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Abstract—Early-life stress is a risk factor for the development of behavioral and cognitive disorders in humans and animals.
Such stressful situations include social isolation in early postnatal ontogenesis. Behavioral and cognitive impairments asso-
ciated with neuroplastic changes in brain structures. We have found that after ten weeks of social isolation, male Wistar rats
show behavioral abnormalities and cognitive deficit, accompanied by an increase in the relative expression of gene encod-
ing serine protease prolyl endopeptidase (PREP, EC 3.4.21.26) in the brain frontal cortex. The present study aimed to assess
synaptophysin (SYP), brain-derived neurotrophic factor precursor (proBDNF), and PREP expression using Western blot in
the brain structures — the hippocampus, frontal cortex, and striatum of the rats subjected to prolonged social isolation com-
pared with group-housed animals. Twenty Wistar rats were used for this study (10 males and 10 females). Experimental ani-
mals (5 males and 5 females) were kept one per cage for nine months, starting from the age of one month. Ten-month-old
socially isolated rats showed memory deficit in passive avoidance paradigm and Morris Water Maze and reactivity to novel-
ty reduction. We used monoclonal antibodies for the Western blot analysis of the expression of SYP, proBDNEFE, and PREP
in the rat brain structures. Social isolation caused a proBDNF expression reduction in the frontal cortex in females and a
reduction in PREP expression in the striatum in males. These data suppose that neurotrophic factors and PREP are involved
in the mechanisms of behavioral and cognitive impairments observed in the rats subjected to prolonged social isolation with

an early life onset.
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INTRODUCTION

Stress at the early stages of ontogenesis is a risk fac-
tor of behavioral and cognitive impairments, as well as
some somatic disorders [1-4]. A type of stress is the early-
life social isolation (deprivation), accompanied by the
limited sensory stimulation and insufficient formation of
social, cognitive, and verbal skills.

Social isolation (SI) is an important stressor in both
humans and social animals (e.g., rodents) [5, 6].
Reported that, socially isolated rats develop excessive

Abbreviations: BDNF, brain-derived neurotrophic factor;
FC, frontal cortex; HPC, hippocampus; MWM, Morris water
maze; OF, open field test; PA, passive avoidance test;
PREP, prolyl endopeptidase; SI, social isolation; STR, stria-
tum; SYP, synaptophysin.

* To whom correspondence should be addressed.

aggressiveness, impaired motivation, hyperactive pheno-
type, and cognitive deficit [7]. It is believed these behav-
ioral changes are determined by alterations in the neuro-
plasticity of brain structures [8] and disruption of genome
epigenetic programming at an early age [9-11].

Changes in the synaptic plasticity associated prima-
rily with the activity of neurons, are a fundamental com-
ponent of neuroplasticity. In turn these changes are medi-
ated through the regulation of synaptic proteins [12]. The
glycoprotein synaptophysin (SYP) is the main integral
membrane protein of small synaptic vesicles (vesicles that
do not contain peptides). SYP is involved in the forma-
tion of synaptic vesicles, release of neurotransmitters, and
synaptogenesis [13, 14]. The data on the impact of vari-
ous types of chronic stress (immobilization, unpre-
dictable stress, maternal separation in rats) on the SYP
expression are contradictory [15-21], which could be due
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to the nature of stress and specifics of stress response in
animals of different strains, sex, and age. The data on the
effects of SI are scarce and inconsistent as well. Chronic
8-week-long SI did not affect SYP expression in the hip-
pocampus (HPC) and hypothalamus of adult female
Sprague—Dawley rats [22], while in male Lister hooded
rats, 8-week-long SI started from weaning led to the
decrease in the SYP content in the dentate gyrus of the
HPC [23]. Two-week-long SI of adult Sprague—Dawley
male rats caused a decrease in the SYP expression and
synaptic plasticity in the HPC [24]. To the best of our
knowledge, the data on the SYP expression in rat brain
structures under prolonged SI are absent.

