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Introduction

Abstract

The region of the amnion overlying the placenta plays an active role in fluid
exchange between amniotic fluid and fetal blood perfusing the surface of the
placenta, whereas little transfer occurs across the reflected amnion that con-
tacts the membranous chorion. Because aquaporins (AQPs) facilitate rapid
movement of water across cells, we hypothesized that AQP gene expression in
placental amnion is higher than in reflected amnion. Furthermore, because
gestational diabetes mellitus (GDM) is often associated with polyhydramnios,
we hypothesized that amnion AQP gene expression is reduced when amniotic
fluid volume is elevated. Human placental and reflected amnion were
obtained at cesarean delivery and subjected to relative quantitation of AQP
mRNA by real-time RT-qPCR and proteins by western immunoblot. Amnion
mRNA levels of five AQPs differed by up to 400-fold (P < 0.001), with AQP1
and AQP3 most abundant, AQP8 least and AQP9 and AQP11 intermediately
expressed. Aquaporin proteins showed a similar profile. Aquaporin mRNA
abundance was higher (P < 0.001) in placental than reflected amnion, whereas
protein levels were lower (P < 0.01). In GDM pregnancies, neither AQP
mRNA nor protein levels were different from normal. There was no correla-
tion between AQP mRNA or protein levels with the amniotic fluid index in
normal or GDM subjects. We conclude that there is a strong differential
expression profile among individual AQPs and between regions of the
amnion. These findings suggest differences in contribution of individual AQPs
to water transport in the two regions of the amnion. Furthermore, AQP
expression in the amnion is not altered in patients with GDM.

into fetal blood presumably through aquaporin (AQP)

Amniotic fluid volume (AFV) is regulated primarily by
modulating the rate of transfer of amniotic water and sol-
utes across the amnion into fetal circulation (Gilbert and
Brace 1989; Anderson et al. 2013; Brace et al. 2014). This
transport process is referred to as intramembranous
absorption (IMA) and has two volume components
(Brace et al. 2004): (1) a unidirectional vesicular transcy-
totic transport of amniotic water with dissolved solutes
outward across the amnion cell; and (2) a passive diffu-
sion of water down osmotic gradients from amniotic fluid
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channels. AQPs are integral membrane proteins that form
channels to facilitate rapid movement of water and a few
small molecules across cell membranes (Agre et al. 1993;
Hachez and Chaumont 2010). Of the 13 known mamma-
lian AQP genes, five (AQP1, AQP3, AQP8, AQP9, and
AQPI11) are known to express in the human amnion
(Wang et al. 2001, 2004; Mann et al. 2002; Mobasheri
et al. 2005; Damiano 2011; Prat et al. 2012). Since early
observations of AQPs presence in the amnion, it has been
speculated (Liu and Wintour 2005; Beall et al. 2007a)
that the AQPs may play a significant role in regulating
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Aquaporin Gene Expression in Normal and Diabetic Amnion

amniotic water transport across the amnion and thus
may be an important regulator of AFV. However, the role
of AQPs in regulating AFV is poorly understood. To
address this gap in understanding, the relative expression
of each AQP in the amnion needs to be explored. Thus,
in this study, we hypothesized that the level of expression
of the 5 AQPs in the amnion differs, with the highly
selective and most efficient classic AQP1 water channel
being most expressed relative to the other AQPs.

In humans, IMA occurs across that portion of the
amnion that overlays the placenta (placental amnion)
where amniotic fluid is transported from the amniotic
cavity into fetal blood vessels on the surface of the pla-
centa (Seeds 1980), whereas minimal transfer occurs
across the amnion overlying the membranous chorion
(reflected amnion) (Seeds 1980; Benirschke and Kauf-
mann 2000). Because of the regional differences in fluid
transport behavior together with the reported regional
differences in gene expression profile within the amnion
(Han et al. 2008), we speculate the AQP gene expression
in the two regions of the amnion would differ. However,
in previous studies that explored AQP expression in
human amnion, either the regional source of the amnion
studied was not specified (Wang et al. 2001, 2004) or
comparisons of the relative expression levels between the
two regions of the amnion were not made (Mann et al.
2002; Prat et al. 2012). Furthermore, these studies focused
on AQP mRNA levels but not the proteins that mediate
biological functions. Thus, we undertook this study to test
the hypothesis that the placental amnion would express
higher levels of AQP proteins than reflected amnion, and
that AQP mRNA levels would be positively correlated
with protein levels.

