [1, 2]. We propose that PGE2 acts on EP3 to buffer
AVP. InWT-STZmice, cortical and medullary COX-2 protein
and Ep3 mRNA are increased, with decreased V2R and re-
duced CD AQP2. Ep3

−/−-STZ mice have attenuated AVP and
COX-2, as well as reduced hyperfiltration and hypertrophy
compared with WT-STZ mice, consistent with previous stud-
ies of chronic exposure to elevated AVP and COX-2 [3–8].
Our study is the first to show that EP3 regulates p21 and p27,
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which are reduced in Ep3
−/−-STZ mice compared with WT-

STZ mice. TGF-β and FN were reduced in Ep3
−/−-STZ mice,

suggesting that lower levels of COX-2 and AVP may protect
against diabetic injury (growth and fibrosis). EP2 and EP4
were reduced in the WT-STZ mouse kidney, consistent with
previous findings in STZ mice [8], and are likely not involved
in these effects. EP1 was either unchanged or increased, but in
STZ kidneys EP3 expression was the highest. EP1 is also
likely involved in fibrotic responses, but the overall
mechanism may be similar, modulating intracellular calcium
directly via EP1 or indirectly via EP3, which reduces cAMP
leaving calcium unopposed. Future studies will clarify this
possibility.

Polyuria, polydipsia and diminished urinary concentrating
function are consistently reported in models of diabetes, but
studies of renal AQP1 and AQP2 expression are conflicting
depending on the species, strain or stage [34–38]. We show that
AQP1 and AQP2 are decreased throughout the kidney regions
in WT-STZ mice, and this effect is reversed in Ep3

−/−-STZ
mice. AQP2 effects are greater in the inner medulla, consistent
with a predominant presence of principal cells containing
AQP2 in the terminal CD. Ep3

−/−-STZ mice have a lower uri-
nary AVP concentration than WT-STZ mice, yet enhanced

water reabsorption, suggesting their principal cells are more
sensitive to AVP. WT-STZ mice seem to be resistant to AVP,
with increased AVP and polyuria compared with Ep3

−/−-STZ
mice. Renal V2R expression is reduced in WT-STZ mice com-
pared with WT mice, but is increased in Ep3

−/−-STZ mice,
suggesting the presence of partial nephrogenic diabetes
insipidus, characterised by excessive thirst and excretion of
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Table 2 Ep3
−/−-STZ mice exhibit attenuated GFR and kidney weight

corrected for tibia length

Variable WT Ep3
−/− WT-STZ Ep3

−/−-STZ

GFR (μl/min) 211 ± 20 240 ± 10 332 ± 10* 269 ± 20†

AER (μg/24 h) 19 ± 3 14.1 ± 4.0 39.3 ± 6.0* 28.2 ± 6.0

KW (mg) 170 ± 7 178 ± 5 211 ± 6* 197 ± 5

KW/TL (mg/m) 9.7 ± 0.3 10.3 ± 0.3 12.4 ± 0.3* 11.1 ± 0.3†

BW (g) 30.7 ± 1.1 34.5 ± 0.9 24.5 ± 0.4* 26.6 ± 0.7†

Data are means ± SEM, n= 5–15 per group

*p< 0.05 vs WT; † p < 0.05 vs Ep3
−/−

AER, albumin excretion rate; BW, body weight; KW, kidney weight; TL,
tibia length0
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large amounts of severely dilute urine due to insensitivity of the
kidneys to AVP. AVP is secreted in response to osmotic stimuli
[1, 2, 39], but when diabetic patients were infused with hyper-
tonic saline, their urine osmolality remained low when com-
pared with non-diabetic individuals despite comparable plasma
AVP, suggesting renal resistance to the antidiuretic actions of
AVP [1]. Furthermore, when compared with non-diabetic indi-
viduals, diabetic patients infused intravenously with AVP had
severely reduced urine osmolality and urinary AQP2 [40].
Persistent upregulation of EP3 reduces V2R and AQP2 in
STZ mice, whereas AQP2 is maintained in Ep3

−/−-STZ mice
since V2R are restored to WT levels, indicating that EP3 is
responsible for renal resistance to AVP.

