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Abstract: This study demonstrates how exposure to psychosocial crowding stress (CS) for 3,7, and
14 days affects glutamate synapse functioning and signal transduction in the frontal cortex (FC) of
rats. CS effects on synaptic activity were evaluated in FC slices of the primary motor cortex (M1) by
measuring field potential (FP) amplitude, paired-pulse ratio (PPR), and long-term potentiation (LTP).
Protein expression of GluA1, GluN2B mGluR1a/5, VGLUT1, and VGLUT2 was assessed in FC by
western blot. The body’s response to CS was evaluated by measuring body weight and the plasma
level of plasma corticosterone (CORT), adrenocorticotropic hormone (ACTH), and interleukin 1 beta
(IL1B). CS 3 14d increased FP and attenuated LTP in M1, while PPR was augmented in CS 14d. The
expression of GluA1, GluN2B, and mGluR1a/5 was up-regulated in CS 3d and downregulated in CS
14d. VGLUTs expression tended to increase in CS 7d. The failure to blunt the effects of chronic CS on
FP and LTP in M1 suggests the impairment of habituation mechanisms by psychosocial stressors.
PPR augmented by chronic CS with increased VGLUTs level in the CS 7d indicates that prolonged
CS exposure changed presynaptic signaling within the FC. The CS bidirectional profile of changes in
glutamate receptors’ expression seems to be a common mechanism evoked by stress in the FC.

Keywords: glutamate receptors; glutamate transporters; long-term potentiation; paired-pulse ratio;
crowding stress; frontal cortex

1. Introduction

Data showing effects of social stress in animal models are scarce and limited to models
that are based on strong social interactions and related with behaviors like isolation,
aggression, or subordination [1]. The psychosocial model of crowding stress (CS) is
connected with the proximity to companions and competition for access to drinking water
or food rather than the expression of antagonistic behaviors. For this reason, the CS model
is similar to common social stressors in humans that may lead to stress-related pathology.
Moreover, data obtained from the CS model suggest that animals exposed chronically
to CS do not develop habituation or homeostatic adaptation to crowd exposure—which
is a typical response to physical stressors, observed on the level of endocrine signaling,
synaptic transmission, and intracellular signal transduction [2—4].

The frontal cortex (FC) is a brain region responsible for executive functions and
is known to be impaired in stress-related disorders [5]. It was shown that increased
FC activity is necessary for the reduction of magnitude and the duration of the stress

Biomolecules 2021, 11, 294. https:/ /doi.org/10.3390/biom11020294

https:/ /www.mdpi.com/journal /biomolecules


https://www.mdpi.com/journal/biomolecules
https://www.mdpi.com
https://orcid.org/0000-0002-0169-3916
https://orcid.org/0000-0001-5167-9277
https://orcid.org/0000-0002-1068-1028
https://orcid.org/0000-0002-2757-6101
https://orcid.org/0000-0002-2758-3184
https://orcid.org/0000-0002-3059-5688
https://orcid.org/0000-0002-7821-0206
https://doi.org/10.3390/biom11020294
https://doi.org/10.3390/biom11020294
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/biom11020294
https://www.mdpi.com/journal/biomolecules
https://www.mdpi.com/2218-273X/11/2/294?type=check_update&version=1

Biomolecules 2021, 11, 294

20f18

response [6,7] in human everyday existence. On the other hand, reduced FC activity
(hypofrontality) is considered to underlie stress-related disorders, like depression [8], post-
traumatic stress disorder [9], addiction [10], or schizophrenia [11]. Similarly, biphasic
effects of stress on FC glutamatergic synaptic transmission and neuronal morphology were
documented using preclinical animal models employing mostly stressors that are physical
in nature (reviewed in [12]). The function of glutamatergic signaling systems highly
depends on the density and activity of glutamate receptors, namely the ionotropic c-amino-
3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptors, N-methyl-d-aspartate
(NMDA) receptors, as well as metabotropic glutamate receptors (mGluR). Functional
AMPA receptors are tetramers with GluA1/2 that are the predominant subtypes in many
neurons, and the excitatory postsynaptic potential depends mainly on GluA1l subunits [13].
Similarly, NMDA receptorss are most commonly composed of GluN1/2 heterodimers [14].
GluN1 is obligatory in the heterodimer, while the expression of the four different subtypes
of GluN2 varies spatially and developmentally [15]. GluN2A and GluN2B are the most
prominent GluN2 subunits present in the adult rodent forebrain [15]. Pharmacological,
genetic, and lesion studies in animals point to the importance of GluN2B-containing NMDA
receptors, especially those expressed in the FC, for stress-related cellular adaptation [16,17].
Pharmacological data have also indicated the crucial role of metabotropic receptors in the
pathophysiology of stress-related disorders [18]. Group I mGluRs—mGluR1 and mGluR5—
which transmit intracellular signals via Gq/11 heterotrimeric G proteins, seem to be of
special importance. Group I mGluRs are localized postsynaptically on neurons in the
perisynaptic zone surrounding the ionotropic receptors. The functional form of these
receptors exists as a hetero- or homodimer [19], that participates in synaptic long-term
plasticity [20,21].

Our previous data concerning the CS model revealed that stimulating the stress axis
with CRH injection (1ug/kg) augmented serum levels of CORT in CS 3d and CS 7d groups
in a similar manner, while adrenocorticotropic hormone (ACTH) levels were higher in
CS 7d than in CS 3d [22]. There are currently no electrophysiological studies showing CS
effects on FC synaptic transmission. Therefore, we measured field potentials evoked by a
single or paired stimuli in FC ex vivo slices obtained from animals exposed to CS for 3, 7,
and 14 days to test the assumption that animals cannot adapt to prolonged CS exposure.
Moreover, we investigated the effects of CS on the magnitude of long-term synaptic
potentiation in FC slices and assessed protein expression levels for selected subunits
of glutamate receptors: GluAl, GluN2B, mGIluR5/1a, as well as vesicular glutamate
transporters: VGLUT1 and VGLUT2. The stress reaction during the CS procedure was
monitored by the analysis of body-weight gain, and hypothalamic-pituitary-adrenal axis
(HPA) activation was assessed by measuring plasma corticosterone (CORT), ACTH, and
interleukin 1 beta (IL1B) levels. It is not clear whether IL-1B secreted peripherally is
engaged in psychosocial stress pathology [23,24]. Nevertheless, the presence of this pro-
inflammatory cytokine in the FC was shown to be implicated in stress-induced changes in
the excitatory transmission in the rat frontal cortex [25]. Therefore, we also assessed the
serum level of IL-1B in CS groups.

2. Materials and Methods
2.1. Animals

Taking into account that the animals in our study served as a model of stress-related
pathologies and male rats are more susceptible to stress associated with housing in groups
than females [26], we conducted our study using male Wistar rats (Charles River Laborato-
ries, Sulzfeld, Germany). All rats from two cohorts were used to obtain current data, and,
at the beginning of the experiments, the animals were 6 weeks old, weighing 190220 g.
The animals were housed with unlimited access to commercial food and tap water in stan-
dard rat cages (Uno Housing, Zevenaar, Netherlands). The following standard laboratory
conditions were maintained in the animal room: an artificial 12-h light/dark cycle (lights
on from 7 am. to 7 p.m.) and at constant temperature 22 + 2 °C. Before the onset of the
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experiments, the animals were allowed 1 week of habituation period. All procedures were
approved by the Local Ethical Commission for Animal Experiments at Maj Institute of
Pharmacology, at the Polish Academy of Sciences, in Krakow (Permit No. 250/2018, date
01 Aug 2018 and 130/2019, date 30 May 2019), and fulfilled the requirements of the EU
Directive 2010/63/EU on the protection of animals used for scientific purposes.

2.2. Stress Procedures

Rats were randomly assigned to control and experimental stress groups. Control
animals were kept in cages under standard conditions (312 cm? per rat) and were not
subjected to any stress. The rats from CS groups were kept in cages under overcrowded
conditions (70 cm? per rat) for 3, 7, or 14 consecutive days [27]. To check rats’ well-being
and assess the stress reaction, animals’ body weight was monitored every second day. For
electrophysiology, two separate cohorts of rats were used. In the first cohort (n = 9) the
effect of CS lasting for 3 days was investigated, whereas the second cohort (1 = 25) was
used to assess the effects of CS lasting for 7 and 14 days.

