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ABSTRACT

Intrauterine growth restriction (IUGR) is a significant in utero complication that
can have profound effects on brain development including reduced myelination
and deficits that can continue into adulthood. Progesterone increases
oligodendroctye proliferation and myelin expression, an action that may depend
on the expression of progesterone receptor (PR) isoforms A and B. The
objective of this study was to determine the effect of IUGR on PR isoform
expression in the brain of male and female fetuses and if effects were
associated with a reduction in myelination.

We used a guinea pig model that involves selective reduction in maternal
perfusion to the placenta at midgestation (35 days, term 70d). This resulted in
significant reduction in body weight with marked sparing of brain weight. PRA,
PRB and myelin basic protein (MBP) expression were measured in the brains of
male and female growth restricted and control fetuses at late gestation.

MBP, as a measure of myelination, was found to decrease in association with
IUGR in the CA1 hippocampal region with no change observed in the cortical
white matter. There was a marked increase in PRA, PRB and total PR
expression in the IUGR fetal brain. Control female fetuses demonstrated
significantly higher PRA:PRB ratio than males, however this sex difference was
abolished with IUGR.

These data suggest the central nervous system effects of clinical use of
progesterone augmentation therapy in late pregnancy should be carefully
evaluated. The overall upregulation of PR isoforms in association with [lUGR
suggests increased progesterone action and a possible neuroprotective

mechanism.
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INTRODUCTION

Intrauterine growth restriction (IUGR) is the failure of an infant to reach its full
growth potential and is estimated to occur in up to 5% of all pregnancies (1).
IUGR commonly results from placental insufficiency and a reduction in the
supply of oxygen and nutrients to the developing fetus. Whilst IUGR is a major
stressor that increases the risk of perinatal mortality (2), a large proportion of
these infants are also delivered without any apparent trauma or brain injury.
However, clinical evidence suggests that many IUGR babies have impaired

neurodevelopment that may not be identified until school age or beyond (3-5).

Progesterone has been implicated in a variety of functions in the brain including
maternal behaviour, learning and memory, mood, sexual differentiation and
stimulation of myelin growth and neuroprotection (6-11). Recent studies have
focused on progesterones role in neuroprotection as a precursor of the 5a-
reduced metabolite allopregnanolone, which exerts its neuroprotective effects
via GABAa receptors (12, 13). We have recently shown that inhibition of
allopregnanolone production due to in utero steroid exposure or pharmacologic
inhibition results in reduced myelination in the fetal guinea pig brain (14, 15).
However, growing evidence suggests that progesterone itself has direct
neuroprotective actions on the brain after traumatic brain injury, stroke and
motorneuron degeneration particularly as a promyelinating agent (7-10).
Progesterone stimulates the myelination of axons during development and the
regeneration of myelin after injury (16-18) by inducing the proliferation and
differentiation of oligodendrocytes and the stimulation of myelin production. This
involves increased survival of oligodendrocytes, increased myelin basic protein

(MBP) positive oligodendrocytes, stimulation of proliferation of oligodendrocyte
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precursor cells (OPCs) and subsequent acceleration of their maturation into
myelinating oligodendrocytes (18-20). These effects are reportedly mediated by
the direct action of progesterone on the progesterone receptor (PR) as they are
not seen in PR knockout mice (21). Furthermore, in support of PR mediated
regulation of myelination, MBP expression in rat and mouse brain slices is
increased by the selective PR agonist R5020 and abolished with RU486, a PR
antagonist (21). IUGR can have many adverse effects in the fetal brain
including reduced myelination which may occur due to a reduction in the
number of myelinating oligodendrocytes or the reduced capacity of these
oligodendroctyes to produce myelin (22, 23). Complications during pregnancy,
such as IUGR, may disrupt expression of PR isoforms and hence affect

progesterone action in the developing brain.

Progesterone action is regulated by two PR isoforms derived from a single
gene: the N-terminally truncated PRA (80-90kDa) and the full length PRB (100-
120kDa). Whilst structurally related and holding similar steroid hormone and
DNA binding activities, the isoforms exhibit divergent transactivational
properties and are functionally distinct (24, 25). The expression and functional
role of the PR isoforms have been explored in a number of species with
conflicting findings. In vitro studies suggest PRB to be functionally and
transcriptionally active whilst PRA acts to inhibit the actions of PRB (25),
however in vivo data is more equivocal. Whilst recent studies have centered on
the individual role of these isoforms in normal physiological regulation of
reproductive function and behaviour, the specific role of each isoform in
neuroprotection and myelination has not been explored. The expression of PR

isoforms are developmentally regulated in many regions of the male and female
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rat and chick brain (26-30) suggesting a critical role in neural development.
Specifically, the transient expression of PR in the hippocampus and cortex of
the developing rat suggests a fundamental role in cognition, memory and

learning.

