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Abstract

Background: The collecting duct (CD) is a major site of both biosynthesis and action of
prostaglandin E, (PGEy) as highlighted by the predominant expression of cyclooxygenase-2
(COX-2) and some E-prostanoid (EP) subtypes at this nephron site. The purpose of this study was
to determine the relevance and mechanism of CD COX-2/PGEJ/EP; signaling for the regulation of
Na* hemostasis during Na* depletion.

Methods: Mice with Aqp2Cre-driven deletion of COX-2 (COX-2f/flAgp2Cre*) or the EP;
subtype (EP;TflAqp2Cre™) were generated and the Na*-wasting phenotype of these mice during
low-salt (LS) intake was examined. EP subtypes responsible for PGE,-induced local renin
response were analyzed in primary cultured mouse inner medullary CD cells.

Results: Following 28-day LS intake, COX-2f/flAqp2Cre* mice exhibited a higher urinary

Na* excretion and lower cumulative Na* balance, accompanied with suppressed intrarenal renin,
angiotensin 1, and aldosterone, expression of CYP11B2, and blunted expression of epithelial
sodium channel (ENaC) subunits compared to floxed controls (COX-2/flAqp2Cre™), whereas no
differences were observed for indices of systemic renin-angiotensin-aldosterone system (RAAS).
In cultured CD cells, exposure to PGE, stimulated release of soluble (pro)renin receptor,
prorenin/renin and aldosterone and the stimulation was more sensitive to antagonism of EP

as compared other EP subtypes. Subsequently, EP;f/flAqp2Cre* mice largely recapitulated Na*-
wasting phenotype seen in COX-2f/flagp2Cre* mice.
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Conclusions: The study for the first time reports that CD COX-2/EP; pathway might play a
key role in maintenance of Na* homeostasis in the face of Na* depletion, at least in part, through
activation of intrarenal RAAS and ENaC.

Cyclooxygenase-2; prostaglandin Ey; EPq receptors; intrarenal RAAS; ENaC; collecting duct

Introduction

A key function of the kidney is to retain Na* in response to Na* depletion so that

urinary Na* excretion is reduced to match restricted Na* intake. The Na™* retaining

action is indispensable for maintenance of plasma volume and blood pressure (BP).
Although multiple mechanisms are responsible for eliciting renal Na* retaining response,
the activation of the renin-angiotensin-aldosterone-system (RAAS) plays an essential rolel!].
The synthesis and secretion of renin from the juxtaglomerular (JG) cells of the kidney

is the rate-limiting step of activation of the RAASI2]. macula dense (MD)-dependent

renin secretion is mainly dependent on enhancement of MD cyclooxygenase-2 (COX-2)
expression that releases prostaglandin E, (PGEy) acting in a paracrine manner to activate
E-prostanoid receptor 4 (EP,) receptors in the JG cellsl3-5]. In these cells, activation of EP,4
receptors elevates intracellular cAMP that stimulates the release as well as expression of
renin [6-9],

Apart from the systemic renin-angiotensin-system (RAS), the existence of intrarenal RAS
has been demonstrated by a large body of experimental evidencel1%. In particular, renin

is expressed in the collecting duct (CD) where its expression is positively regulated by
angiotensin 11 (Angll), contrasting the negative regulation of JG renin by Angl1[1% 121,

At functional level, CD renin represents an important driver of intrarenal RAS mediating
the pathogenic role in hypertension development induced by infusion of pharmacological
doses of Angl1[13. 141 BP is elevated by CD overexpression of reninl*4] but decreased

by CD-specific deletion of renin[13] during Angl! infusion. In the Angll infusion model,
enhancement of expression of renin along with (pro)renin receptor (PRR) depends on
COX-2-derived PGE, via EP, receptors!l: 121 However, a potential physiological function
of prostaglandin (PG)-dependent activation of intrarenal RAS during Na* deletion has not
been tested by prior studies.

Within the kidney, the CD, composed of intercalated cells (ICs) and principal cells (PCs),

is a major site for both production and action of PGE,[15: 161, Indeed, COX-2 has recently
been localized to the ICs where PGE; is released and may act in a paracrine manner to
modulate Na* transport in the neighboring PCs of the CDIL7]. PGE, exerts its biologic
action through G protein-coupled E-proteinoid (EP) receptors designated EPq, EP,, EP3 and
EP4[181. Among the 4 EP subtypes, the expression of EP; and EP, receptors are detected

in the CDI8]. The present study attempted to examine the physiological function of CD
COX-2 in regulation of Na* homeostasis during Na* depletion and further to identify EPy
receptors as the responsible EP subtype that controls intrarenal RAAS and epithelial sodium
channel (ENaC).
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Materials and Methods

Animals.

The authors declare that all supporting data are available within the article (and its online-
only Data Supplement)

Aqgp2Cre-driven deletion of COX-2 (COX-2/flAqp2Cre*) mice, Aqp2Cre-driven

deletion of EP; (EP;f/flAqp2Cre*) mice, and floxed control (COX-2f/flAgp2Cre™ and
EP;/flAgp2Cre™) mice (3-month old) were all given free access to tap water and fed the
standard diet (Na*: 0.3% and K*: 1%). Mice were housed in a temperature- and humidity-
controlled room with a 12:12-h light-dark cycle. All animal studies were conducted with the
approval of the University of Utah Animal Care and Use Committee in accordance with the
National Institutes of Health Guide for the Care and Use of Laboratory Animals.

Statistical analysis.

Results

Data are summarized as means + SEM. Statistical analysis was performed by using one-
way analysis of variance (ANOVA) with the Bonferroni test for multiple comparisons,

by repeated measures ANOVA for the interaction (time x genotype), by unpaired student
ttest for two comparisons at either different time points or under different conditions/
treatments using IBM SPSS 19 software. Difference was considered to be significant when
the probability value was less than 0.05.

The rest of the Methods is available in the online-only Data Supplement.