2.3. Tissue Processing

After the stress procedure, all rats were transferred to separate cages for 1 h and
decapitated after that period. Trunk blood from the decapitation wound was collected
between 12 p.m. and 2 p.m. into EDTA-coated tubes (Profilab, Warsaw, Poland) for stress
hormone measurement. From three control and four CS 3d rats adrenals, the spleen and
thymus were removed and weighed for further calculation of their weight (in mg) relative
to body mass (in g) to obtain the adrenal gland, spleen, and thymus index—considered
as physiological stress markers. Adrenals were then immersed in 4% paraformaldehyde
necessary for further paraffin embedding and adrenal gland morphometric analysis. The
brains were rapidly removed from the skulls. The frontal cortex (FC, rostral from Bregma
2.7 mm without the olfactory bulb) destined for immunoblotting was excised on an ice-
cold glass plate, immediately frozen on dry ice, and stored at —70 °C until assayed. The
brains destined for electrophysiological studies were immersed in an ice-cold artificial
cerebrospinal fluid (ACSF) with the following composition (in mM): NaCl (130), KCl1 (5),
CaCl; (2.5), MgS0y (1.3), KHPO4 (1.25), NaHCOs3 (26), and D-glucose (10), bubbled with
a mixture of 95% O, and 5% CO,. Frontal cortical slices (420 um thick) were cut in the
coronal plane using a vibrating microtome (Leica, Wetzlar Germany). Slices were stored at
32 £ 0.5 °C and then placed in an interface recording chamber superfused (2.5 mL/min)
with a modified ACSF (temperature: 32 £ 0.5 °C) containing (in mM): NaCl (132), KC1 (2),
CaCl; (2.5), MgSOy4 (1.3), KH,POy4 (1.25), NaHCO3 (26), and D-glucose (10).

2.4. ELISA Analysis of CORT, ACTH, and IL1B Levels

Plasma from blood samples was isolated according to a previously described proto-
col [28]. Briefly, blood samples were centrifuged at 3000 x ¢ for 15 min at 4 °C, and then the
plasma was transferred to new 1.5 mL collection tubes and stored at —20 °C. CORT, ACTH,
and IL 1B concentrations were determined with an enzyme-linked immunosorbent assay
(ELISA) method using commercially available Rat Corticosterone ELISA, Rat Adrenocor-
ticotropic Hormone ELISA, and Rat IL1B ELISA kits (Bioassay Technology Laboratory,
Shanghai, China). The immunoenzymatic reaction was prepared and developed according
to the manufacturer’s instructions. Absorbance was determined at 450 nm using a plate
reader (Synergy MX, Biotek, Winooski, VT, USA) and hormone concentrations in duplicates
for each sample were determined from standard curves fitted with four parameter logistic
equations in the Graph Pad Prism 5.0 (GraphPad Software, San Diego, CA, USA)

2.5. Morphometric Analysis of the Adrenal Glands

The adrenal processing was described elsewhere [29]. Briefly, the tissues were fixed
in 4% paraformaldehyde overnight, embedded in paraffin, and sectioned on a rotary
microtome at a nominal thickness of 7 um. Every 21st section spanning the entire adrenal
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(approximately 12-14 sections per adrenal) was stained with hematoxylin and eosin and
subjected to morphometric analysis using the Image] and NIS Elements BR 3.0 software
coupled to a CCD (Charge-Coupled Device) camera mounted on a Nikon Eclipse 50i
microscope (Nikon Instruments Inc., Tokyo, Japan). The cross-sectional area of the cortex
and medulla was measured in each investigated section. The volume of the cortex and
medulla in relation to the body mass for each animal was calculated by multiplying the
measured area by the thickness of the section and the fraction of the total volume that it
represented (total volume of 21 sections as every 21st section was stained) and dividing the
result by the animal’s weight on the last day of the experiment.

2.6. Field Potential, Paired-Pulse Stimulation Recordings, Long-Term Potentiation (LTP)
Induction, and Data Analysis

For FP recording, a bipolar stimulating electrode (FHC) was placed approx. 2 mm
lateral to the midline and approx. 1.5 mm below the pial surface (in layer V). Stimuli
(duration: 0.2 ms) were applied at 0.033 Hz using a constant-current stimulus isolation
unit (WPI). FPs were recorded using glass micropipettes filled with ACSF (1-2 M(}), which
were placed approx. 0.3 mm below the cortical surface (in layer II/III). FPs were amplified
(Axoprobe 1A, Axon Instruments, Burlingame, CA, USA), A/D converted at 10 kHz, and
stored using the Micro1401 interface and Signal 4 software (CED, Cambridge, UK).

The stimulus-response curves obtained for each slice were fit with the Boltzmann
equation: Vi=Vmax/(1 + exp((u — uh)/—S), with Vmax being the maximum FP amplitude;
u—stimulation intensity; uh—stimulation intensity evoking the FP of half-maximum
amplitude; S—factor proportional to the slope of the curve. The threshold stimulation
was determined as the stimulus intensity necessary to evoke the FP of approximately
0.1 mV in amplitude. The results are expressed as the means 4+ SEM. The student’s t-test,
a one-way ANOVA followed by the Tukey’s multiple comparisons test, or a post-hoc
Tamhane’s T2 multiple comparisons test following a Welch’s ANOVA test were used to
evaluate differences between groups. For the measurement of the short-term plasticity,
the paired-pulse stimulation protocol was used (duration—0.2 ms, inter-stimulus interval
ISI—50ms). Stimulation intensity was adjusted to evoke a response of 30% of the maximum
FP amplitude. The paired-pulse ratio (PPR) was expressed as the ratio of the amplitude of
the second FP to the amplitude of the first FP.

For the induction of LTP, theta burst stimulation (TBS) was used. The stimulation
intensity was adjusted to evoke a response of 30% of the maximum FP amplitude. TBS
consisted of 10 trains of stimuli at 5 Hz, each composed of five pulses at 100 Hz, repeated
five times every 15 s. During TBS the pulse duration was increased to 0.3 ms. LTP
magnitude was determined as an average increase in the amplitude of the FPs recorded
between 45 and 60 min after TBS, relative to the baseline.

2.7. Immunoblotting Data Generation and Analysis

Total protein was extracted with Radioimmunoprecipitation assay (RIPA) buffer (Mil-
liporeSigma, Burlington, MA, USA) according to the Gadek-Michalska protocol [30]. Equal
amounts of protein extracts were diluted with a loading buffer containing an inclusion
body solubilization buffer (G-Biosciences, Saint Louis, MO, USA) and a reducing agent, 1%
2-mercaptoethanol. The samples in the loading buffer were denatured at 45 °C for 30 min
to prevent the dissociation of mGIuR dimers and the aggregation of hydrophobic trans-
porter proteins [31]. Next, a standard western blot procedure was conducted as previously
described [32]. Briefly, denatured samples were run on SDS-PAGE gels, then transferred
to nitrocelulose membranes. Membranes were then blocked with 5% nonfat dry milk in
Tris-buffered saline with 0.1% Tween-20 (TBST; pH = 7.6) for 1 h at room temperature
and incubated with specific primary antibodies. All studied glutamatergic receptors were
assessed on the same membranes. After staining with Ponceau S, the membranes were
cut horizontally on the 150 kDa level and the proteins—mGIluR I dimer (250 kDa), p- and
total GluN2B (180 kDa)—were assessed on the upper piece, while GluA1l (106kDa) was
assessed on the bottom part. The expression of glutamate transporters was assessed on
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separate gels. After overnight incubation at 4 °C with primary antibodies and three washes
with blocking solution, the membranes were incubated with their appropriate secondary
antibodies for 1 h at room temperature, followed by three washes with TBST. Antibody
binding was detected using an enhanced chemiluminescence kit (ECL Plus 32106, Thermo
Fisher Scientific, Inc., Waltham, MA, USA, USA). Equal loading proteins were further
confirmed by probing with anti-calnexin antiserum (1:5000; ADI-SPA-865-F, Enzo Life
Sciences, Farmingdale, NY, USA) or anti-f3-actin antiserum (1:5000; A5441, MilliporeSigma,
MilliporeSigma, Burlington, MA, USA). The following antibodies were used in the experi-
ment: p(Y1472) GluN2B (1:1000, M2442, MilliporeSigma, MilliporeSigma, Burlington, MA,
USA), GluN2B (1:1000, 610416, BD Biosciences, San Jose, CA, USA), mGIluR5/1a (1:2000,
2032-mGluR5/1a, Phosphosolution, Aurora, CO, USA), GluA1 (1:2000, ab31232 abcam,
Great Britain), VGLUT1 (1:1000, MAB5502, MilliporeSigma, MilliporeSigma, Burlington,
MA, USA), and VGLUT?2 (1:1000, D7D2H, Cell Signaling Technology, Danvers, MA, USA).
All western blot analyses were performed at least twice to confirm the results. The chemi-
luminescence of specific signals was visualized with the Multi-Application Gel Imaging
System, and the immunoreactive bands were quantified by an image analyzer (MultiGauge
V3.0, Fujifilm, Tokyo, Japan).

All values represent the percentage of controls and are expressed as the means =+ stan-
dard error of the mean (SEM), where group size amounted to n = 4-9 rats. Statistical
analyses were performed using the Statistica 10 (Round Rock, TX, USA). Data were as-
sessed by a one-way analysis of variance (ANOVA) followed by a post-hoc test when
appropriate; p < 0.05 was considered as a significant effect.