Like humans, guinea pigs give birth to neuroanatomically mature offspring (31)
and maintain high circulating progesterone levels throughout gestation (32)
offering a suitable model in which to examine the role of PR isoform interactions
in brain development and injury in fetal and neonatal life. Lafeber and
colleagues were the first to apply the model of bilateral uterine artery ligation in
mid-pregnancy to restrict growth of the placenta and fetuses in the guinea pig
(33). An adaptation of this model that reduces the in utero death rate but
maintains growth restriction of fetuses has recently been developed (15, 34).
The restriction of maternal blood flow to the placenta leads to a decrease in
oxygen and substrate supply and subsequently results in a hypoglycaemic,
hypoxic, IUGR fetus (35, 36). There is considerable evidence that immature
oligodendrocytes are highly susceptible to hypoxic-ischemic injury. This may
have profound effects on neuronal development and may be regulated by

disrupted PR expression (37-40).

In this study we examined the effect of IUGR on PR isoform expression and
MBP immunostaining, as an indicator of myelination, in an area of the brain
containing the hippocampus and cortex in the late gestation male and female
fetal guinea pig. We hypothesise that IUGR alters PR isoform expression and

reduces myelination.
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MATERIALS AND METHODS

Animals

Outbred tri-color guinea pigs were time mated at the Research Support Unit of
the University of Newcastle, Australia. All animal work was carried out in
accordance with the University of Newcastle Animal Care and Ethics
Committee. Surgery was performed at day 32-35 of gestation (term 70 days)
under 1-3% isoflurane in medical grade E.P. oxygen. In order to establish
placental insufficiency and subsequent IUGR in guinea pig fetuses (IUGR, n=7
male, n=8 female), a modification of the method of Turner and Trudinger was
used (34). Briefly, the uterine horns were exposed and the fat pad manipulated
to identify the uterine artery and the branches (spiral arteries) feeding each
placental site. Diathermy was used to ablate approximately half the arteries
supplying each placenta. Sham surgeries were performed in order to obtain
control fetuses (control, n=7 male, n= 5 female). Dams were monitored daily
until euthanasia at day 65 of gestation by CO, inhalation. Fetuses were
removed from the uterus, sexed, body and organ weights recorded and brains
collected. The brains were hemisected and coronal cuts made to divide each
hemisphere into rostral, middle and caudal blocks. The middle block was used
in the current study and contained cerebral cortex, subcortical white matter,
corpus callosum, thalamus and the hippocampus. The right hemisphere was
processed for subsequent immunoblotting (stored at -80°C) and the left
hemisphere processed for immunohistochemistry (postfixed in 4%
paraformaldehyde). There were 5-7 dams per group, with only one dam (litter)

being represented by two fetuses per sex.
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Western blotting

Frozen brain samples (middle blocks as described above) were pulverized on
dry ice and protein extracted. Briefly, samples (0.1mg) were homogenized in
1ml ice cold buffer (50mM Tris-HCI (pH7.5), 150mM NaCl, 1% NP-40, 0.5% Na
Deoxycholate, 0.1% SDS) containing Complete Protease Inhibitor Cocktail and
PhosphoSTOP Phosphatase Inhibitor Cocktail (Roche Diagnostics, Castle Hill,
Australia). After centrifugation, the supernatant was removed and protein
content determined using colorimetric detection and quantitation (Pierce Protein
Assay kit, ThermoFisher Scientific, Rockford, USA). Protein (110ug) was
separated using 10% Bis-Tris polyacrylamide pre cast gels (Invitrogen, Mt
Waverley, Australia) and transferred to PVDF (Hybond-P, GE Healthcare,
Sydney, Australia) by electroblotting. Membranes were then blocked in 5%
skim milk in TBST (25mM Tris-HCI, 15mM NacCl, 0.1% v/v Tween-20) at room
temperature for 1 hour. Membranes were incubated overnight at 4°C in a 1:100
dilution of PR antibody (MAI-410, Affinity Bioreagents, Thermo Fisher Scientific)
in TBST containing 5% skim milk. After washing in TBST, the membranes were
incubated in a 1:1000 dilution in 5% skim milk in TBST of anti-mouse IgG (HRP-
conjugated, Zymed, Invitrogen) for 2 hours at room temperature. The immune
complexes were visualized using SuperSignal West Pico chemiluminescent
substrate (Pierce, Thermo Fisher Scientific) detection system and captured
using the LAS-3000 Imaging System (Fuji Photo Film, Tokyo, Japan). Pre-
adsorbed antibody-peptide (MA1-410 neutralizing peptide, Affinity Bioreagents)
controls were run to determine specificity of PR isoform detection in the guinea
pig brain (Figure 1A). Relative amounts of PRA (80kDa) and PRB (100kDa)