Another well-known biomarker and regulator of
synaptic and neuronal plasticity is a brain-derived neu-
rotrophic factor (BDNF), the most abundant neu-
rotrophin in the mammalian brain, which is considered
one of the most important stress responses mediators
[25, 26]. BDNF regulates neuronal survival and differen-
tiation and modulates various synaptic functions
(e.g., facilitates long-term potentiation and structural
increase of dendritic spines) [27]. BDNF is synthesized as
a pre-proBDNF precursor in the endoplasmic reticulum,
then transported to the Golgi apparatus, where the
proBDNF isoform is produced. Mature BDNF
(mBDNF) is formed from proBDNF via cleavage of the
pro-domain sequence [28, 29]. The regulatory effects of
proBDNF and BDNF on the synaptic plasticity are dif-
ferent and often opposite. It is assumed that proBDNF
could be a key regulator of synaptic plasticity and forma-
tion of neural circuits in adolescence, and these effects
are preserved in adult animals [27]. The disturbance in
the balance between proBDNF and mBDNF due to the
presumed inhibition of precursor conversion into
mBDNF was observed in the HPC of rats in the two-hit
rat stress model (chronic neonatal maternal separation
and administration of corticosteroids to adult animals)
[30] and in the prenatal stress model [31]. Early SI start-
ing from weaning and continued for two weeks (postnatal
days 21-34) resulted in decreased pre-pulse inhibition in
the sensorimotor reactivity test and epigenetic modifica-
tion of BDNF (upregulation of BDNF expression in the
medial prefrontal cortex and decrease of its expression in
the HPC) in male Sprague—Dawley rats [32]. The data on
whether the level of BDNF isoforms changes during the
long-term SI, and, if yes, then how, are not currently
available.

Our studies in the rat model of SI started from wean-
ing and continued for two months demonstrated that
male Wistar rats exhibited more pronounced aggressive
behavior, decrease of pre-pulse inhibition, and cognitive
deficit manifested as learning impairments (evaluated by
the decrease in the acoustic startle response amplitude)
accompanied by the upregulated expression of the prep
gene encoding serine proteinase prolyl endopeptidase
(PREP, EC 3.4.21.26) in the frontal cortex (FC) [33].
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PREP is a pleiotropic protease [34] involved in numerous
processes, including learning, memory, and neuroplastic-
ity, likely via interactions with other proteins [35]. Age-
related increase in the PREP activity in the FC, hypo-
thalamus, nucleus accumbens, and striatum (STR) of
male rats and in HPC and STR of female rats was demon-
strated in the model of the mixed anxiety-depressive state
induced by the dipeptidyl peptidase IV (EC 3.4.14.5)
inhibitor in the early postnatal period [36]. These rats
demonstrated slower learning in the active avoidance test
than the control group animals [37]. The anxiety-depres-
sive state induced by another inhibitor of dipeptidyl pep-
tidase IV was accompanied by the upregulation of the
prep gene expression in the STR [38]. An increase in the
PREP activity in the FC and HPC of male Wistar rats was
observed in the model of experimental retrograde amne-
sia induced by the m-cholinoblocker scopolamine (mus-
carinic receptor antagonist) or by the maximal elec-
troshock [39]. Recently, we demonstrated that the long-
term SI started from weaning and continued for nine
months resulted in the disruption of cognitive abilities of
both male and female Wistar rats in the passive avoidance
test, as well as spatial memory impairments that were
more pronounced in females [40].

The objective of this study was to assess the levels of
SYP, proBDNF, and PREP proteins in the brain struc-
tures (hippocampus, frontal cortex, and striatum) of rats
subjected to the long-term SI in comparison with the
group-housed animals using the Western blotting tech-
nique.

MATERIALS AND METHODS

Modeling of SI in rats and behavioral tests. Expres-
sion of SYP, proBDNF, and PREP protein was assessed in
20 Wistar rats (ten males, ten females). The rats were bred
and housed at the Animal Facility of the Institute of
General Pathology and Pathophysiology (System
Merkuryi, registration no. RU 1487336). Animals were
selected from the larger groups of male and female Wistar
rats that were housed either individually (SI) or in groups
(control) for nine months and have passed behavioral
testing. The mass of each tissue sample of the brain struc-
tures from the selected animals was at least 100 mg, which
allowed us to perform Western blotting within the method
sensitivity range. The results of behavior evaluation for
the large groups of rats in the open field test (OF), passive
avoidance test (PA), and Morris water maze (MWM) test
have been published previously [40]. In this study, ani-
mals were subjected to the same behavioral tests and then
assessed for protein expression in the brain in order to
evaluate whether the behavior of animals in the small
sample was consistent with the behavioral changes previ-
ously observed in the large groups of animals. Starting
from the age of 1 month and until the end of the experi-
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ment at the age of ten months, ten animals (“control,
males”, n = 5; “control, females” group, n = 5) were
housed in groups of 4-5 animals per cage (cage size,
57.0 x 37.0 x 19.0 cm), while 10 other rats (“isolation,
males”, n = 5; “isolation, females”, n = 5) were housed
individually (cage size, 36.5 x 20.5 x 14.0 cm). The ani-
mals were kept under standard conditions at the natural
light/dark cycle and ad libitum access to food
(Laboratorkorm Ltd., Russia) and water.