3. Results
3.1. Rat Body Response to Crowding Stress Exposure
3.1.1. Body Weight

The initial mean body weight + SEM of the animal groups analyzed in the experiment
was as follows: control for CS3d—185 £+ 2.99 g, n = 12; CS 3d—192 £ 299 g, n = 12;
control for CS 7d and CS 14d—210 £ 2.03 g, n = 7, CS 7d—216 + 2.34 g, n = 24; CS
14d—212 £ 1.80 g, n = 24. The unpaired t-test revealed that the body weight gain was
significantly reduced in CS 3d (#(34) = 12.97; p < 0.0001), CS 7d (¢(27) = 6.86; p < 0.0001),
and CS 14d (#(29) = 5.54; p < 0.0001) in comparison to control animals.

3.1.2. Plasma Stress Hormone Levels

Control concentrations of stress hormones in blood plasma amounted to
22.05 £ 1.53 pg/mL for ACTH, 26.5 £ 1.59 ng/mL for corticosterone, and 2128.38 £ 1.53 pg/mL
for IL1B. A slight increase in the ACTH level was observed only in the CS 3d group (by 24%
vs. control) (Figure 1A), but the effect was statistically insignificant [F(3, 69) = 1.89; p = 0.14].
A one-way ANOVA for corticosterone concentration among treatment groups revealed an
effect on the border of statistical significance [F(3, 74) = 2.62; p = 0.057]. A Fisher LSD test
showed a significantly increased corticosterone concentration in CS 14d in comparison to the
corticosterone levels observed in rats after a shorter exposure to the same stress (by 28% vs. CS
3d and 33% vs. CS 7d (p < 0.05)) (Figure 1B). CS did not affect the level of IL1B (Figure 1C).

3.1.3. Adrenal Morphometry, Thymus, and Spleen Weight after 3 Days of Crowding Stress

In order to determine whether CS is stressful after short-term exposure we performed
adrenal morphometry and weighed the other stress-sensitive organs—the thymus and
spleen in the CS 3d group—and compared the results to those of the control group. The
animals subjected to CS 3d had an increased adrenal gland indeXx, calculated as the ratio of
the adrenal weight measured in [mg] to body mass measured in [g]: 0.089 =+ 0.002 mg/g for
controls and 0.101 & 0.003 mg/g for CS 3d (t(30) = 2.95; p < 0.006) (Figure 2A). Furthermore,
the volume of the adrenal cortex was increased in the CS 3d group vs. control rats. The
relative size in [mm?/g] was 0.28 = 0.01 for controls and 0.35 4= 0.009 for the CS 3d group
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(t(5) = 4.45; p < 0.01). There were no effects on the relative size of the adrenal medulla
(t(5) = 0.09; p > 0.9) (Figure 2B,C).
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Figure 1. The concentration of adrenocorticotropic hormone (ACTH) (A), plasma corticosterone (CORT) (B), and interleukin
1 beta (IL1B) (C) in plasma isolated from trunk blood of rats that underwent crowding stress (CS) for 3, 7, or 14 days. Bars
represent ACTH, CORT, and IL1B concentrations 1 h after the transfer of rats into separate cages and refer to the levels
assessed between 1:00 am and 2:00 pm. # p < 0.05 vs. CS 3d (LSD test); " p < 0.05 vs. CS 7d (LSD test). n = 16-20/group, as
indicated in the graphs.
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Figure 2. Three-day crowding stress affected adrenal gland morphometry. (A) stress effect on the adrenal gland index
measured as the ratio of adrenal mass to body weight (n = 10); (B) stress-evoked increase of the adrenal cortex volume
(control: n = 3; CS 3d: n = 4); (C) representative sections of the adrenal gland from control and stressed rats stained with
hematoxylin and eosin. ** p < 0.01 (unpaired ¢-test).

Three-day crowding stress also increased the thymus and spleen indexes. The thymus
index in the CS 3d group was 2.37 £ 0.12 mg/g (n = 12), while in controls it amounted
to 2.69 + 0.10 mg/g (n = 20). This effect was on the border of statistical significance
(#(30) = 2.02; p = 0.05). The spleen index in the CS 3d group reached 3.33 £ 0.09 (n = 12)
and for controls 3.64 = 0.07 (n = 20) (#(30) = 2.58; p < 0.05).

3.2. The Effects of Different Durations of Crowding Stress on Field Potentials

Analyses of FPs recorded in slices obtained from rats undergoing crowding stress
for 3, 7, or 14 days (Figure 3) revealed a marked increase in the relation between FP
amplitude and stimulus intensity (input-output curve) compared to slices obtained from
control rats. A two-way ANOVA for FP amplitudes, with the length of stress and the
control/stress groups as independent factors, revealed a significant interaction between
factors (F(2, 71) = 25.13; p < 0.0001). A post-hoc Sidak’s multiple comparisons test revealed
that each of the three CS paradigms used had a significant effect on the maximum FP
amplitude (3-day CS: t = 12.07, df = 71.00, p < 0.0001; 7-day CS: t = 4.367, df = 71.00,
p = 0.0001; 14-day CS: t = 10.43, df = 71.00, p < 0.0001).
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3.3. The Effects of Different Time Exposure to Crowding Stress on Paired-Pulse Ratio

A two-way ANOVA revealed no significant interaction between stress duration and
stress-induced changes in PPR (F(2, 71) = 1.518; p = 0.2261). However, the main effect of
stress on PPR was significant (F(1, 71) = 19.32; p < 0.0001, Figure 4). A post-hoc Sidak’s
multiple comparisons test revealed significant differences in the PPR between the CS
14d and control groups (f = 4.01, df = 71.00, p = 0.0004). In the other stress groups, the
differences were not significant (CS 3d: t = 1.362, df = 71.00, p = 0.4433; CS 7d: t = 2.428,
df =71, p = 0.0522) (Figure 4).

3.4. The Effects of Different Durations of Crowding Stress on Long-Term Potentiation

In slices prepared from rats subjected to CS for 3 days the mean FP amplitude was
measured between 45 and 60 min after TBS reached 115 % 2.9% of the baseline, a value sig-
nificantly lower than the LTP induced in control slices (137 & 3.9% of baseline; Figure 5A).
In slices prepared from animals that belonging to control groups for CS 7d and CS 14d
experimental groups the magnitude of LTP was smaller (121 £ 1.7% of baseline; Figure 5B
and 119 £ 1.8% of baseline; Figure 5C, respectively) in comparison to controls for CS 3d
group. Nevertheless, in slices obtained from rats subjected to CS for 7 and 14 days LTP
was further attenuated (112 £ 1.1% of baseline; Figure 5B and 102 =+ 1.4% of baseline;
Figure 5C, respectively).
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days of treatment). *** p < 0.0001 vs. control (post-hoc Sidak’s test).
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Figure 5. Crowding stress-evoked decrease in LTP magnitude in the rat FC. Plots of the time course of FP amplitude
(£ SEM) before and after LTP induction showing the influence of CS on LTP after 3 days of CS (A) and after 7 (B) or 14 days
of CS (C). The data are presented as group means + SEM for controls (non-filled shapes) and different stress groups: 3 days
(filled circles, n = 8), 7 days (filled squares, n = 19), and 14 days (filled diamonds, n = 18). Insets in A, B, and C show the
superposition of averaged FPs recorded in representative experiments at the times indicated by numbers. Black arrows in A,
B, and C denote the TBS. (D) Comparison of the CS-evoked changes LTP magnitude. Data calculated as a percentage of
changes relative to baseline control values (100% indicated as a dashed line). *** p < 0.0001.
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A two-way ANOVA for LTP magnitude with the length of stress and the control/stress
groups as independent factors revealed a significant interaction between factors (F(2, 71) = 25.13;
p < 0.0001, Figure 5). A post-hoc Sidak’s multiple comparisons test revealed that each of the
three CS paradigms used had a significant impact on LTP magnitude (CS 3d: t =8.191, df =71.00,
p <0.0001; CS 7d: t = 3.871, df =71.00, p = 0.0007; CS 14d: t = 6.603, df = 71.00, p < 0.0001).

