Physiological Reports

ORIGINAL RESEARCH

Open Access

Physiological Reports ISSN 2051-817X

Transport-associated pathway responses in ovine fetal
membranes to changes in amniotic fluid dynamics
Cecilia Y. Cheung'?, Debra F. Anderson? & Robert A. Brace'-?

1 Department of Obstetrics and Gynecology, Oregon Health and Science University, Portland, Oregon
2 Center for Developmental Health, Oregon Health and Science University, Portland,Oregon

Keywords
Amniotic fluid volume, tubulin, vascular

endothelial growth factor, vesicular transport.

Correspondence

Cecilia Y. Cheung, Department of Obstetrics
& Gynecology, 3181 SW Sam Jackson Park
Road, Portland, OR 97239.

Tel: 503-494-1254

Fax: 503-494-5296

E-mail: cheungce@ohsu.edu

Funding Information

This research was funded in part by grant
RO1 HD061541, National Institute of Child
Health and Human Development, National
Institutes of Health.

Received: 14 June 2017; Revised: 25 August
2017; Accepted: 29 August 2017

doi: 10.14814/phy2.13455

Physiol Rep, 5 (20), 2017, e13455,
https://doi.org/10.14814/phy2.13455

Introduction

Abstract

Current evidence suggests that amniotic fluid volume (AFV) is actively regu-
lated by vesicular transport of amniotic fluid outward across the amnion and
into the underlying fetal vasculature in the placenta. Our objective was to
determine whether gene expression profiles of potential stimulators, inhibitors,
and mediators of vesicular transport are altered in response to changes in
intramembranous absorption (IMA) rate. Samples of ovine amnion and chor-
ion were obtained from fetal sheep with normal, experimentally reduced or
increased AFVs and IMA rates. Amnion and chorion levels of target mRNAs
were determined by RT-qPCR. In the amnion, caveolin-1 and flotillin-1
mRNA levels were unchanged during alterations in IMA rate. However, levels
of both were significantly higher in amnion than in chorion. Tubulin-o
mRNA levels in the amnion but not in chorion were reduced when IMA rate
decreased, and amnion levels correlated positively with IMA rate (P < 0.05).
Dynamin-2 mRNA levels were not altered by experimental conditions. Vascu-
lar endothelial growth factor (VEGF;¢, and VEGF 4,b) mRNA levels increased
during both increases and decreases in IMA rate, whereas soluble Flt-1 levels
did not change. Neither HIF-1a nor PBEF mRNA levels in the amnion were
correlated with VEGF ¢, expression levels and were not related to IMA rate.
Collectively, our findings suggest that changes in amnion microtubule expres-
sion may be important in the regulation of transcellular vesicular transport of
amniotic fluid and thus modulate IMA rate. Further, our results are consistent
with the concept that the amnion is the rate-limiting layer for amniotic fluid
transport.

perfuses the fetal surface of the placenta (Gilbert and
Brace 1989; Gilbert et al. 1997; Brace et al. 2004, 2014b;

The mechanisms that regulate amniotic fluid volume
(AFV) remain not well understood even though disorders
of AFV occur in 5-10% of human pregnancies and are
associated with increased morbidity and mortality (Loca-
telli et al. 2004; Morris et al. 2014; Shrem et al. 2016;
Khan and Donnelly 2017). Over the past 25 years, a
growing body of evidence based on experimental animal
studies has shown that the primary determinant of AFV
is the rate of transport of amniotic fluid outward across
the amnion into the underlying fetal vasculature that
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Adams et al. 2005; Brace and Cheung 2014). This process,
termed intramembranous absorption (IMA), is dependent
upon the transport characteristics of the amnion (Adams
et al. 2005; Brace and Cheung 2011). A series of studies
has shown that, although water and smaller solutes move
passively in both directions across the intramembranous
pathway, the majority of IMA is mediated by unidirec-
tional vesicular transport of water and solutes (Adams
et al. 2005; Gesteland et al. 2009; Brace et al. 2014a). This
conclusion is supported by findings from electron and
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fluorescence microscopy studies of the amnion that
observed pinocytotic vesicles with apparent transport
characteristics (King 1993; Shandley et al. 1997; Shen
et al. 2008). Further, when IMA rate was experimentally
altered, only the vesicular component of IMA changed
while the passive components were unaltered (Gesteland
et al. 2009; Brace et al. 2014a).

