Upregulation of Aquaporin 2 Water Channel Expression in Pregnant Rats
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Abstract

Water retention is characteristic of pregnancy but the
mechanism(s) of the altered water metabolism has yet to be
elucidated. The collecting duct water channel, aquaporin 2
(AQP2), plays a pivotal role in the renal water regulation,
and we hypothesized that AQP2 expression could be modi-
fied during pregnancy. Sprague-Dawley female rats were
studied on days 7 (P7), 14 (P14), and 20 (P20) of pregnancy,
and expression of AQP2 in papillae was examined. Non-
pregnant (NP) littermates were used as controls. Plasma os-
molalities were significantly lower in pregnant rats by day 7
of gestation (P7 283.8+-1.82, P14 284.3+1.64, P < 0.001, P20
282.4+1.32, P < 0.0001, vs. NP 291.8+1.06 mosmol/kgH,0).
However, plasma vasopressin concentrations in pregnant
rats were not significantly different than in nonpregnant
rats (NP 1.03+0.14, P7 1.11+0.21, P14 1.15+0.21, P20
1.360.24 pg/ml, NS). The mRNA of AQP2 was increased
early during pregnancy: AQP2/3 actin: P7 196+17.9, P14
200*6.8, and P20 208+15.5%, P < 0.005 vs. NP (100=
11.1%). AQP2 protein was also increased during pregnancy:
AQP2 protein: P7 269+10.0, P14 251+12.0, P < 0.0001,
and P20 250+13.6%, P < 0.001 vs. NP (100+12.5%). The
effect of V2 vasopressin receptor antagonist, OPC-31260,
was then investigated. AQP2 mRNA was suppressed signif-
icantly by OPC-31260 administration to P14 rats (AQP2/B
actin: P14 with OPC-31260 39.6+1.7%, P < 0.001 vs. P14
with vehicle) and was decreased to the same level of expres-
sion as NP rats receiving OPC-31260. Similar findings were
found with the analysis of AQP2 protein. The decreased
plasma osmolality of P14 rats was not modified by OPC-
31260. The results of the study indicate that upregulation of
AQP2 contributes to the water retention in pregnancy
through a V2 receptor-mediated effect. In addition to vaso-
pressin, other factors may be involved in this upregulation.
(J. Clin. Invest. 1998. 101:1076-1083.) Key words: vaso-
pressin « V2 vasopressin receptor antagonists « water reten-
tion « pregnancy « hypoosmolality
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Introduction

Pregnancy is characterized by a 30-50% increase in extracellu-
lar fluid, plasma, and blood volume in different mammalian
species, including humans and rats (1, 2). Whereas most of the
water is isoosmotically retained, an associated hypoosmolality
and hyponatremia are observed during the first trimester of
pregnancy and are sustained until full term (3, 4). The mecha-
nism of this water retention in pregnancy has been addressed
in several investigations. The physiological situation of preg-
nancy is of particular interest, because while water retention
and hypoosmolality of the degree observed in pregnancy sup-
press arginine vasopressin (AVP)! release and cause a water
diuresis in the nonpregnant state, this is not the case in preg-
nancy (5). Indeed, AVP release has been demonstrated to be
regulated normally around a new steady state of water reten-
tion, which suggests a “resetting” of the osmoreceptors during
pregnancy (3, 6). In addition, it has been demonstrated that
the osmotic threshold for thirst is also lower in pregnancy, thus
facilitating the water retention (7). An alteration in the intrin-
sic sensitivity of the osmoreceptors and/or primary arterial va-
sodilation has been proposed for this resetting phenomenon of
pregnancy (2, 8)*.

Recently, aquaporin 2 (AQP2), the vasopressin-sensitive
water channel, has been cloned and located in the principal
cells of the kidney collecting duct (9). Vasopressin stimulates
water permeability of the apical membrane in the collecting
duct, and recent reports indicate that vasopressin regulates
AQP2 function and expression. Regulation of water transport
across the renal principal cells depends on two mechanisms.
First is the rapid action of AVP to increase the water perme-
ability of the apical membrane of principal cells by translocat-
ing the AQP2 water channels from cytosolic vesicles to the
plasma membranes (10, 11). This short-term effect is mediated
by the V2 receptor—dependent increase of cAMP and may in-
volve cAMP-dependent phosphorylation of AQP2 (12). Sec-
ond, long-term regulation of collecting duct water permeabil-
ity is characterized by an increase in AQP2 mRNA and
protein content as illustrated in dehydrated rats (13) and by
the infusion of AVP into diabetes insipidus (Brattleboro) rats
(14). AQP2 protein appears to be more representative of the
long-term regulation because of its stability and long half-life,
compared with the AQP2 mRNA, which has a very short half-
life (15).