3.5. The Effects of Different Durations of Crowding Stress on GluA1l, GIuN2B, and mGIluR5/1a
Expression in the Rat FC

3.5.1. GluA1 Protein

A one-way ANOVA for changes in GluA1 expression levels between different stress
durations revealed significant differences among the analyzed groups [F(3, 20) = 15.5;
p <0.01]. A post-hoc Fisher LSD test pointed out a significantly increased GluA1 expression
(by 50%) vs. control in CS 3 d (p < 0.01). After the initial induction of GluA1 expression
observed in the CS 3d group, the longer exposure to crowding stress, 7 or 14 days, decreased
GluAl expression by 20% vs. control. A post-hoc analysis showed that GluA1 levels in both
the CS 7 d and CS 14d groups were significantly lower vs. the CS 3 d group (p < 0.001, LSD
test) and were also decreased on the border of statistical significance vs. the control group
(0.1 > p > 0.05, LSD test) (Figure 6A,D). As the experiment involved measuring protein
expression isolated from all cellular fractions (protein extraction by RIPA), to estimate
whether the observed changes in GluA1l expression were related to its presence in the
membrane, we also checked the phosphorylation level of p(Ser845)GluAl. The profile of
CS-evoked changes in the phosphorylation of GluA1 at Serine-845 was similar to the CS-
evoked alterations in GluA1 expression. There were no statistically significant differences
in GluA1 phosphorylation levels among groups (Figure 7A).
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Figure 6. The influence of crowding stress (CS) and its duration on the expression of selected glutamate receptors in the

rat FC. Expression of the GluA1 subunit of the x-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptor
(A), GIuN2B subunit of the n-methyl-d-aspartate (NMDA) receptor (B), metabotropic receptor dimer GluR5/1a (C). (D)
Representative immunoblots that illustrate GluA1, GluN2B, and mGluR5/1a expression levels in the FC. Data were
calculated as percentages of controls and are expressed as means = SEM (CON: N =9; CS3d: N =5; CS7d: N =5; CS 14d:
N =5). **p <0.001; * p < 0.05; O 1> p >0.05 vs. control (LSD test); ### p < 0.001; # p < 0.05 vs. SC 3d (LSD test); " p < 0.05 vs.

CS 7d (LSD test).
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Figure 7. The influence of crowding stress (CS) and its duration on the phosphorylation level of
the GluA1 subunit of the AMPA receptor (A), GluN2B subunit of the NMDA receptor (B). (C)
Representative immunoblots that illustrate GluA1 and GluN2B phosphorylation levels in the FC of
all studied groups. Bands’ order from the left: molecular weight marker; control; CS 3d; CS 7d; CS
14d. Data were calculated as percentages of controls and are expressed as means £+ SEM. A one-way
ANOVA revealed that the phosphorylation of GIluN2B at tyrosine(Y)1472 was significantly elevated
in the CS 3d group vs. the other groups [F(3, 9) = 7.31; * p < 0.05].

3.5.2. GluN2B Protein

A one-way ANOVA revealed significant differences among the analyzed groups
[E(3, 20) = 5.3; p < 0.01]. A post-hoc Fisher LSD test indicated significantly increased
GluN2B expression (by 71%) vs. control in the CS 3d group (p < 0.05). The observed
increase of the expression of GIuN2B subunits in the CS 3d group was gradually decreased
in proportion to the length of CS exposure and was 17% and 55% lower than control levels
in the CS 7d and CS 14d groups, respectively. For both the CS 7d and CS 14d groups,
GluN2B expression was significantly decreased vs. the CS 3d group (p < 0.05, p < 0.01
respectively, LSD test) (Figure 6B,D). Additionally, there was a decrease in the GluN2B
expression in the CS 14d group on the border of statistical significance vs. the control
group (0.1 > p > 0.05, LSD test). We observed a similar increase of phosphorylation levels of
p(Y1472)GluN2B evoked by CS (increase in CS 3d vs. other groups [F(3, 9) = 7.31; p < 0.01]
(Figure 7B).

3.5.3. mGluR5/1a Protein Dimer

A one-way ANOVA for mGluR5/1a dimer expression levels revealed significant
differences among the analyzed groups [F(3, 20) = 8.8; p < 0.01]. A twofold increase in
mGluR5/1a expression was observed in the CS 3d vs. the control group (p < 0.001, LSD
test). Along with the duration of the CS procedure, initially increased levels of mGIuR5/1a
expression were gradually reversed. mGluR5/1a dimer expression was still 34% higher
in the CS 7d group compared with the control group, but its level was significantly lower
when compared to the CS 3d group (p < 0.01, LSD test). In the CS 14d group, the mGluR5/1a
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level was 31% lower than in controls, and the observed decrease was statistically significant
vs. the CS 3d group (p < 0.001, LSD test) and vs. CS7d (p < 0.05, LSD test) (Figure 6C,D).

3.6. The Effects of Different Durations of Crowding Stress on the Level of Vesicular Glutamate
Transporters VGLUT1 and VGLUT?2 in the Rat FC

Although a one-way ANOVA analysis did not show significant effects for the expres-
sion levels of VGLUT1 [F(3, 20) = 1.3; p > 0.1] and VGLUT?2 [E(3, 20) = 2.1; p > 0.1], we
noted an increased expression of both VGLUT1 and VGLUT?2 (by 30%) in CS 7d vs. control.
A post-hoc comparison, which was performed alone, showed that VGLUT2 expression in
the CS 7d group was also higher vs. the CS5-3d and CS-14d groups (Figure 8).
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Figure 8. The influence of crowding stress and its duration on the expression of glutamate trans-
porters in the rat FC. Expression of VGLUT1 (A), VGLUT2 (B). (C) Representative immunoblots
that illustrate VGLUTs expression in the FC after crowding stress (CS). Data were calculated as
percentages of controls and are expressed as means &= SEM (control: n =9; CS3d: n =5;CS7d: n =5;
CS 14d: n =5) e 1> p > 0.05 vs. control (LSD test); # p < 0.05 vs. SC 3days; " p < 0.05 vs. CS-7days,
(LSD test).

4. Discussion

The present study demonstrates for the first time that CS enhances basal excitatory
synaptic transmission and attenuates long-term synaptic plasticity in layer II/III of the
primary motor cortex—M1—a dorsal part of the rat FC. On the other hand, the bidirectional
effect of psychosocial CS on glutamate receptors’ expression in the FC observed in our
study is similar to the effect described in other stress models.

The body weight loss we described in all stressed animals, which had unrestricted
access to food and water during the experiment, reflects the profound physiological changes
evoked by overcrowding. Literature data describing the mechanism of losing weight in
other social stress model (visible burrow system) revealed that persisted weight loss in
subordinated rats was accompanied by depressive-like behavior (anhedonia) and metabolic
syndrome symptoms [33]. The levels of CORT and ACTH in the CS 3d and CS 7d groups
did not show unequivocally the presence of systemic stress reaction. However, in CS 14d
rats the CORT level was clearly increased vs. the other groups, indicating the activation
of the HPA after prolonged exposure to overcrowding. An increased plasma CORT level
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after long-term exposure to stress was observed in animals subjected to the chronic mild
stress procedure [7] but not in the physical restraint stress model [2,34]. There are several
possible reasons why stress hormone levels were not changed in the CS 3d and CS 7d
groups. The HPA activity represents a dynamic process, that is rapidly regulated by a
feedback mechanism, and the timing of both ACTH and CORT responses depends on
the type of stressor [7]. Therefore, the time of our measurement (1 h after the transfer
of rats into separate cages) could be too late to detect increases in stress hormone levels.
The second possible reason why we did not reveal the rise in stress hormone levels after
short-term CS exposure is the presence of other factors inhibiting stress response (e.g.,
testosterone) [35]. It is noteworthy that in our previous study we recorded augmented
levels of stress hormones in the CS 3d and CS 7d groups only when CS rats received an
additional boost (CRH ip injection) [36], which was not applied in experiments presented
here. Even though short-term stress did not change the plasma level of CORT, in the CS
3d group we showed the increased weight of stress-sensitive organs: the adrenal gland,
thymus, and spleen, that is a well-known indicator of experiencing stress [29]. Moreover,
the increased volume of the adrenal cortex in the CS 3d group serves as an indirect proof
of an increase in CORT production during early exposure to CS. The plasma level of IL-1B
was not changed in our study, suggesting that the systemic level of pro-inflammatory
cytokines is not implicated in social stress pathology. It should be noted that the results
delivered by experiments involving other strains or females could be different than those
obtained here, as cytokine effects highly depend on the strain and sex of the animal used in
the stress models [37,38].

Basal excitatory synaptic transmission, measured as the input/output curve, was
increased in our study in the M1 of stressed rats from the CS 3d, CS 7d, and CS 14d groups.
This result is consistent with data obtained in the M1 of rats with experimentally-induced
cortisolemia [39] and in adult offspring rats that were prenatally stressed [40]. The FP
amplitude in M1 altered by social crowding stress demonstrated here contradicts the effects
evoked by repeated physical restraint stress, as an increase in FP amplitude in M1 was
noted after short-term stress only [25]. Longer exposure to restraint stress normalized
cellular activation in the hypothalamus [2] and FC [4], as evidenced by electrophysiological
and immunohistochemical studies. Persistently increased basal synaptic transmission in
CS groups could be related to the increased release of glutamate in the FC. Indeed, it was
documented that FC is a preferential place for increased glutamate release after stress
exposure [41]. Moreover, it has been postulated that the stress-induced elevation of the
level of this neurotransmitter is an important factor of mental pathology [42] and riluzol—a
known inhibitor of glutamate release—is an effective antidepressant [43].