Verification of Agp2Cre-driven COX-2 deletion.

cox-2fflAgp2Cre* mice were generated by crossing COX-2-floxed micelX9] with
Aquaporin 2 (Agp2)-Cre micel2%]. Figure S1A illustrates the gene targeting strategy.
cox-2fflaqp2Cre* mice were born at the expected frequency, had normal growth and
survival. PCR of DNA isolated from various organs from COX-2f/flAqp2Cre* mouse
demonstrated strong recombination in the kidneys with minor recombination in other organs
(Figure S1C). Renal protein expression of COX-2 was examined by immunofluorescence
with co-labeling with ani-AQP2 antibody as a marker for PCs of the CD. Within the

kidney, COX-2 was predominantly expressed in CD cells that were negative for AQP2
labeling, indicating ICs [17]. COX-2 labeling in ICs was reduced in COX-2f/flAqp2Cre*
mice as compared with floxed controls (Figure S2A). Compared with COX-2f/flAgp2Cre*
mice, COX-2/flagp2Cre* mice had 50% lower COX-2 mRNA expression in the renal
cortex and medulla under normal condition, and completely blocked low Na* (LS)-induced
upregulation of COX-2 mRNA expression in the renal medulla but not renal cortex (Figure
S2B). By immunoblotting analysis, there were no detectable differences in renal cortical

or medullary COX-2 protein between the genotypes on a normal Na* (NS) diet (Figure
S2C). Agp2Cre-driven COX-2 deletion completely abolished LS-stimulated COX-2 protein
expression in the renal medulla but not renal cortex (Figure S2C). By ELISA, 24-h urinary
PGE, excretion was not different between the genotypes under basal condition. In contrast,
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the increase of urinary PGE; excretion in response to 28-day LS intake was completely
abolished by Agqp2Cre-driven COX-2 deletion (Figure S2D). We detected EP4 mRNA
expression in the kidney regions by RT-gPCR. Under normal condition, Aqp2Cre-driven
COX-2 deletion increased EP4 mRNA expression in both renal cortex and medulla (Figure
S3). Interestingly, renal cortical EP4, mRNA was similarly elevated by LS intake in both
genotypes whereas there was no further increase in renal medullary EP4, mRNA in response
to LS intake in the null mice (Figure S3).

Agp2Cre-driven COX-2 deletion induced Na*-wasting phenotype during LS intake.

As shown in Table S1, under basal condition, both COX-2fflAgp2Cre* and
CcoXx-2flAqp2Cre™ mice had comparable food and water intake, body weight, urine
volume, urinary excretion of Na*, K*, and CI~, and plasma Na*, K*, and CI~ concentrations.
Within days of LS intake, a sharp decrease in 24-h urinary Na* excretion was similarly
observed in both genotypes but with continued LS intake, the value became higher

in COX-2Mflaqp2Cre* mice than COX-2M/flAqp2Cre™ mice (Figure 1A). As a result,
cumulative Na* balance was lowered in COX-2MflAgp2Cre* mice than COX-2MflAqp2Cre
mice, confirming the Na* wasting phenotype (Figure 1A). A small but statistically
significant reduction of plasma Na* concentration occurred in COX-2f/flAqp2Cre* mice
following 28-day LS intake as compared with floxed control (Table S1). However,
radiotelemetry detected no difference in BP between COX-2f/flAqp2Cre* mice and their
floxed controls under either normal salt or LS conditions (Figure S4).

ENaC, a major Na* transporter in the epithelial cells of the CD, is under the control of
aldosterone (Aldo) during Na* depletion. We therefore examined renal expression of the 3
subunits, a, B, and -y, in the two strains of mice on a NS or LS diet by immunoblotting
analysis. On a NS diet, COX-2f/flAgp2Cre* mice had lower a-ENaC but higher full-length
v-ENaC (fl-y-ENaC) protein expression in the renal cortex (Figure 1B) and medulla (Figure
1C) with unchanged B-ENaC expression in the two kidney regions (Figure 1B and 1C)

as compared with COX-2f/flAqp2Cre™ mice. In response to LS intake, protein expression

of ENaC subunits exhibited distinct responses with increases in both renal cortical and
medullary a-ENaC expression and cleavage of -y-ENaC (cl-y-ENaC) and in renal medullary
but not renal cortical B-ENaC protein expression (Figure 1B and 1C). In contrast, these
changes in all 3 subunits were attenuated in COX-2f/flAqp2Cre* mice (Figure 1B and 1C).
By RT-gPCR, Agp2Cre-driven COX-2 deletion significantly blocked LS-stimulated renal
cortical a-ENaC mRNA expression (Figure 1D) and renal medullary a-ENaC and pB-ENaC
mRNA expression (Figure 1E), but remarkably increased y-ENaC mRNA expression in both
renal cortex and medulla under NS condition (Figure 1D and 1E). Consistently, amiloride-
induced increases in urinary Na* excretion were decreased in COX-2f/flAqp2Cre* mice as
compared with COX-2/flAqp2Cre™ mice under LS condition (Figure 1F). These results
suggest that Agp2Cre-driven COX-2 deletion resulted in attenuated ENaC activity in the
face of Na* depletion.

Agp2Cre-driven COX-2 deletion blocked LS-induced activation of intrarenal RAS.

Activation of the RAS is a prerequisite for maintenance of Na* homeostasis in the face
of Na* depletion. However, the relative importance of systemic versus intrarenal RAS and
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its relationship with PGs are only partially understood. Therefore, we comprehensively
examined multiple parameters indicative of the two systems in COX-2//flAqp2Cre* and
cox-2flAqp2Cre™ mice on NS or LS intake. On a NS diet, there were no detectable
differences in 24-h urinary prorenin/renin and Angll excretion, urinary renin activity (Figure
2A), plasma prorenin/renin and Angll concentrations (Figure S4A & C), or plasma renin
activity (Figure S4B) between the genotypes. However, Agp2Cre-driven COX-2 deletion
significantly attenuated LS-stimulated 24-h urinary prorenin/renin excretion (13.08+2.94
vs. 54.80+7.48 ng/24h, p<0.05), urinary renin activity (0.43£0.10 vs. 1.54+0.33 ng/24h,
p<0.01), and 24-h urinary Angll excretion (0.25+0.04 vs. 1.12+0.18 ng/24h, p<0.01)

in COX-2MflAqp2Cre™ mice (Figure 2A). In contrast, LS-stimulated increase of plasma
prorenin/renin concentration (Figure S5A), plasma renin activity (Figure S5B), and plasma
Angll concentration (Figure S5C) were unaffected by Agp2Cre-driven COX-2 deletion.