Currently, little is known of the cellular and molecular
processes that mediate vesicular transcytosis of amniotic
fluid across the amnion. In a variety of mammalian cells
including endothelial, epithelial and cancer cells, transport
vesicles including caveolae, lipid rafts and clathrin-coated
vesicles have been described (Li et al. 2013; Bitsikas et al.
2014; Kirchhausen et al. 2014). Our recent study, using
fluorescence super-resolution microscopy, has identified
caveolar and clathrin-coated vesicles in human amnion
that exhibited uptake and transport behavior consistent
with intramembranous absorption of amniotic fluid
(Sharshiner et al. 2017). However, the mechanisms that
mediate this vesicular uptake and transport are unclear.
The dependence of transport rate on abundance of vesi-
cles, rate of internalization of vesicles from the plasma
membrane, or changes in microfilamental structures along
which vesicles are transported has not been explored. Fur-
ther, although experimental studies demonstrated the
presence of powerful stimulator(s) and inhibitor(s) of
IMA in amniotic fluid (Anderson et al. 2013; Brace et al.
2014b), the identity of these regulators has yet to be
determined and the associated signaling mediators have
not been identified (Cheung et al. 2014). Finally, even
though the amnion has been proposed as the rate-limiting
barrier, the involvement of the chorion in mediating
changes in IMA has not been investigated and it is not
clear whether changes in molecular profiles in the chorion
parallel those in the amnion.

In order to address these gaps in understanding, this
study conducted in chronically catheterized ovine fetuses
was designed with three aims. Our first aim was to gain
insight into the trans-amnion transport processes. To do
this, we examined several potential factors that may be
involved in regulating vesicle number and transport in
the amnion. For exploring the types of transport vesicles,
we selected caveolin-1 as a marker for caveolar vesicles
(Gross et al. 2017), and flotillin-1, an integral membrane
protein associated with planar lipid rafts (Salzer and Pro-
haska 2001). These principal components are known to
be widely expressed in many cell types to regulate vesicle
transport functions (Head et al. 1838; Chen et al. 2002).
To study vesicle internalization and release, we selected
the vesicle fission effector dynamin-2 that mediates vesicle
separation from the plasma membrane (Henley et al.
1998). For investigating transcellular vesicle movement
specifically via the microtubule pathway, we focused on
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tubulin-o, an essential constituent of microtubules (Heald
and Nogales 2002).

The second aim of this study was to explore whether
vascular endothelial growth factor (VEGF) participated in
the cell signaling pathways that regulated IMA rate and
determine whether known regulators of VEGF may func-
tion as the purported stimulator(s) and inhibitor(s) of
IMA. Our early studies in fetal sheep demonstrated that
VEGF mRNA levels in the amnion were elevated when-
ever IMA rate was experimentally increased (Cheung
2004). In other studies of endothelial and epithelial cells,
exogenous VEGF has been shown to increase permeability
by inducing caveolar transport (Feng et al. 1999; Chen
et al. 2002; Harvey et al. 2016). The proposed mechanism
was a VEGF- mediated caveolar endocytosis. Further, we
previously reported that VEGF activated caveolin-1 phos-
phorylation in ovine amnion cells (Cheung et al. 2010).
However, caveolin-1 is known to negatively regulate nitric
oxide synthase activity (Liu et al. 2017) and caveolin-1
mRNA levels were reduced in fetal sheep when IMA was
elevated during fetal hypoxia (Cheung and Brace 2008).
These opposing actions of caveolin-1 and its interactions
with VEGF raised the need to explore the relationships
among VEGF, caveolin-1 and IMA rate in the amnion. In
order to determine whether known activators of VEGF
would modulate IMA rate through VEGF expression, we
selected two factors: hypoxia inducible factor-lo. (HIF-1a)
which activates VEGF transcription (Forsythe et al. 1996),
and pre-f cell colony-enhancing factor (PBEF) which up-
regulates VEGF gene expression and increases VEGF
receptor activities in amnion cells (Astern et al. 2013). In
addition, we tested two potential inhibitors of VEGF
activities: soluble fms-like tyrosine kinase-1 (sFlt-1,
sVEGF-R1) (Kendall and Thomas 1993) which binds
VEGF thus reduces VEGF bioavailability, and VEGF 44b,
a VEGF,¢, isoform formed by alternate splicing of the
VEGF gene, that antagonizes the VEGF receptor-mediated
downstream signaling pathways (Nowak et al. 2008; Ngo
et al. 2014).