In this study, we hypothesized that there is an increased ex-
pression of AQP2 water channels in pregnancy. Therefore,
this study was undertaken to compare the AQP2 expression
between nonpregnant and pregnant rats in renal inner medulla
(papilla). To further elucidate the mechanism of AQP?2 regula-
tion during pregnancy, the effect of a nonpeptide V2 vaso-

1. Abbreviations used in this paper: AQP2, aquaporin 2; AVP, argi-
nine vasopressin; NP, nonpregnant; P7, pregnant on day 7 of gesta-
tion; P14, pregnant on day 14 of gestation; P20, pregnant on day 20 of
gestation.



pressin receptor antagonist (OPC-31260) was examined on
AQP2 expression, water excretion, and plasma osmolality in
both nonpregnant and pregnant rats.

Methods

Materials

Sprague-Dawley pregnant and nonpregnant female rats aged 12-14 wk
(Charles River Laboratories, Portage, MI) were used for all experi-
ments. The rats were housed in a controlled environment and kept in
filter-top microisolators. Animals were allowed free access to tap wa-
ter and food (0.44% sodium and 22.5% protein, ProLab 3000; Ag-
way, Inc., Syracuse, NY) until the time of study. The protocol was
approved by the University of Colorado Health Sciences Center Ani-
mal Care and Use Committee. Two female rats were housed with one
male in the same cage for 3 d. Determination of the gestational day
was made by observation of the vaginal plug. The plug day was con-
sidered to be day zero. In the balance experiments, animals were
housed individually in metabolic cages (Nalgene; Nalge Co., Roches-
ter, NY). To acclimate them to the metabolic cages, rats were housed
in the cages for 24 h 3-5 d before the balance experiments. These
cages provide a good separation of urine and feces with the combina-
tion of a collecting funnel and a separating cone in the lower cham-
ber. The urine was collected twice a day and frozen until analysis.
Water and food intake were checked once a day. Animals in meta-
bolic cages were subjected to 12-h light—-dark cycles.

Experimental protocols

Protocol I: AQP2 gene expression in pregnant versus nonpregnant
rats. On day 7 (P7), day 14 (P14), or day 20 (P20) of gestation (full
term is 21-22 d), pregnant rats and paired nonpregnant (NP) rats
were killed by decapitation to avoid any influence on AVP status by
anesthesia. Trunk blood was collected, and kidneys were harvested
and maintained on ice during dissection of the cortex and medulla.
Papillae were carefully dissected from medulla, frozen, and stored in
liquid nitrogen until extraction of total RNA and protein.

Protocol II: Effect of V2 vasopressin receptor antagonist, OPC-
31260, on AQP2 gene expression in NP versus pregnant (P14) rats.
On day 11 of gestation, pregnant rats were housed individually in
metabolic cages. Placebo or nonpeptide V2 receptor antagonist,
5-dimethylamino-1-[4-(2-methylbenzoylamino)-benzoyl]- 2,3,4,5-tetra-
hydro-1H-benzazepine hydrochloride (OPC-31260; kindly pro-
vided by Otsuka America Pharmaceutical, Inc., Rockville, MD) was
then administered by subcutaneous injection (15 mg/kg twice per
day) from day 11 to the morning of day 14 of gestation (72 h adminis-
tration). A 24-h balance study was conducted from day 13 to day 14
of gestation. After the balance study, the rats received the last admin-
istration of placebo or OPC-31260, and were killed by decapitation 4 h
later. Trunk blood was collected, and kidneys were harvested under
ice. Groups of pregnant and NP rats were also examined after 42 h of
OPC-31260 administration (from day 12 to day 14) to evaluate
mRNA AQP2 expression.

Plasma sodium levels were measured using a CX3 analyzer
(Beckman Instruments, Inc., Fullerton, CA), and plasma osmolalities
were determined by freezing point depression (Advanced Instru-
ments, Inc., Norwood, MA). Plasma AVP concentrations were mea-
sured by RIA as described previously (16). Rat AVP antibody (2849)
for AVP RIA was generously provided by Dr. Jacques Durr (Veter-
ans Affairs Medical Center, Bay Pines, FL).