EP3 agonism inhibited CCD AVP-stimulated Jv, as reported
in rabbit CCDs [9, 10]. However, greater changes in AQP1,
AQP2 and V2R were noted in the medulla than in the cortex.
Others have also observed larger AVP-mediated water re-
sponses in rat IMCDs compared with rodent CCDs, possibly
due to species differences [11, 18, 41]. Ep3

−/−-STZ mice show
increased medullary AQP2 compared with WT-STZ and
Ep3

−/− mice, suggesting an enhanced sensitivity to AVP.
Immunohistochemistry demonstrates that AQP2 is in-
creased in IMCD. We also show increased medullary
AQP1 in Ep3

−/−-STZ mice, whereas cortical AQP1 is re-
duced equivalently in both diabetic groups. Proximal tubule
AQP1 contributes to the majority of water reabsorption in
the kidney [17]. Cortical AQP1 is reduced in both STZ-

injected groups concomitant with polyuria, suggesting its
role in diabetic polyuria. AQP1 in the descending loop of
Henle is responsible for less water reabsorption, and is reg-
ulated by the medullary interstitial osmolar gradient [17].
We show enhanced UT-A1 expression in Ep3

−/−-STZ mice,
suggesting increased urea recycling from the IMCD into the
interstitium. UT-A1 is also regulated by AVP, and its in-
crease is likely due to increased V2R, consistent with a
study showing decreased AVP-induced urea permeability
in PGE2-stimulated IMCD [16]. Medullary AQP1 was in-
creased in our study, particularly in the descending loops of
Henle of the inner medulla. Therefore, we conclude that
Ep3

−/−-STZ mice have improved urine concentrating func-
tion due to enhanced urea recycling and increased AQP1 in
nephron loops.

Increased COX-2 has been linked to hyperfiltration, hy-
pertrophy and albuminuria in various rodent models of di-
abetes [3–8] and COX-2 inhibitors prevent these features
[3, 5–7]. COX-2 is reduced in Ep3

−/−-STZ mice, with atten-
uated hyperfiltration and hypertrophy and reduced markers
of cell growth (p21 and p27) and fibrosis (TGF-β and FN).
Long-term induction of AVP has also been linked to ne-
phropathy [42]. For example AVP-deficient STZ-
Brattleboro rats were resistant to hyperfiltration, albumin-
uria and hypertrophy [42]. Ep3

−/−-STZ mice have lower
urinary levels of AVP and this may protect against
hyperfiltration and renal hypertrophy.
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Prolonged polyuria can be damaging to CDs that physio-
logically do not encounter high flow rates [2]. WT-STZ mice
had severely dilated CD lumens; the dilation was reduced in
Ep3

−/−-STZ mice correlative to their attenuated polyuria. The
WT-STZ mice also exhibited a large number of nuclear cysts
in the dilated CDs, with this number being reduced in Ep3

−/−-
STZ mice. Similar structural changes have been reported in
STZ-diabetic rats and other polyuric diseases including
lithium-induced polyuria [30, 43, 44]. This damage may be
due to increased flow and expression of paracrine mediators
including PGE2 [44]. AVP inhibits cystogenesis in animal
models of polycystic kidney disease by downregulating
cAMP, cell proliferation and fluid secretion [45]. Attenuated
urinary AVP in Ep3

−/−-STZ mice may account for the reduc-
tion in cysts compared with STZ mice.

In summary, PGE2 and COX-2 regulate urine output in path-
ological polyuric states. This is the first study demonstrating a
role for COX-2/PGE2/EP3 in diabetic polyuria. EP3 is upregu-
lated during diabetes mellitus and thus actively opposes water
reabsorption, contributing to polyuria. Although urinary AVP is
increased in WT-STZ mice, these mice are polyuric and cannot
concentrate their urine. Resistance of WT-STZ mice to renal
AVP might be mediated by EP3 which reduces V2R levels.
Since polyuria is an early manifestation of diabetes, it presents
a lucrative target to prevent disease progression. EP3 regulates
renal AVP and COX-2, both implicated in early renal injury
including enlargement, hyperfiltration and albuminuria.
Deletion of EP3 recapitulates many features of coxib treatment
as well as V2R inhibition in early diabetic nephropathy. This
highlights the potential benefit of antagonising EP3 as a more-
targeted therapy in diabetes.
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