The third aim of this study was to determine whether
experimentally induced changes in gene expression profile
of vesicular transport components in the amnion would
also occur in the chorion. Although the amnion has been
recognized as the rate-limiting barrier for IMA, the chor-
ion is in intimate contact with the outer surface of the
amnion and is vascularized by fetal blood vessels in the
ovine model (Brace et al. 1992). As such, the chorion
could potentially participate in the regulation of
intramembranous transport of amniotic fluid.

In order to address the above 3 aims, we determined
the gene expression pattern of the selected mediators of
IMA in the amnion and chorion of ovine fetuses sub-
jected to experimentally induced modifications in IMA
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rate and AFV. The hypotheses tested were that
experimentally produced changes in IMA rate would be
associated with (1) alterations in expression of vesicle-
associated mediators and microtubule components that
facilitate transcellular vesicular transport; (2) changes in
VEGF mRNA levels that are consistent with the induced
changes in IMA rate and AFV, and that the VEGF regula-
tors tested could function as the proposed stimulator(s)
and inhibitor(s) of IMA; and (3) changes in gene expres-
sion profiles that are specific to the amnion but not the
chorion, supporting the concept that amnion is the rate-
limiting layer for amniotic fluid transport.

Materials and Methods

Ovine tissues

We utilized amnion and chorion tissues of late gestation
ovine fetuses obtained from recent studies in chronically
catheterized fetal sheep. The experimental protocols were
described elsewhere (Cheung et al. 2016). Tissues were
collected 2 days after initiating one of four different
experimental conditions: control, urine drainage without
fluid replacement, urine drainage with isovolumic fluid
replacement (lactated Ringer’s solution), and continuous
intra-amniotic fluid infusion (2 L/day of lactated Ringer’s
solution). AFV was measured at the beginning and end of
the 2-day experimental period and IMA rate, measured as
a mean over the 2 days, was determined from the change
in AFV and the time integrated amniotic inflows and out-
flows (Robertson et al. 2009; Anderson et al. 2013). The
experimental design was based on our observations that,
compared to control conditions, urine drainage reduces
IMA and AFV, urine replacement reduces IMA and
increases AFV, and intra-amniotic fluid infusion increases
both IMA and AFV (Anderson et al. 2013; Brace et al.
2014a).

Quantitative reverse transcription-
polymerase chain reaction (RT-qPCR)

Total RNA was extracted from amnion and chorion tis-
sues using an RNeasy Kit (Qiagen, Inc., Valencia, CA).
The relative quantities of target mRNA in the tissues were
determined by RT-qPCR for caveolin-1, flotillin-1, dyna-
min-2, tubulin-o, VEGF,¢4, and VEGF,4b, sFlt-1, PBEF
and HIF-la. The methodologies were similar to those
recently described (Cheung et al. 2016). Single strand
cDNA synthesis from total RNA (2 ug) was carried out
using MultiScribe reverse transcriptase and random pri-
mers in the presence of RNase inhibitor (Applied Biosys-
tems, Life Technologies, Foster City, CA). Sample cDNA
(25 ng/sample) was amplified with ovine-specific primers
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and probes custom designed using Primer Express® Soft-
ware v3.0 (Applied Biosystems, Thermo Fisher Scientific)
(Table 1). The amplified sequences were validated by
sequencing and alignment to the consensus
sequences. For the amplification reaction, TagMan Gene
Expression Assays (Applied Biosystems, Thermo Fisher
Scientific) were used in a ViiA7 Real-Time PCR System
(Applied Biosystems). Two endogenous references, 18S
ribosomal RNA and ovine RPLPO mRNA, were used as
house-keeping genes. For each endogenous reference and
target gene, a standard curve was incorporated in order