Presently, it remains unclear whether AQPs play a role
in the etiology of AFV abnormalities. In patients with
abnormally high AFVs (polyhydramnios), AQP1, AQPS,
and AQP9 mRNA levels in the amnion were reported to
be elevated (Mann et al. 2006; Zhu et al. 2010), whereas
patients with oligohydramnios (AFVs below normal) have
reduced AQP1, AQP3, AQP8, and AQP9 mRNA expres-
sion (Zhu et al. 2009; Jiang et al. 2012). Based on these
observations, it has been postulated that changes in AQP
expression represent adaptive responses to rather than
causes of AFV aberrations (Beall et al. 2007b; Zheng et al.
2014). However, the majority of these studies analyzed
AQP gene expression in reflected amnion rather than
placental amnion where IMA occurs (Seeds 1980). Fur-
thermore, AQP protein levels were not determined. One
approach to address the issue of cause versus conse-
quence is to examine AQP levels in the presence of dis-
ease but without the aberration in AFV. Gestational
diabetes mellitus (GDM) is a frequent pregnancy compli-
cation associated with increased incidence of polyhy-
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dramnios (Sohaey et al. 1994; McMahon et al. 1998),
although the majority of GDM patients are clinically
managed to control maternal circulating glucose levels
and have normal AFVs. In those subjects that develop
polyhydramnios, fetal hyperglycemia-induced polyuria
has been suggested as the cause of the increased AFV
(Dashe et al. 2000; Santolaya-Forgas et al. 2006). How-
ever, reduced trans-amnion water transport due to
reduced AQP gene expression in GDM could also be
involved. To explore this possibility, we tested the
hypothesis that AQP expression in placental amnion of
GDM patients is negatively correlated with the amniotic
fluid index (AFI), a measure of AFV.

Materials and Methods

Study subjects and inclusion criteria

The study design was approved by the Institution Review
Board of Oregon Health and Science University (OHSU)
and written Informed Consent and HIPPA Research
Authorization was obtained from all subjects that partici-
pated in the study. Twenty subjects with normal pregnan-
cies and 13 subjects with GDM were recruited on Labor
and Delivery at OHSU. Diagnosis of GDM was based on
a 2-h oral glucose tolerance test (OGTT) at 24- to
28-week gestation. Of the 13 GDM subjects, seven were
diet-controlled (AIDM) and six were on oral medication
(A2DM). Inclusion criteria were as follows: singleton
pregnancies at term (37-40 weeks), an AFI of 8-25 cm
(Phelan et al. 1987), absence of active labor or chorioam-
nionitis, and delivery via cesarean section. An AFI was
obtained on the day of the cesarean section (n = 29)
except for four patients whose AFI was obtained within
1 month of delivery.

Amnion tissue collection

Fetal membranes were collected immediately after cesar-
ean delivery. Placental amnion was separated from the
underlying  placenta and samples (approximately
2 x 4 cm each) were obtained centrally away from the
umbilical cord insertion and the edge of the placenta. The
reflected amnion was separated from the chorion and
samples obtained distal to the placenta and incision site.
For each subject, seven representative tissue samples were
collected from each region of the amnion. All tissues were
rinsed in DMEM/F12 (Invitrogen, Life Technologies,
Grand Island, NY) to remove blood and other contami-
nation. Amnion samples were either placed in RNAlater
solution (Ambion, Life Technologies, Carlsbad, CA) or
snap frozen in liquid nitrogen for storage at —80°C until
further analysis.

© 2015 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of
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Table 1. Human-specific antibodies for immunoblotting of placental and reflected Amnion — Santa Cruz Biotechnology, Inc.

Secondary
Target  Primary antibody antibody
Protein  product no. Isotype Dilution product no. Isotype Dilution
AQP1 sc-9878 (L-19) Goat polyclonal IgG 1:500 sc-2304 Donkey anti-goat HRP polyclonal IgG 1:40,000
AQP3 5c-9885 (C-18) Goat polyclonal IgG 1:500 sc-2304 Donkey anti-goat HRP polyclonal IgG 1:40,000
AQP8 sc-28624 (H-85) Rabbit Polyclonal IgG 1:20,000 sc-2054 Goat anti-rabbit HRP polyclonal IgG 1:40,000
AQP9 sc-74409 (G-3) Mouse monoclonal IgG2a  1:500 sc-2970 Goat anti-mouse HRP monoclonal lgG2a  1:40,000
AQP11  sc-138132 (N-14)  Goat polyclonal IgG 1:500 sc-2304 Donkey anti-goat HRP polyclonal IgG 1:40,000
p-actin sc-69879 (AC-15) Mouse Monoclonal IgG1 1:1.25 x 10°  sc-2969 Goat anti-mouse HRP monoclonal IgG1 1:40,000