Northern blot analysis

Total RNA from papillae was isolated from the aqueous phase of a
simplified guanidium thiocyanate protocol using TRIzol Reagent
(Life Technologies, Inc., Gaithersburg, MD). The total RNA (1.5-5
wg) was then size-fractionated on a 1.0% agarose/6% formaldehyde
gel and subsequently transferred to a nylon membrane and ultravio-
let cross-linked. The blots were prehybridized in Rapid-Hyb buffer

(Amersham Corp., Arlington Heights, IL) for 20 min at 65°C before
addition of the labeled probe. The probe used for AQP2 consisted of
an 850-bp segment from the rat gene as described previously (17).
This probe was labeled using [*?P]dCTP and Redi-prime random
primer labeling kit (Amersham Corp.), denatured by boiling for 5
min, and added to the prehybridization solution. The membranes
were hybridized at 65°C for 2 h and then washed three times with 2X
SSC and 0.1% SDS for 20 min at room temperature, and twice at
65°C for 30 min with 1X SSC and 0.1% SDS. The membranes were
exposed to BIOMAX MS film (Eastman Kodak Co., Rochester, NY)
overnight at —70°C. Membranes were then hybridized to a cDNA
fragment of B actin gene which served as an internal control.

Densitometry results are reported as integrated values (area X
density of the band), corrected by B actin expression density, and ex-
pressed in percentage compared with the mean value in controls
(100%).

Western blot analysis

The rabbit polyclonal antibody against AQP2 was prepared by Gene-
med Biotechnologies, Inc. (South San Francisco, CA) using a syn-
thetic peptide (CELHSPQSLPRGSKA) from the carboxy terminus
of AQP2 (18). The peptide was conjugated to keyhole limpet
hemocyanin by a cysteine sulthydryl linkage. Test bleedings were
screened by ELISA. Final titers were reported to be > 100,000. Pro-
tein samples were obtained from the organic phase of the TRIzol re-
agent extraction procedure. Briefly, after removing the aqueous
phase containing RNA, the interphase and the lower layer of phenol/
chloroform containing proteins were further purified. The DNA was
precipitated with 100% ethanol and then removed. Proteins were
precipitated with acetone, and the protein precipitate was sedimented
at 5,000 g for 2 min at 4°C. The pellet was dissolved in 1% SDS by
sonication and spun at 5,000 g for 2 min. The protein content of the
supernatant for each sample was measured using the Bradford
method (Bio-Rad Laboratories, Richmond, CA). The proteins were
separated on denaturing SDS/12.5% polyacrylamide gels by electro-
phoresis as described previously (19). Proteins were then transferred
to a polyvinylidene difluoride membrane (Millipore Corp., Bedford,
MA) by wet electroblotting for 75 min. Blots were blocked overnight
at 4°C with 5% nonfat dry milk in TBS-T, pH 7.5 (20 mM Tris base,
137 mM NaCl, 0.1% Tween 20). Blots were incubated with AQP2 an-
tibody (1:750 dilution) for 90 min at room temperature and then
washed. Blots were then incubated with the second antibody (donkey
anti-rabbit IgG conjugated with horseradish peroxidase, diluted 1:1,500;
Amersham Corp.) for 1 h. Subsequent detection of the specific pro-
teins was carried out by enhanced chemiluminescence (ECL; Amer-
sham Corp.) according to the manufacturer’s instructions. To control
for equal loading, the membranes were stained for Coomassie blue.
Prestained protein markers (Sigma Chemical Co., St. Louis, MO)
were used for molecular mass determinations. Some Western blots
were performed with deglycosylated protein extract samples to dem-
onstrate that the wide band seen between 35 and 45 kD was the gly-
cosylated AQP2 protein and not other nonspecific binding. These
samples were deglycosylated by an 18-h incubation with peptide N4
(N-acetyl-B glucosaminyl) asparagine amidase (N-glycanase; Gen-
zyme Corp., Cambridge, MA) at 37°C.

Densitometry results are reported as integrated values (area X
density of the band) and expressed in percentage compared with the
mean value in controls (100%), corrected by total protein concentra-
tion.