were quantified by optical density analysis using Multi Gauge v2.4 software



182

183

184

185

186

187

188

189

190

191

192

193

194

195

196

197

198

199

200

201

202

203

204

205

206

207

(Fuji, Photo Film) after stripping and reprobing for g-actin (ab8227, Abcam,
Cambridge, USA). The densities of the bands were determined and normalized
with respect to corresponding p-actin background corrected values and
subsequently to an internal/positive control (myometrium) to allow for
comparison between blots. The PR ratio (PRA:B) is an arbitrary unit calculated
on an individual animal basis using the paired PRA and PRB protein expression

values.

Immunohistochemical detection of Myelin Basic Protein

Regions of brain containing the hippocampus and cortex were embedded in
paraffin wax and 8uM thick coronal sections were cut (Leica RM2145
Microtome, Leica Microsystems, North Ryde, Australia). Sections were treated
with 0.3% H20, to quench endogenous peroxidase activity and incubated in
Revealit-AG Antigen Recovery solution (ImmunoSolution, Newcastle, Australia).
Sections were blocked (0.5% BSA, 0.05% Saponin, 0.1M PBS pH7.2) for 1 hour
at room temperature prior to overnight incubation in primary antibody (M9434,
Sigma Aldrich, St Louis, USA) used at a dilution of 1:2000. After extensive
washing in PBS, sections were incubated in biotinylated anti-rat secondary
antibody (B7139, Sigma Aldrich; 1:300) for 5 hours followed by overnight
incubation with streptavidin-biotin-HRP complex (GE Healthcare) at a dilution of
1:300. Labelling was revealed using DAB (3,3'-diaminobenzidine; Sigma, St
Louis, USA) as a chromogen. Sections were coverslipped using Microscopy
DPX (Merck, VIC, Australia). Control sections in which an equal amount of rat
IgG was substituted for primary antibody were included and were routinely
negative. Immunolabelled sections were viewed with a microscope (Zeiss

Axioskop, Germany) and images acquired with a digital camera (Spot 2.20RT,
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Diagnostic Instruments, USA). Digital images were imported into densitometric
analyses software (Imaged 1.40, National Institutes of Health, Bethesda, USA),
binarized by threshold adjustment and percent area coverage measured in four
fields of view from two sections per animal in each of the two regions of interest:

the hippocampal CA1 and the subcortical white matter.

Statistical analyses

Data are shown as mean = SEM. All data were analyzed using SPSS statistical
software (Version 18, SPSS Inc., Chicago, IL, USA). Two way ANOVAs were
performed to determine the effect of IUGR and sex. When an interaction was
identified, bonferroni post hoc analysis was performed. Spearman correlations
were performed to assess the relationship between growth parameters, PR and

MBP expression. P<0.05 was considered to be statistically significant.
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RESULTS

Induction of IUGR

IUGR fetuses had significantly lower body weight (P<0.001), nose-rump length
(P<0.001), placental weight (P<0.001), liver weight (P<0.001), heart weight
(P<0.001) and BLR (P=0.003) compared to the control fetuses (Table 1). No
effect of sex, nor interaction of sex and IUGR, was identified in any
measurements. Brain weight was not found to significantly change with either

IUGR or sex.

PR isoform and ratio expression in the fetal IUGR brain

PRA expression demonstrated a significant effect of IUGR (P=0.032; Figure 1B)
in the guinea pig brain. This affect was most evident in the male fetuses who
demonstrated increased PRA expression with [IUGR. PRB protein expression
also demonstrated a significant effect of IUGR (P=0.022; Figure 1C) with a
greater rise in expression seen in female fetuses. A significant effect of sex
(P=0.004; Figure 1D) was identified in PRA:B expression, whereby female
brains demonstrate a greater PRA:B ratio than the male fetuses. There was
also a significant interaction of sex and IUGR (P=0.003) with respect to PRA:B.
Post hoc analysis revealed PRA:B was greater in control female than male
brains whilst this affect was not seen in IUGR brains where PRA:B ratios were
not different between sexes. Total PR expression was significantly affected by
IUGR (P=0.032; Figure 1E), whereby expression levels increased in IUGR
fetuses. Whilst no sex effect was identified, this increase was most evident in

male fetuses.