In agreement with these results, Agp2Cre-driven COX-2 deletion remarkably inhibited LS-
induced upregulation of renal expression of PRR and prorenin protein and renin mRNA
expression in the renal medulla but not renal cortex (Figure 2C).

Aqgp2Cre-driven COX-2 deletion blocked LS-induced intrarenal Aldo biosynthesis.

Aldo derived from the adrenal glands through the activity of CYP11B2 (Cytochrome P450
Family 11 Subfamily B Member 2) is traditionally considered to act in an endocrine
manner to modulate Na* reabsorption in the Aldo-sensitive distal nephron, whereas the
contribution of intrarenal generation of Aldo to this phenomenon has not been tested by
any prior study. We examined status of Aldo biosynthesis in the kidney versus the adrenal
glands in COX-2MflAqp2Cre* mice and COX-2f/flAqp2Cre™ mice on NS or LS intake. We
performed ELISA to measure free and total Aldo from plasma and urine, and tissues, and
conducted immunoblotting and RT-gPCR to determined tissue CYP11B2 expression. The
basal parameters including urinary and plasma Aldo as well as tissue Aldo were largely
comparable between the genotypes except that renal medullary but not cortical Aldo content
was reduced in COX-2fflAqp2Cre* mice (Figure 3). LS intake significantly promoted
urinary free and total Aldo excretion (Figure 3A) and renal cortical and medullary Aldo
level (Figure 3B) in floxed mice, which were all abolished in COX-2f/flAgp2Cre* mice. In
contrast, plasma Aldo concentration and adrenal Aldo level were responsive to LS intake in
a similar extent between the genotypes (Figure S5D). Accordingly, we examined CYP11B2
MRNA and protein expression in the kidney regions and adrenal glands by RT-gPCR and
immunoblotting analysis, respectively. Consistent with the Aldo data, CYP11B2 protein
and mRNA expressions in renal cortex and medulla (Figure 3C & D) of floxed mice

were consistently upregulated by LS intake, which was abolished in COX-2/flAgp2Cre*
mice. In contrast, LS-induced increases in CYP11B2 expression in adrenal glands remained
unchanged in the null mice (Figure S5E & F). Additionally, we detected CYP11B1 mRNA
expression in the kidney regions and adrenal gland by RT-gPCR. Under normal condition,
Agp2Cre-driven COX-2 deletion significantly increased CYP11B1 mRNA expression in
renal cortex (Figure S6A) and medulla (Figure S6B) but not adrenal gland (Figure S6C).
LS intake enhanced CYP11B1 mRNA expression in renal cortex (Figure S6A) and medulla
(Figure S6B) but slightly decreased the levels of CYP11B1 mRNA in the adrenal gland
(Figure S6C) in the floxed mice. The effect of LS on CYP11B1 mRNA expression was
unaffected in the null mice (Figure S6).
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EP subtypes in PGE>-stimulated prorenin/renin and Aldo release from cultured IMCD cells.

We examined the direct effect of PGE,, a major prostanoid in the kidney, on the release of
soluble PRR (sPRR), prorenin/renin, and Aldo in primary cultured mouse inner medullary
collecting duct (IMCD) cellsi?2] and further determined the EP subtype involved. EP;

and EP, receptors are known to be the major EP subtypes expressed in the CD[18.

PGE, treatment for 24 h significantly stimulated sPRR, prorenin/renin, and Aldo secretion
(Figure S7). PRO20, a decoy inhibitor of PRR, almost completely abolished PGE2-induced
prorenin/renin and Aldo release (Figure S7B & C). An EP; antagonist SC-19220 abolished
the effect of PGE, on sPRR, prorenin/renin, and Aldo release (Figure S7TA-C). Relatively,
antagonism of EP3 or EP,4 receptors was less effective in that they failed to suppress the
release of prorenin/renin or Aldo despite the inhibitory effect on sSPRR (Figure STA-C). The
involvement of the EP, receptor was not examined in the present study mainly due to the
lack of an effective antagonist for this EP subtype.

Verification of Agp2Cre-driven EP; deletion.

To generate EP;-floxed mice, a targeting construct!22] was made wherein exon 2 of the

EP; gene was flanked by two loxP sites (floxed) and electroporated into mouse embryonic
stem cells. EP,-floxed mice were not different from wild-type (WT) mice and therefore
served as normal controls. EP4 floxed mice were crossed with Aqp2-Cre mice and termed as
EP,/flAgp2Cre* mice. Figure S8A illustrates the targeting strategy. EP;/flAqp2Cre* mice
were born at the expected frequency, had normal growth and survival. PCR of DNA isolated
from various organs from EP;/flAqp2Cre* mice demonstrated strong recombination in the
kidneys with minor recombination in brain and testis (Figure S8D). As compared with

EP, 1l Aqp2Cre™ mice, EP,/flAqp2Cre* mice had 50% lower EP; mMRNA expression in
the renal cortex and medulla (Figure S8E). Under normal condition, Agp2Cre-driven EPq
deletion increased EP, mRNA expression in renal cortex and medulla without affecting the
stimulation effect of LS on EP4, mRNA expression in these regions (Figure S9).

Agp2Cre-driven EP4 deletion induced Na* wasting phenotype during LS intake.