Reverse transcription and real-time PCR for
aquaporins

Amnion tissue samples stored in RNAlater were homoge-
nized in a bead-mill TissueLyser (Retsch GMBH & Co.,
Haan, Germany) and RNA extracted using an RNeasy Kit
(Qiagen, Inc., Valencia, CA). Single-strand cDNA synthesis
was carried out using MultiScribe reverse transcriptase
(50 U/ul) and random primers with RNase inhibitor
(Applied Biosystems, Life Technologies, Foster City, CA).
Sample cDNA (0.6 to 1.5 uL at 50 ng/ul) was amplified
using TagMan master mix with predesigned Gene Expres-
sion Assays for human AQP1, AQP3, AQP8, AQP9, or
AQP11 (Applied Biosystems). The internal reference used
was 18S ribosomal RNA. Validation studies were performed
prior to analysis of experimental samples to confirm that
18S expression level was not different between placental
and reflected amnion. A ViiA7 real-time PCR system
(Applied Biosystems) was used with a temperature profile
of an initial two-step hold at 50°C for 2 min and 95°C for
10 min, followed by 40 cycles of 15 sec at 95°C and 1 min
at 60°C. Aquaporin gene expression was referenced to 18S
ribosomal RNA and quantified by the Comparative Cr
method. The relative quantity of target mRNA was calcu-
lated using the formula 27**“} and fold change was deter-
mined using placental AQP8 as the calibrator. A calibrator
was used in order to allow comparison of normalized
mRNA levels among the five AQPs. Placental AQP8 was
chosen because our data showed that its expression level
was the lowest among the five AQPs in the two regions of
the amnion. To compare relative expression levels among
the AQPs, the calculated fold change values (with placental
AQP8 as calibrator) were used for statistical analysis. The
validity of this methodology was based on (1) the
100 £ 10% amplification efficiency for each of the five
human AQP Tagman assays and (2) comparable sensitivity
(as defined by the Cr value of the minimum detectable copy
number for each AQP template being significantly less than
(P < 0.05) the no-template control) among the five AQP
assays at 40 cycles of amplification (Applied Biosystems).
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Western immunoblot for aquaporin proteins

Frozen amnion tissues were homogenized in the bead-mill
TissueLyser and membrane proteins were extracted using
a Native Membrane Protein Extraction Kit (Calbiochem,
EMD Millipore, Billerica, MA). Membrane proteins
(30 ug/sample) were subjected to SDS-PAGE (sodium
dodecyl sulfate-polyacrylamide gel electrophoresis) in pre-
cast 12% polyacrylamide gels (Bio-Rad Laboratories, Her-
cules, CA) and electro-transferred onto PVDF membranes
(0.45 um, EMD Millipore). The PVDF membranes were
blocked with 5% (w/v) nonfat dry milk in TBS-Tween 20
(pH 7.6) and incubated with the primary antibody at 4°C
overnight. For the detection of AQP proteins, specific
anti-human antibodies (Santa Cruz Biotechnology, Inc.
Santa Cruz, CA) for AQP1, AQP3, AQP8, AQP9, and
AQP11 were used at dilutions indicated in Table 1. This
was followed by incubation with horseradish peroxidase-
conjugated secondary antibodies (Table 1) for 45 min at
room temperature. Protein expression was detected using
enhanced chemiluminescent substrate (Pierce® ECL2
Western Blotting Substrate, Thermo Scientific) and expo-
sure to autoradiography using BlueUltra autoradiography
film (GeneMate, BioExpress, Kaysville, UT). Beta-actin
was used as the endogenous control. The PVDF mem-
branes were stripped by incubating in antibody stripping
buffer (ReBlot Plus, EMD Millipore, Billerica, MA) for
20 min at room temperature to dissociate the AQP anti-
body from the membrane and reprobed with an anti-
human f-actin antibody (Table 1) and similarly treated.
The autoradiograms were scanned, images captured, and
intensity of the signal for the specific protein was deter-
mined by densitometry using Image Studio Lite software
(Version 3.1, Li-Cor Bioscience, Lincoln, NE).

For quantitative comparison of protein levels among
individual AQPs and between amnion regions, a standard
curve was incorporated in each SDS-PAGE assay. The
standard curve was generated using a pooled protein mix
of placental and reflected amnion in the amounts of 1, 3,
10, and 30 pg. The same pooled protein mixture was used
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Table 2. Demographics of study subjects at cesarean section.

A. D. Bednar et al.

Normal (n = 20) Gestational diabetes mellitus (n = 13) P value*
Gestational age (weeks) 39.0+ 0.2 39.0 + 0.1 1.0
Maternal age (years) 305+ 1.6 325+ 1.5 0.40
BMI (kg/mz) 324 £ 1.4 36.0 £ 2.3 0.16
AFI (cm) 1M19+£06N=17) 14.0 £ 1.3 0.12
Birth weight (grams) 3461 + 107 3532 + 143 0.67
Neonatal gender Male (n = 11) Male (n = 2) 0.07

Female (n = 9)

Female (n = 9)

BMI, body mass index; AFI, amniotic fluid index.

The gestational diabetes mellitus group consisted of seven A1DM subjects and six A2DM subjects. The two groups were combined for analysis

because there was no difference in any of the demographic parameters.

*P values determined by unpaired t-test or chi-square test.

for all the standard curves in this study. The densitomet-
ric values of the standards were determined by nonlinear
regression to generate a standard curve. Sample AQP and
f-actin values were calculated from the standard curves
and the relative protein quantity of individual AQP was
referenced to the respective quantity of f-actin before
comparative analysis.