ovine

to yield accurate quantitative values needed for compara-
tive analysis. The mean of triplicate Cr values interpolated
from the respective standard curves were corrected for
amplification efficiency. The ACy for each of the target
mRNAs was calculated by subtracting the geometric mean
Cr of the 2 endogenous reference genes. The fold change
(27%%Cy) of target gene relative to the respective ACy in
amnion under control condition (the latter is used as the
calibrator) was determined by the Comparative Cr
method (Schmittgen and Livak 2008), where ACr denotes
the target Cr value referenced to the house-keeping genes
and AACr the difference from ACt in control amnion.

Statistics and data presentation

Data are presented as means £ SE. Paired and unpaired
t-tests as well as parametric one and two factor ANOVAs
were used for statistical comparisons. For the two factor
ANOVAs, the interaction term indicates whether changes
in the two tissues differed with experimental condition.
Post hoc testing utilized Fisher’s least significant differ-
ence if the null hypothesis was rejected. Bivariate (Brace
1977) and multivariate least squares regression were used
to explore relationships between and among mRNA levels
and IMA rate. Pearson’s correlation coefficient (r) was
used to determine the closeness of fit to a linear relation-
ship of the data. Logarithmic transformation was used to
normalize variances prior to statistical testing as needed.
The relative amounts of mRNA were analyzed after loga-
rithmic transformation; this method yielded identical sta-
tistical results and graphs as analyses using AACt values
or ACr values with the exception that the scale on the
vertical axis changed. A probability value P < 0.05 was
considered significant. Regressions and correlations that
were not statistically significant are not shown.

Results

Experimental values of IMA rate and AFV as well as their
ranges are given in Table 2. Urine drainage reduced IMA
rate and AFV below control levels while intra-amniotic
fluid infusion increased both above control (P < 0.05,
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Table 1. Custom-designed ovine specific probes and primers used for real-time quantitative RT-PCR determinations of target mRNA levels in

ovine fetal tissues.

Gene Primer/probe Nucleotide sequence Amplicon size

VEGF g4 Forward GGCGAGGCAGCTTGAGTTAA 75
Reverse CACCGCCTCGGCTTGTC
Probe 6FAMCGAACGTACTTGCAGATGMGBNFQ

VEGF;g4b Forward AACACAGACTCGCGTTGCAA 63
Reverse GGTGAGACGTCTGCAAGTACGTT
Probe 6FAMCGAGGCAGCTTGAGMGBNFQ

SFlt-1 Forward TGCCGAGCTAGGAACATATACACA 103
Reverse AGATCCGAGAGAAAACAGCCTTT
Probe 6FAMAAGAAATCCTCCAGAAGAAMGBNFQ

Caveolin-1 Forward TGTGATTGCAGAACCAGAAGGA 61
Reverse GGTGAAGCTGGCCTTCCA
Probe 6FAMCACACAGTTTCGATGGCMGBNFQ

Flotillin-1 Forward CACAGAGGGACTACGAGCTGAA 58
Reverse CGGCGCGTGTTGACTTC
Probe 6FAMAAGGCCGCATACGACMGBNFQ

Dynamin-2 Forward CGGCTGAGAGGAAGTTTTTCC 61
Reverse CCCATGCGGTCCGCTAT
Probe 6FAMACCCAGCCTACCGGCMGBNFQ