As shown in Table S2, under baseline conditions, male 3-mo-old EP;f/flAgp2Cre* mice

and EP;/flAqp2Cre™ mice had comparable food and water intake, body weight, urine
volume, urinary excretion of Na*, K*, and CI~, and plasma Na*, K*, and CI~ concentrations.
Following LS intake, EP;f/flAgp2Cre* mice had a similar reduction of 24-h urinary Na*
excretion within days but elevated values thereafter as compared with EP;/lAqp2Cre™ mice
(Figure 4A). As a result, EP,/flAqp2Cre* mice exhibited a reduced cumulative Na* balance
(Figure 4A) during LS intake. A small but statistically significant reduction of plasma Na*
concentration occurred in EP;f/flAgqp2Cre* mice following 28-day LS intake as compared
with EP;f/flAqp2Cre™ mice (Table S2). However, radiotelemetry detected no difference in
BP between EP;fflAgp2Cre* and EP;f/flAqp2Cre™ mice and under either normal salt or LS
conditions (Figure S10).

The renal expression of ENaC subunits in EP1/flAqp2Cre* and EP;/flAqp2Cre™ mice was
examined using immunoblotting analysis. On a NS diet, EP;/flAqp2Cre* mice had higher
full-length -y-ENaC protein expression in the kidney cortex (Figure 4B) and medulla (Figure
4C), as compared with EP;flAqp2Cre™ mice but without differences in expression of
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a-ENaC and B-ENacC in either renal cortex (Figure 4B) or medulla (Figure 4C). LS intake in
EP;/flAgp2Cre™ mice induced ENaC activation as evidenced by increased a-ENaC protein
expression and cleavage of -y-ENaC in both renal cortex and medulla, and B-ENaC protein
expression selectively in renal medulla but not renal cortex. The LS-induced changes in the
3 subunits were all significantly blocked by Agp2Cre-driven EP; deletion (Figure 4B & 4C).
By RT-gPCR, Agp2Cre-driven EP1 deletion remarkably blocked LS-stimulated renal cortical
a-ENaC mRNA expression (Figure 4D) and renal medullary a-ENaC and B-ENaC mRNA
expression (Figure 4E), but increased y-ENaC mRNA expression in both renal cortex and
medulla under NS condition (Figure 4D and 4E). The /n vivo ENaC activity as reflected

by amiloride-induced increases in urinary Na* excretion was significantly attenuated by
Aqgp2Cre-driven EP4 deletion during LS intake (Figure 4F).

Aqgp2Cre-driven EPq deletion blocked LS-induced activation of intrarenal RAS.

Agp2Cre-driven EP4 deletion attenuated the basal levels of 24-h urinary renin activity

and Angll excretion but not prorenin/renin content. Following LS intake, Aqp2Cre-driven
EP; deletion significantly blocked LS-stimulated 24-h urinary prorenin/renin excretion
(10.03+2.64 vs. 40.32+6.93 ng/24h, p<0.01), urinary renin activity (0.33+0.06 vs. 1.37+0.17
ng/24h, p<0.01), and 24-h urinary Angll excretion (0.28+0.05 vs. 1.09+0.14 ng/24h,
p<0.05) seen in EP;//fl Aqp2Cre™ mice (Figure 5A). In contrast, Aqp2Cre-driven EP;
deletion didn’t affect the basal or LS-stimulated plasma prorenin/renin concentrations
(Figure S11A), renin activity (Figure S11B), or Angll concentration (Figure S11C). The
protein abundances of prorenin, PRR, and sPRR in the renal cortex and medulla were
determined by immunoblotting analysis. RT-gPCR was performed to examine mRNA
expression of renin and PRR in the two renal regions. Following LS intake, parallel
increases were observed for protein abundances of prorenin and PRR/SPRR, and mRNA
expression of renin and PRR in both renal cortex and medulla of EP;f/flAqp2Cre™ mice.
Interestingly, Aqp2Cre-driven EP; deletion selectively blocked LS-induced increases in
protein abundances of prorenin and PRR/SPRR and mRNA expression of renin in the renal
medulla but not renal cortex (Figure 5B & C). Of note, similar results were obtained

with immunoblotting analysis of prorenin protein expression using two different antibodies
against prorenin.

Aqgp2Cre-driven EPq deletion blocked LS-induced intrarenal Aldo biosynthesis.

We assessed intrarenal and adrenal Aldo biosynthesis in EP41f/flAqp2Cre* and
EP,flAqp2Cre™ mice under NS or LS condition. On a NS diet, there were no

detectable differences in 24-h urinary Aldo excretion, intrarenal Aldo level, plasma Aldo
concentrations, and adrenal gland Aldo levels, renal and adrenal expression of CYP11B2
between the genotypes (Figure 6 & S8). In contrast, Aqp2Cre-driven EP1 deletion
abolished LS-induced urinary free and total Aldo excretion (Figure 6A) and renal cortical
and medullary Aldo content (Figure 6B) and CYP11B2 protein and mMRNA expression
(Figure 6C & D), whereas the increased plasma Aldo concentration and adrenal Aldo
content (Figure S8D) and CYP11B2 expression (Figure S8E & F) were unaffected. Under
normal condition, Agp2Cre-driven EP4 deletion significantly increased CYP11B1 mRNA
expression in renal cortex (Figure S12A) and medulla (Figure S12B) but not adrenal gland
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(Figure S12C). The effect of LS on CYP11B1 mRNA expression in both regions was
unaffected in the mice with Agp2Cre-driven EP; deletion (Figure S12).

Discussion

The purpose of our study was to determine the relevance and mechanism of CD COX-2/
PGE,/EP; signaling for the regulation of Na* hemostasis during Na* depletion. The
experimental approach mainly involves the generation and characterization of two strains
of mouse models with CD-specific deletion of COX-2 or the EP1 subtype in combination

of /n vitro analysis of EP subtypes responsible for PGE,-induced local renin response.