Statistical analysis

Data are presented as mean = SEM. One-factor analysis
of variance (ANOVA) was used to compare mRNA or
protein levels among the AQPs within each region of the
amnion. Comparison of mRNA or protein quantities
between placental and reflected amnion, and between
normal and GDM subjects in each amnion region, were
performed by two-factor ANOVA followed by Fisher’s
least significant difference test. Bivariate regression was
used to determine relationships between mRNA and pro-
tein levels. A one-factor analysis of covariance (ANCO-
VA) was used for the comparison of mRNA versus
protein relationships between the two regions of the
amnion. Bivariate and multivariate regression was applied
for the analysis of relationships between the AQPs and
AFL. Base 10 log transformation was performed when
necessary to normalize variances prior to analysis. T-tests
and chi-square tests were used to compare patient demo-
graphics. P < 0.05 was accepted as statistically significant.

Results

Demographics of study subjects

The demographics of the 20 subjects with normal preg-
nancies and 13 GDM subjects with normal AFI are shown
in Table 2. In the GDM subjects, all but two were well
controlled while all had AFI within the normal range.

2015 | Vol. 3 | Iss. 3 | e12320
Page 4

There were no significant differences in patient demo-
graphics between normal and GDM subjects and between
A1DM and A2DM subjects.

Regional differences in aquaporin mRNA
expression in normal pregnancies

In placental amnion of normal subjects, there were large
differences among individual AQP mRNA levels (Fig. 1).
AQP1 and AQP3 levels were 400 fold, whereas AQP9
and AQP11 averaged 140 and 5 fold that of AQPS,

o E M Placental Region, P < 0.001 §
b= - O Reflected Aquaporin, P <0.001
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N ~ 3 % * 3
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Figure 1. Regional expression pattern of five aquaporin mRNAs in
human amnion. Aquaporin mRNA levels in placental and reflected
amnion were normalized to 18S internal reference and expressed as
fold change (mean + SEM, n = 20) from the respective placental
AQP8 mRNA level (calibrator, marked by horizontal dashed line).
The data were analyzed by a two-factor ANOVA. The difference in
mRNA levels among the five aquaporins within each region of the
amnion was significant at P < 0.001. The overall difference in
aquaporin mRNA levels between placental and reflected amnion
was significant at P < 0.001. Post hoc testing showed differences
between placental and reflected amnion for AQP1, AQP3 and
APQ8. **#*P < 0.001; **P < 0.01; *P < 0.05.

© 2015 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of

the American Physiological Society and The Physiological Society.



A. D. Bednar et al.

A Placental Reflected
T " 1
Acrt S
AQP3 == e
AQP8 ———
acre

AQP v e e e o e e e e

b-Actin -----_-7-7--,‘

B Ll Ll T T Ll
W Placental Region, P < 0.01 E!: b
° . O Reflected Aquaporin, P <0.0001 & =1 .
5 - &
e 10 . Profein come (1) —
55 f 5
a5 | ]
2 | i
28
© e .
3
T
<
1p-—- - Ea '——h—— - 7
AQP1 AQP3 AQP8 AQP9 AQP11
Aquaporin

Figure 2. Aquaporin protein expression in normal human placental
and reflected amnion. (A) Photomicrographs of immunoblots for
AQP1, AQP3, AQP8, AQP9, and AQP11 in placental and reflected
amnion membrane proteins. A representative f-actin image is
shown. For each aquaporin, the protein band shown was detected
at a molecular weight specific for the antibody used (AQP1, 35 kD;
AQP3, 36 kD; AQP8, 34 kD; AQP9, 33 kD; and AQP11, 36 kD;
B-actin, 43 kD. Published data by Santa Cruz Biotechnology, Inc.).
(B) Aquaporin protein quantities relative to -actin internal
reference was expressed as fold change (mean 4+ SEM, n = 5) from
the mean placental AQP8 level as the calibrator (marked by
horizontal dashed line). For comparison of protein levels among
individual aquaporins, densitometric values of the aquaporin and
the respective f-actin were calculated from the respective protein
standard curves (a representative standard curve shown in the
insert). The data were analyzed by a two-factor ANOVA. Statistical
significances were obtained between amnion regions (P < 0.01)
and among the five aquaporins within each region (P < 0.0001).
*P < 0.05, by post hoc testing between placental and reflected
amnion for AQP1, AQP3 and AQP11.

respectively (P < 0.001). In reflected amnion (Fig. 1),
the mRNA levels were 195, 182, 0.62, 116, and four fold
that of placental AQP8 for AQP1, AQP3, AQP8, AQP9,
and AQPI11, respectively (P < 0.001). Although the
expression profile appeared qualitatively similar, AQP
mRNA levels in placental amnion were significantly
higher than those in reflected amnion by an overall
mean average of 1.6 fold (P < 0.001, Fig. 1). With post
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hoc testing, AQP1, AQP3, and AQP8 mRNA levels were
significantly different at 2.0, 2.2, and 1.6 fold, respec-
tively, in placental compared to reflected amnion.

