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Keywords: Prenatal hypoxia often results in dramatic alterations in developmental profiles and behavioral characteristics,
Prenatal hypoxia including learning and memory, in later life. Despite the accumulation of considerable amounts of experimental
LTP data, the mechanisms underlying developmental deficits caused by prenatal hypoxia remain unclear. In the
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present study, we investigated whether prenatal hypoxia on embryonic day 14 (E14) affected synaptic properties
in the hippocampus and hippocampal-related cognitive functions in young rats. We found that 20- to 30-d-old
rats subjected to prenatal hypoxia had significantly disturbed basal synaptic transmission in CA3-CA1l synapses

and a two-fold decrease in hippocampal long-term synaptic potentiation. These alterations were accompanied by
a significant decline in the protein level of GluN2B but not GluN2A NMDA receptor subunits. In addition, the
number of synaptopodin-positive dendritic spines in the CA1 area of the hippocampus was reduced in the rats
exposed to prenatal hypoxia. These changes resulted in significant learning and memory deficits in a novel object

recognition test.

1. Introduction

Prenatal development is a critical period during which the brain
structures involved in cognitive functions, including learning and
memory, form (Babenko, Kovalchuk, & Metz, 2015; Desplats, 2015).
Any disruption during this period can have a significant impact on
cognitive functions in later life due to compromised neuronal net-
working. The latter has been frequently observed in abnormal preg-
nancies and different animal models exposed to prenatal stress
(Barradas et al., 2016; Cai, Xiao, Lee, Paul, & Rhodes, 1999; Desplats,
2015; Nalivaeva, Turner, & Zhuravin, 2018; Vasilev, Dubrovskaya,
Tumanova, & Zhuravin, 2016). A number of studies demonstrated that
prenatal hypoxia often resulted in dramatic alterations in develop-
mental profiles and behavioral characteristics (Nyakas, Buwalda, &
Luiten, 1996; Vasilev et al., 2016). An understanding of the mechan-
isms of the pathological changes caused by prenatal stress, including
hypoxia, is essential for developing new pharmacological and beha-
vioral approaches for attenuation of these developmental abnormal-
ities. Despite the accumulation of considerable amounts of

experimental data, the mechanisms underlying developmental deficits
caused by prenatal hypoxia are not fully understood.

Recently, we showed that prenatal hypoxia on embryonic day 14
(E14) and E18 disrupted neuroblast migration, with different outcomes
(Vasilev et al., 2016). In the rats subjected to hypoxia on E14, the
number of cortical pyramidal neurons and density of labile synapto-
podin-positive dendritic spines in the molecular cortical layer decreased
during the first month after birth, which affected the development of
cortical functions. Other research observed changes in cell morphology
in the dorsal hippocampus of hypoxic rats, especially in the CA1, with
increased numbers of neurons possessing retracted apical dendrites
(Zhuravin, Tumanova, & Vasiliev, 2009).

The hippocampus appears to play a significant role in different
cognitive functions, especially memory formation (Bird & Burgess,
2008), and it is highly sensitive to stress (Kim & Diamond, 2002). In
terms of cellular mechanisms, hippocampal synaptic plasticity, in-
cluding long-term potentiation (LTP) and long-term depression (LTD),
is considered to underlie certain types of learning and memory
(Collingridge, Isaac, & Wang, 2004; Milner, Squire, & Kandel, 1998).
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Therefore, in the present study, we investigated whether prenatal hy-
poxia on E14 altered hippocampal synaptic plasticity in young rats and
led to disturbances in cognitive functions. We also explored some po-
tential molecular and synaptic mechanisms of these disorders.

2. Methods
2.1. Animals

The study was carried out on 20- to 28-d-old males from the pro-
geny of female Wistar rats of control and experimental (prenatal hy-
poxia) groups. All animals had access to food and water available ad
libitum and were housed under a 12-h light/dark cycle. All experiments
were carried out in accordance with the protocol of Sechenov Institute
of Evolutionary Physiology and Biochemistry of the Russian Academy
of Sciences for the handling of laboratory animals, based on the EU
Directive 2010/63/EU for animal experiments.

2.2. Model of prenatal normobaric hypoxia

On d 14 of pregnancy, female rats were exposed to normobaric
hypoxic hypoxia in a chamber with a capacity of 100L containing
thermoregulation, ventilation, gas analysis, and exhaled CO, adsorption
systems (Nalivaeva et al., 2018). To create hypoxic conditions, the
content of oxygen in the chamber was decreased to 7.0% linearly
during the first 10 min by substitution with nitrogen and kept at this
level for 3 h. The concentration of CO, in the chamber did not exceed
0.2%, and the temperature was maintained at 22 °C. No more than 10
rats were simultaneously placed in the chamber. On d 20 of pregnancy
(1 d before giving birth), the females were placed in individual cages.
Maternal hypoxia did not affect brood size. On d 2 after birth, only
eight pups were left in each brood to minimize the effect of pups nu-
trition on the processes studied in the experiments.

2.3. Hippocampal brain slice preparation

Acute brain slices were prepared as described previously (Plata
et al., 2018). Briefly, the rats were decapitated, and their brains were
rapidly removed. Horizontal brain slices (400-um thick) containing the
dorsal hippocampus were cut using a vibratome HM 650V (Microm
International, Germany) in ice-cold (0 °C) artificial cerebrospinal fluid
(ACSF) composed of (in mM) 126 NaCl, 2.5 KCl, 1.25 NaH,POy,, 1
MgS0,, 2 CaCl,, 24 NaHCOs3, and 10 glucose and then bubbled with
carbogen (95% O, and 5% CO,). The slices were then transferred to
oxygenated ACSF and incubated for 1h at 35°C before electro-
physiological recordings. One to three slices from each rat were used in
the experiments.