In animal stress models, increased FP amplitude in M1 was accompanied by the expres-
sion of depressive-like behavior [40]. Moreover, it was shown that antidepressant therapies
reverse or counteract the stress-evoked increase in synaptic excitability [27,39,44,45]. On
the synaptic level, stress increased the frequency of mEPSCs in M1 [39,40], which is related
to the enhanced neurotransmitter release. However, in our study, PPR was unchanged in
the CS 3d group. It was slightly elevated in the CS 7d group and increased significantly
after longer chronic exposure to psychosocial stress—in CS 14d. Changes in PPR are used as
a measure of modifications in neurotransmitter release probability [46]. Taken together, the
persistently increased amplitude of FP we observed in our study appears to reflect complex,
dynamic CS-related changes involving both glutamate release from presynaptic terminals
and elevated expression of postsynaptic glutamate receptors. The results obtained here
suggest that the mechanisms underlying the effects of CS 3d on basal synaptic transmission
are mostly postsynaptic and involve the enhanced expression of the AMPA receptor. At
the same time, glutamate release appears unchanged (no change in PPR). Increased basal
synaptic transmission is most likely a consequence of the enhanced AMPA receptor activity,
because in presence of Mg?* (1.3 mM) in the ACSF, NMDA receptor-mediated currents
are blocked [47]. However, the data also show an increase in postsynaptic NMDA and
metabotropic glutamate receptor expression. In contrast, the mechanisms underlying the
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effects of CS 14d on basal synaptic transmission appear to be mostly presynaptic, given the
significant change in PPR and increased expression of glutamate transporters accompanied
by a decreased expression of postsynaptic glutamate receptors. It is tempting to speculate
that the effects on PPR observed after CS 7d result from a decrease of the postsynap-
tic and increase of the presynaptic contributions. Some available data indicate that the
stress-evoked upregulation of presynaptic signaling in the FC is implicated in the mecha-
nism of depression and other stress-related psychiatric disorders. It was shown, among
others findings, that prenatal stress upregulated SNAP-25 (Synaptosomal-Associated Pro-
tein, 25 kDa)—an element of the presynaptic SNARE (SNAP Receptor proteins) complex
in rats [48]. Additionally, maladaptive stress overactivated voltage-dependent calcium
channels (N and P/Q types) [43], which are presynaptically located.

The reduction of LTP in M1 presented here is consistent with the effect produced after
the short-time exposure of rats to restraint stress (3 days) [25] and with results observed
in adult rats stressed prenatally [40]. Moreover, LTP reduction in M1 was detected in
rats after chronic treatment with corticosterone [39] in a manner dependent on the intact
activity of the glucocorticoid receptor (GR) [49]. The role of stress-evoked LTP modulation
is not well understood. Studies involving animal models showed that the induction of
LTP in stress-related brain structures is a dynamic process and depends on the activity of
different receptors. The exposure of mice to repeated neck restraint stress attenuated LTP
in the hippocampus after three stress sessions, and this effect depended on GR activity.
After seven sessions, LTP returned to the control level, while a longer exposure to neck
restraint stress (for 14 and 21 days) potentiated LTP and was related to mineralocorticoid
receptor (MR) activity [47]. In turn, studying saturating levels of LTP and LTD in the
rat amygdala showed that early life stress shifted synaptic plasticity in the amygdala
cortical inputs toward LTD [50]. Because LA and M1 are directly interconnected [51,52],
the stress-evoked changes in synaptic plasticity observed in LA seem to be related to M1
plasticity and described early life stress. Literature data show that stress-evoked LTP
reduction, observed in the FC, hippocampus, and amygdala [40,53], has been accompanied
by depressive-like behavior and antidepressant treatment normalized LTP level [39,54].
The attenuated possibility of the induction of LTP we observed after CS exposure could
resemble the occlusion of LTP occurring as a consequence of learning processes, when
enhanced signal transmission and a saturation of the LTP mechanism take place [39]. It was
demonstrated that strong synaptic connections in the neocortex do not undergo plasticity,
while weak connections tend to be potentiated by presynaptic mechanisms [39]. Taken
together, this information suggests that the stress-evoked reduction in LTP noted in our
study may be involved in the enhancement of learning processes occurring in the FC and
related to increased presynaptic activity.

Our biochemical results revealed that sub-chronic exposure to social stress (CS-3d
group) increased the expression of the GluA1 and GluN2B subunits, that was accompanied
by a higher amplitude of the FPs of FC neurons than in control animals, as observed in
electrophysiology. A similar up-regulation of GluN2A /GluN2B and GluA1 subunits co-
occurring with the potentiation of the postsynaptic NMDA and AMPA receptors currents
in the FC of rats was accompanied by a facilitation of behavioral performance of tasks after
acute exposure to different kinds of stressor [55]. As it is well established that the GluA1
and GIuN2B subunits modulate the membrane stability of the ionotropic receptors, their
augmented expression correlating with the increased amplitude of FPs in the FC of the CS
3d group could reflect the potentiation of FC glutamatergic transmission due to short-term
stress exposure. It should be mentioned that the expression of the glutamate subunits of the
ionotropic receptors covered not only the membrane fraction, which is known to be related
to synaptic electrophysiological properties, but also other intracellular compartments,
where GluA1l and GluN2B are synthesized and processed [56]. However, in our study, CS
effects seem to be specific to the membrane AMPA and NMDA receptors containing the
GluAl and GIluN2B subunits because CS similarly affected the phosphorylation level of
these subunits, which takes place only at the plasma membrane [57]. As it is known that
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mGluR1a/5s participate in synaptic weakening, the increase in their expression in the CS
3d group suggests the involvement of mGluR signaling in the LTP downregulation we
observed. It was documented that mGIuR I mediates the so-called depotentiation, that
relays on a reduction of transmission at synapses which were previously potentiated [20,21].
The reduced LTP occurring with an increased mGIuR5/1a protein level in the FC of
rats in the CS 3d group observed in our study may indicate the occurrence of plastic
changes manifested by a reduction in synaptic transmission after short-term social CS
exposure. The results obtained in the FC of the CS 7d and CS 14d groups were more
complex than in the CS 3d group. Increased synaptic activity and impaired LTP were
accompanied by a decreased expression of all studied glutamate receptors in the FC in
comparison to the control. The alterations in the expression of the glutamate receptors
evoked by CS we received are similar to changes triggered in other stress models, where
an increase in the glutamate receptors expression evoked by initial, acute stress was
followed by downregulation after chronic stress exposure (reviewed by [12]). Results
delivered by studies on chronic physical homotypic restraint stress and unpredictable
stress models suggest that the loss of glutamate receptors in the FC and the impairments in
synaptic excitability result from the increased ubiquitin/proteasome-mediated degradation
of the ionotropic receptors [58]. The mechanism responsible for synaptic transmission
disturbance in the FC evoked by the chronic social crowding stress described here seems to
be different than the one mentioned above. In our studies, the downregulation of GluAl,
GluN2B and mGluR1a/5 induced by prolonged CS is accompanied by the augmented
amplitude of FP. Our results suggest that chronic CS evoked an increase in FP amplitude as
a consequence of augmented presynaptic transmission because the paired-pulse inhibition
ratio—commonly regarded as an indicator of the function of presynaptic neurotransmitter
release machinery—was increased in the CS 14d group. Moreover, chronic CS upregulated
the expression of presynaptic protein VGLUT2 in the FC— which is considered to be a
marker of thalamocortical [59] or mesocortical projections [60], indicating that chronic CS
is responsible for the neurotransmission increase of thalamic or ventral tegmental area
(VTA) glutamatergic inputs.

The limitation of the study presented here is concerned with the fact that the electro-
physiological experiments were performed in only one part of the FC (M1), while protein
expression was assessed for a larger area of the FC (rostral part from Bregma 2.7 mm
without the olfactory bulb). Transcranial magnetic stimulation (TMS) studies in humans
focused on motor cortical excitability in psychiatric disorders revealed significant alter-
ations in the functioning of the M1 region in stress-related disorders like depression and
PTSD [61]. Additionally, our previous electrophysiological experiments indicating that
imipramine reverses impairments in synaptic activity in the FC evoked by chronic corticos-
terone were performed in M1 [39]. In turn, most biochemical data showing bi-directional
effects of physical stress on glutamate receptor expression regard the PFC/FC (reviewed
by [12]); therefore, to compare our results from the psychosocial CS model and validate
data obtained from other stress models, we analyzed the area of the FC larger than M1.
Further experiments should indicate whether and to what extent the immunoblotting
results concerning glutamate receptor expression levels performed for the whole FC differ
from results performed for the M1 part only.