At the end of the experiment, the locomotor activity
and memory of the animals were assessed in the automat-
ed OF, classic OF, PA, and MWM test as described in
detail in the study by Krupina et al. [40].

Automated OF (evaluation of locomotor activity). In
the automated OF (aOF), the locomotor activity (pre-
sented in arbitrary cm) was evaluated in an open arena
(48 x 48 x 21 cm) with transparent walls (Opto-Varimex,
Columbus Instruments, USA) by the number of interrup-
tions of infrared rays within 10 min under mild illumina-
tion (17 lux).

Classic OF (evaluation of locomotor activity and
reactivity to novelty). In the classic OF (cOF), the loco-
motor activity was evaluated in a round white arena
(diameter, 120 cm) with non-transparent walls (height,
28 cm). The arena was divided into 20 squares. The loco-
motor activity was determined as the number of crossed
squares within 3-min observation under bright illumina-
tion (500-510 lux in the center and 400-410 lux at the
arena periphery). After 3 min, white light was replaced
with a low-intensity red light (40 W above the arena cen-
ter). The reactivity to novelty was determined by the
increase in the locomotor activity in response to changes
in the environment (illumination switch as a novelty fac-
tor) [41]. The ratio of the distance covered during the 4th
minute of observation under the red light and the distance
covered during the Ist minute under the white light was
calculated.

Passive avoidance test. PA was conducted in a cham-
ber divided by a guillotine door into two sections: “safe”
bright-lit compartment and “dangerous” dark compart-
ment with an electrified floor. The chamber was placed
into a soundproof system (Multi Conditioning System,
TSE System, Germany). On the first day, the rats get
habituated to the chamber, in which they explored the
illuminated (156 lux) compartment for 60 s and then were
allowed to enter the dark compartment for 120 s. The fol-
lowing day, 24 h later, we subjected rats to an acquisition
trial. The rat was placed into the illuminated compart-
ment for 5 s, and then the door to the dark compartment
opened automatically. One second after the animal
entered the dark compartment, the door closed; 5 s later,
an electric shock (0.5 mA, 1 Hz, for 5 s) was delivered
through the grid floor and 30 s later the rat was returned
to the cage. The retention of the passive avoidance
response was tested 24 h (Test 1) and one week (Test 2)
after the acquisition trial. The latency to enter the dark
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compartment (s) was registered in all tests. The testing
protocol was the same as the protocol used for the acqui-
sition trial, except that no electric shock was applied. The
maximum possible time to enter the dark compartment
was 300 s.

Morris water maze test (evaluation of spatial memory).
MWM was a round pool (diameter, 160 cm) filled with
water to the depth of 30 cm; water temperature was
25 + 1°C. Rat behavior was monitored via an automated
video tracking system VideoMot2 (TSE System). The
pool was virtually divided into four quadrants. During the
acquisition sessions, a transparent platform (diameter,
14 cm) was placed in the target quadrant (the same in all
experiments) 1.5 cm below the water surface, and visual
cues were placed outside of the pool. The acquisition ses-
sions were started when the rats were 5.5-month-old. For
four consecutive days, the rats were given an opportunity
to find the hidden platform, while the start quadrant was
alternated in a pseudorandom order. The maximum dura-
tion of the trial was 2 min. The developed skill was tested
in a 2-min probe 24 h after the last acquisition session; for
the probe the platform was removed from the pool.
Memory retention was tested again under the same con-
ditions 4 months after the acquisition sessions (in 9.5-
month-old rats). The day following this probe, the rats
were given two reminder trials (maximum trial duration,
2 min) to reach the platform that was placed in the same
quadrant. A day later the platform was removed and the
probe was performed again. In each probe, the latency to
reach the platform site or the area around the platform
site (10 cm from the rim of the platform) and relative time
spent in the border area (20% of the pool radius) were
recorded. Here, we present the data for the last probe for
all animal groups. At the age of ten months, all rats were
sacrificed by decapitation.