2.4. Field potential recordings

For the electrophysiological study, the hippocampal slices were
transferred to a submerged recording chamber, where they were per-
fused with a constant flow of oxygenated ACSF at a rate of 5 mL/min at
room temperature for 15-20 min before the recordings. Two to five
slices from each rat were used in the experiment. Extracellular field
excitatory postsynaptic potentials (fEPSPs) were recorded from the CA1
stratum radiatum using glass microelectrodes (0.2-1.0 M) filled with
ACSF. Synaptic responses were evoked by local extracellular stimula-
tion of the afferent fibers using a twisted nichrome electrode placed in
the stratum radiatum at the CA1-CA2 border, approximately
500-700 pum away from the stimulating electrode. At the beginning of
each experiment, input/output (I/0) relationships were measured by
increasing the current intensity from 25 to 400 pA with a step of 25 pA
via an A365 stimulus isolator (WPI, USA). Responses were amplified
using a Model 1800 amplifier (A-M Systems, USA) and were digitized
and recorded to a personal computer using ADC/DAC NI USB-6211
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(National Instruments, USA) and WinWCP v5.2.4 software (University
of Strathclyde, UK). The electrophysiological data were analyzed using
the Clampfit 10.2 program (Axon Instruments, USA). For each fEPSP,
the slope of the rising phase at a level of 20-80% of the peak amplitude
was measured. Fiber volleys (FVs) were measured from the baseline to
the peak. To estimate the efficacy of synaptic excitatory neuro-
transmission, the relationship between the fEPSP and FV amplitudes
was determined for each slice. The maximum rise slope of the curve
(fEPSP amplitude vs. FV amplitude) was calculated by fitting it with a
sigmoidal Gompertz function (Eq. (1)):

y = ae~¢(-kG—xo) €))

where

a is an asymptote of the maximum fEPSP amplitude;

e is Euler’s number (e = 2.71828...);

k is a positive number that determines the slope of the curve;

X, is the FV amplitude at which the maximum slope of the curve is
observed.

The maximum slope was calculated as ak/e. To measure the paired-
pulse ratio (PPR), paired pulses were delivered once every 20s at in-
terstimulus intervals of 10, 20, 30, 40, 50, 60, 70, 80, 90, 100, 150, 200,
300, 400, and 500 ms (Postnikova, Amakhin, Trofimova, Smolensky, &
Zaitsev, 2019). The PPR was calculated as the quotient of the second
and first fEPSP amplitude for each interval.

2.5. LTP of excitatory synaptic transmission

LTP was examined in 21-28-d-old Wistar rats. The strength of the
stimulus pulse was adjusted to elicit an fEPSP with an amplitude of
40-50% of maximal and was then fixed at this level. The slices received
one paired stimulation pulse (rectangular: duration, 0.1 ms; inter-
stimulus interval, 50 ms) every 20s. Once stable baselines were ob-
tained for 20 min (baseline), LTP was induced via theta-burst stimula-
tion (TBS) (five bursts of five 100-Hz pulses, with a 200-ms interval
between the bursts, applied five times every 10s; 125 pulses in total).
LTP induction was then followed by 40-min recordings of fEPSPs. The
strength of excitatory synaptic responses was assessed by measuring the
slope (20-80%) of the fEPSP rising phase. The size of the LTP was
defined as the average slope of fEPSP 30-40 min after the induction of
LTP normalized to the mean magnitude of the slope for the 10-min
period immediately before the delivery of the TBS (Postnikova et al.,
2019).

2.6. Immunohistochemistry

Rats (20-d-old, eight in each group) were decapitated, and the tissue
blocks from one of the hemispheres of their brains were fixed in 10%
formalin in phosphate-buffered saline (PBS, pH 7.4), cryoprotected in
20% sucrose in PBS, frozen, and then sectioned at the coronal plane.
The analysis of the blocks of brain tissue started at the level of 3.30 mm
from Bregma (Paxinos & Watson, 2006). In total, 10 of 10-um-thick
hippocampal slices were used per animal, and the distance between the
analyzed slices was 40 um. The slices were double stained for sy-
naptopodin (mouse monoclonal S9567 antibodies, Sigma, 1:500) and
PSD95 (rabbit polyclonal ab18258 antibodies, Abcam, 1:400), a post-
synaptic marker protein. The distribution of the PSD95 marker protein
was analyzed to reveal possible degeneration of the dendrite system and
postsynaptic terminals in the hippocampus of rats, exposed to prenatal
hypoxia. The primary antibodies were diluted in 1% bovine serum al-
bumin in PBS and visualized using a polyclonal FITC-conjugated goat
secondary antibody against mouse IgG (ab6785, Abcam, 1:200) or
phycoerythrin (PE)-conjugated donkey anti-rabbit IgG (ab7007,
Abcam, 1:200). Rat hepatic tissue was used as a negative control. For
excitation of PE and FITC, a 488 nm wavelength He/Ar laser was used,
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with the emission of PE being detected at 652-690 nm and FITC at a
wavelength of 496-537 nm. The majority of immunostained synapto-
podin protein formed FITC-labeled dots, with dots 1 um in diameter
corresponding to dendritic spines. The number of synaptopodin-posi-
tive spines was calculated in a 100 X 100 um area, which included both
the stratum radiatum and stratum moleculare (referred to hereafter as
the strata radiatum/moleculare) in CA1l of the dorsal hippocampus,
using the Videotest: Master Morphology 4.2 program (VideoTest,
Russia) For each animal, the mean number of spines was calculated (10
slices per animal, 1 area of interest per slide). The data obtained in the
hypoxia-exposed animals were compared with those of age-matched
controls wusing an unpaired two-tailed Mann-Whitney U test
( < 0.05).