Immunohistochemistry

Tissue blocks prepared from the kidney inner medulla were postfixed
with 4% paraformaldehyde for 2 h, then infiltrated with acrylamide,
embedded in OCT compound, frozen in liquid nitrogen, and stored at
—80°C until further procedures were performed. Cryosections (6 pm)
cut on Tissue-TEK® cryostat (Miles Inc., Elkhart, IN) were collected
on charged slides. After washing in PBS, the cryosections were first
incubated with 0.1% Triton X for solubilizing the membranes, then
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Table 1. Plasma Osmolality, Sodium Concentration, and
Vasopressin Concentration in Pregnant and NP Rats

Plasma Plasma
Group n osmolality sodium AVP
mosmol/kgH,O mM pg/ml
Nonpregnant control 17 291.8+1.06  138.4+0.74 1.03+0.14
Pregnant Day 7 18 283.8+1.82* 136.0+£0.84* 1.11x0.21
Pregnant Day 14 12 2843+1.64*% 136.3%+0.64* 1.15%0.21
Pregnant Day 20 12 282.4%1.32% 134.9+042* 1.36+0.24

Values are mean=SE. *P < 0.05, * P < 0.001, P < 0.0001 pregnancy vs.
nonpregnancy.

0.5% BSA for blocking nonspecific binding, and then with the anti-
body against AQP2 (1:500) for 1 h at 37°C. The labeling was visual-
ized using fluorescein-conjugated goat anti-rabbit antibody, diluted
1:100 (Jackson ImmunoResearch Labs, West Grove, PA), and incu-
bated for 1 h at 37°C. Between each of these procedures, samples
were washed in PBS three times for 5 min each at room temperature.
Micrographs were taken on an Axiophot (Carl Zeiss, Berlin, Ger-
many) at an original magnification of 197, using Ektachrome 400
(Eastman Kodak Co.) slide film.

Statistical analysis

Statistical analyses of plasma sodium, osmolality, AVP concentration,
AQP2/B actin density ratio, and AQP2 density were performed using
unpaired Student’s ¢ test or ANOVA followed by F-Scheffé test post
hoc. Results are expressed as mean=SE. P < 0.05 was considered sig-
nificant.

Results

Plasma sodium, osmolality, and AVP concentration in preg-
nant and NP rats (Table I). Plasma sodium and plasma osmo-
lality were significantly lower in pregnant rats by day 7 of ges-
tation and remained lower on days 14 and 20 than in NP rats.
In spite of lower plasma osmolality, plasma AVP levels in
pregnant rats measured by RIA were not suppressed com-
pared with NP rats.

B actin

AQP2

NP P7 P14 P20

Figure I. AQP2 mRNA expression is increased in pregnant rats on
days 7, 14, and 20 of gestation compared with NP rats. Northern blot
analysis of 3 pg of total RNA from papilla: lanes / and 2, NP rats;
lanes 3 and 4, pregnant rats on day 7 of gestation; lanes 5 and 6, preg-
nant rats on day 14 of gestation; lanes 7 and 8, pregnant rats on day 20
of gestation. Northern blot hybridization shows that AQP2 mRNA is
detected at 1.5 kb. Hybridization to  actin is also shown.
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AQP?2 expression in pregnant and NP rats. Northern blot
analysis for total RNA in the kidney papilla demonstrated a
transcript at 1.5 kb, which corresponds to the size of AQP2
mRNA (9). AQP2 mRNA was increased significantly in preg-
nant rats on days 7, 14, and 20 of gestation compared with NP
rats: AQP2/B actin density ratio: P7 196+17.9, P14 200£6.8,
and P20 208+15.5%, P < 0.005 vs. NP (100+£11.1%); n = 4 in
each group (Fig. 1).