Aquaporin protein levels and regional
differences in normal pregnant subjects

In placental amnion, there were significant differences
among AQP protein levels (P < 0.0001, Fig. 2B), with
relative quantities of AQP1 and AQP3 highest, while
AQP8 the lowest at levels approaching the limit of
detectability (Fig. 2A, B). This protein expression profile
was comparable to that of AQP mRNA levels. In the
reflected amnion, AQP proteins displayed a similar pat-
tern with large differences among individual proteins
(P < 0.0001, Fig. 2A, B). Comparisons between regions
showed that AQP protein levels were significantly higher
in reflected than placental amnion (P < 0.01, Fig. 2B).
AQP1, AQP3, and AQPI11 in the reflected amnion were
2.0, 2.2, and 2.5 fold, respectively, of that in placental
amnion.

Relationship between aquaporin mRNA and
protein levels in normal pregnant subjects

There was a significant but weak log—log relationship
between AQP protein (Y) and mRNA (X) levels in pla-
cental amnion: log(Y) = —0.053 + 0.186 log(X), r = 0.57,
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Figure 3. Comparison of aquaporin protein and mRNA relationship
between placental and reflected amnion. Lower regression line with
open symbols denotes relationship in placental amnion and upper
regression line with filled symbols for reflected amnion. Circles,
AQP1; squares, AQP3; triangles, AQP8, diamonds, AQP9; crosses
and pluses, AQP11. The analysis of covariance (ANCOVA) indicated
that the aquaporin protein versus mRNA relationship was
significantly different between placental and reflected amnion

(P <0.01).
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Figure 4. Aquaporin gene expression profile in placental (upper
panel) and reflected (lower panel) amnion of normal (n = 20) and
gestational diabetic subjects (n = 13). Aquaporin mRNA levels in
placental and reflected amnion were normalized to 18S internal
reference and expressed as fold change (mean + SEM) from
placental AQP8 mRNA of normal subjects (calibrator, marked by
horizontal dashed line). The data were analyzed by a two-factor
ANOVA. Within each region, individual mRNA levels differed

(P < 0.001). Individual aquaporins were not different between
normal and gestational diabetic subjects in either placental or
reflected amnion.

P =0.0028. In the reflected amnion, a similar log-log
relationship was obtained: log(Y) = 0.151 + 0.255 log(X),
r=0.57, P = 0.0032. A comparison of these two relation-
ships showed that, per unit mRNA, the amount of pro-
tein expressed was greater in reflected than placental
amnion (P < 0.01, ANCOVA, Fig. 3).

Aquaporin expression and amniotic fluid
volume relationship

In normal pregnant subjects, the AFI varied from 8.6 to
15.6 cm. Neither mRNA nor protein levels for the five
AQPs in either placental or reflected amnion were signifi-
cantly correlated with AFI. Furthermore, multivariate
regression analysis of all five AQPs simultaneously did
not yield statistically significant relationships between the
level of AQP expression and the AFL.
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Aquaporin gene expression in gestational
diabetic subjects

In the GDM subjects with normal AFI, those under diet
control and those on oral medication had similar AQP
mRNA levels for both regions of the amnion, thus data
for the two GDM groups were combined for analysis. In
placental amnion of GDM subjects, the mRNA expression
profile of the five AQPs was similar to that in placental
amnion of normal subjects (P = 0.08), with AQP1 and
AQP3 highest while AQP8 was lowest. There were no sig-
nificant differences in individual AQP mRNA levels
between normal and GDM subjects (Fig. 4, upper panel).
A similar profile and lack of significant differences
(P=0.23) in AQP mRNA levels were found in the
reflected amnion as compared to normal subjects (Fig. 4,
lower panel). Comparison between amnion regions of
GDM subjects showed significantly higher AQP mRNA
levels in placental than reflected amnion (P = 0.03), simi-
lar to the regional differences in normal subjects. In pla-
cental and reflected amnion of GDM subjects, AQP1 and
AQP3 protein levels were high, while AQP8 levels were
least with profiles of the five AQPs similar to those in
normal subjects (data not shown).

There were no significant correlations between AFI and
AQP mRNA or protein levels in either region of the
amnion in GDM subjects. For the normal and GDM
patients combined, AFI varied from 8.6 to 23.0 cm and
remained uncorrelated with AQP mRNA and protein lev-
els. This lack of relationship between AFI and AQP
mRNA or protein levels was not altered by exclusion of
data from the four individuals in which AFI was mea-
sured prior to the day of delivery.