2.7. Western blot

The other hemisphere of the same animals (n = 8 in each group)
was used for Western blot analysis. Dorsal hippocampal tissue (starting
at 3.30 mm from Bregma) was taken for Western blot analysis. The
quantities of synaptic-associated proteins involved in LTP were ana-
lyzed in the synaptosomal fraction containing the postsynaptic proteins
and PSD95 were analyzed in whole tissue lysate in addition The one-
step synaptosomal fraction preparation procedure was based on a pre-
vious method (Phillips et al., 2001), modified later (Louneva et al.,
2008). Briefly, for each sample, 0.2g of hippocampal tissue was
homogenized in a sucrose solution (320 mM sucrose, 0.1 mM CaCl,, and
1 mM MgCl,) with a Sigma fast protease inhibitor cocktail (58820,
Sigma), brought to a final sucrose concentration of 1.25M, overlaid
with 1.0 M sucrose and 0.1 mM CaCl,, and centrifuged at 20,000g for
12 h at 4 °C. The synaptosomal fraction was collected from a band at the
1.25/1.0 M sucrose interface. The synaptosomal fraction was further
fractionated to separate pre- and postsynaptic material using a method
described previously (Louneva et al., 2008). Briefly, the synaptosomes
were pelleted at 20,000 g and then solubilized in 20 mM Tris-HCl, pH
6.0, 1% Triton X-100, 0.1 mM CacCl,, incubated on ice for 60 min, and
centrifuged at 20,000g. The pellet containing the pre- and postsynaptic
membranes was solubilized in 20 mM Tris-HCl, pH 8.0, 1% Triton X-
100, 0.1 mM CaCl,, incubated on ice for 30 min, and centrifuged at
20,000g. The resulting supernatant contained the presynaptic fraction,
and the pellet contained the postsynaptic fraction. The rat hepatic tissue
was used as a negative control. The total amount of proteins in the
sample was determined according to the Bradford protocol (Bradford,
1976). The proteins of interest were analyzed in the supernatant by
electrophoresis in 12% polyacrylamide gels in the presence of sodium
dodecyl sulfate, followed by immunoblotting on polyvinylidene di-
fluoride membranes. The membranes were incubated overnight at 4 °C
in the primary antibodies on 50 mM Tris-HCl, pH 7.4, with 150 mM
NacCl, 0.05% Tween 20, and 5% dry nonfat milk. Primary antibodies for
the proteins of interest were used: synaptopodin (mouse monoclonal
S9567, Sigma, 1:1000), PSD95 (rabbit polyclonal ab18258, Abcam,
1:1000), GluN2A (NMDAR2A, rabbit polyclonal abl16646, Abcam,
1:1000), and GluN2B (NMDARZ2B, rabbit polyclonal ab65783, Abcam,
1:1000). The actin protein in the same samples was analyzed using anti-
actin primary antibodies (rabbit polyclonal A5060, Sigma, 1:5000).
Immunoreactivity was detected using horseradish peroxidase-coupled
goat anti-mouse (ab97265, Abcam, 1:5000) or goat anti-rabbit
(ab6721, Abcam, 1:5000) secondary IgG and visualized using an Op-
tiblot ECL Ultra Detect Kit (1.2 pg—2ng) (Abcam, ab133409). The re-
lative intensity of the immunoreactive bands on the membranes was
quantified by computer-assisted densitometric measurements using
Image Studio, Version 4.0.21 (LI-COR Biosciences, USA). The ratio of
the intensity of the bands corresponding to the protein of interest to
actin (housekeeping protein) was calculated for each sample, and the
data on the hypoxia-exposed animals were compared with those of age-
matched controls.
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2.8. Open field test

The motor activity of the rats (20-28 d after birth) was assessed as
the number of crossed squares in an open field test. The open field in
this study was a rectangular arena of 45 X 45 cm and with walls 13 cm
high. The floor of the chamber was covered by a thick plexiglass plate
and lined with 25 squares (9 x 9 cm). The rat was placed in the center
of the field, and the number of crossed squares was counted for 1 min.
The floor of the chamber was wiped with a 50% ethanol solution after
each animal. The same experimental scheme was employed for testing
the control rats (n = 39) and the rats subjected to prenatal hypoxia
(n = 36).

2.9. Novel object recognition test

For the analysis of the hippocampus-related cognitive functions, the
novel object recognition (NOR) test was chosen (Cohen & Stackman,
2015). The NOR test, being a simple behavioral analysis of memory
which based mainly on the inherent rodent exploratory behavior, has
become a widely used model for studying memory disruptions in ani-
mals (Antunes & Biala, 2012; Benetti et al., 2009; Ennaceur & Delacour,
1988). The NOR test stands out from other tests because it does not
require external motivation — reward or punishment, and it can be
completed in a very short time (Ennaceur & Delacour, 1988; Silvers,
Harrod, Mactutus, & Booze, 2007). To compare short- (STM) and long-
term memory (LTM) of the control rats (n = 39) and the rats subjected
to prenatal hypoxia (n = 36) a modification of the novel object re-
cognition test was used. At the beginning of the trial, the experimental
animal was placed in a 45 X 45 cm box, with nontransparent 13-cm
high walls for 5min adaptation in the absence of any specific beha-
vioral stimuli. Two hours after the adaptation to the experimental
arena, during the training session, the animal was presented with two
novel objects (object 1 and object 2) and left to explore these objects for
5 min.