Protein extracted concurrently from the same kidney papil-
lae was immunoblotted. Immunoblots showed a band at 29 kD,
indicating AQP2, as well as a higher molecular mass broad
band between 36 and 45 kD, which represents the glycosylated
protein form of AQP2. Immunoreactivity of the AQP2 protein
(29 kD) was increased significantly in the pregnant rats on
days 7, 14, and 20 compared with NP rats: AQP2 protein den-
sity ratio: P7 269+10.0, P14 251+12.0, P < 0.0001, and P20
250*13.6%, P < 0.001 vs. NP (100+£12.5%); n = 4 in each
group (Fig. 2). Protein extracts were also deglycosylated and
immunoblotted. Deglycosylating the protein extracts elimi-
nated the broad band between 36 and 45 kD, leaving only the
band corresponding to the molecular mass of AQP2 (29 kD).
Immunoreactivity of the deglycosylated AQP2 protein was
also increased significantly in the pregnant rats on days 7, 14,
and 20 compared with NP rats (AQP2 protein density: P7
254+12.5, P14 241+13.9, and P20 252+12.6%, P < 0.001 vs.
NP [100£14.1%]; n = 4 in each group).

Effect of OPC-31260 on plasma sodium, osmolality, and
urine volume in pregnant and NP rats (Table II). Administra-
tion of OPC-31260 increased significantly urinary volume and
decreased urine osmolality in both pregnant and NP rats com-
pared with pregnant or NP rats treated with vehicle alone. A
significant increase in water intake was also observed in both
groups treated with OPC-31260 compared with the vehicle-
treated rats. Food intake was increased in pregnant compared
with NP rats but it was not changed by OPC-31260 treatment.
OPC-31260 did not increase plasma osmolality in the NP or
pregnant rats compared with the paired groups treated with
vehicle. As expected, plasma AVP concentrations were in-
creased by OPC-31260 administration in both pregnant and
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Figure 2. AQP2 protein expression is increased in pregnant rats on
days 7, 14, and 20 of gestation compared with NP rats. Western blot
analysis for AQP2 protein expressed in papilla using a polyclonal an-
tibody against AQP2. 10 pg of protein extract was loaded in each
lane: lanes / and 2, NP rats; lanes 3 and 4, pregnant rats on day 7 of
gestation; lanes 5 and 6, pregnant rats on day 14 of gestation; lanes 7
and &, pregnant rats on day 20 of gestation. Two bands are detectable:
a band of 29 kD and a broader band of 36-45 kD corresponding to
the predicted molecular mass of AQP2 and its glycosylated form.



Table 1I. Effect of OPC-31260 in Pregnant and NP Rats

Group Nonpregnant with vehicle Nonpregnant with OPC-31260 Pregnant with vehicle Pregnant with OPC-31260

n 6 9 5 8

Body weight (g) 234.3+6.04 242.8+4.00 269.7%9.59%* 269.3%6.00¢
Water intake (ml) 42.0+2.33 87.8+8.10% 50.0+2.23 98.7+1.81l
Food intake (g) 15.0+1.42 17.4+0.82 25.0%0.22%* 22.7+0.69
Urine volume (ml) 19.8+1.58 63.8+6.63% 27.7+3.58 74.3+4.06!
Plasma osmolality (mosmol/kgH,O) 290.8%1.05 293.4+1.08 282.8+3.15% 281.3+0.711
Plasma sodium (mM) 139.3+0.49 141.8£0.56 135.0£0.89* 135.3+0.801
Urine osmolality (mosmol/kgH,0) 1002.2+99.8 409.3£43.7%* 984.8+124.4 374.3+42.0%
AVP (pg/ml) 1.02+0.12 2.59+0.44% 1.19+0.20 2.76=0.44|

Values are mean=+SE. $P < 0.05, ** P < 0.001 nonpregnant with OPC-31260 vs. nonpregnant with vehicle; P < 0.05, ¥ P < 0.001 pregnant with OPC-
31260 vs. pregnant with vehicle; *P < 0.05 pregnant with vehicle vs. nonpregnant with vehicle; *P < 0.05, 1P < 0.0001 pregnant with OPC-31620 vs.

nonpregnant with OPC-31260.

NP rats. The number of fetuses was not affected by OPC-
31260 administration (P14 with vehicle 12.1+0.81, P14 with
OPC-31260 12.3+0.66).

Effect of OPC-31260 on AQP2 expression in pregnant and
NP rats. AQP2 mRNA expression in papilla from pregnant
rats was suppressed significantly by OPC-31260 administration
(AQP2/B actin density ratio: P14 with OPC-31260 39.6+1.7%,
P < 0.001 vs. P14 with vehicle [100+£9.2%]; n = 4 in each
group) (Fig. 3). AQP2 mRNA was decreased significantly by
OPC 31260 administration in NP rats (AQP2/3 actin density
ratio: NP with OPC-31260 70.6x4.1%, P < 0.01 vs. NP with
vehicle [100+6.6%]; n = 4 in each group). The level of AQP2
mRNA expression was equalized in pregnant and NP rats
treated by OPC-31260 administration (AQP2/8 actin density
ratio: P14 with OPC-31260 103+£4.4%, NS vs. NP with OPC-
31260 [100+5.9%]; n = 4 in each group).