Discussion

An important finding in this study is that a highly signifi-
cant differential expression profile exits among the five
AQPs in the two regions of the human amnion, and this
occurs in normal as well as GDM subjects. This unique
observation implies that each AQP may have a different
function with specific roles in transport. With AQP1 and
AQP3 mRNA and protein levels up to 400 fold that of
AQP8, these two AQPs likely play a dominant role in
passive water movement across the amnion. Although
previous studies have reported the gene expression of
AQP1, AQP3, AQP8, AQP9, and AQPI11 in human
amnion, those findings were obtained from separate stud-
ies of one or two AQPs (Wang et al. 2001, 2004; Mann
et al. 2002; Mobasheri et al. 2005), or reporting mRNA
levels without simultaneous protein determinations
(Wang et al. 2001, 2004; Mann et al. 2002; Damiano
2011). Furthermore, there were no comparisons of

© 2015 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of
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expression level of mRNA or protein among individual
AQPs or between amnion regions were made (Prat et al.
2012). Our study differed in that we designed the study
with the purpose of comparing both the mRNA and pro-
tein expression levels among the five AQPs and analyzing
the differences in expression profile between the two
regions of the amnion. In addition, we explored whether
the AQP expression profile would be altered by the
maternal condition of GDM. Our findings support our
hypothesis that AQP1 and AQP3 are highly expressed in
the human amnion. Further studies are needed to com-
pare the relative water conductance of individual AQP
water channels in the amnion.

The current understanding of amniotic water transport
suggests that the transport function of placental and
reflected amnion differs with rapid water movement
across the placental amnion into the underlying fetal cir-
culation, whereas minimal water movement occurs across
the reflected amnion (Seeds 1980; Brace et al. 2014). Our
finding that AQP mRNA levels are higher in placental
than reflected amnion supports the concept of regional
differences in transport function. Furthermore, the differ-
ence in mRNA levels is consistent not only with the
report of regional heterogeneity in gene expression profile
in human amnion (Han et al. 2008) but also with our
hypothesis that AQP mRNA levels are higher in the pla-
cental than reflected amnion because of higher water
transport rates.

However, an unexpected observation is that AQP pro-
tein levels are lower in placental than reflected amnion
even though AQP mRNA levels are higher. This difference
was detected by both the ANOVA comparison of relative
protein quantities as well as with the ANCOVA compari-
son of protein levels relative to mRNA levels. The reason
for the lower placental AQP protein levels remains
unknown. It may be due to inherent differences in the
translation of AQP mRNA into protein within the two
regions of the amnion. Translation of genes from mRNA
into functional protein is a complex process involving
multiple levels of translational regulation as well as post-
translational modifications (Arcondéguy et al. 2013). An
additional possibility, although speculative, is that, due to
the high rate of water transfer in placental amnion, the
turnover and/or degradation of AQP proteins could be
increased thus reducing the steady-state levels of AQP
proteins. This is analogous to the arginine vasopressin
induced increase in translocation of AQP2 out of the api-
cal membrane of renal tubules resulting in elevated uri-
nary excretion of AQP2 (Elliot et al. 1996).

Previous studies have reported discordance between
mRNA and protein expressions (Prat et al. 2012). In this
study, we found, as hypothesized, a modest positive cor-
relation (> x 100% = 32%) between AQP protein and
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mRNA levels. This suggests that two-third (68%) of the
variations in AQP protein quantities do not correspond
to mRNA levels. It should be noted that our analytical
methods for relative quantitation of AQP mRNA utilized
the comparative Cr method based on 100% PCR amplifi-
cation efficiency while protein levels were determined
semiquantitatively using a protein standard curve. It is
possible that correspondence would have been higher if
the protein levels were more quantitatively determined.
Irrespective, the modest correspondence between tran-
script and protein emphasizes the need for determination
of protein levels in addition to mRNA in AQP gene func-
tion studies. In previous studies that reported changes in
AQP mRNA expression in amnion of patients with
abnormal AFV (Mann et al. 2006; Zhu et al. 2009, 2010;
Jiang et al. 2012), it would be of particular interest to
ascertain if AQP protein levels were also altered. This per-
spective is highlighted by our finding that the quantity of
individual AQP protein per unit mRNA was significantly
lower in placental amnion where IMA occurs than in the
reflected amnion.

Previous studies have reported increases in AQP mRNA
levels with polyhydramnios and decreases with oligohy-
dramnios in the amnion (Mann et al. 2006; Zhu et al.
2009, 2010; Jiang et al. 2012). The pregnancy complica-
tion of GDM is often associated with polyhydramnios
(Cardwell 1987; Golan et al. 1994). However, for the
majority of GDM patients who have a normal AFV, it
was unknown whether amnion AQP gene expression
would change and whether AQP levels would correlate
with AFV. Our findings indicated that AQP mRNA and
protein levels in both placental and reflected amnion of
GDM patients were not different from those in normal
pregnant subjects, and that there was no correlation
between AQP expression level and AFI when the AFI is in
the range accepted as clinically normal (Phelan et al.
1987). This observation suggests that maternal hyperglyce-
mia alone may not have significant effects on AQP
expression in the amnion.