After each training session, the animal was returned to its home
cage. A period of 10 min was used to test STM, and periods of 60 min
and 24 h were employed to test LTM. In the training sessions, after these
periods, the animal was removed from its home case and placed in the
arena in which the two objects were located. In these testing sessions,
which lasted 5 min each, one of the objects (object 2) was replaced with
a novel object (object 3 for testing STM, and objects 4 and 5 for LTM).
Object 1 was familiar to the rats, as this remained unchanged
throughout subsequent tests. For each animal, the time (T) spent in
tactile or olfactory contact with each object was recorded. The pre-
ference index (PI) was calculated as the ratio of the amount of time
spent exploring one of the two objects in the training phase (object 1 or
2) or the novel object (i.e., object 3) in the test phase as compared with
the total time spent exploring both objects. Thus, PI; or PI, = T; or To/
(T; + T3) X 100% in the training session and PI; or PI3 = T; or T3/
(T + T3) X 100% in the test phase (Wang et al., 2007).

All the objects were made of thick glass. The objects and the ex-
perimental arena were wiped with a 50% solution of ethyl alcohol after
each presentation.

2.10. Statistical analysis

All numerical values were expressed as the mean * the standard
error of the mean (SEM), and all error bars on graphs represent the
SEM. The numbers of slices (for electrophysiological experiments) are
given in brackets. The statistical significance of the LTP data was de-
termined using unpaired Student’s t-tests for independent samples. In
the analysis of animal behavior, a repeated measures analysis of var-
iance (ANOVA), with Fisher’s post hoc test was used to identify dif-
ferences between the motor activity of the normal and hypoxic rats. A t-
test or Mann-Whitney U test was employed to identify differences be-
tween the PI of the novel and familiar objects. All statistical analyses
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were performed using Origin Pro 8 (OriginLab Co., Northampton, MA,
USA) and Statistica 8.0 (StatSoft Inc., Tulsa, OK, USA), SPSS Statistics
17.0 (SPSS Inc., Chicago, IL, USA).

3. Results

3.1. Basal synaptic transmission and LTP were attenuated in the
hippocampal CA1 region after prenatal hypoxia

Long-term synaptic plasticity in the hippocampus is commonly
considered as the cellular base of memory (Milner et al., 1998).
Therefore, we investigated whether synaptic plasticity in the CA1 hip-
pocampal area was affected in rats subjected to prenatal hypoxia. Be-
fore examining synaptic plasticity, we compared basal synaptic trans-
mission and I/0 relationships in the control rats and rats exposed to
prenatal hypoxia. To quantify the strength of CA3-CA1l synaptic
transmission, we measured presynaptic FV amplitudes, which primarily
reflect the number of CA3 axons that fire an action potential, and fEPSP
slopes, which mainly reflect activation of postsynaptic AMPA receptors.
Field responses were evoked by electrical stimuli of varying intensities
(25-400 pA) applied using a twisted nichrome electrode placed in the
stratum radiatum at the CA1-CA2 border. The amplitudes and slopes of
the fEPSPs did not differ in the controls versus the rats exposed to
hypoxia (repeated measures ANOVA, amplitude: F;s; 1155 = 0.19,
p = 0.99, Fig. 1A; slope: Fis; 975 = 0.92, p = 0.54, Fig. 1B). In contrast,
the FVs in the hypoxic rats were significantly higher than those of the
control rats (repeated measures ANOVA, Fis; 1005 = 32, p < 0.001,
Fig. 1C).

The amplitudes of the fEPSPs were plotted against the FV ampli-
tudes to yield an I/0 relation for CA3—CA1 synapses. The 1/0 relations
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Fig. 2. Paired-pulse ratio across different inter-stimulus intervals (10-500 ms)
is normal in the CA1 region of rats after prenatal hypoxia.

constructed from individual experiments were well fitted with a non-
linear sigmoidal function (Fig. 1D). The slopes of these fits (I/0 slopes)
reflected the composite cellular transfer function between presynaptic
action potential-evoked glutamate release and postsynaptic membrane
responses. Therefore, the maximum I/0 slope may be considered as a
measure of synaptic strength. These slopes were significantly reduced in
the hypoxic rats, pointing to a decrease in basal synaptic transmission
functions (Fig. 1E).

To determine whether prenatal hypoxia altered presynaptic func-
tion, we examined the PPR, a transient form of presynaptic plasticity in
which the second of two closely spaced stimuli elicits enhanced trans-
mitter release. Pairs of presynaptic fiber stimulation pulses delivered at
interpulse intervals of 20, 30, 40, 50, 60, 70, 80, 90, 100, 150, 200, 300,
400, and 500 ms evoked nearly identical PPRs in the slices obtained
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Fig. 1. Dynamics of changes in the amplitudes and rise slope of fEPSP (A, B) and presynaptic fiber volley (C) in the control group (black curve) and in the animals
after prenatal hypoxia on E14 (red curve) in response to the increasing intensity of electrical stimulation of afferent fibers. (D) Representative examples of the I/0
relations constructed from individual experiments relating the amplitude of the presynaptic fiber volley to the amplitude of fEPSP at various stimulus intensities
(20-200 pA) in the CA1 region of rats and fitted with Eq. (1). (E) The summary bar graph showing average maximal slopes of I/O relations between the amplitude of

of the references to colour in this figure legend, the reader is referred to the web version of this article.)