Sample preparation. Rat brain was removed immedi-
ately after decapitation and placed into cold saline. HPC,
FC, and STR were isolated on ice, frozen in liquid nitro-
gen, and stored at —80°C in a Sanio MDF-193 freezer
(Sanio, Japan). Analyzed samples were disintegrated by
grinding in liquid nitrogen and lyzed to prepare cytosolic
extracts in the hypotonic buffer I [20 mM Tris (Bio-Rad,
USA), pH 7.5, 1 mM EDTA (Sigma-Aldrich, USA),
1 mM DTT (Bio-Rad), and 10 ul/ml protease inhibitor
cocktail (Sigma-Aldrich)]. Lysis with hypotonic buffer I
was performed for 5 min at 4°C; the supernatant was sep-
arated by centrifugation at 1000 rpm for 5 min at 4°C;
(Eppendorf, Germany). Sludge lysis with buffer II
[60 mM HEPES, 150 mM NaCl, 2 mM EGTA, 1% (w/v)
Triton X-100, 10% (v/v) glycerol, 1 mM DTT, and
10 ul/ml protease inhibitor cocktail (Sigma-Aldrich)] was
carried out for 25 min at 4°C; the samples were cen-
trifuged at 13,000 rpm for 25 min at 4°C. The resulting
cytosolic extracts were mixed with the loading buffer
[0.5 M Tris-HCI, pH 6.8, 0.08 g/ml SDS, 5 mg/ml DTT,
0.2 mg/ml bromophenol blue, 40% (v/v) glycerol] at a
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1 : 3 ratio, incubated for 5 min at 95°C, and stored at
—80°C.

Assessment of SYP, proBDNF, and PREP expression
by Western blotting. Total protein concentration in the
samples was determined using Bradford protein assay
[42]. The samples (140 mg of total protein) were loaded
onto 8% (w/v) polyacrylamide gel, fractionated by elec-
trophoresis at 120 V for 90 min, and then transferred onto
nitrocellulose membrane (Bio-Rad) at 100 V for 60 min.
The membrane was blocked in PBS containing 5% fat-
free milk (Bio-Rad), 0.1% (v/v) Tween 20, and 0.02%
sodium azide for 1 h at 4°C. Simultaneously, primary
mouse antibodies against SYP (2) (sc-136271, 38-
48 kDa), proBDNF (5H8; c-65514, 32 kDa), PREP (C-
12; sc-365416, 80 kDa), and B-actin (C4; sc-47778,
43 kDa) (Santa Cruz Biotechnology, USA) were incubat-
ed at 4°C in PBS with 5% fat-free milk, 0.1% (v/v) Tween
20, and 0.02% sodium azide. Next, the membrane was
incubated with the primary antibodies for 15 h at 4°C,
washed, and incubated for 60 min with the secondary
antibody (goat anti-mouse IgG-HRP; ab6789, Abcam,
USA) at 4°C. Proteins were visualized with the ECL
reagent (Pierce Biotechnology, USA) by placing the
membrane under a photo film (Kodak, USA) for 10 min.
Densitometry was performed using the Adobe
Photoshop 7.0 software (Adobe Systems, USA); the
results were presented in relative densitometry units
(RDU). Protein load was verified by staining on the
nitrocellulose membrane with Ponceau S and measuring
expression of B-actin (reference protein).

Statistical data processing was performed with the
Statistica 12.0 software. Since the Shapiro—Wilk test did
not confirm the normal distribution of empirical data in
the small groups, the non-parametric Mann—Whitney U-
test was used to evaluate the differences between two
independent groups; the accepted significance level was
5%. To account for multiple comparisons, the critical p-
value (p.,) was calculated according to the FDR control
method [43]. The p., < p < 0.05 value was considered as a
pronounced trend; the 0.05 < p < 0.06 value — as a trend.
The effect size (ES) was calculated using the n? (propor-
tion of variance attributed to one or more effects) and
Cohen’s d (dcgpe,) indices [44]. The ES was interpreted as
follows: dcgpen, 0.20-0.40 — low; 0.50-0.70 — medium,
from 0.80 and above — high; n?, 0.010-0.039 — low;
0.060-0.110 — medium; 0.140-0.200 — high [45].