Tubulin-o: Forward ACGTGGTTCCCAAAGATGTCA 66
Reverse GCTGCGCTTGGTCTTGATG
Probe 6FAMTGCTGCCATTGCCMGBNFQ

HIf-10 Forward CCATGCCCCAGATTCAAGAT 59
Reverse ACTTTGTCTGGTGCTTCCATCA
Probe 6FAMAGCCAGCTAGTCCTTMGBNFQ

PBEF Forward TGATCCCAACAAAAGGTCCAA 63
Reverse AAATTTCCTGCTGGTGTCCTATG
Probe 6FAMAAGGGCCGATTATCMGBNFQ

Table 2. Intramembranous absorption rates and amniotic fluid volumes in late gestation ovine fetuses under four experimental conditions

(n = 4 per group)'.

Intramembranous Amniotic fluid
absorption rate (mlL/day) volume (mL)
Experimental conditions Mean + SE Range Mean + SE Range
Control 667 + 159 395-1075 1110 + 125 865-1449
Urine drainage 101 £ 120* —190-394 300 £ 77* 128-437
Urine replacement 515 £+ 29 453-567 1449 £+ 220 864-1862
Intra-amniotic infusion? 1366 + 274* 813-1945 3351 + 365* 2351-4101

*P < 0.05 compared to respective control.
'Data from Cheung et al. (2016).
‘Lactated Ringer’s solution infused at 2 L/day (1.39 mL/min).

ANOVA). The decrease in mean IMA rate and increase in
AFV following urine replacement with lactated Ringer’s
solution were not statistically significant.

Caveolin-1 mRNA levels in the amnion did not change
significantly with experimental condition (Figure 1) and
were unrelated to IMA rate for all four experimental
groups combined (n =16, P =0.99). In the chorion,
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caveolin-1 mRNA levels were not correlated with IMA
rate (P = 0.61). Caveolin-1 mRNA levels in the amnion
were much higher than those in the chorion for all exper-
imental groups (P < 0.0001, Fig. 1).

Neither in the amnion nor in chorion did flotillin-1
mRNA levels change significantly from control during
experimental conditions (Fig. 1). Flotillin-1 mRNA levels

© 2017 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of

The Physiological Society and the American Physiological Society.



C. Y. Cheung et al.

-
o

Tissues (n=2), P <0.000001 ]

M- Amnion
- Chorion

Groups (n=4), P = 0.066
Interaction, P = 0.78

-

-

TSR |

Caveolin-1 mRNA level
(relavtive to control amnion)

o
-

2 I ) I )

Tissues (n=2), P = 0.0023
Groups (n=4), P= 0.35
Interaction, P = 0.51

[ - Amnion
- Chorion

Flotillin-1 mRNA level
(relative to control amnion)

Control

UrnDrn UrnRepl Infused
Experimental group

Figure 1. Caveolin-1 and flotillin-1 mRNA levels (mean + SE,

n = 4) in ovine amnion and chorion under control and experimental
conditions. Data in this and subsequent figures are normalized to
mean MRNA levels in control amnion (horizontal dashed line) urn
drain, continuous drainage of fetal urine without fluid replacement;
urn repl, urine drainage with isovolumic fluid replacement; infused,
continuous infusion of lactated Ringer’s solution (2 L/day) into the
amniotic fluid. *P < 0.05, chorion level compared to amnion level
for the same experimental group.

in the amnion were higher than in the chorion
(P = 0.0023) but were not related to IMA rate (P = 0.42).
In contrast, chorion flotillin-1 mRNA levels were nega-
tively correlated with IMA rate (n =16, r= —0.59,
P < 0.05).

In the amnion and chorion, dynamin-2 mRNA levels
were unchanged under experimental conditions compared
to control (Fig. 2). Even though the ANOVA suggested
significant differences among groups, post hoc testing
found no significance between individual groups. Dyna-
min-2 levels in both amnion (P = 0.73) and chorion
(P = 0.46) were not correlated with IMA rate.