LA. Zhuravin, et al.

A control hypoxia B
\/
2¢ 2 10 ms
3.0,
—=— Control
) . .
g 251 Prenatal hypoxia
K g
% 2.0/ f
w 2
© 1.5 i
= e
T 1.0 £
o 3
@ : . . : 08 e :
-10 0 10 20 30 40 ontrol Hypoxia

Time (min)
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figure legend, the reader is referred to the web version of this article.)

from the controls and rats exposed to prenatal hypoxia (repeated
measures ANOVA, Fi4196 = 0.85, p = 0.62, Fig. 2). These results sug-
gested that presynaptic glutamate release at the CA3-CAl synapses
remained normal after prenatal hypoxia treatment.

TBS of afferent fibers resulted in robust LTP in the control rats as
assessed 30-40 min after induction (1.51 = 0.06, n = 37 slices from 16
rats), whereas LTP was significantly reduced in the experimental rats
subjected to prenatal hypoxia (1.24 + 0.05, n = 21 slices from 10 rats;
unpaired t-tests = 3.92, p < 0.01, Fig. 3). These results demonstrated
that prenatal hypoxia significantly impaired long-term synaptic plasti-
city at CA3-CAl excitatory synapses in rats.

To determine the locus of LTP induction, we compared the PPR of
the fEPSP amplitude before (baseline) and after induction of LTP
(Fig. 4). The absence of changes in the PPR is thought to indicate a
postsynaptic locus of LTP induction and the insertion of additional
AMPAR into postsynaptic membrane. A change in the PPR indicates a
presynaptic locus, which results in altered neurotransmitter release
probability (Ivanov & Zaitsev, 2017; Zaitsev & Anwyl, 2012; Zucker &
Regehr, 2002). In the present study, the PPR did not change after TBS in
the control rats (pre-TBS: 1.38 *+ 0.02, post-TBS: 1.35 + 0.03,n = 36;
paired t-test = 0.77, p = 0.44) or in the rats subjected to prenatal hy-
poxia (pre-TBS: 1.27 = 0.03, post-TBS: 1.28 = 0.04, n = 18; paired t-
test = 0.13, p = 0.90). These results suggested that LTP was post-
synaptically expressed both in the control and prenatal hypoxia groups
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Fig. 4. The ratio of fEPSP amplitudes before and after the TBS. (A)
Representative examples of fEPSP responses before induction (baseline) and
40 min after induction of plasticity (LTP) in CA1l from the control and hypoxic
rats. (B) Diagram showing that the PPR before and after the TBS in different
groups.
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Fig. 5. Effects of prenatal hypoxia on the expression of NMDA receptor subunits
in the hippocampus of 20 days old male rats. Western blot analysis of GluN2A
(A) and GluN2B (B) subunits of NMDA receptor expression in the hippocampus
tissue of control (n = 8) and hypoxic (n = 8) rats. The ratio of the protein of
interest to actin band optical density was counted in each tissue sample.
*Difference with the control at p < 0.05 (unpaired two-tailed Mann-Whitney
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of rats.

3.2. Prenatal hypoxia exposure affected the subunit composition of
NMDARs in the hippocampus

As the induction of long-term synaptic plasticity in hippocampal
synapses depends on the activity of NMDARs, weakening of LTP may be
due to impaired expression of NMDARs or changes in their subunit
composition. To test this assumption, we measured the expression level
of GluN2A and GluN2B subunits of NMDARs in the dorsal hippocampus
using a Western blot analysis. The results revealed a two-fold decrease
in the level of the GluN2B subunit in the experimental group as com-
pared with that in the control (Fig. 5, Mann—-Whitney U test = 4.9,
p < 0.01). The expression level of the GluN2A subunit was unchanged
(Fig. 5, Mann-Whitney U test = 30.0, p = 0.24). This finding pointed to
an increase in the ratio of GIuN2A/GIuN2B NMDA subunits in the
hippocampus of young rats exposed to prenatal hypoxia on E14 as
compared with that in the control animals.

3.3. The number of synaptopodin-positive dendritic spines decreased in the
hippocampus following prenatal hypoxia

Recently, we demonstrated a significant reduction in the quantity of
synaptopodin-positive dendritic spines in the neocortex and hippo-
campus of adult rats exposed to prenatal hypoxia on E14 (Vasilev et al.,
2016; Zhuravin, Dubrovskaya, Vasilev, Tumanova, & Nalivaeva, 2011).
Synaptopodin is a specific marker of labile mushroom spines (Deller
et al., 2003), which play an essential role in neuronal network plasticity
(Asanuma et al., 2005; Okubo-Suzuki, Okada, Sekiguchi, & Inokuchi,
2008). Therefore, in the present study, we tested whether 20-d-old rats
would also show decreased numbers of synaptopodin-positive dendritic
spines in the CAl area of the hippocampus. For this purpose, using the
immunofluorescence method, we counted the number of synaptopodin-
positive clusters in the strata radiatum/moleculare.