MBP expression



249

250

251

252

253

254

255

256

257

258

259

260

261

262

263

MBP expression in the CA1 region of the hippocampus was significantly
decreased with [IUGR (P=0.033; Figure 2A (region represented by thick dashed
boxes) 2C & 2E) with no effect of sex. Quantification of MBP expression in the
cortical white matter showed no significant effect of IUGR or sex despite a trend
for less expression in females with I[UGR that did not reach significance
(P=0.08; Figure 2A (region represented by solid boxes), 2D & 2F). Qualitative
assessment of the organization of MBP positive (MBP+) stained axons in the
cortical white matter indicated fewer MBP+ axons (Figure 2A (region

represented in outset image by fine lined dashed boxes) and 2B).

Correlations between body weight, BLR, nose-rump length, MBP and PR
expression revealed a significant positive correlation between MBP expression
in the CA1 region and fetal body weight (r = 0.446, P= 0.043) and fetal nose-

rump length (r=0.46, P=0.036)(data not presented).
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DISCUSSION

The key finding of this study was the significant effect of IUGR on PR isoform
expression in the late gestation fetal brain, whereby IUGR increased expression
of both PRA and PRB. This increase in PR expression coincided with
decreased myelination in the hippocampal CA1 region of IUGR fetuses.
Additionally, the potentially functionally relevant, basal PRA:B was found to

differ between sexes and this difference was abolished by IUGR.

Induction of growth restriction by placental insufficiency is a common
intervention in animal studies and the observed effects of decreased body
weight with brain sparing is similar to the asymmetrical growth pattern often
seen in human pregnancies affected by intrauterine growth restriction. These
findings suggest perturbation in fetal growth affects PR isoform expression in
the late gestation brain. We identified increased PR expression and decreased
MBP expression in the fetal brain following IUGR, however whilst we found a
positive correlation between body weight (and length) with hippocampal MBP
expression, we did not find a significant correlation between MBP and PR
expression in the regions studied. This suggests that the decrease in MBP
specific myelination in the fetal brain due to poor in utero growth may be PR
independent. As progesterone, via its receptors, has previously been shown to
have a functional role in myelination (18, 19, 21) and the current finding that PR
expression increased in IUGR fetal brains, we speculate that this increase in PR
expression in the brain following in utero stress may be a mechanism in which

to attempt to increase transcriptional activity of myelination-associated target
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genes. This may represent an effort to protect the brain although the

mechanisms involved remain to be elucidated.

Whilst both PRA and PRB increased with IUGR, the increase in PRA
expression with IUGR was more evident in the male brain, whilst increased
PRB expression following IUGR appeared more evident in the female brain.
This was reflected by the observed differences in the PR isoform ratio. Basal
PRA:B ratios were significantly higher in female brains than male, whilst there
was no difference in the ratio following IUGR due to low ratios seen in both
males and females. In tissues such as the myometrium, the PRA:B ratio is
suggested to play an important functional role at labour. The usefulness of the
PR isoform ratio in determining functional role of each progesterone receptor
isoform remains controversial. Despite some support in the in vitro literature,
there is little evidence in vivo for PRA inhibiting the transcriptional activity of
PRB (41, 42). Secondly, it has been suggested that each isoform regulates
individual sets of target genes with very few overlapping (43). In vivo studies in
null mutant mice have suggested that the two isoforms work cooperatively to
mediate progesterone-dependent gene expression and complex physiological
responses or activities, such as in lordosis and that PRA appears to be the
more transcriptionally dominant isoform in reproductive behaviour (42). In the
current study, no significant sex specific differences were apparent in fetal
guinea pig PRA or B expression. However, PRA:B revealed sex specific
differences with greater PRA:B in females than males. Sex differences were
considered in this study as infants male infants born preterm or with morbidities
requiring NICU stays are twice more likely to die than female infants. This

suggests some sexual dimorphism in their adaptation to adverse conditions.
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Whilst the respective functions of PRA and PRB remain to be fully elucidated in
the nervous system, and the potential functional relevance of their ratio in the
brain is unknown, this study demonstrates sexually dimorphic expression whose

function may be of key importance.