RESULTS

Behavioral tests. Automated OF. The locomotor
activity of all female rats housed in groups and individu-
ally was higher than that of all male rats (U = 18.0;
p=0.015; > = 0.293; dcopen = 1.286) (Fig. 1a); however,
the locomotor activity of single-housed rats (males +
females) did not differ from the locomotor activity of
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group-housed rats (U = 34.0; p = 0.247). No statistically
significant difference for this parameter was revealed
between rats of the same sex housed individually or in
groups.

Classic OF. The locomotor activity of female rats (all
groups) in this test was higher than the locomotor activi-
ty of all male rats (U = 23.5; p = 0.043; n> = 0.201;
dconen = 1.002); moreover, the difference was determined
by the activity of group-housed and not single-housed
rats [U = 0.0; p = 0.008 (p, = 0.013); n? = 0.682;
dconen = 2.928] (Fig. 1b). The locomotor activity of rats
housed individually (males + females) did not differ from
the locomotor activity of group-housed animals
(males + females) (U = 29.0; p = 0.123). However, the
locomotor activity of single-housed males was statistical-
ly significantly higher than the activity of group-housed
males [U = 1.0; p = 0.016 (p,, = 0.025); n*> = 0.577;
deonen = 2.336]. Single-housed rats (males + females)
exhibited lower reactivity to novelty in comparison with
the group-housed rats (U = 18.0; p = 0.015; n*> = 0.293;
deonen = 1.286) (Fig. 1¢). No difference in the reactivity to
novelty was observed between male and female rats.

Passive avoidance test. In the acquisition trial, the
latency to enter the dark compartment did not differ
between the groups (Fig. 1d). One day after the acquisi-
tion trial, the latency to enter the dark compartment was
significantly lower in the single-housed rats (males +
females) in comparison with the group-housed animals
(males + females): U = 23.0; p = 0.043; > = 0.208;
deopen = 1.026) (Fig. 1e). In the memory retention test
one week after the first test, the latency to enter the dark
compartment was also shorter in the single-housed rats
(males + females) than in the group-housed animals
(males + females): U = 2.5; p < 0.001; n> = 0.645;
deopen = 2.694) (Fig. 1f). The trend for shortening the
latency to enter the dark compartment was revealed in
both single-housed male rats in comparison with the
group-housed animals [U = 0.0; p = 0.016 (p., = 0.013),
N% = 0.682; dcopen = 2.928] and in single-housed female
rats in comparison with the group-housed females
[U=2.0; p =0.032 (p,, = 0.025); > = 0.481; degpen =
1.926]. In all memory retention tests, no difference was
observed in the latency to enter the dark compartment for
rats of the different sex housed under the same conditions.

Morris water maze test. Single-housed rats (males +
females) did not differ from the group-housed rats in the
relative time spent in the border area of the pool:
U = 31.0; p = 0.165. No statistically significant differ-
ences were observed for this parameter between all female
rats (housed in groups and individually) and all male rats:
U=27.0; p =0.089. However, a trend for an increase in
this indicator was found in the single-housed female rats
in comparison with the group-housed females (Fig. 1g):
U=3.0; p=0.056; n*> = 0.394; dcope, = 1.612.

There were no differences in the latency to reach the
platform site between all rats, both individually or group-