Although the lack of correlation between AFI and AQP
mRNA or protein levels in this study suggests that AQPs
may not play a major role in regulating AFV, this sugges-
tion should be interpreted cautiously. First, the AFI,
although routinely used clinically to estimate AFV, is only
a semiquantitative estimate. Second, neither oligohydram-
nios nor polyhydramnios was present in our patient pop-
ulation. Other investigators have reported both increases
and decreases in AQP mRNA levels when AFV is outside
the normal range (Mann et al. 2006; Zhu et al. 2009,
2010; Jiang et al. 2012). Furthermore, our earlier study
showed that the addition of water to the ovine amniotic
compartment induced rapid IMA of water (Gilbert and
Brace 1989). Such observations suggest that AQP water
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channels in the amnion do appear to contribute to water
transport across the amnion. However, this contribution
may be small compared to net IMA rate in view of the
fact that the water diffusion component of amniotic fluid
transport constitutes approximately 15-20% of overall in-
tramembranous transport (Brace et al. 2014).

In summary, our study demonstrates a highly signifi-
cant differential expression profile among individual
AQP mRNAs and AQP proteins as well as regional dif-
ferences in expression pattern for the five AQPs in nor-
mal human term amnion. The contrasting results of
higher AQP mRNA levels and lower AQP protein levels
in the placental compared to reflected amnion points to
the need for investigating the transport function of indi-
vidual AQPs in both regions of the amnion. Finally, the
finding that amnion AQP mRNA and protein levels in
GDM patients were not different from normal subjects,
together with the absence of correlation between AFI
and AQP expression levels, is consistent with the con-
cept that AQP expression in the amnion may be respon-
sive to changes in AFV status rather than a cause of
AFV abnormalities.

Acknowledgments

We appreciate the residents, nurses, and staff of Labor
and Delivery at OHSU for their help with recruitment.
We thank the patients who agreed to be subjects in our
study without whom our work would have not been pos-
sible. This study is a fulfillment of the thesis requirement
for Dr. Amy Bednar in the Maternal-Fetal Medicine
Fellowship Program at OHSU.

Conflicts of Interest

There are no conflicts of interest.

References

Agre, P., G. M. Preston, B. L. Smith, J. S. Jung, S. Raina,
C. Moon, et al. 1993. Aquaporin CHIP: the archetypal
molecular water channel. Am. J. Physiol. Renal. Physiol.
265:F463-F476.

Anderson, D. F.,, S. S. Jonker, S. Louey, C. Y. Cheung, and
R. A. Brace. 2013. Regulation of intramembranous
absorption and amniotic fluid volume by constituents in
fetal sheep urine. Am. J. Physiol. Regul. Integr. Comp.
Physiol. 205:R506-R511.

Arcondéguy, T., E. Lacazette, S. Millevoi, H. Prats, and
C. Touriol. 2013. VEGF-A mRNA processing, stability and
translation: a paradigm for intricate regulation of gene
expression at the post-transcriptional level. Nucleic Acids
Res. 41:7997-8010.

2015 | Vol. 3 | Iss. 3 | e12320
Page 8

A. D. Bednar et al.

Beall, M. H,, J. P. van den Wijngaard, M. J. van Gemert, and
M. G. Ross. 2007a. Regulation of amniotic fluid volume.
Placenta 28:824-832.

Beall, M. H., S. Wang, B. Yang, N. Chaudhri, F. Amidi, and
M. G. Ross. 2007b. Placental and membrane aquaporin
water channels: correlation with amniotic fluid volume and
composition. Placenta 28:421-428.

Benirschke, K., and P. Kaufmann. 2000. Chapter 11 Anatomy
and pathology of the placental membranes. Pp 281-334 in
Pathology of the human placenta, 4th ed. Springer, New
York, NY.

Brace, R. A., M. L. Vermin, and E. . Huijssoon. 2004.
Regulation of amniotic fluid volume: intramembranous
solute and volume fluxes in late gestation fetal sheep. Am. J.
Obstet. Gynecol. 191:837-846.

Brace, R. A,, D. F. Anderson, and C. Y. Cheung. 2014.
Regulation of amniotic fluid volume: mathematical model
based on intramembranous transport mechanisms. Am. J.
Physiol. Regul. Integr. Comp. Physiol. 307:R1260-R1273.

Cardwell, M. S. 1987. Polyhydramnios: a review. Obstet.
Gynecol. Surv. 42:612-617.

Damiano, A. E. 2011. Review: Water channel proteins in the
human placenta and fetal membranes. Placenta 32(Suppl B):
S$207-8211.

Dashe, J. S., L. Nathan, D. D. McIntire, and K. J. Leveno.
2000. Correlation between amniotic fluid glucose
concentration and amniotic fluid volume in pregnancy
complicated by diabetes. Am. J. Obstet. Gynecol. 182:901—
904.

Elliot, S., P. Goldsmith, M. Knepper, M. Haughey, and B.
Olson. 1996. Urinary excretion of aquaporin-2 in humans: a
potential marker of collecting duct responsiveness to
vasopressin. J. Am. Soc. Nephrol. 7:403-409.

Gilbert, W. M., and R. A. Brace. 1989. The missing link in
amniotic fluid volume regulation: intramembranous
absorption. Obstet. Gynecol. 74:748-754.