Tubulin-« mRNA levels in the amnion were significantly
reduced during urine drainage and urine replacement
(ANOVA, P < 0.05) but did not change with intra-amnio-
tic fluid infusion (Fig. 2). In the chorion, tubulin-o levels
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Figure 2. Dynamin-2 and tubulin-« mRNA levels (mean =+ SE,

n = 4) in ovine amnion and chorion under control and experimental
conditions urn drain, continuous drainage of fetal urine without
fluid replacement; urn repl, urine drainage with isovolumic fluid
replacement; infused, continuous infusion of lactated Ringer’s
solution (2 L/day) into the amniotic fluid. *P < 0.05 compared to
control amnion.

were not significantly altered by experimental conditions.
Tubulin-o mRNA levels in the amnion were positively cor-
related with IMA rate (n =16, r = 0.546, P = 0.029,
Fig. 3), while levels in the chorion were not (P = 0.17).

The VEGF,c, mRNA levels in the amnion were elevated
during intra-amniotic fluid infusion compared to control
(ANOVA, P < 0.05). However, levels were also elevated
during urine drainage and urine replacement (Fig. 4). In
the chorion, VEGF;q4 mRNA levels were significantly
higher than in the amnion under all conditions, averaging
4.00 £ 0.59 times (P < 0.0001). However, chorionic levels
did not vary with experimental condition. Neither
amnion (P = 0.87) nor chorion (P = 0.23) VEGF ¢, levels
correlated with IMA rate. The relationship between
VEGF;44 and caveolin-1 was determined and found to
correlate negatively in the amnion (r = —0.52, P = <0.05)
but not in the chorion (P = 0.08).
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Figure 3. Regression relationship between amnion tubulin-o mRNA
levels and IMA rate. Solid line, regression line; dotted lines, 95%
confidence interval about the regression line.

The changes in VEGF,;5,b mRNA levels essentially par-
alleled those of VEGF;4 under all experimental condi-
tions  (Fig. 4). However, VEGFs,b levels were
significantly lower. The VEGF;,,b mRNA abundance
averaged 2.60 £ 0.05% and 2.98 £ 0.06% (n = 16,
P < 0.0001) of VEGF,44 mRNA levels in the amnion and
chorion, respectively. In both tissues, there were no corre-
lations between VEGF;s,b mRNA levels and IMA rate
(P =0.85 for amnion, P = 0.17 for chorion). For the
combined amnion and chorion values (n = 32),
VEGF¢b levels were highly correlated with that of
VEGF, 4, (r = 0.993, P < 0.0001).

Amnion mRNA levels of sFlt-1 were higher than those
in the chorion (P < 0.0001, Fig. 5). The levels in both tis-
sues did not change with experimental conditions and
were not correlated with IMA rate (P = 0.58 for amnion,
P = 0.74 for chorion).

PBEF mRNA levels were not altered with experimental
conditions in either amnion or chorion (Fig. 6). There
was no significant correlation between PBEF and VEGF, 4,
mRNA levels in the amnion (P = 0.48) or chorion
(P = 0.95); and neither amnion (P = 0.39) nor chorion
(P = 0.63) PBEF mRNA levels correlated with IMA rate.
Hypoxia inducible factor -1o. mRNA levels in the amnion
and chorion under the four experimental conditions are
shown in Figure 6. HIF-1a mRNA levels were elevated in
both tissues during intra-amniotic infusion (ANOVA,
P < 0.001). Neither amnion nor chorion HIF-1& mRNA
levels correlated with VEGF,s, (P = 0.47 for amnion,
P =10.13 for chorion), but amnion HIF-1a levels posi-
tively correlated with IMA rate (n=16, r= 0.7,
P < 0.05) while chorion levels did not (P = 0.23).