AQP?2 protein expression in pregnant rats was decreased
significantly by OPC-31260 administration (AQP2 protein
density: P14 with OPC-31260 45.4+5.8%, P < 0.001 vs. P14
with vehicle [100+£9.0%]; n = 5 in each group) (Fig. 4 A).
AQP2 protein expression was decreased significantly in NP
rats treated with OPC-31260 compared with NP rats treated
with vehicle (AQP2 density ratio: NP with OPC-31260 82.7+
3.3%, P < 0.05 vs. NP with vehicle [100£5.7%]; n = 4 in each
group) (Fig. 4 B). As with mRNA, administration of OPC-
31260 abolished the difference in AQP2 protein expression
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between pregnant and NP rats (AQP2 protein density: P14
with OPC-31260 98.9+12.7%, NS vs. NP with OPC-31260
[100+3.9%]).

Immunoreactivity of AQP2 with deglycosylated samples
also showed similar results. Administration of OPC-31260 to
pregnant rats decreased significantly AQP2 protein expression
(AQP2 protein density: P14 with OPC-31260 37.2+9.5%, P <
0.005 vs. P14 with vehicle [100=7.4%]; n = 4 in each group).
AQP2 protein expression was decreased significantly in NP
rats treated with OPC-31260 compared with NP rats treated
with vehicle (AQP2 protein density ratio: NP with OPC-31260
79.1£5.2%, P < 0.05 vs. NP with vehicle [100+6.7%]; n = 4 in
each group). The level of deglycosylated AQP2 protein ex-
pression was equalized in pregnant and NP rats treated by
OPC-31260 administration (AQP2 protein density: P14 with
OPC-31260 87.3%22.2%, NS vs. NP with OPC-31260 [100=
6.5%]; n = 4 in each group) (Fig. 5).

Immunohistochemistry studies results. Immunohistochem-
istry studies demonstrate that AQP2 water channels are lo-
cated principally within the membrane in pregnant rats, impli-
cating a functional effect of the increased content of AQP2
protein observed by Western blot. The labeling of AQP2 by
immunofluorescence was seen exclusively in the collecting
duct tubules. Immunofluorescence was distributed in an apical
pattern, as illustrated by an intense linear staining, in inner me-
dulla of P14 rats (Fig. 6 A). Administration of OPC-31260 to

Figure 3. Effect of the V2 vasopressin recep-
tor antagonist OPC-31260 on AQP2 mRNA

expression in pregnant and NP rats. Northern
blot analysis of 1.5 pg of total RNA from pa-

B actin pilla: lanes 7, 2, and 3, NP rats with vehicle;
lanes 4, 5, 6, and 7, NP rats with OPC-31260;
lanes 8, 9, 10, and 11, pregnant rats (day 14 of
gestation) with vehicle; lanes 12, 13, 14, and 15,

AQPZ pregnant rats (day 14 of gestation) with OPC-

31260. Hybridization to B actin is also shown.
AQP2 mRNA expression in both pregnant
and NP rats was suppressed significantly by

NP
vehicle

NP
oPC

P14
vehicle

P14
OPC

OPC-31260. The level of AQP2 mRNA ex-
pression was equalized in pregnant and NP
rats treated by OPC-31260 administration.
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P14 rats resulted in a marked redistribution from the apical
pattern to a punctuate labeling consistent with retrieval of wa-
ter channel from the plasma membrane to the cytosol (Fig. 6 B).

Discussion

There are several water channels which have been cloned and
are distributed throughout the body (20). However, the AQP2
water channel is located only in the principal cells of the renal
collecting ducts, the site where vasopressin-mediated water re-
absorption occurs. During pregnancy, renal sodium and water
retention result in an expansion of extracellular fluid by 30—
50% above the nonpregnant state (1-4). Moreover, the renal
water retention is slightly greater than the sodium retention in
pregnancy, thus causing a fall in plasma sodium and osmolal-
ity. Therefore, it is of interest to know whether AQP2 water
channels are altered by pregnancy, and if so, when such an al-
teration occurs during gestation relative to the characteristic
water retention of pregnancy.