Our findings demonstrate that Aqp2Cre-driven deletion of COX-2 or EP4 receptors induced
Na*-wasting phenotype associated with suppressed renal expression of PRR, prorenin, and
CYP11B2 expression, renal Aldo, and urinary excretion of prorenin/renin, Angll, and Aldo,
all indicative of suppressed intrarenal RAAS. In contrast, LS-induced systemic RAAS
remained unchanged in either strain of the null mice. In addition, the two strains of null mice
also exhibited impairment of LS-induced activation of ENaC in the kidney.

The present study for the first time generated mice with Agp2Cre-driven deletion of

COX-2 by using Agp2-Cre and examined the phenotype during Na* depletion. While Aqp2
promoter was originally thought to be PC-specificl!3 231 increasing evidence shows that
this promoter was active before the I1C appears [24-27] supporting the conclusion that ICs
derive from AQP2 expressing cells during nephrogenesis?8: 291, Indeed, single-cell RNA-
seq identified a small fraction of hybrid cells expressing AQP2 (PC marker) and AE1 or
pendrin transcripts (IC marker) [30]. Therefore, Aqp2-Cre targets both PCs and ICs in the
CDs [31.32] n the present study, we found that IC expression of COX-2 was reduced in
cox-2flaqp2Cre* mice. As expected, urinary PGE, excretion, a reliable index of renal

PG synthesis, was elevated in floxed mice during Na* depletion. To our surprise, LS-induced
renal PGE; synthesis traditionally considered as being attributable to MD COX-2[33. 34]
was completely blocked by Agp2Cre-driven COX-2 deletion. This finding supports CD
rather than MD COX-2 as the predominant source of LS-simulated renal PGE, synthesis.

In agreement with this notion, COX-2fflAgp2Cre* mice developed Na*-wasting phenotype
over 28 days of LS intake as compared with floxed controls. It is interesting to note that the
difference in urinary Na* excretion between the genotypes didn’t become significant until
day 6 of LS intake. This result may suggest that a distinct mechanism may contribute to the
rapid decline of urinary Na* excretion in response to LS intake within days. The nature of
such mechanism remains elusive but could be related to alteration of renal hemodynamics
as a result of enhanced vasoconstriction induced by Angll. We would like to propose an
intriguing possibility that LS-induced rapid renal hemodynamic response may depend on
MD COX-2-dependent activation of systemic RAAS. In this way, COX-2 in the MD and

the CD may act in concert to coordinate Na*-retaining response within days and weeks. In
support of this notion, we have previously reported that 7-day LS induced COX-2 expression
in the MD but not in the renal medulla ). /n vitro evidence demonstrates that low CI~

is responsible for induction of COX-2 expression and PGE; release via rapid activation of
MAP kinasel33!. In the present study, we found that 28-day LS stimulated renal medullary
COX-2 expression. The cellular mechanism for the slow response of renal medullary COX-2
to LS remains elusive.

Hypertension. Author manuscript; available in PMC 2022 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Xu et al.

Page 9

Within the renal medulla, COX-2 expression has been detected in inner medullary interstitial
cells (RMICs) [15.36] ‘and ICs of CDs [16. 171, Several previous studies from our group

and others have shown that renal medullary COX-2 expression is induced in the RMICs by
as short as 7-day HS intake as a mechanism of promoting natriuresis(36-401. However, this
notion is at odds with the current observation of LS upregulation of renal medullary COX-2
expression. While the exact reason for this discrepancy is unclear, the cellular localization
of COX-2 induction during the two conditions appears different. In this regard, COX-2
expression is induced in RMICs by HS intake but in ICs by LS intake. It seems likely

that RMIC-derived PGE, may directly inhibit tubular ion transport to induce natriuresis[41]
during HS intake whereas as shown by the present study IC-derived PGE; activates
intrarenal RAAS to elicit Na* retaining response during LS intake.

The evidence from our previous study demonstrates that COX-2-dependent activation of
renal PRR and intrarenal RAS mediate elevated BP induced by Angll infusion (111, This
conclusion is largely based on the inhibitory effects of pharmacological inhibition of COX-2
on renal PRR expression and renal medullary and urinary renin levels induced by Angll
infusion (111, The present study has extended this observation in the following aspects. First,
the generation of Aqp2Cre-driven COX-2 deletion precisely mapped the action of COX-2

to the CD. Second, the present study for the first time examined the physiological role of
CD COX-2 in regulation of Na* balance during Na* depletion. Third, besides local PRR
and renin, renal Aldo synthesis is also under the control of COX-2-derived PGs, supporting
existence of the intrarenal RAAS. These results support an important physiological role of
COX-2-dependent intrarenal RAAS in regulation of Na* homeostasis independently of the
systemic RAAS. In this regard, COX-2/PGE; stimulates PRR/prorenin signaling to directly
increase CYP11B2 expression[21], or indirectly enhance CYP11B2 expression via activating
intrarenal AnglI/AT1R signaling[#2], resulting in Aldo synthesis in the CD in response to LS
intake.

The present study has defined a specific EP subtype, e.g. the EP; subtype acting downstream
of COX-2 in regulation of CD function during Na* depletion. In cultured IMCD cells,
antagonism of EP4 receptor completely abolished PGE,-induced sPRR, prorenin/renin, and
Aldo secretion whereas antagonism of EP3 or EP4 subtype effectively suppressed PGE,-
induced sPRR but failed to block the rise of prorenin/renin or Aldo levels, in agreement with
the report by Gonzalez et a/[*3 441, The potential mechanism may involve EP;-mediated
activation of PKC/cCAMP/CREB pathway!“3l. Indeed, the EP; subtype has been implicated
in modulating water and Na* transport in the CDI4%: 461, Given the broad roles of the