To confirm the synaptic location of synaptopodin, some slices were
double stained for synaptopodin and a postsynaptic marker protein,
PSD95. The results revealed that all synaptopodin clusters were colo-
calized with PSD95-positive spots (Fig. 6A), confirming that the sy-
naptopodin-positive specks likely corresponded to dendritic spines. The
density of synaptopodin-positive specks was decreased in the strata
radiatum/moleculare of the dorsal hippocampus of the rats exposed to
prenatal hypoxia. In the rats exposed to prenatal hypoxia, the number
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of synaptopodin-positive dendritic spines was only 73% of the control
level (Mann-Whitney U test = 12.6, p = 0.03).

CA1 pyramidal cell death or degeneration of their dendrite systems
could explain the changes in the number of labile synaptopodin-positive
spines in rat hippocampus. To determine whether decreased expression
of PSD95 accounted for the degeneration of the dendrite system and
postsynaptic spines in the hippocampus of the hypoxic rats, the ex-
pression levels of PSD95 protein was estimated in brain tissue lysate
with Western blot analysis. We found no difference PSD95/actin ratio
between control (0.62 + 0.06) and hypoxic animals (0.7 0 = 0.08;
Mann-Whitney U test = 28.4, p = 0.10) suggesting no significant
changes in the total amount of synapses. Next, we estimated synapto-
podin and the PSD95 protein level in a PSD-containing synaptosomal
fraction of the dorsal hippocampus. The data revealed that prenatal
hypoxia decreased the synaptopodin protein level in the dorsal hippo-
campus, with a reduction of 36% as compared with that in the control
(Fig. 6C, Mann-Whitney U test = 9.8, p = 0.02). In contrast, there were
no differences in the expression level of the postsynaptic marker PSD95
protein in the control and hypoxic rat groups (Fig. 6D, Mann-Whitney
U test = 27.1, p = 0.14).

Taken together, these results indicated that prenatal hypoxia spe-
cifically decreased the expression of the synaptopodin protein, as well
as the number of dendritic spines, where this protein is localized but did
not lead to degeneration of the dendrite system.

3.4. Prenatal hypoxia produced learning deficits in young rats

Because cognitive functions may be impaired in animals with hy-
peractivity due to lack of attention (Dellu-Hagedorn, 2006; Lange,
Reichl, Lange, Tucha, & Tucha, 2010; Leo et al., 2018; Sontag, Tucha,
Walitza, & Lange, 2010), we first investigated the motor activity of
normal and hypoxic rats in an open field test. The motor activity was
assessed by the number of crossed squares in the open field arena. The
hypoxic rats exhibited reduced motor activity as compared with that of
the control animals from 21 to 24d after birth (Fig. 7A). To check
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Fig. 6. The distribution (A-B) and level of
expression of actin-associated protein sy-
naptopodin (C) and PSD95 (D) in the dorsal
hippocampus of rats. (A) Distribution of an
actin-associated ~ protein  synaptopodin
(green) and postsynaptic protein PSD95
(red) in stratum radiatum of the dorsal
hippocampus in control rat. White arrows
indicate synaptopodin-positive dendritic
spines. Scale bar = 10 um. (B) The diagram,
showing the mean density of synaptopodin-
positive dendritic spines in the hippocampus
of control and hypoxic rats. (C) Western blot
analysis of synaptopodin (synpo) (C) and
PSD95 (D) expression in the hippocampus
tissue of control (n=8) and hypoxic
(n = 8) rats. The ratio of the protein of in-
terest to actin band optical density was
counted in each tissue sample. Note, that
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Fig. 7. The level of motor activity in the open field of control (n = 39) and
hypoxic (n = 36) rats. Data are shown as mean * SEM. (A) The number of all
crossed squares. Repeated measures ANOVA, F;73 =13.2, p < 0.001 fol-
lowing the Fisher post hoc test(stars marked statistically significant differences
between control and hypoxic groups *p < 0.05, **p < 0.01, ***p < 0.001).
(B) The number of crossed central squares. Repeated measures ANOVA,
Fi1,73 = 2.0, p = 0.20.
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Fig. 8. The diagrams showing PIs in control (A, n = 39) and hypoxic (B,
n = 36) rats in the Novel object recognition test. The horizontal line marks the
hypothetical 50-% value. Paired t-test: **p < 0.01: ***p < 0.001. Numbers of
objects are shown under the columns: training (objects 1 and 2); STM testing
10 min after training (objects 1 and 3); LTM testing 60 min after training (ob-
jects 1 and 4); LTM testing next day (objects 1 and 5).

whether the decrease in motor activity in the open field in hypoxic rats
depends on a decrease in their activity in the center of the field, which
could indicate an increase in anxiety of these animals (Allende-Castro
et al.,, 2012; Smolensky et al., 2019), we investigated this parameter
and found that it does not differ in control and hypoxic (Fig. 7B).
Therefore, our data allow to exclude hyperactivity and increased an-
xiety in hypoxic rats.

The novel object recognition test was used to compare the hippo-
campus-related cognitive functions (Antunes & Biala, 2012; Cohen &
Stackman, 2015) of rats in the control and hypoxic groups. There were
no between-group differences in the total exploratory time of both
objects during the training or testing sessions (control: 6.0 + 0.2s;
hypoxic rats: 6.0 + 0.4s; Mann-Whitney U test = 204.5, p = 0.92).
The animals in both groups showed no preference for either of the two
objects during the training presentation (control: PI; = 50 = 2% for
object 1; PI, = 50 = 2% for object 2, n = 36, paired t-test = 0.2,
p = 0.87; hypoxic rats: PI; =53 * 4%; PI, =47 * 4%, n = 39,
t=0.7, p = 0.48, Fig. 8).