5. Conclusions

Our study provides new information about time-dependent changes in the synaptic
properties and expression levels of selected subunits of glutamate receptors as well as
vesicular glutamate transporters in the FC of rats undergoing psychosocial stress. We have
shown for the first time that, evoked by CS, the enhancement of basal excitatory synaptic
transmission and the attenuation of long-term synaptic plasticity are not blunted alongside
the prolonged exposure to homotypic stress, suggesting that the procedure of psychosocial
stress does not enable the habituation of animals to stress conditions. It proves that the
psychosocial CS model could be a promising candidate to study the mechanisms under-
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co-occurring with increases in PPR, especially after a more chronic stress exposure (in CS 7d
and CS 14d groups), suggests that longer CS exposure utilizes presynaptic mechanisms to
propagate stress signaling. Further studies are necessary to understand the detailed cellular
mechanisms involved in the fluctuations in protein expression levels observed here.

Author Contributions: Conceptualization, A.Z.-M., B.B., A.G.-M.,, LN., G.H.; methodology, A.Z.-M.,
B.B., A.G.-M.,, A.B,, ].K,; formal analysis, A.Z.-M., B.B.,, K.C., AB,, ] K., M.S.,, M.W.; investigation,
AZ-M., BB, KC, AB,JK., MW, writing—original draft preparation, A.Z.-M.; writing—review &
editing, MS, LN., G.H.; visualization, A.Z.-M., B.B., G.H.; supervision, A.Z.-M., LN., G.H.; project
administration, A.Z.-M.; funding acquisition, A.Z.-M., LN., G.H. All authors have read and accepted
the final version of the manuscript.

Funding: The work involving the CS 7d and CS 14d groups was supported by the National Science
Center, Poland, grant no. 2018/02/X/NZ4/02499 (assigned to A.Z.-M.), while the work involving
the CS 3d group was supported by the statutory funds of the Maj Institute of Pharmacology PAS,
assigned to the Dept. of Physiology (G.H.) and to the Dept. of Brain Biochemistry (I.N.).

Institutional Review Board Statement: All procedures were approved by the Local Ethical Commis-
sion for Animal Experiments at the Maj Institute of Pharmacology, Polish Academy of Sciences, in
Krakow (protocols 250/2018, date 01 Aug 2018 and 130/2019, date 30 May 2019) and fulfilled the re-
quirements of the EU Directive 2010/63/EU on the protection of animals used for scientific purposes.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.
Abbreviations

ACSF artificial cerebrospinal fluid

ACTH  adrenocorticotropic hormone

AMPA  x-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
CORT corticosterone

CSs animal model of psychosocial crowding stress
ELISA  enzyme-linked immunosorbent assay

FC frontal cortex

FpP field potentials

GR glucocorticoid receptor

HPA hypothalamic-pituitary-adrenal axis

nipg interleukin 1 beta

LTP long term potentiation

NMDA  N-methyl-d-aspartate

PPR Paired-pulse ratio

Blanchard, R.J.; McKittrick, C.R.; Blanchard, D.C. Animal models of social stress: Effects on behavior and brain neurochemical
systems. Physiol. Behav. 2001, 73, 261-271. [CrossRef]

Kusek, M.; Tokarska, A.; Siwiec, M.; Gadek-Michalska, A.; Szewczyk, B.; Hess, G.; Tokarski, K. Nitric Oxide Synthase In-
hibitor Attenuates the Effects of Repeated Restraint Stress on Synaptic Transmission in the Paraventricular Nucleus of the Rat
Hypothalamus. Front. Cell. Neurosci. 2017, 11, 127. [CrossRef]

Marti, O.; Armario, A. Anterior pituitary response to stress: Time-related changes and adaptation. Int. J. Dev. Neurosci. 1998,

16, 241-260. [CrossRef]


http://doi.org/10.1016/S0031-9384(01)00449-8
http://doi.org/10.3389/fncel.2017.00127
http://doi.org/10.1016/S0736-5748(98)00030-6

Biomolecules 2021, 11, 294 16 of 18

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Girotti, M.; Pace, T.; Gaylord, R.; Rubin, B.; Herman, J.; Spencer, R. Habituation to repeated restraint stress is associated with
lack of stress-induced c-fos expression in primary sensory processing areas of the rat brain. Neuroscience 2006, 138, 1067-1081.
[CrossRef]

Shields, G.S.; Sazma, M.A.; Yonelinas, A.P. The effects of acute stress on core executive functions: A meta-analysis and comparison
with cortisol. Neurosci. Biobehav. Rev. 2016, 68, 651-668. [CrossRef]

Jones, K.R.; Myers, B.; Herman, J.P. Stimulation of the prelimbic cortex differentially modulates neuroendocrine responses to
psychogenic and systemic stressors. Physiol. Behav. 2011, 104, 266-271. [CrossRef] [PubMed]

Herman, J.P.; McKlveen, ].M.; Ghosal, S.; Kopp, B.; Wulsin, A.; Makinson, R.; Scheimann, J.; Myers, B. Regulation of the
Hypothalamic-Pituitary-Adrenocortical Stress Response. Compr. Physiol. 2016, 6, 603-621. [CrossRef] [PubMed]

Mayberg, H.S.; Lozano, A.M.; Voon, V.; McNeely, H.E.; Seminowicz, D.; Hamani, C.; Schwalb, ]. M.; Kennedy, S.H. Deep Brain
Stimulation for Treatment-Resistant Depression. Neuron 2005, 45, 651-660. [CrossRef]

Park, J.; Wood, J.; Bondi, C.; Del Arco, A.; Moghaddam, B. Anxiety Evokes Hypofrontality and Disrupts Rule-Relevant Encoding
by Dorsomedial Prefrontal Cortex Neurons. J. Neurosci. 2016, 36, 3322-3335. [CrossRef]

McGinty, J.F.; Zelek-Molik, A.; Sun, W.-L. Cocaine self-administration causes signaling deficits in corticostriatal circuitry that are
reversed by BDNF in early withdrawal. Brain Res. 2015, 1628, 82-87. [CrossRef] [PubMed]

Kamp, D.; Brinkmeyer, J.; Agelink, M.W.; Habakuck, M.; Mobascher, A.; Wolwer, W.; Cordes, J. High frequency repetitive
transcranial magnetic stimulation (rTMS) reduces EEG-hypofrontality in patients with schizophrenia. Psychiatry Res. 2016,
236, 199-201. [CrossRef]

Musazzi, L.; Treccani, G.; Popoli, M. Functional and structural remodeling of glutamate synapses in prefrontal and frontal cortex
induced by behavioral stress. Front. Psychiatry 2015, 6, 60. [CrossRef] [PubMed]

Lu, W,; Shi, Y,; Jackson, A.C.; Bjorgan, K.; During, M.].; Sprengel, R.; Seeburg, P.H.; Nicoll, R.A. Subunit Composition of Synaptic
AMPA Receptors Revealed by a Single-Cell Genetic Approach. Neuron 2009, 62, 254-268. [CrossRef] [PubMed]

Ishii, T.; Moriyoshi, K.; Sugihara, H.; Sakurada, K.; Kadotani, H.; Yokoi, M.; Akazawa, C.; Shigemoto, R.; Mizuno, N.; Masu, M.
Molecular characterization of the family of the N-methyl-D-aspartate receptor subunits. J. Biol. Chem. 1993, 268, 2836-2843.
[CrossRef]

Wyllie, D.; Livesey, M.; Hardingham, G. Influence of GIuN2 subunit identity on NMDA receptor function. Neuropharmacology
2013, 74, 4-17. [CrossRef] [PubMed]

Mikics, E.; Toth, M.; Biro, L.; Bruzsik, B.; Nagy, B.; Haller, J. The role of GluN2B-containing NMDA receptors in short- and
long-term fear recall. Physiol. Behav. 2017, 177, 44-48. [CrossRef] [PubMed]

Kiselycznyk, C.; Svenningsson, P; Delpire, E.; Holmes, A. Genetic, pharmacological and lesion analyses reveal a selective role for
corticohippocampal GLUN2B in a novel repeated swim stress paradigm. Neuroscience 2011, 193, 259-268. [CrossRef]

Chaki, S.; Ago, Y.; Palucha-Paniewiera, A.; Matrisciano, F.; Pilc, A. mGlu2/3 and mGlu5 receptors: Potential targets for novel
antidepressants. Neuropharmacology 2013, 66, 40-52. [CrossRef]

Pin, ].P; Galvez, T.; Prézeau, L. Evolution, structure, and activation mechanism of family 3/C G-protein-coupled receptors.
Pharmacol. Ther. 2003, 98, 325-354. [CrossRef]

Jones, O.D. Do group I metabotropic glutamate receptors mediate LTD? Neurobiol. Learn. Mem. 2017, 138, 85-97. [CrossRef]
[PubMed]