EP, in multiple tissue types, it is imperative to take a cell-specific strategy to address the
function of this EP subtype in the CD. In the present study we for the first time employed
homologous recombination strategy to generate mice with EP; floxed allele. The floxed
mice were indistinguishable from their WT controls. EP1-floxed mice were crossed with
Aqgp2-Cre mice to generate EP;/flAqp2Cre* mice. The null mice developed Na*-wasting
phenotype accompanied with suppressed intrarenal RAAS but unaltered systemic RAAS,
almost completely analogous to that of COX-2f/flAqp2Cre* mice. The two strains of null
mice also developed a similar extent of hyponatremia during LS intake. These results
suggest that the EP1 contributes to the Na*-retaining action of CD COX-2 via intrarenal
RAAS at least in the setting of Na* depletion. Whether other EP subtypes are involved
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remains elusive. In particular, the EP4 subtype couples with COX-2 to regulate intrarenal
PRR and renin during Angll-induced hypertension [11. 121, Furthermore, PGE, exhibited
delayed stimulatory effect on ENaC and Na* reabsorption by increasing intracellular cAMP
levels via EP, receptors in renal collecting duct cells [47]. Indeed, we found an increased
expression of EP,4 receptor in both mouse strains with Agp2Cre-driven deletion of COX-2
or EP4 receptors. This result may suggest a compensatory stimulation of EP4-dependent
pathways in the absence of EPq receptors or COX-2. It seems reasonable to speculate a
potential interaction between EP; and EP4 subtypes in regulation of Na* balance during Na*
depletion.

ENaC is a major Na* transporter on the apical membrane of the CD, playing a key role

in fine-tuning urinary Na* excretion during Na* depletion. In response to Na* depletion

or Aldo infusion in rats, renal ENaC is activated as highlighted by increased protein
expression of a-ENaC and the cleavage of -y-ENaC without a significant change in B-ENaC
protein expression[48 491 |n the present study, Na* depletion-induced increases in a-ENaC
protein expression and the cleavage of y-ENaC were similarly observed in the cortex

and medulla of floxed mice undergoing Na* depletion, and an increased B-ENaC protein
expression was seen in the medulla but not the cortex. In contrast, the changes in the

three subunits were all blocked by Agp2Cre-driven COX-2 or EP4 deletion, suggesting an
essential role of COX-2/EP; pathway in determining the ENaC response to Na* depletion.
The reason of the differential regulation on B-ENaC expression in the kidney regions is
unclear and may warrant future investigation. The activation of ENaC during Na* depletion
is traditionally attributed to Aldo released from adrenal glands, a key component of the
systemic RAASI®. 501 Relatively, intrarenal generation of Aldo particularly as it is related to
renal control of Na* handling is much less understood. The present study takes advantage
of CD-specific targeting of COX-2 and EP; subtype to avoid confounding influence

from non-CD cell types. Specifically, deletion of CD COX-2 or EP; subtype effectively
blocked LS-induced increases in renal and urinary Aldo and renal CYP11B2 levels without
affecting circulating and adrenal levels of these parameters. Our /in vitro data further showed
antagonism of EP; but not EP3 or EP4 abolished PGE,-stimulated Aldo secretion in cultured
IMCD cells. These results provide strong evidence to suggest that activation of ENaC during
Na* depletion is under the control of COX-2/EP;-dependent intrarenal but not adrenal
generation of Aldo. However, the human protein atlas and genecards showed that CYP11B2
expression was exclusively (https://www.proteinatlas.org/ENSG00000179142-CYP11B2/
tissue) or predominantly (https://www.genecards.org/cgi-bin/carddisp.pl?gene=CYP11B2)
expressed in human adrenal glands. While this data still needs to be verified, there appears
to be differences in extra-adrenal CYP11B2 expression between humans and rodents. The
functional role of CYP11B2 in the mouse kidney will be ideally addressed by generating
renal-specific deletion of CYP11B2.

We performed radiotelemetry experiments to measure BP in COX-2f/flAgp2Cre* and
EP;flAgp2Cre* mice and their respective floxed controls during LS intake. To our
surprise, no significant changes were observed in either null strain as compared with their
floxed controls under basal condition or following LS intake. Likely, despite salt-wasting,
the null strains were able to maintain normal BP, highlighting powerful compensatory
mechanisms in the face of Na* depletion. It’s well known that BP is controlled by multiple
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interdependent factors involving renal handling of Na* and plasma volume, vascular
reactivity, sympathetic nervous system, etc. In response to Na* depletion, the kidney plays
a key role in fine-tuning urinary Na* excretion to match Na* intake to reestablish Na*
balance. The current study contributes to identifying a local COX-2/EP; pathway during
renal handling Na* balance. However, the renal mechanism is not the only determinant of
BP at least during LS intake. Besides the renal mechanism, Na* depletion also enhances
vascular reactivity and stimulates synthetic nervous activity. For example, Kahlil et a/.
conducted myograph experiments to demonstrate that the reactivity and Ca2* mobilization
was elevated in aortic rings of rabbits on a LS diet!>2]. Rocks et a/. provided further evidence
that LS-induced vascular reactivity might be due to the altered counter-regulatory effect of
angiotensin-(1-7) on Angl132]. Evidence is also available to suggest activation of synthetic
nervous activity in response to LS intake. In this regard, Volpe et al. showed that plasma
norepinephrine concentration increased significantly during 7 days of LS intake, returning
to baseline after 30 days of the treatment[®3]. Likely, activation of vascular and neural
mechanisms may help maintain BP homeostasis in the KO mice following LS intake.

The present study has several limitations. For example, the specificity of AQP2-Cre-
mediated DNA recombination is not limited to in the ICs. A future study using an IC-
specific strategy such as the V-ATPase B1-Cre will be needed. Secondly, the measurement
of Angll and aldosterone was solely dependent on ELISA assay. The method is limited in
that the absolute values can vary significantly in different assays. Additionally, the antibody
against Angll in the assay may recognize Angll metabolites and therefore Angll ELISA kit
actually detects Angll plus its metabolites. Similarly, the Aldo ELISA kit is also known to
have cross-reactivity with other steroid hormones, especially 3, 5p-tetrahydroaldosterone
and corticosterone.