708 SHIRENOVA et al.
a % C #
50 - 140 - 8.0
* >
ho] ko] 120 =
40 o ) 0]
g 304 o €3 80 A 26
o O 0 O wmOm o @ 60 o >0 404 o
28 204 © =Gm © 28 i o 8 s E —t
c =S s 2 e = o
I mm o T o 40 4 =Om 5
2 4 o 2 c o mm g 2.0 & e
e o 8= 204 8 ° 8 8 9 = G
0 e ; : 0+ - - - 0.0 ; g . . :
FC Z8Sl zC =8l ZC ZSI cC 28l ZC A8l 2C ¢Sl
d e f
» #
o L0
2540_ 5 o 2E 3004 o o
2 € 0 T 5 300 | mesm s S o
gt 35 o S g o c o
5 8 30 4 S 2c
= E > @ > 8 200 -
T o 25 g:;Q.ZOO- 82_ —
= S 20 1 8 o §E g5 o
C{15 L "ao © O +
S8 P -~ —. < 100 A 0 g 1001 8 -
29 101 8 wom o ol B ° 7D 4
S5 517 ° z% 3 89 & o
55 01% 0 o ° Ez ole T o = 82 ool e o
<5 ZC Z8Sl zC 28l FC Z Sl 2C =28l ZC Z8lI 2C 2SI |
h i #
g100- 120 - 120 -
g 80 - & 5?5100- o . %Ugw{]« &
5 $% 80 - 8 §5% 80 ;3
BQ 60 - 8 o % 80 oo
q_)oh [ e ] Qg 60 Oag 60 -
£g s O ° ze o >88
s 407 o 28 40 - O O5E 401
2 o wom ulm B iy o . 222 »]° a ¢
- [} -
Q ® [e]
0 . 1 T ) 0 T T T ) " " ; '
FC 58I 2C 28l §C 38l zC ¢Sl C 4SSl gC  zSl

Fig. 1. Locomotor activity, learning, and memory in rats subjected to long-term SI and control animals (C) at the age of 9-10 months (n =5
in each group) in the OF (a-c), PA (d-f), and MWM (g-i) test. a) Total locomotor activity within 10 min in aOF: b) total locomotor activity
within 3 min in cOF; ¢, reactivity to novelty in cOF; d-f) latency to enter the dark compartment in PA (d) in the acquisition trial; (¢) in the
memory retention test 24 h after the acquisition trial (Test 1), and (f) one week after the first test (Test 2); g) relative time spent in the border
area of the pool in MWM test; h) latency to reach the platform site in MWM; i) latency to reach the area around the platform site in MWM;
* p < 0.05, statistically significant difference between all males and all females; # p < 0.05, statistically significant difference between all sin-
gle-housed rats and all group-housed rats; * p < 0.05, in comparison with the group-housed male rats; + p., < p < 0.05, in comparison with the
group-housed animals of the same sex; & 0.05 < p < 0.06 , in comparison with the group-housed female rats (Mann—Whitney U-test with cor-

rection for multiple comparisons using the FDR control technique).

housed, as well as between all males and all females
(Fig. 1h).

Single-housed rats (males + females) reached the
area around the platform later than the group-housed rats
(males + females): U = 22.0; p = 0.035; n? = 0.224;
dconen = 1.075. The data presented in Fig. 1i demonstrate
that the latency to reach the area around the platform was
significantly longer for some female rats housed individu-
ally. However, statistical analysis revealed only a trend for
the increase in this parameter in single-housed female
rats in comparison with the group-housed females:
U=3.0; p=0.056; n*> = 0.394; dcope, = 1.612.

Expression of SYP, proBDNF, and PREP proteins in
the brain structures. In the HPC, expression of SYP,
proBDNE, and PREP did not differ in the individually

and group-housed rats of the same sex [Fig. 2a (/ and
2), b, and c; Fig. 3, a (I and 2), b and c; Fig. 4, a (/ and
2), b and c]. The observed difference between the SYP
content in the single- and group-housed male rats
(Fig. 2b) did not reach statistical significance: U = 5.0;
p=0.151; 1> = 0.245; dcopen, = 1.141.

In the FC, we also observed a trend for the decrease
in the SYP expression in individually housed male rats
compared with the male rats housed in groups
[Fig. 2, a (3), d]: U = 3.0; p = 0.056; n*> = 0.394;
deonen = 1.612. Expression of proBDNF in the single-
housed female rats was significantly decreased vs. the
group-housed females [Fig. 3, a (4), e]: U 2.0;
p=0.032; 1> = 0.481; dcopen, = 1.926. PREP expression in
the single-housed animals (both males and females) did
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not differ from its expression in the group-housed rats
[Fig. 4, a (3 and 4), d and e].

In the STR, PREP expression in individually housed
male rats was significantly lower than in the group-
housed males [Fig. 4, a (5), fl: U = 0.0; p = 0.029;
N?=0.667; dcopen = 2.828. A trend for the reduced expres-
sion of PREP was observed in the individually housed
female rats [Fig. 4, a (6), g]: U=1.0; p=0.057;1?>=0.51;
dconen = 2.042. No differences were revealed between the
contents of SYP and proBDNF in the STR of the indi-
vidually and group-housed rats of the same sex.