During the test sessions, STM (10 min after the training session) and
LTM (1 h and 24h after the training session) were evaluated. In the
STM test, the control animals examined the novel object (object 3) for a
longer period than the familiar object (object 1). Therefore, PI; was
larger than PI; (54 = 2% vs. 46 * 2%; paired ttest = 2.9,
p = 0.005). In the LTM test 1h later, they explored the new object
(object 4) for a longer period than the familiar object (PL, = 60 = 2%
vs. PI; =40 = 2%, t=5.7,p < 0.001). The next day, they showed a
preference for the new object again (object 5) (PIs = 63 = 4% vs.
PI; =37 + 4%, t=3.7, p < 0.01, Fig. 8). In contrast, the rats ex-
posed to prenatal hypoxia did not exhibit any preference for the novel
objects. Ten minutes after the training session, the PIs were the same for
the familiar object (object 1: PI; = 48 = 2%) and the new object
(object 3: PI; = 52 + 2%, paired t-test = 0.4, p = 0.66). In the LTM
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test 1 h later, the rats showed the same PIs for object 1 (48 + 2%) and
object 4 (52 = 2%, paired t-test = -0.9, p = 0.36). The next day, PI5
was 47 = 4% for the new object (object 5) and 53 *= 4% for the fa-
miliar object (object 1) (paired t-test = 1.1, p = 0.27).

4. Discussion

In the present study, we investigated whether prenatal hypoxia on
E14 affected synaptic properties in the hippocampus and hippocampal-
related cognitive functions in young rats. The prenatally stressed rats
exhibited significantly disturbed basal synaptic transmission in CA-CA1
synapses, in addition to a decreased level of NMDA-dependent LTP, an
altered subunit composition of NMDARs in the hippocampus, and a
reduced number of synaptopodin-positive dendritic spines. All these
changes resulted in learning deficits, as uncovered in a novel object
recognition test. Other studies using different hypoxia models also de-
monstrated that prenatal hypoxia often resulted in memory deficit. For
example, the deficits of recognition memory in NOR test (Cunha-
Rodrigues, Balduci, Tenorio, & Barradas, 2018), reduced spatial ex-
ploration and deficit in habituation memory in open field and elevated
plus maze tests (Sab et al., 2013) were shown for rats in prenatal hy-
poxia-ischemia model. Adult rats with prior in utero hypobaric hypoxia
exhibited significant learning difficulties in both acquisition of a water
maze spatial learning task and recall of a passive avoidance paradigm
(Foley, Murphy, & Regan, 2005), Although the exact mechanisms un-
derlying the effect of prenatal hypoxia on learning deficits in young rats
remain unclear, many authors have suggested that damaged cognitive
functions caused by prenatal hypoxia may lead to impaired neuro-
transmitter circuits and synaptic plasticity (Barradas et al., 2016; Cai
et al., 1999; Chepkova et al., 1995; Cunha-Rodrigues et al., 2018;
Herlenius & Lagercrantz, 2004; McClendon et al., 2017; Wei et al.,
2016). Our electrophysiological experiments on hippocampal brain
slices from prenatally stressed rats revealed some specific character-
istics of synaptic dysfunction. First, we observed reduced basal synaptic
transmission, as shown by a decrease in the I/0 slope at the CA3-CA1
synapses. Such disturbance may arise from a reduction in the following:
(i) the amount of glutamate released from each bouton due to a de-
crease in the probability of release and/or the vesicular content of
glutamate; (ii) the density of CAl synapses associated with each CA3
axon collateral; or (iii) postsynaptic sensitivity to glutamate, mediated
by decreased function and/or density of AMPA receptors because am-
plitudes of fEPSP primarily reflect AMPA receptor activation. In our
study, we tested some of these possible mechanisms.

In the present study, the PPR was the same in the control and pre-
natally hypoxic rats. The PPR is related to the probability of transmitter
release (Zucker & Regehr, 2002). Thus, we suggest that prenatal hy-
poxia did not significantly affect the probability of transmitter release
and other presynaptic functions. However, prenatal hypoxia most likely
modified postsynaptic mechanisms, as demonstrated by altered post-
synaptic induction of LTP, decreased density of synaptopodin-positive
dendritic spines, and disturbance of the subunit composition of
NMDARs.

In the present study, the rats in the prenatal hypoxia group ex-
hibited a two-fold decrease in long-term synaptic potentiation at
CA3-CA1l excitatory synapses, which is agreement with previously
published data in hypoxic model (Chepkova et al., 1995). As TBS-in-
duced LTP is an NMDAR-dependent phenomenon (Postnikova et al.,
2017; Postnikova et al., 2019), this finding may point to disturbances in
the expression of NMDARs. To determine whether the reduced synaptic
plasticity was associated with disturbances in NMDAR gene expression,
we measured the protein levels of NMDAR subunits in the hippo-
campus. NMDARs in the hippocampus are heterotetrameric assemblies
of two GluN1 subunits and two modulatory GluN2 subunits. GluN2A
and GluN2B subunits are most common in CA1 neurons and define the
properties of NMDARs (Kohr, 2006). We found a two-fold decrease in
the protein level of the GIluN2B subunit in the hypoxic group as
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compared with that in the control, suggesting that the subunit com-
positions of these hippocampal receptors were changed in the rats
subjected to prenatal hypoxia. We investigated the expression of these
receptor subunits in the early stage (i.e., the third week) of the post-
natal development period, when a switch in NMDAR composition is
typically observed (Sheng, Cummings, Roldan, Jan, & Jan, 1994;
Williams, Russell, Shen, & Molinoff, 1993). The previous results re-
vealed that GluN2B expression was predominant in the early stages of
postnatal development. In contrast, the proportion of GluN2A-NMDARs
is predominant in adult hippocampus. Thus, we conclude that exposure
to prenatal hypoxia significantly affected the development of the glu-
tamatergic mediatory system. We do not know how long these changes
in receptor expression persist and whether full compensation occurs as
they mature. Probably, the magnitude and duration of such dis-
turbances depends on the model used. A decrease in the expression
levels of mRNA and protein of GluN1, GluN2A, and GluN2B subunits of
NMDA receptors was observed on P42 in a model of prenatal hypoxia in
which the pregnant rats were treated with hypoxia (10.5% oxygen)
from gestational day 4 to 21 (Wei et al., 2016). However, no decrease in
GluN2B subunit expression was found in male rats on P45 using pre-
natal hypoxia-ischemia model (Cunha-Rodrigues et al., 2018).