Perspectives

Activation of the systemic RAAS through macula densa COX-2-dependent renin release
from juxtaglomerular cells is thought to be essential for maintenance of Na* balance,
plasma volume, and BP during Na* restriction[# 5 35 54.55] _On the other hand, the CD

is an important site for production and action of PGE, with COX-2 being found in the
ICs. The present study has defined COX-2/PGE,/EP; pathway in the CD in maintaining
Na* homeostasis in response to LS intake through modulating the intrarenal RAAS and
expression of ENaC. This finding offers new perspectives on local mechanisms within the
distal nephron for regulation of Na* homeostasis.
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Novelty and Relevance
What |1s New?

We for the first time demonstrate that a local mechanism within the collecting duct (CD)
involving cyclooxygenase-2 (COX-2)-derived prostaglandin E; (PGE,) via E-prostanoid
receptor 1 (EP1) receptors might play a pivotal role in maintaining Na* homeostasis in
the face of Na* depletion by activating intrarenal renin-angiotensin-aldosterone-system
(RAAS) and epithelial sodium channel (ENaC).

What |s Relevant?

Na* is a major ion in the extracellular fluid that determines plasma volume and blood
pressure. Maintenance of Na* balance in the face of Na* depletion has been traditionally
thought to be a major function of the systemic RAAS. The present study uncovered a
novel role of intrarenal RAAS in the Na* regulatory process.

Clinical/Pathophysiological | mplications?

The present study comprehensively examined the role of CD COX-2 and EP4 in renal
Na* handling during 28-day low Na* intake and the underlying mechanism. Na*-wasting
phenotype was consistently observed in mice with Agp2Cre-driven conditional deletion
of COX-2 or EP; in the CD, accompanied with attenuated responses of intrarenal RAAS
and ENaC without affecting systemic RAAS. Overall, these results support existence of
Na*-retaining COX-2/PGE,/EP; pathway in the distal nephron.
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Figure 1.
Analysis of urinary Na* excretion, cumulative Na* balance, and renal expression of

epithelial sodium channel (ENaC) subunits in COX-2/flaqp2Cre™ and cOX-2fflAgp2Cre*
mice on a normal Na* (NS) or low Na* (LS) diet. (A) 24-h urinary Na* excretion

and cumulative Na* balance in COX-2//flAqp2Cre™ and COX-2fflAqp2Cre* mice on a
4-wk NS or LS diet. N = 10 per group. Data are mean £ SEM. *p<0.05, **p<0.01 vs.
cox-2fflAqp2Cre™ at the corresponding time period (unpaired Student’s ztest) (analysis
of the interaction [time x genotype] by repeated-measures ANOVA). (B, C) Immunoblotting
and densitometric analysis of ENaC subunits in the renal cortex (B) and medulla (C).
v-ENaC-probed membrane was stripped and re-probed with B-actin as an internal control
for equal loading of the samples. N = 3—4 per group for statistical analysis. Data are

mean + SEM. *p<0.05, **p<0.01, ***p<0.001 vs. NS; #p<0.05, #p<0.01, ## p<0.001 vs.
cox-2fflagp2Cre™ (ANOVA with the Bonferroni test). (D, E) RT-qPCR analysis of ENaC
subunits mRNA in the renal cortex (D) and medulla (E) with GAPDH as an internal control.
N = 5 per group. Data are mean + SEM. *p<0.05, **p<0.01 vs. COX-2/flaqp2Cre™+NS;
#p<0.05, #p<0.01 vs. COX-2fflAqp2Cre™+LS (ANOVA with the Bonferroni test). (F) /n
vivo ENaC activity as reflected by rapid natriuretic responses to amiloride. LS-loaded
cox-2flagp2Cre™ and COX-2MflAgp2Cre* mice were all subjected to a single dose of
amiloride (10 mg/kg by intraperitoneal injection) or vehicle treatment, followed by 5-h urine
collection, and shown was the change of 5-h urinary Na* excretion, determined by the delta
value of 5-h urinary Na* excretion of vehicle and amiloride treatment. N = 9-10 per group.

*kk

Data are mean + SEM. **p<0.001 vs. COX-2f/flAqp2Cre™+LS (unpaired Student’s ¢test).
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Responses of key components of the renin-angiotensin-system in urine and the kidney

of COX-2flAgp2Cre™ and COX-2f/flAgp2Cre* mice during normal-Na* (NS) and low
Na* (LS) intake. (A) The urine samples were assayed for total renin/prorenin, renin
activity, and angiotensin Il (Ang 11). N=9-11 per group. Data are mean + SEM. *p<0.05,
**n<0.01 vs. NS; #p<0.05, #p<0.01, ##p<0.001 vs. COX-2Mfl Aqp2Cre~ (ANOVA with
the Bonferroni test). (B) Representative immunoblotting and densitometric analysis of
(Pro)renin receptor (PRR) and prorenin expression in the renal cortex and medulla with
B-actin as an internal control. Prorenin-probed membranes were re-probed with anti-p-actin
antibody. N = 3—4 per group for statistical analysis. Data are mean = SEM. **p<0.01,

**% 00,001 vs. NS; #p<0.01 vs. COX-2M/flAqp2Cre~ (ANOVA with the Bonferroni test).
(C) RT-gPCR analysis of PRR and renin mRNA in the renal cortex and medulla with
GAPDH as an internal control. N = 5 per group. Data are mean + SEM. **p<0.01,

*+x 50,001 vs. COX-2fflAqp2Cre™+NS; #<0.05 vs. COX-2fflaAqp2Cre™+LS (ANOVA
with the Bonferroni test).
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Figure 3.
Responses of intrarenal aldosterone biosynthesis in COX-2f/flAqp2Cre™ and

cox-2Mflagp2Cre* mice during normal-Na* (NS) and low-Na* (LS) intake. (A, B)
Aldosterone levels in the urine (N=9-11 per group) (A), and renal cortex and medulla

(N=5 per group) (B) were determined by ELISA. Data are mean = SEM. *p<0.05, **p<0.01,
**%n<0.001 vs. NS; #p<0.05, # p<0.01, ##p<0.001 vs. COX-2MflAqp2Cre~ (ANOVA with
the Bonferroni test). (C) Representative immunoblotting and densitometric analysis of
CYP11B2 (Cytochrome P450 Family 11 Subfamily B Member 2) in the renal cortex

and medulla. CYP11B2-probed membranes were stripped and re-probed with anti-g-actin
antibody. N = 3—4 per group for statistical analysis. Data are mean = SEM. **p<0.01,