No statistically significant differences in the expres-
sion of B-actin in the brain structures were detected in the
single-housed and group-housed animals (analysis of 3-
actin in the brain structures by Western blotting and
examples of developed films and membranes stained for
total protein with molecular weight markers are present-
ed in Figs. S1 and S2 in the Supplement).

DISCUSSION

We found that the locomotor activity of female rats
in the automated and classic OF tests was higher than the
activity of male rats in all investigated animals (z = 20).
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The reactivity to novelty in the classic OF in the rats
housed individually for ~8 months (SI) was reduced irre-
spectively of the animal sex. These results are in general
agreement with the data obtained in large groups of
Wistar rats (n = 69) subjected to SI of the same duration
[40]. Evaluation of the cognitive functions in the PA and
MWM test also indicated similar changes in both small
and large groups of animals: SI impaired passive avoid-
ance and spatial memory (based on the latency to reach
the area around the platform; Fig. S3 in Supplement)
irrespectively of the animal sex. These data suggest that
the smaller samples of rats (for which expression of pro-
teins-markers of neuroplasticity and PREP in the brain
structures was evaluated) rather well represent the initial
large group of rats subjected to the long-term SI judging
by behavioral impairments.

In the present study, the decrease in the proBDNF
level was found only for the single-housed female rats and
only in the FC. Evaluation of the spatial memory in the
MWM test indicated that the memory of female rats sub-
jected to chronic SI stress was worse than that of the
group-housed animals and single-housed male rats
(Fig. 1, g and i). This suggestion is in agreement with the
conclusion of our recent study conducted in a large group
of animals that the prolonged SI started at an early age
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Fig. 2. a) Western blot of SYP expression in the brain: HPC of male (/) and female (2) rats; FC of male (3) and female (4) rats, STR of male (5)
and female (6) rats. b-g) SYP expression in the brain structures of rats individually housed for 9 months (SI) and control group-housed
rats (C): HPC of male (b) and female (c) rats; FC of male (d) and female (e) rats; STR of male (f) and female (g) rats. In the box and whiskers
plot: bottom of the box, Q1 (first quartile); top of the box, Q3 (third quartile), median is marked with black square, Q2 (second quartile); box
height, interquartile range. RDU, relative densitometry unit; 0.05 < # p < 0.06 comparison with the group-housed rats of the same sex (two-

tailed Mann—Whitney U-test).
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Fig. 3. a) Western blot of proBDNF expression in the brain: a) HPC of male (/) and female (2) rats; FC of male (3) and female (4) rats, STR
of male (5) and female (6) rats. b-g) proBDNF expression in the brain structures of rats individually housed for 9 months (SI) and control
group-housed rats (C): HPC of male (b) and female (¢) rats; FC of male (d) and female (e) rats; STR of male (f) and female (g) rats. RDU,
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Fig. 4. a) Western blot of PREP expression in the brain: a) HPC of male (/) and female (2) rats; FC of male (3) and female (4) rats, STR of
male (5) and female (6) rats. b-g) PREP expression in the brain structures of rats individually housed for 9 months (SI) and control group-
housed rats (C): HPC of male (b) and female (c) rats; FC of male (d) and female (e) rats; STR of male (f) and female (g) rats. RDU, relative
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caused more pronounced cognitive impairments in
females than in male rats (according to the MWM test),
which indicates higher susceptibility of female rats to the
long-term SI stress [40]. Marco et al. [46] showed that
impaired novel object recognition observed in female rats
(but not in male rats) subjected to the stress of one-day-
long maternal deprivation in the early postnatal period
was not accompanied by the differences in the expression
of BDNF in the FC and HPC of the rats of both sexes in
adolescence. However, it should be taken into account
that in our study, we evaluated expression not of the
mature form of BDNE, but of its precursor that regulates
synaptic plasticity and formation of neural circuits in
adolescence [27]. The results of the current study support
the hypothesis that the diverse functions of neurotrophins
could be modulated in part by the regulated release of
their mature and pro-isoforms in the nervous system [47].
It is likely that the decrease in the proBDNF level in the
FC of the 10-months-old female rats reflected changes in
the neuroplasticity that have occurred during the early
stages of development when the animals were already
subjected to the SI. If the proBDNF/mBDNF imbalance
accompanies these changes, it could be one of the mech-
anisms underlying a higher susceptibility of female rats to
the long-term SI stress starting at an early age. There are
indications that the functioning of the proBDNF-—
p75NTR signaling cascade in the neurons of adult mice
inhibits the activity of the pyramidal cells in the layer V of
the HPC entorhinal cortex, the excitation of which is a
key component of the working and spatial memory [48].
Blocking proBDNF by antibodies enhanced the
excitability of pyramidal neurons in the HPC.