When multivariate regression analysis of mRNA quan-
tities for all target genes in the amnion and the chorion
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Figure 4. VEGF;e4 and VEGF;g4b mRNA levels (mean + SE, n = 4)
in ovine amnion and chorion under control and experimental
conditions urn drain, continuous drainage of fetal urine without
fluid replacement; urn repl, urine drainage with isovolumic fluid
replacement; infused, continuous infusion of lactated Ringer’s
solution (2 L/day) into the amniotic fluid. *P < 0.05 compared to
control amnion; *P < 0.05 chorion level compared to amnion level
for the same experimental group.

were performed, IMA rate was positively correlated with
tubulin-o in the amnion and negatively with flotillin-1 in
the chorion (R = 0.72, P < 0.01).

Discussion

Previous studies have provided substantial evidence sup-
porting the concept that IMA is mediated primarily by
unidirectional vesicular transport of amniotic fluid out-
ward across the amnion (Brace et al. 2014a). In this
study, we explored the cellular and molecular mechanisms
that potentially underlie changes in vesicular transport
rate that would lead to large changes in IMA as induced
experimentally (Gesteland et al. 2009; Brace and Cheung
2014).

In the amnion, the absence of change in expression
levels of caveolin-1, a structural component of caveolae
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Figure 5. Soluble Flt-1 mRNA levels (mean + SE, n = 4) in ovine
amnion and chorion under control and experimental conditions urn
drain, continuous drainage of fetal urine without fluid replacement;
urn repl, urine drainage with isovolumic fluid replacement; infused,
continuous infusion of lactated Ringer’s solution (2 L/day) into the
amniotic fluid. *P < 0.05 chorion compared to amnion for the
same experimental group.

(Galbiati et al. 1998), and flotillin-1, an integral mem-
brane protein of lipid rafts (Salzer and Prohaska 2001),
together with the lack of correlation with IMA rate sug-
gests that vesicle number might not be altered by experi-
mental conditions. This implies that vesicular transport
may not be dependent on the number of caveolae or lipid
rafts in the amnion. In the chorion, the negative correla-
tion between IMA rate and flotillin-1 expression may sug-
gest a response to changes in transport. However, our
previous studies (Adams et al. 2005) indicated that trans-
fer across the chorion was rapid rather than rate-limiting
under all experimental conditions and thus most likely
not a site of regulation.

It is important to note that both caveolin-1 and flotil-
lin-1 expression levels in the amnion were much higher
than in the chorion suggesting that vesicles may be more
abundant in the amnion consistent with a unique trans-
port function of this tissue.

During endocytosis, dynamin-2 participates in the
cleavage and release of membrane invaginations to form
intracellular vesicles (Henley et al. 1998). Although
amnion dynamin-2 mRNA levels tended to be lowered in
all experimental groups compared to control, the lack of
correlation with IMA rate does not support a major role
for dynamin-2 in mediating the experimentally induced
changes in IMA.

Tubulins are structural components of microtubules
that facilitate intracellular vesicle trafficking (Heald and
Nogales 2002). The present finding that amnion tubulin-a
mRNA levels decreased when IMA rate was reduced
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Figure 6. PBEF and HIF-1a mRNA levels (mean =+ SE, n = 4) in
ovine amnion and chorion under control and experimental
conditions urn drain, continuous drainage of fetal urine without
fluid replacement; urn repl, urine drainage with isovolumic fluid
replacement; infused, continuous infusion of lactated Ringer’s
solution (2 L/day) into the amniotic fluid. *P < 0.001 compared to
control amnion; #P < 0.001, compared to control chorion.

during urine drainage and urine replacement suggests that
a decline in structural integrity/number of microtubules
may contribute to the reduction in transport rate under
these conditions. This premise is supported by the posi-
tive correlation between amnion tubulin-o mRNA levels
and IMA rate by both bivariate and multivariate regres-
sion analyses. However, the lack of increase in tubulin-o
mRNA during intra-amniotic infusion when IMA rate
was elevated suggests additional factors may be involved.
Importantly, since tubulin-o level in the chorion was not
affected by experimental conditions nor related to IMA
rate, it appears that the response observed in the amnion
was specific to the amnion, further supporting the con-
cept that tubulin may play an important role in mediat-
ing intramembranous transport across the amnion and
ultimately regulate AFV.