1 23 45 6 7 8 9 10111213 1415

81 1 1 DT L )

29 kD

Figure 4. Effect of the V2 vasopressin receptor antagonist
OPC-31260 on AQP2 protein expression in pregnant and
NP rats. Western blot analysis for AQP2 protein expressed
in papilla using a polyclonal antibody against AQP2. 5 pg
of protein extract was loaded in each lane. (A) Lanes /, 2,
5,6, and 7, pregnant rats (day 14 of gestation) with vehicle;
lanes 3, 4, 8, 9, and 10, pregnant rats (day 14 of gestation)
with OPC-31260; lanes /1 and 12, NP rats with vehicle;
lanes 13 and 74, NP rats with OPC-31260. (B) Lanes 1, 2, 3,
and 4, NP rats with vehicle; lanes 5, 6, 7, and 8, NP rats with
OPC-31260. AQP2 protein expression in both pregnant
and NP rats was suppressed significantly by OPC-31260.
The level of AQP2 protein expression was equalized in
pregnant and NP rats treated by OPC-31260 administra-
tion.

The results of this investigation in the rat demonstrated
that the mRNA for AQP?2 is increased significantly in preg-
nancy. Moreover, Western blot analysis showed parallel in-
creases in AQP2 protein in the pregnant compared with NP
rats. The AQP2 mRNA and protein were increased signifi-
cantly on day 7 of gestation, and further studies on days 14 and
20 demonstrated the persistence of this rise throughout gesta-
tion.

It is known that AVP shuttles AQP2 water channels to the
apical membrane of the principal collecting duct cells (10, 11)
and that chronic AVP stimulates AQP2 mRNA and protein
(14). However, results of plasma AVP concentrations in preg-
nancy have demonstrated no difference from the nonpregnant
state (21), and in this study, there were no detectable differ-
ences in plasma AVP concentrations between the pregnant
and NP rats. To our knowledge, these results in pregnancy are
the first clinical situation where a significant increase in AQP2
expression has been demonstrated in the absence of a detect-
able increase in plasma AVP concentrations. Therefore, our

Figure 5. Effect of the V2 vasopressin receptor

36-45 KD  antagonist OPC-31260 on deglycosylated
AQP2 protein expression in pregnant and NP
rats. Western blot analysis for AQP2 protein

29 kD expressed in papilla using a polyclonal antibody

against AQP2. 2 pg of protein extract was degly-
cosylated with peptide N4 asparagine amidase
and loaded in each lane: lanes 7, 2, and 3, NP
rats with vehicle; lanes 4, 5, 6, and 7, NP rats

NP NP P14 P14
vehicle OPC vehicle OPC

with OPC-31260; lanes 8, 9, 10, and 11, preg-
nant rats with vehicle; lanes 12, 13, 14, and 15,
pregnant rats with OPC-31260. Deglycosylating
the protein extracts eliminated the broad band

between 36 and 45 kD, leaving only the band corresponding to the molecular mass of AQP2 (29 kD). Deglycosylated AQP2 protein expression
in both pregnant and NP rats was suppressed significantly by OPC-31260. The level of deglycosylated AQP2 protein expression was equalized in

pregnant and NP rats treated by OPC-31260 administration.
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findings raise the possibility that a non-AVP factor occurring
during pregnancy may “reset” the AQP2 water channels in the
collecting duct, as has been shown for the osmotic threshold
for AVP and thirst (7). However, the absence of detectable
differences in plasma AVP concentrations does not defini-
tively exclude a role of AVP, because it is known that a small
exogenous infusion of AVP which is not accompanied by a de-
tectable rise in plasma AVP concentration can cause renal wa-
ter retention (22). To evaluate these possibilities, we adminis-
tered a nonpeptide V2 vasopressin antagonist, OPC-31260,
which has been used to assess the in vivo role of AVP.

Figure 6. Immunofluorescence of AQP2
protein in inner medulla from (A) pregnant
rats treated with vehicle, or (B) pregnant rats
treated with OPC-31260 (X197). Pregnant
rats treated with vehicle are characterized by
an intense apical pattern of distribution of
AQP2. Pregnant rats treated with OPC-
31260 show redistribution in vesicles widely
dispersed throughout the cytoplasm compat-
ible with the retrieval of AQP2 from the api-
cal membrane.