Bellone, C.; Liischer, C.; Mameli, M. Mechanisms of synaptic depression triggered by metabotropic glutamate receptors. Cell. Mol.
Life Sci. 2008, 65, 2913-2923. [CrossRef] [PubMed]

Bugajski, J.; Gadek-Michalska, A.; Bugajski, A.J. Effect of cyclooxygenase inhibitors on the CHR-induced pituitary-adrenocortical
activity during crowding stress. J. Physiol. Pharmacol. 2003, 54, 99-108. [PubMed]

Brydon, L.; Edwards, S.; Jia, H.; Mohamed-Ali, V.; Zachary, I.; Martin, ].E,; Steptoe, A. Psychological stress activates interleukin-13
gene expression in human mononuclear cells. Brain. Behav. Immun. 2005, 19, 540-546. [CrossRef]

Zou, W,; Feng, R.; Yang, Y. Changes in the serum levels of inflammatory cytokines in antidepressant drug-naive patients with
major depression. PLoS ONE 2018, 13, e0197267. [CrossRef]

Bobula, B.; Sowa, J.; Hess, G. Anti-interleukin-1 antibody prevents the occurrence of repeated restraint stress-induced alterations
in synaptic transmission and long-term potentiation in the rat frontal cortex. Pharmacol. Rep. 2015, 67, 123-128. [CrossRef]
[PubMed]

Brown, K.J.; Grunberg, N.E. Effects of housing on male and female rats: Crowding stresses males but calms females. Physiol.
Behav. 1995, 58, 1085-1089. [CrossRef]

Gadek-Michalska, A.; Tadeusz, J.; Rachwalska, P.; Bugajski, ]. Psychosocial stress inhibits additional stress-induced hyperexpres-
sion of NO synthases and IL-1f in brain structures. Pharmacol. Rep. 2016, 68, 1178-1196. [PubMed]

Chmielarz, P.; Kreiner, G.; Nalepa, I. Selective ablation of glucocorticoid receptors in the noradrenergic system affects evening
corticosterone levels in a sex-dependent manner. Pharmacol. Rep. 2015, 67, 1201-1203. [CrossRef] [PubMed]

Chmielarz, P; Kreiner, G.; Kusmierczyk, J.; Kowalska, M.; Roman, A ; Tota, K.; Nalepa, I. Depressive-like immobility behavior
and genotype X stress interactions in male mice of selected strains. Stress 2016, 19, 206-213. [CrossRef]

Gadek-Michalska, A.; Tadeusz, J.; Rachwalska, P.; Spyrka, J.; Bugajski, ]. Effect of prior stress on interleukin-13 and HPA axis
responses to acute stress. Pharmacol. Rep. 2011, 63, 1393-1403.


http://doi.org/10.1016/j.neuroscience.2005.12.002
http://doi.org/10.1016/j.neubiorev.2016.06.038
http://doi.org/10.1016/j.physbeh.2011.03.021
http://www.ncbi.nlm.nih.gov/pubmed/21443894
http://doi.org/10.1002/cphy.c150015
http://www.ncbi.nlm.nih.gov/pubmed/27065163
http://doi.org/10.1016/j.neuron.2005.02.014
http://doi.org/10.1523/JNEUROSCI.4250-15.2016
http://doi.org/10.1016/j.brainres.2014.09.050
http://www.ncbi.nlm.nih.gov/pubmed/25268928
http://doi.org/10.1016/j.psychres.2016.01.007
http://doi.org/10.3389/fpsyt.2015.00060
http://www.ncbi.nlm.nih.gov/pubmed/25964763
http://doi.org/10.1016/j.neuron.2009.02.027
http://www.ncbi.nlm.nih.gov/pubmed/19409270
http://doi.org/10.1016/S0021-9258(18)53849-7
http://doi.org/10.1016/j.neuropharm.2013.01.016
http://www.ncbi.nlm.nih.gov/pubmed/23376022
http://doi.org/10.1016/j.physbeh.2017.04.005
http://www.ncbi.nlm.nih.gov/pubmed/28400283
http://doi.org/10.1016/j.neuroscience.2011.06.015
http://doi.org/10.1016/j.neuropharm.2012.05.022
http://doi.org/10.1016/S0163-7258(03)00038-X
http://doi.org/10.1016/j.nlm.2016.08.010
http://www.ncbi.nlm.nih.gov/pubmed/27545442
http://doi.org/10.1007/s00018-008-8263-3
http://www.ncbi.nlm.nih.gov/pubmed/18712277
http://www.ncbi.nlm.nih.gov/pubmed/12674222
http://doi.org/10.1016/j.bbi.2004.12.003
http://doi.org/10.1371/journal.pone.0197267
http://doi.org/10.1016/j.pharep.2014.08.011
http://www.ncbi.nlm.nih.gov/pubmed/25560585
http://doi.org/10.1016/0031-9384(95)02043-8
http://www.ncbi.nlm.nih.gov/pubmed/27649096
http://doi.org/10.1016/j.pharep.2015.05.013
http://www.ncbi.nlm.nih.gov/pubmed/26481542
http://doi.org/10.3109/10253890.2016.1150995

Biomolecules 2021, 11, 294 17 of 18

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.
47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Schwendt, M.; Rocha, A.; See, R.E.; Pacchioni, A.M.; McGinty, ].E; Kalivas, PW. Extended Methamphetamine Self-Administration
in Rats Results in a Selective Reduction of Dopamine Transporter Levels in the Prefrontal Cortex and Dorsal Striatum Not
Accompanied by Marked Monoaminergic Depletion. J. Pharmacol. Exp. Ther. 2009, 331, 555-562. [CrossRef] [PubMed]

Sun, W.L.; Zelek-Molik, A.; McGinty, ].F. Short and long access to cocaine self-administration activates tyrosine phosphatase
STEP and attenuates GluN expression but differentially regulates GluA expression in the prefrontal cortex. Psychopharmacology
2013, 229, 603-613. [CrossRef]

Tamashiro, K.L.K.; Hegeman, M.A.; Nguyen, M.M.N.; Melhorn, S.J.; Ma, L.Y.; Woods, S.C.; Sakai, R.R. Dynamic body weight and
body composition changes in response to subordination stress. Physiol. Behav. 2007, 91, 440—448. [CrossRef] [PubMed]
Gadek-Michalska, A.; Spyrka, J.; Rachwalska, P.; Tadeusz, J.; Bugajski, J. Influence of chronic stress on brain corticosteroid
receptors and HPA axis activity. Pharmacol. Rep. 2013, 65, 1163-1175. [CrossRef]

Viau, V.; Meaney, M. The inhibitory effect of testosterone on hypothalamic-pituitary-adrenal responses to stress is mediated by
the medial preoptic area. J. Neurosci. 1996, 16, 1866-1876. [CrossRef]

Bugajski, J.; Gadek-Michalska, A.; Bugajski, A.J. Nitric Oxide and Prostaglandin Systems in the. J. Physiol. Pharmacol. 2004,
55,679-703. [PubMed]

Porterfield, V.; Zimomra, Z.; Caldwell, E.; Camp, R.; Gabella, K.; Johnson, J. Rat strain differences in restraint stress-induced brain
cytokines. Neuroscience 2011, 188, 48-54. [CrossRef]

Barnard, D.E; Gabella, KM.; Kulp, A.C,; Parker, A.D.; Dugan, P.B.; Johnson, ]J.D. Sex differences in the regulation of brain IL-13
in response to chronic stress. Psychoneuroendocrinology 2019, 103, 203-211. [CrossRef]

Bobula, B.; Wabno, J.; Hess, G. Imipramine counteracts corticosterone-induced enhancement of glutamatergic transmission and
impairment of long-term potentiation in the rat frontal cortex. Pharmacol. Rep. 2011, 63, 1404-1412.

Sowa, J.; Bobula, B.; Glombik, K.; Slusarczyk, J.; Basta-Kaim, A.; Hess, G. Prenatal Stress Enhances Excitatory Synaptic Trans-
mission and Impairs Long-Term Potentiation in the Frontal Cortex of Adult Offspring Rats. PLoS ONE 2015, 10, e0119407.
[CrossRef]

Moghaddam, B. Stress Preferentially Increases Extraneuronal Levels of Excitatory Amino Acids in the Prefrontal Cortex:
Comparison to Hippocampus and Basal Ganglia. . Neurochem. 1993, 60, 1650-1657. [CrossRef] [PubMed]

Martin-Hernandez, D.; Tendilla-Beltran, H.; Madrigal, ].L.M.; Garcia-Bueno, B.; Leza, J.C.; Caso, J.R. Chronic Mild Stress Alters
Kynurenine Pathways Changing the Glutamate Neurotransmission in Frontal Cortex of Rats. Mol. Neurobiol. 2019, 56, 490-501.
[CrossRef]

Zarate, C.; Manji, H.K. Riluzole in psychiatry: A systematic review of the literature. Expert Opin. Drug Metab. Toxicol. 2008,
4,1223-1234. [CrossRef] [PubMed]

Michael-Titus, A.T.; Bains, S.; Jeetle, J.; Whelpton, R. Imipramine and phenelzine decrease glutamate overflow in the prefrontal
cortex—a possible mechanism of neuroprotection in major depression? Neuroscience 2000, 100, 681-684. [CrossRef]
Gotembiowska, K.; Dziubina, A. Effect of acute and chronic administration of citalopram on glutamate and aspartate release in
the rat prefrontal cortex. Pol. |. Pharmacol. 2001, 52, 441-448.