This study aimed to investigate the effect of in utero growth restriction on the
expression of PR isoforms in the brain of the late gestation guinea pig fetus. As
progesterone readily passes through the blood brain barrier, fetuses are
exposed to high levels in utero, despite considerable metabolism by the
placenta. Due to high placental progesterone production throughout gestation,
the fetal brain is exposed to levels higher than those needed to saturate PR
(32). This suggests that changes in PR expression will have a major role in
progesterone action regardless of any sequestration or local synthesis in the

brain itself.

The hippocampal region, specifically the CA1, is known to be especially
sensitive to changes in oxygen delivery (36, 44-46) as may occur with placental
insufficiency. Our finding of reduced MBP expression in the hippocampus and
a positive relationship between fetal growth and MBP expression in the CA1
region indicates a deficiency in myelination following IUGR which may be due to
an inhibition or delay in MBP synthesis or increased degradation of MBP.
Previous studies have also reported decreased myelination in these areas
following IUGR in the guinea pig (22). In the guinea pig, the time of peak
myelination is in the last week of pregnancy (31). MBP is expressed by mature
oligodendrocytes and not OPCs hence the potential effect of IUGR on these

pre-oligodendrocytes in the current study was not defined. The examination of
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postnatal guinea pig myelination is necessary to determine the permanency of

the myelin deficits induced by in utero stress.

Based on the reported role of progesterone in myelination (7-10, 18), we
hypothesized a positive association between PR expression and myelination, as
represented by MBP immunostaining, and that IUGR would result in a reduction
of both PR and MBP in the fetal brain. However, the current findings showed
that IUGR resulted in increased PR expression and reduced myelination in the
fetal brain. These observations therefore do not support the proposal that
progesterone positively regulates myelination via expression of its receptor.
Additionally, care must also be taken when considering the association of these
factors, negative or positive, as it suggests but does not demonstrate cause or

effect in the relationship of PR and MBP expression.

There is a large body of evidence, particularly in adult disease and trauma
states, supporting the therapeutic role of progesterone in oligodendroctye
precursor differentiation and myelin synthesis (47, 48). Comparatively little
work has focused on the developing brain. Despite a number of animal studies
and clinical trials currently evaluating progesterone to prevent or treat preterm
labour, little examination and follow up of the effect of this treatment on the
neonatal brain has been reported (49-51). One follow up study of postnatal
progesterone and estrogen replacement therapy has revealed treated
premature infants achieved normal psychomotor development earlier than
untreated premature infants (52) supporting progesterones neuroprotective role
ex utero in a clinical setting. In light of the present results demonstrating that in

utero stress markedly influences brain PR isoform expression, the increased
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exposure of the fetus to exogenous progesterone requires further evaluation.
The administration of progesterone to prevent preterm birth and potential
treatment of preterm infants with progesterone requires the consideration of the
implications on neural development and myelination. Importantly, the influence
of these treatments may be different following IUGR pregnancies and therefore
the potential effects of such treatments on CNS development require careful

consideration.
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FIGURE LEGENDS

Figure 1. Representative western blot (A) demonstrating expression of progesterone
receptor isoforms PRA (80kDa) and PRB (100kDa) in the late gestation female (F) and
male (M), control and IUGR guinea pig brain in the upper left hand panel. A pooled brain
sample and the internal control (IC, adult myometrium) are shown in the presence of the
blocking peptide in the upper right hand panel and corresponding B-acting loading control
in the bottom panel. The expression of progesterone receptor isoform A (B), isoform B (C)
the progesterone receptor ratio (PRA:B) (D) and total progesterone receptor expression
(E) in female (white), male (grey), control (open bar) and IUGR (lined bar) late gestation
guinea pig brain (region containing hippocampus and cortex). PRA:B is calculated on an
individual animal basis. M = molecular weight marker, myo = myometrium. Data

presented as mean + SEM with * P<0.05.

Figure 2. Representative photomicrograph demonstrating site of cortical and hippocampal
MBP analyses (A) and representative images of the organisation of axons staining for
MPB in the subcortical white matter (A, represented in the outset dashed boxes, and B)
MBP expression in the hippocampal CA1 (A, region represented in dashed boxes and C)
and subcortical white matter (A, region represented in solid boxes, and D) in control
female (a), IUGR female (b), control male (c) and IUGR male (d) late gestation fetal guinea
pig brains. MBP expression (represented as percentage area coverage) in the CA1 (E)
and subcortical white matter (F) of female (white bar), male (grey bar), control (open bar)
and IUGR (lined bar) late gestation fetal guinea pigs. Scale bar = 0.1mm. A = 2.5x
magnification, B, C and D = 40x magnification. Data presented as mean + SEM with *
P<0.05.
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