The V2 vasopressin antagonist was administrated to the
pregnant and NP rats for 72 h at 14 d of gestation, and a bal-
ance study was performed during the last 24 h. The studies
were performed on day 14 of gestation to avoid any early or
late changing events, and after 72 h of antagonist treatment to
provide enough time to detect a change in AQP2 protein. The
V2 antagonist was effective and led to a diuresis and urinary
dilution in both pregnant and NP rats. Immunohistochemistry
studies demonstrate the retrieving of AQP2 water channels
from the apical membrane to the subapical cytosol during the
antagonist administration. The OPC-31260 (30 mg/kg/d) ad-

Water Channel Expression in Pregnancy 1081



ministration was also associated with a decrease in the AQP2
protein that was significantly greater in the pregnant than in
the NP rats. Most importantly, the AQP2 proteins were not
detectably different between the pregnant and NP rats after 72 h
of the V2 receptor antagonist. The same quantitative effect of
OPC-31260, although less marked, was observed at 42 h when
AQP2 mRNA was examined by Northern blot analysis.
Therefore, these results appear to incriminate the V2 vaso-
pressin receptors in the increase in AQP2 water channels ob-
served during pregnancy. Because the V2 receptors are regu-
lated principally by AVP, our findings are compatible with this
hormone as a cause of this AQP2 upregulation, even without a
detectable increase in plasma concentration (22). However,
another possibility is the occurrence of vasopressin-indepen-
dent upregulation of AQP2 water channels in pregnancy. In-
deed, Chou et al. (23, 24) have shown that oxytocin causes an
antidiuresis by activating the V2 receptors in the collecting
duct, an effect that can be blocked by a V2 vasopressin recep-
tor antagonist. Thus, the antidiuretic action of oxytocin is medi-
ated through the V2 receptor. Plasma oxytocin concentrations
before labor have been reported to be increased during preg-
nancy, but the results have been variable due to the different
methodologies used (25, 26). There might be other unknown
factors contributing to this upregulation.

Another interesting finding in this study was the persis-
tence of the hypoosmolality in pregnancy after 72 h of the V2
vasopressin antagonist administration and comparable AQP2
water channel expression in the pregnant and NP animals. This
finding indicates that the hypoosmolality of pregnancy can oc-
cur independently of vasopressin-mediated effects of the col-
lecting duct water channels. The most likely possibility for this
persistent hypoosmolality in pregnancy despite the V2 recep-
tor blockade is the polydipsia of pregnancy. In support of this
interpretation is the observation that homozygous Brattleboro
rats demonstrated the same lowering of plasma osmolality
during pregnancy despite the absence of detectable circulating
AVP (6, 27). Moreover, angiotensin activity is increased dur-
ing pregnancy (28), and the role of angiotensin II in the control
of thirst has been well-established (29). Finally, because of the
peripheral vasodilation and the resultant arterial underfilling,
vasopressin-independent factors such as increased thirst may
be more important in affecting water retention in pregnancy
than in the nonpregnant state.

In summary, the results of this study in rats demonstrate
the upregulation of both the AQP2 mRNA and protein in
pregnancy without a concomitant significant increase in
plasma AVP concentration. This effect occurs early in gesta-
tion (day 7) and persists throughout pregnancy. This upregula-
tion of AQP2 that occurred in pregnancy has also been ob-
served in another state of peripheral arterial vasodilation,
cirrhosis (30), as well as in the arterial underfilling due to car-
diac failure (17), but in association with elevated plasma AVP
concentrations. The results with the V2 vasopressin antagonist
which reversed the AQP2 upregulation potentially incriminate
the role of the V2 receptor in this effect of pregnancy on the
collecting duct water channels. The AQP2 gene 5'-flanking re-
gion has a cAMP-response element that likely explains the ac-
tion of the V2 receptor to increase the transcription rate of
AQP2 (31, 32). Whether this effect is mediated by AVP or by
an AVP-independent factor such as oxytocin has yet to be de-
termined. Finally, the persistent hypoosmolality of pregnancy
in the presence of V2 receptor blockade suggests a role for
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non-AVP factors, such as the increased polydipsia of preg-
nancy, in the solute-free water retention.
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