**% 00,001 vs. NS; ¥ p<0.001 vs. COX-2M/flaqp2Cre~ (ANOVA with the Bonferroni test).
(D) RT-gPCR analysis of CYB11B2 mRNA in the renal cortex and medulla with GAPDH
as an internal control. N=5 per group. Data are mean = SEM. *p<0.05, ***p<0.001 vs. NS;
##p<0.01, ¥ p<0.001 vs. COX-2MflAqp2Cre~ (ANOVA with the Bonferroni test).
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Figure 4.
Analysis of urinary Na* excretion, cumulative Na* balance, and renal epithelial sodium

channel (ENaC) expression and activity in EP4f/flAqp2Cre~ and EP;/flAgp2Cre* mice on
a normal-Na* (NS) or low-Na* (LS) diet. (A) 24-h urinary Na* excretion and cumulative
Na* balance in EP;f/flAqp2Cre™ and EP;f/flAgp2Cre* mice fed NS or LS diets. N =

10 per group. Data are mean + SEM. *p<0.05, **p<0.01 vs. EP;/flAqp2Cre~ at the
corresponding time period (unpaired Student’s ftest) (analysis of the interaction [time

x genotype] by repeated-measures ANOVA). (B, C) Immunoblotting and densitometric
analysis of ENaC subunits in the renal cortex (B) and medulla (C) in NS and LS treated
EP,flagp2Cre™ and EP4 /Tl Agp2Cre* mice. -y-ENaC-probed membrane was stripped and
re-probed with anti-B-actin antibody. N = 3—4 per group for statistical analysis. Data are
mean = SEM. *p<0.05, **p<0.01, ***p<0.001 vs. NS; #p<0.05, # p<0.01, ##p<0.001 vs.
EP, 1l Aqp2Cre~ (ANOVA with the Bonferroni test). (D, E) RT-qPCR analysis of ENaC
subunits mRNA in the renal cortex (D) and medulla (E) with GAPDH as an internal control.
N = 5 per group. Data are mean + SEM. **p<0.01, ***p<0.001 vs. EP;VflAqp2Cre=+NS;
###p<0.001 vs. EP1/flAqp2Cre™+LS (ANOVA with the Bonferroni test). (F) /n vivo ENaC
activity as reflected by rapid natriuretic responses to amiloride. LS-loaded EP;f/flAqp2Cre-
and EP;/flAqp2Cre* mice were all subjected to a single dose of amiloride (10 mg/kg by
intraperitoneal injection) or vehicle treatment, followed by 5-h urine collection, and shown
was the change of 5-h urinary Na* excretion, determined by the delta value of 5-h urinary
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Na* excretion of vehicle and amiloride treatment. N = 11 per group. Data are mean = SEM.
*** p<0.001 vs. EP, T/l Aqp2Cre™+LS (unpaired Student’s ftest).
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Responses of key components of the renin-angiotensin-system in urine and the kidney of
EP,flagp2Cre and EP, Tl Aqp2Cre* mice during normal-Na* (NS) and low-Na* (LS)
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angiotensin Il (Ang I1). N=10 per group. Data are mean £ SEM. *p<0.05, **p<0.01 vs.

NS; #p<0.05, #p<0.01, #*p<0.001 vs. EP;/flAqp2Cre~ (ANOVA with the Bonferroni test).
(B) Representative immunoblotting and densitometric analysis of (Pro)renin receptor (PRR)
and prorenin expression in the renal cortex and medulla with p-actin as an internal control.
Prorenin-probed membranes were probed with anti-p-actin antibody. N = 3—4 per group for
statistical analysis. Data are mean = SEM. *p<0.05, **p<0.01, ***p<0.001 vs. NS; #p<0.05,
##5<0.001 vs. EP,f/flAqp2Cre™ (ANOVA with the Bonferroni test). (C) RT-gPCR analysis
of PRR and renin mRNA in the renal cortex and medulla with GAPDH as an internal
control. N = 5 per group. Data are mean + SEM. **p<0.01 vs. EP;/flAqp2Cre~+NS;
##p<0.01 vs. EP,flAgqp2Cre*+NS, $$$p<0.001 vs. EP,/flAqp2Cre™+LS (ANOVA with the
Bonferroni test).
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Responses of intrarenal aldosterone biosynthesis in EP;f/flAqp2Cre™ and EP,f/flAqp2Cre*
mice during normal-Na* (NS) and low-Na* (LS) intake. (A, B) Aldosterone levels in

the urine (N=10 per group) (A), and renal cortex and medulla (N=5 per group) (B)

were determined by ELISA. Data are mean + SEM. **p<0.01, ***p<0.001 vs. NS;
#p<0.05, #p<0.01, #*p<0.001 vs. EP,M/flAqp2Cre~ (ANOVA with the Bonferroni test).
(C) Representative immunoblotting and densitometric analysis of CYP11B2 (Cytochrome
P450 Family 11 Subfamily B Member 2) in the renal cortex and medulla. CYP11B2-probed
membranes were stripped and re-probed with anti-B-actin antibody. N = 3—4 per group

for statistical analysis. Data are mean + SEM. **p<0.01, ***p<0.001 vs. NS; #p<0.05,
##p<0.01, ¥ p<0.001 vs. EP,fl Aqp2Cre~ (ANOVA with the Bonferroni test). (D) RT-
gPCR analysis of CYP11B2 mRNA in the renal cortex and medulla with GAPDH as an
internal control. N=5 per group. Data are mean + SEM. *p<0.05, **p<0.01, ***p<0.001 vs.
NS; #p<0.05, ¥ p<0.001 vs. EP,flAqp2Cre~ (ANOVA with the Bonferroni test).
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