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principal cell expression of aquaporin-2 (AQP2) water channels. Prostaglandin Ex (PGEy)
and prostaglanding, (PGF»,) increase the water absorption of the principal cell without
AVP, but PGE» decreases it in the presence of AVP. The underlying mechanism of this
paradoxical response was investigated here. Mouse cortical collecting duct (mkpCCDg14)
cells mimic principal cells as they endogenously express AQP2 in response to AVP. PGEo
increased AQP2 abundance without desmopressin (ADAVP), while in the presence of
dDAVP, PGE,, and PGFy, reduced AQP2 abundance. dDAVP increased the cellular
PGD» and PGE> release and decreased the PGF,, release. MpkCCD cells expressed
mRNAs for the receptors of PGE, (EP1/EP4), PGF, (FP), and TxB» (TP). Incubation with
dDAVP increased the expression of EP1 and FP but decreased the expression of EP4. In
the absence of dDAVP, incubation of mpkCCD cells with an EP4, but not EP1/3, agonist
increased AQP2 abundance, and the PGE,-induced increase in AQP2 was blocked with
an EP4 antagonist. Moreover, in the presence of dDAVP, an EP1/3, but not EP4, agonist
decreased the AQP2 abundance, and the addition of EP1 antagonists prevented the
PGE,-mediated downregulation of AQP2. Our study shows that in mpkCCDg14 cells,
reduced EP4 receptor and increased EP1/FP receptor expression by dDAVP explains
the differential effects of PGE» and PGF», on AQP2 abundance with or without dDAVP.
As the V2R and EP4 receptor, but not the EP1 and FP receptor, can couple to Gs and
stimulate the cyclic adenosine monophosphate (CAMP) pathway, our data support a view
that cells can desensitize themselves for receptors activating the same pathway and
sensitize themselves for receptors of alternative pathways.
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FIGURE 5 | Effect of different PGE, receptor agonists and antagonists on the AQP2 expression. MpkCCDs14 cells were grown for 8 days, either with our without 1 nM
dDAVP stimulation for the last 4 days and with or without 1 wM PGE, during the last 48 h. (A,B) Cells were incubated with1 M sulprostone (Sulp) or 300 nM
Caymani10580 (Cay) during the last 48 h. (C) Cells were incubated with 0.5 wM of EP4 antagonist Gw627368 (GW) or 2.5 nM of the EP4 antagonist L161982 (L)
during the last 48 h. (D) Cells were incubated with 20 uM of EP1 antagonist Sc-51089 (Sc) or 100 nM of EP1 antagonist Ono-8711 (Ono) during the last 48 h. Cells
were lysed and subjected to immunoblotting for AQP2. Molecular masses (in kDa) are indicated on the left. Nonglycosylated AQP2 (29 kDa) and
complex-glycosylated (40-45 kDa) forms of AQP2 are detected and densitometrically quantified. Significant differences from control (con, p < 0.05) are indicated by
an asterisk. Bars are mean values of 9 (A,B) or 6 (C,D) filters per condition (=SEM).

of PGE,; on the AQP2 expression in mpkCCD cells. The EP4  increased the expression of the EP1 receptor in mpkCCD cells
receptor can couple to Gs-stimulated cAMP generation, thereby ~ but decreased the expression of the EP4 receptor. Additionally,
activating the same pathway as AVP. Incubation with dDAVP  our experiments showed that the activation of EP1 is the pathway
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by which PGE; inhibits the dDAVP-induced AQP2 expression
in mpkCCD cells (Figure 6). The EP1 receptors can couple to
Gq and increase cytosolic Ca?t and activate protein kinase C
(PKC; Funk et al., 1993; Watabe et al., 1993). In microperfused
collecting ducts, the inhibitory effect of PGE; on AVP-stimulated
water permeability was dependent on the activity of PKC (Hebert
et al., 1990; Nadler et al., 1992). PKC activation also promotes
AQP2 endocytosis, similar to PGE, (Zelenina et al., 2000; Van
Balkom et al., 2002; Nejsum et al., 2005), and increases AQP2
ubiquitination, leading to lysosomal degradation (Kamsteeg
et al., 2006). This suggests that the EP1 activation will decrease
the AQP2 abundance by lysosomal degradation (Figure 6).

The expression of the FP receptor was increased by dDAVP
incubation in mpkCCD cells. As the activation of the FP
receptor inhibits water reabsorption, the increase in the FP
expression might be a compensatory mechanism to counteract
AVP stimulation, similar to the increase in the EP1 expression.