Golan, A., I. Wolman, J. Sagi, I. Yovel, and M. P. David. 1994.
Persistence of polyhydramnios during pregnancy — its
significance and correlation with maternal and fetal
complications. Gynecol. Obstet. Invest. 37:18-20.

Hachez, C., and F. Chaumont. 2010. Aquaporins: a family of
highly regulated multifunctional channels. Adv. Exp. Med.
Biol. 679:1-17.

Han, Y. M., R. Romero, J. S. Kim, A. L. Tarca, S. K. Kim,

S. Draghici, et al. 2008. Region-specific gene expression
profiling: novel evidence for biological heterogeneity of the
human amnion. Biol. Reprod. 79:954-961.

Jiang, S. S., X. J. Zhu, S. D. Ding, J. J. Wang, L. L. Jiang,

W. X. Jiang, et al. 2012. Expression and localization of
aquaporins 8 and 9 in term placenta with oligohydramnios.
Reprod. Sci. 19:1276-1284.

Liu, H., and E. M. Wintour. 2005. Aquaporins in development

— a review. Reprod. Biol. Endocrinol. 3:18.

© 2015 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of

the American Physiological Society and The Physiological Society.



A. D. Bednar et al.

Mann, S. E., E. A. Ricke, B. A. Yang, A. S. Verkman, and
R. N. Taylor. 2002. Expression and localization of aquaporin
1 and 3 in human fetal membranes. Am. J. Obstet. Gynecol.
187:902-907.

Mann, S. E., N. Dvorak, H. Gilbert, and R. N. Taylor. 2006.
Steady-state levels of aquaporin 1 mRNA expression are
increased in idiopathic hydramnios. Am. J. Obstet. Gynecol.
194:884-887.

McMahon, M. J., C. V. Ananth, and R. M. Liston. 1998.
Gestational diabetes mellitus. Risk factors, obstetric
complications and infant outcomes. J. Reprod. Med.
43:372-378.

Mobasheri, A., S. Wray, and D. Marples. 2005. Distribution of
AQP2 and AQP3 water channels in human tissue
microarrays. J. Mol. Hist. 36:1-14.

Phelan, J. P., C. V. Smith, P. Broussard, and M. Small. 1987.
Amniotic fluid volume assessment using the four-quadrant
technique in the pregnancy between 36-42 weeks. J. Reprod.
Med. 32:601-604.

Prat, C., L. Blanchon, V. Borel, D. Gallot, A. Herbet, D.
Bouvier, et al. 2012. Ontogeny of aquaporins in human fetal
membranes. Biol. Reprod. 86:48.

Santolaya-Forgas, J., R. Romero, D. E. Wildman, C. J. Kim, M.
Mahoney, R. Mehendale, et al. 2006. Relationship between
maternal and fetal plasma glucose and insulin
concentrations during graded maternal hyperglycemic states
in primates. Am. J. Perinatol. 23:369-375.

© 2015 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of

the American Physiological Society and The Physiological Society.

Aquaporin Gene Expression in Normal and Diabetic Amnion

Seeds, A. E. 1980. Current concepts of amniotic fluid
dynamics. Am. J. Obstet. Gynecol. 138:575-586.

Sohaey, R., D. A. Nyberg, G. K. Sickler, and M. A. Williams.
1994. Idiopathic polyhydramnios: association with fetal
macrosomia. Radiology 190:393-396.

Wang, S., N. Kallichanda, W. Song, B. A. Ramirez, and
M. G. Ross. 2001. Expression of aquaporin-8 in human
placenta and chorioamniotic membranes: evidence of
molecular mechanism for intramembranous amniotic fluid
resorption. Am. J. Obstet. Gynecol. 185:1226-1231.

Wang, S., J. Chen, M. Beall, W. Zhou, and M. G. Ross. 2004.
Expression of aquaporin 9 in human chorioamniotic
membranes and placenta. Am. J. Obstet. Gynecol. 191:2160—
2167.

Zheng, Z., H. Liu, M. Beall, T. Ma, R. Hao, and M. G. Ross.
2014. Role of aquaporin 1 in fetal fluid homeostasis.

J. Matern. Fetal. Neonatal. Med. 27:505-510.

Zhu, X. Q., S. S. Jiang, X. J. Zhu, S. W. Zou, Y. H. Wang,
and Y. C. Hu. 2009. Expression of aquaporin 1 and
aquaporin 3 in fetal membranes and placenta in human
term pregnancies with oligohydramnios. Placenta 30:670—
676.

Zhu, X., S. Jiang, Y. Hu, X. Zheng, S. Zou, Y. Wang, et al.
2010. The expression of aquaporin 8 and aquaporin 9 in
fetal membranes and placenta in term pregnancies
complicated by idiopathic polyhydramnios. Early Hum. Dev.
86:657-663.

2015 | Vol. 3 | Iss. 3 | 12320
Page 9