Previous studies also showed that changes in the subunit composi-
tion of NMDARs significantly affected the properties of synaptic
transmission and long term-plasticity (Miwa, Fukaya, Watabe,
Watanabe, & Manabe, 2008; Yashiro & Philpot, 2008). For example,
recombinant NMDARs containing GluN2B subunits elicited more robust
and prolonged currents than GluN2A-containing NMDARs (Vicini et al.,
1998). As compared with GluN2B-containing NMDARs, GluN2A-con-
taining NMDARs exhibited a higher probability of channel opening and
faster kinetics (Erreger, Dravid, Banke, Wyllie, & Traynelis, 2005), as
well as providing EPSCs with more rapid decay kinetics (Amakhin et al.,
2017). Some studies suggested that GluN2A-containing NMDARs pre-
ferentially induced LTP and that GluN2B-containing NMDARs were
responsible for LTD (Bartlett et al., 2007; Moult & Harvey, 2011).
However, other authors showed that the role of both GIuN2A- and
GluN2B-containing NMDARs in synaptic plasticity was to mediate cal-
cium influx for LTP or LTD induction, depending on the parameters of
the stimulation protocols (Fox, Russell, Wang, & Christie, 2006). In this
study, we used a relatively mild stimulation paradigm (TBS protocol,
which likely activated mainly GluN2B-containing NMDARs as com-
pared to high-frequency stimulation paradigms (Erreger et al., 2005).
Therefore, the significant reduction in GluN2B-containing NMDARs
may result in a decrease in LTP values. Similar changes in the NMDAR
subunit composition and reductions in LTP were found in maternally
stressed mice (Son et al., 2006) and early-life stressed mice (Lesuis,
Lucassen, & Krugers, 2019).

Another possible mechanism of LTP alteration, especially of its late
phase, which is resulting in impairments of memory and learning, is the
decrease in the number of synaptopodin-positive spines. Synaptopodin
is an actin-associated protein and is highly expressed in the spines of
pyramidal neurons, where it is associated with the postsynaptic density
(Mundel et al., 1997). Previous research provided convincing evidence
that dendritic spines determined the character of neuronal interactions
and that they were the primary substrate of plasticity (Martin, Barad, &
Kandel, 2000; Segal, 2010; Zhang et al., 2013; Zito, Scheuss, Knott, Hill,
& Svoboda, 2009). Synaptopodin knockout mice lacked any spine ap-
paratus, which was accompanied by a reduction in hippocampal LTP
(Deller et al., 2003). Although overexpression of synaptopodin did not
affect the size and number of dendritic spines in unstimulated neurons,
it maintained neural activity-dependent enlargement of dendritic spines
in hippocampal neurons (Okubo-Suzuki et al., 2008). Furthermore,
STM and LTM were correlated with the number of synaptopodin-posi-
tive dendritic spines in the cerebral cortex (Vasilev et al., 2016). In the
present study, learning deficits and alterations in both STM and LTM
were found in the young rats.

The significant decrease in the density of synaptopodin-positive
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dendritic spines may be due to the death of pyramidal neurons in the
CA1 zone of the hippocampus, the apical dendrites of which possesses
spines. In the case of cell death, a combined decrease in the expression
of synaptopodin and PSD95 would be expected. However, we did not
detect any changes in the expression of the postsynaptic protein PSD95
in the rats exposed to prenatal hypoxia, which is against assumption
about the death of pyramidal neurons in the CA1 zone. The decrease in
the density of synaptopodin-positive dendritic spines may be attributed
to disturbed afferentation in the CAl field, similar to changes observed
in the dentate gyrus in a previous study (Deller et al., 2006). We suggest
that the changes in the number of the labile synaptopodin-positive
spines observed in the rat hippocampus are provoked by some specific
molecular mechanism regulating spine formation rather than by CAl
pyramidal cell death and degeneration of their dendrite systems.

In summary, our study revealed that prenatal hypoxia had a marked
effect on hippocampal synaptic plasticity and learning in young rats.
Although the precise mechanisms underlying these hippocampal dis-
turbances will require further investigations, the present results point to
alterations in the functioning of the glutamatergic system, specifically a
decrease in the number of GluN2B-containing NMDA receptors. The
latter may be a clinically plausible molecular target for preventing the
cognitive consequences of prenatal hypoxia. Another possible me-
chanism of impairments in learning and memory in hypoxic animals
may be decreased expression of synaptopodin, with this decrease ad-
versely affecting the spine apparatus and altering LTP expression.
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