As no DP receptor was detected in mpkCCD,4 cells, the
role of the dDAVP-stimulated increase in the PGD; production

after dDAVP incubation is unclear. However, PGD, has been
shown to bind to the FP receptor with an affinity close to
that for the DP receptor, indicating that PGD, may act on
the FP receptor (Kiriyama et al., 1997). The increase in PGD,
might counteract the dDAVP-induced increase in the AQP2
expression, although levels are low compared with the PGE; and
PGF,, production.

While the TP receptor is expressed in mpkCCDc4 cells,
the expression of the IP receptor is inconclusive. Both
thromboxane and PGI, were produced in very low amounts
in mpkCCD¢j4 cells, and the production was not affected by
dDAVP. Whether these prostanoids have any role in water
reabsorption remains unclear.

Relation of the MpkCCD Cell System to the

in vivo Situation

A limitation of our study is that all experiments are performed
in mpkCCD cells. However, a problem with in vivo studies
investigating the effect of prostaglandins on the collecting duct is
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FIGURE 6 | Model of PGE,-mediated regulation of AQP2-mediated water reabsorption. (A) In the absence of AVP, the AQP2 expression is low and present in
intracellular vesicles. (B) PGE, stimulates water reabsorption by binding to the EP4 receptor, coupling to the Gs protein, leading to cAMP generation, followed by
AQP?2 transcription and translocation. (C) AVP increases the expression of AQP2 but also induces the expression of the AVP-counteracting EP1 receptor and reduces
EP4. (D) In the presence of AVP, PGE, decreases the AQP2 expression by stimulating EP1. Indicated are AC, adenylate cyclase; AQP2, aquaporin-2; AVP,
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vasopressin; CAMP, cyclic adenosine monophosphate; PKA, protein kinase A; PKC, protein kinase C; V2R, vasopressin V2 receptor.
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that these studies are complicated by the effect of prostaglandins
on AVP release and on medullary osmolality, both of which
will influence the AQP2 expression (Yamamoto et al., 1976;
Stoff et al, 1981; Hasler et al, 2005). To study the effect
of prostaglandins directly on principal cells, experiments were
performed in mpkCCD cells, shown to display the essential
functionalities characteristic of principal cells like the AVP-
regulated AQP2 expression and aldosterone-mediated sodium
transport via the epithelial sodium channel (Bens et al., 1999;
Hasler et al., 2002).

The major prostaglandins produced in our cell system were
PGE, and PGF,,, which is in agreement with in vivo findings,
showing that PGE; is the most abundant prostanoid in both
the renal cortex and medulla, followed by PGI, and PGF,, (Qi
et al., 2006). The synthases involved in the production of PGD5,
PGE,, and PGF,, are detected in the nephron (Vitzthum et al.,
2002; Sakurai et al., 2005), where the production of PGE; and
PGF,, has been shown to occur mainly in the collecting ducts
(Farman et al., 1987). Neither PGI synthase nor thromboxane
synthase mRNA is detected in any tubular structure (Vitzthum
et al., 2002).

The effects of prostaglandins on the AQP2 expression are
conferred by PG receptors. In mpkCCD,,4 cells, EP1, EP4, and
FP receptors are found, in agreement with expression in the
collecting duct (Breyer et al., 1998; Saito et al., 2003).

In line with our data showing the role of EP4 in the
stimulatory effect of PGE, on AQP2, a study by Gao et al.
demonstrates that disruption of EP4 in the collecting duct
impaired the urinary concentration by decreasing the AQP2
abundance and apical membrane targeting, providing evidence
that EP4 can regulate the urine concentration in vivo (Gao et al.,
2015). In addition, a selective EP4 agonist has been shown to
increase the urine osmolality, decrease the urine volume, and
increase the AQP2 expression in a mouse model for congenital
NDI (Li et al., 2009).

In agreement with our findings that the activation of the
EP1 receptor decreases the AVP-induced AQP2 expression, the
stimulation of the EP1 receptor has been shown to decrease
the vasotocin-induced osmotic water permeability of the frog
urinary bladder, a model system of the collecting duct (Bachteeva
et al,, 2007). In addition, EP1-knockout mice have a urinary
concentrating defect (Kennedy et al., 2007), and recent studies
show that PGE; does not decrease AVP-mediated water transport
in isolated collecting ducts of these mice (Nasrallah et al.,
2018). Taken together with the present data, this suggests that
EP1 conveys both acute and long-term modulation of the
V2R activity.