Katz, B.; Miledi, R. The role of calcium in neuromuscular facilitation. J. Physiol. 1968, 195, 481-492. [CrossRef]

Hess, G.; Aizenman, C.D.; Donoghue, J.P. Conditions for the induction of long-term potentiation in layer II/III horizontal
connections of the rat motor cortex. J. Neurophysiol. 1996, 75, 1765-1778. [CrossRef] [PubMed]

Cao, Y.J.; Wang, Q.; Zheng, X.X.; Cheng, Y.; Zhang, Y. Involvement of SNARE complex in the hippocampus and prefrontal cortex
of offspring with depression induced by prenatal stress. J. Affect. Disord. 2018, 235, 374-383. [CrossRef] [PubMed]

Spyrka, J.; Hess, G. Repeated restraint-induced modulation of long-term potentiation in the dentate gyrus of the mouse. Brain
Res. 2010, 1320, 28-33. [CrossRef]

Danielewicz, J.; Hess, G. Early life stress alters synaptic modification range in the rat lateral amygdala. Behav. Brain Res. 2014,
265, 32-37. [CrossRef]

Sripanidkulchai, K.; Sripanidkulchai, B.; Wyss, ].M. The cortical projection of the basolateral amygdaloid nucleus in the rat: A
retrograde fluorescent dye study. J. Comp. Neurol. 1984, 229, 419-431. [CrossRef] [PubMed]

Luo, P; Li, A.; Zheng, Y.; Han, Y,; Tian, J.; Xu, Z.; Gong, H.; Li, X. Whole Brain Mapping of Long-Range Direct Input to
Glutamatergic and GABAergic Neurons in Motor Cortex. Front. Neuroanat. 2019, 13, 44. [CrossRef]

Chocyk, A.; Bobula, B.; Dudys, D.; Przyborowska, A.; Majcher-Maslanka, I.; Hess, G.; Wedzony, K. Early-life stress affects
the structural and functional plasticity of the medial prefrontal cortex in adolescent rats. Eur. . Neurosci. 2013, 38, 2089-2107.
[CrossRef]

Dupin, N.; Mailliet, E; Rocher, C.; Kessal, K.; Spedding, M.; Jay, TM. Common efficacy of psychotropic drugs in restoring
stress-induced impairment of prefrontal plasticity. Neurotox. Res. 2006, 10, 193-198. [CrossRef] [PubMed]

Yuen, E.Y.; Liu, W.; Karatsoreos, I.N.; Feng, J.; McEwen, B.S.; Yan, Z. Acute stress enhances glutamatergic transmission in
prefrontal cortex and facilitates working memory. Proc. Natl. Acad. Sci. USA 2009, 106, 14075-14079. [CrossRef] [PubMed]
Horak, M.; Petralia, R.S.; Kaniakova, M.; Sans, N. ER to synapse trafficking of NMDA receptors. Front. Cell. Neurosci. 2014, 8, 394.
[CrossRef] [PubMed]

Goebel-Goody, S.M.; Baum, M.; Paspalas, C.D.; Fernandez, S.M.; Carty, N.C.; Kurup, P.; Lombroso, P.J. Therapeutic implications
for striatal-enriched protein tyrosine phosphatase (STEP) in neuropsychiatric disorders. Pharmacol. Rev. 2012, 64, 65-87. [CrossRef]


http://doi.org/10.1124/jpet.109.155770
http://www.ncbi.nlm.nih.gov/pubmed/19648469
http://doi.org/10.1007/s00213-013-3118-5
http://doi.org/10.1016/j.physbeh.2007.04.004
http://www.ncbi.nlm.nih.gov/pubmed/17512562
http://doi.org/10.1016/S1734-1140(13)71474-9
http://doi.org/10.1523/JNEUROSCI.16-05-01866.1996
http://www.ncbi.nlm.nih.gov/pubmed/15613736
http://doi.org/10.1016/j.neuroscience.2011.05.023
http://doi.org/10.1016/j.psyneuen.2019.01.026
http://doi.org/10.1371/journal.pone.0119407
http://doi.org/10.1111/j.1471-4159.1993.tb13387.x
http://www.ncbi.nlm.nih.gov/pubmed/8097232
http://doi.org/10.1007/s12035-018-1096-7
http://doi.org/10.1517/17425255.4.9.1223
http://www.ncbi.nlm.nih.gov/pubmed/18721116
http://doi.org/10.1016/S0306-4522(00)00390-0
http://doi.org/10.1113/jphysiol.1968.sp008469
http://doi.org/10.1152/jn.1996.75.5.1765
http://www.ncbi.nlm.nih.gov/pubmed/8734579
http://doi.org/10.1016/j.jad.2018.04.053
http://www.ncbi.nlm.nih.gov/pubmed/29674253
http://doi.org/10.1016/j.brainres.2010.01.031
http://doi.org/10.1016/j.bbr.2014.02.012
http://doi.org/10.1002/cne.902290310
http://www.ncbi.nlm.nih.gov/pubmed/6209305
http://doi.org/10.3389/fnana.2019.00044
http://doi.org/10.1111/ejn.12208
http://doi.org/10.1007/BF03033356
http://www.ncbi.nlm.nih.gov/pubmed/17197369
http://doi.org/10.1073/pnas.0906791106
http://www.ncbi.nlm.nih.gov/pubmed/19666502
http://doi.org/10.3389/fncel.2014.00394
http://www.ncbi.nlm.nih.gov/pubmed/25505872
http://doi.org/10.1124/pr.110.003053

Biomolecules 2021, 11, 294 18 of 18

58.

59.

60.

61.

Yuen, E.Y;; Wei, J.; Liu, W.; Zhong, P;; Li, X.; Yan, Z. Repeated stress causes cognitive impairment by suppressing glutamate
receptor expression and function in prefrontal cortex. Neuron 2012, 73, 962-977. [CrossRef]

Liguz-Lecznar, M.; Skangiel-Kramska, J. Vesicular glutamate transporters (VGLUTs): The three musketeers of glutamatergic
system. Acta Neurobiol. Exp. 2007, 67, 207-218.

Gorelova, N.; Mulholland, PJ.; Chandler, L.J.; Seamans, ]J.K. The Glutamatergic Component of the Mesocortical Pathway
Emanating from Different Subregions of the Ventral Midbrain. Cereb. Cortex 2011, 22, 327-336. [CrossRef]

Bunse, T.; Wobrock, T.; Strube, W.; Padberg, F.; Palm, U.; Falkai, P.; Hasan, A. Motor cortical excitability assessed by transcranial
magnetic stimulation in psychiatric disorders: A systematic review. Brain. Stimul. 2014, 7, 158-169. [CrossRef] [PubMed]


http://doi.org/10.1016/j.neuron.2011.12.033
http://doi.org/10.1093/cercor/bhr107
http://doi.org/10.1016/j.brs.2013.08.009
http://www.ncbi.nlm.nih.gov/pubmed/24472621

	Introduction 
	Materials and Methods 
	Animals 
	Stress Procedures 
	Tissue Processing 
	ELISA Analysis of CORT, ACTH, and IL1B Levels 
	Morphometric Analysis of the Adrenal Glands 
	Field Potential, Paired-Pulse Stimulation Recordings, Long-Term Potentiation (LTP) Induction, and Data Analysis 
	Immunoblotting Data Generation and Analysis 

	Results 
	Rat Body Response to Crowding Stress Exposure 
	Body Weight 
	Plasma Stress Hormone Levels 
	Adrenal Morphometry, Thymus, and Spleen Weight after 3 Days of Crowding Stress 

	The Effects of Different Durations of Crowding Stress on Field Potentials 
	The Effects of Different Time Exposure to Crowding Stress on Paired-Pulse Ratio 
	The Effects of Different Durations of Crowding Stress on Long-Term Potentiation 
	The Effects of Different Durations of Crowding Stress on GluA1, GluN2B, and mGluR5/1a Expression in the Rat FC 
	GluA1 Protein 
	GluN2B Protein 
	mGluR5/1a Protein Dimer 

	The Effects of Different Durations of Crowding Stress on the Level of Vesicular Glutamate Transporters VGLUT1 and VGLUT2 in the Rat FC 

	Discussion 
	Conclusions 
	References