As anticipated (Cheung 2004), VEGF;q, mRNA levels
in the amnion were elevated as IMA rate increased.
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However, rather than being reduced during reductions in
IMA rate as expected, VEGF;54 mRNA levels were signifi-
cantly increased. This suggests that factors other than
VEGF may be involved in regulating IMA rate under
experimental conditions. The mRNA levels of VEGF,s,b
were detectable in ovine amnion; however, the levels were
low representing only 3% of VEGF;s, mRNA levels. Addi-
tionally, the changes in amnion VEGF;4sb mRNA levels
paralleled those of VEGF4, in response to experimental
conditions instead of being inversed and were not related
to IMA rate. This indicates not only that the changes in
expression levels of the 2 isoforms could be the conse-
quence of a common mechanism rather than a negative
relationship but also that VEGF44b would not be partici-
pating in regulation of IMA rate.

Both VEGF;q, and VEGF;qb were more abundantly
expressed in the chorion than in the amnion consistent
with previous findings (Cheung et al. 1995). Since chor-
ion levels did not change with experimental conditions
and were not related to IMA rate, it appears that chorion
VEGF may not be participating in modulating amniotic
fluid transport. In this study, we did not detect a decrease
in sFlt-1 mRNA levels in the amnion when IMA rate was
elevated, suggesting that sFlt-1 was not interacting with
VEGF to modify intramembranous transport as antici-
pated. This was consistent with the lack of relationship
between sFlt-1 and IMA rate.

Previous investigators have shown that application of
VEGEF to retinal endothelial cells increased permeability by
mediating caveolar transport (Feng et al. 1999). We postu-
lated that VEGF would similarly mobilize caveolae in
amnion epithelial cells by up-regulating caveolin-1. How-
ever, in this study, caveolin-1 mRNA level in the amnion
was negatively correlated with VEGF;44 mRNA. This find-
ing does not support the notion that induction of VEGF
would activate caveolin-1 to enhance caveolar transcytosis.

We explored the effects of modifications in IMA rate
on two known factors of VEGF activation: HIF-1a (For-
sythe et al. 1996) and PBEF (Astern et al. 2013). Our
results did not detect significant changes in PBEF mRNA
levels as IMA rate varied by more than an order of mag-
nitude. On the other hand, HIF-loxx mRNA levels
increased during elevated IMA rates in the absence of
hypoxia. However, the lack of correlation between
amnion HIF-la or PBEF mRNA levels with VEGF¢,
levels imply that these factors were minimally involved in
regulating the expression of VEGF under each of the four
experimental conditions.

Conclusions

Overall our findings provided new understanding of the
transport components that are involved in the regulation
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of vesicular fluid movement across the amnion. First, the
lack of change in caveolin-1, flotillin-1, or dynamin-2 does
not support the notion that alterations in the number of
transport vesicles or the rate of their release from the
plasma membrane was the underlying cause of the changes
in IMA rate induced experimentally. Second, VEGF levels
were not correlated with IMA rate, suggesting additional
regulatory factors participate in the modulation of trans-
amnion vesicular transport. Third, the lack of a positive
relationship between VEGF and its activators HIF-1a and
PBEF or a negative correlation with the antagonists
VEGFgb and sFlt-1 suggests that these VEGF agonists
and antagonists would not be the unidentified stimulator
(s) and inhibitor(s) of IMA found in the amniotic fluid.
Fourth, the expression levels of caveolin-1 and flotillin-1
were significantly higher in the amnion than chorion, sug-
gesting that transport vesicles may be more abundant in
the amnion than chorion. Finally, an important finding in
this study was the significant positive relationship between
amnion tubulin-o and IMA rate, and the down-regulation
of tubulin-o when IMA rate was reduced. These responses
were unique to the amnion and not detected in the chorion
consistent with the concept that amnion is the rate-limit-
ing layer for amniotic fluid transport. Therefore, we con-
clude that intramembranous transport rate across the
amnion may be regulated by the number, integrity and/or
activity of intracellular microtubules.
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