Furthermore, TP and IP receptors are mainly localized in
the glomerulus and vasculature, respectively, but have also
been located in the collecting duct (Takahashi et al., 1996;
Kombhoft et al., 1998), in agreement with the expression seen
in mpkCCD¢j4 cells. Based on our mpkCCD data, however, we
anticipated that the IP receptor does not have a major impact
on the principal cell AQP2 expression in the presence or absence
of AVP.

None of the receptors DP, EP2, and EP3 seems to be expressed
in mpkCCD,j4 cells. While DP is also not expressed in the

kidney, the presence of EP2 along the nephron is a matter
of considerable debate (Breyer and Breyer, 2000; Olesen and
Fenton, 2013). However, a previous study has shown that
functionally, the collecting duct can respond to the stimulation
of the EP2 receptor (Olesen et al., 2011).

The inhibitory effects of PGE; on AVP-induced water
reabsorption have, besides via the activation of EP1, also been
suggested to occur through the activation of EP3 (Hebert
et al., 1993; Fleming et al., 1998). Our cell model does not
express the EP3 receptor, which was found in vivo by the
in situ hybridization and RT-PCR on microdissected tubules
to be expressed in the collecting duct (Breyer et al, 1998).
However, a study using single-cell RNA-Seq of intercalated and
principal cells from the mouse kidney demonstrated that EP3
was selectively expressed in collecting duct-intercalated cells,
while EP1 and EP4 were expressed in the principal cells (Chen
et al.,, 2017). In addition, EP3-knockout mice exhibit a similar
urine-concentrating ability during basal conditions as well as in
response to AVP compared with wild-type mice, arguing against
a role of EP3 in the AQP2 regulation (Fleming et al., 1998). The
exact role of the EP3 receptor in the AQP2 regulation needs
further investigation.

Central Mechanism for the Differential
Effect of PGE> on AQP2 Expression

It is interesting to note that, while dDAVP increases the PGE,
production and release, the mRNA expression of the EP4
receptor is reduced, whereas that of the EP1 receptor is increased.
As both receptors are bound and activated by PGE,, these data
suggest that it is not the agonist per se that determines the
expression level of the receptors. Instead, our data indicate that
the signaling cascade that is mainly activated exerts a negative
feedback regulation on receptors stimulating the same pathway
and a positive feedback on receptors activating an opposite
pathway: dDAVP increases the cAMP-AQP2 pathway, which can
be stimulated by EP4, whereas EPI activates a pathway that leads
to a decreased AQP2 expression and water permeability.

The same antagonizing mechanism can be seen in response
to endothelin, which counteracts the AVP-mediated water
permeability (Edwards et al., 1993), and at the same time, leads
to an increased expression of the vasopressin V2 receptor in
the inner medullary collecting duct of the rat (Sonntag et al.,
2004). Similar to this antagonizing mechanism, dDAVP increases
the mRNA levels of the purinergic receptor subunit P2Y, in
mpkCCD cells and targets the subunits P2Y, and P2X; to
the plasma membrane, where the activation of these receptors
leads to the AQP2 internalization and a decrease in the water
permeability (Wildman et al., 2009). A similar mechanism can
be seen with the hormone angiotensin II, which increases renal
proximal sodium reabsorption but at the same time increases
expression of the D4 dopamine receptor in renal proximal tubule
cells, which activation will decrease sodium reabsorption, thereby
counteracting the direct effect of angiotensin II (Tang et al.,
2017).

In conclusion, our study shows that in mpkCCDj4 cells,
both PGE, and PGF,, decrease the dDAVP-stimulated AQP2
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abundance, while in the absence of dDAVP, PGE, increases AQP2
levels. Furthermore, our study suggests that EP4 mediates the
PGE;-induced increase in the AQP2 abundance in the absence
of dDAVP, while the PGE,-mediated decrease in the AQP2
abundance in the presence of dDAVP is likely mediated via
EP1. This paradoxical difference in response to PGE, is likely
explained by the different receptor subtype expression induced
by the dDAVP treatment, leading to an increase in EP1 and a
decrease in EP4.

Based on our data above that a negative feedback is mediated
by the signaling pathways activated instead of the agonist,
we hypothesized that in vivo AVP increases, besides AQP2,
the expression of EP1 and decreases the expression of EP4
receptors. Consequently, in conditions with the increased PGE,
release, such as with lithium-NDI or bilateral uteral obstruction,
the AVP-induced AQP2 expression would be reduced via the
activation of these EP1 receptors.
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