Several studies showed that cognitive impairments
caused in rats by the SI continuing for 4 to 8 weeks at dif-
ferent periods of postnatal ontogenesis were accompanied
by the enhanced expression of apoptosis markers [49-51].
Experiments in cultured sympathetic neurons showed
that proBDNF could exert the pro-apoptotic effect in the
case of complex formation between p75NTR (neu-
rotrophin receptor) and NTSR3/sortilin receptor (non-
G-protein coupled receptor of neurotensin-3) [47]. The
decrease in the proBDNF expression in the FC of female
rats with the SI-induced memory deficit may be an adap-
tive response to the pro-apoptotic activity of this protein.

We also found a trend for a decrease in the SYP con-
tent in the FC of individually housed male rats. Carvalho-
Netto et al. [52] showed that the SYP immunoreactivity
in the prefrontal cortex of Sprague—Dawley rats not sub-
jected to stress was lower in male than in female rats. The
authors considered this fact a confirmation of sex differ-
ences in the physiological organization of the presynaptic
innervation in rats; however, the 14-day-long chronic
unpredictable stress failed to change the immunoreactiv-
ity of this protein in both male and female rats. In our
study, chronic stress was of fundamentally different
nature and significantly more prolonged, but no statisti-
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cally significant differences in the SYP expression were
observed as well. It is noteworthy that changes in the
expression levels of one of neuroplasticity markers,
e.g., BDNF (in our study, its immature form proBDNF)
or SYP, could occur without changes in the levels of
another marker in the same brain structure [53].

Unexpectedly, we detected no changes in the content
of neuroplasticity markers in the HPC after the long-term
(9 months) SI stress, while such changes have been
repeatedly reported for other types of stress and shorter SI
(2- and 8-week-long) [16, 20, 21, 23, 24]. However, no
changes in the SYP level in the HPC were observed in
adolescent rats after acute stress of maternal deprivation
and in adult female rats after 8-week-long SI [22, 46].
One of the principal explanations for the absence of
changes in the levels of neuroplasticity markers in the
HPC in our study could be the long period of SI during
which the animals have adapted to the neuroplasticity
changes that occurred at an early age.

To the best of our knowledge, we have shown for the
first time that the long-term SI caused a decrease in the
PREP level in the STR of male rats. No statistically sig-
nificant changes in the PREP expression in this brain
structure were found in female rats, although, the reactiv-
ity to novelty and learning in the PA were impaired in the
animals of both sexes. Cognitive deficit is presumably
associated with an increase in the PREP activity in the
brain, and some PREP inhibitors exhibit the anti-
amnesic properties [39, 54]. Currently, there is no answer
to whether the decrease in the PREP content in the STR
of male rats subjected to the long-term SI stress is accom-
panied by changes in the expression of the prep gene and
the activity of the encoded enzyme. The significance of
the decrease in the PREP level could be elucidated only
by comparing these data. However, the fact that expres-
sion of the prep gene following 10-week-long SI started
from weaning was altered in the FC of male rats [33],
while the level of the PREP protein following 9-month-
long SI was changed in the STR deserves special atten-
tion. Both FC and STR are involved in learning [55].
Still, it has to be investigated how PREP participates in
these processes in rats of different sexes and whether its
role changes with the increasing duration of SI.

Is there any association between the observed
changes in the expression of proBDNF and PREP in the
brain upon long-term SI stress? At first sight, the answer
is rather negative, and the revealed changes likely reflect
the induction of some independent mechanisms, such as
changes in the brain neurotrophic system or in the activ-
ity of one of proline-specific peptidases. However, this
association cannot be ruled out entirely. As mentioned
above, chronic SI promotes apoptosis in the brain struc-
tures [49-51], which could be triggered by proBDNF
under certain conditions [47]. We were unable to find any
published direct evidence on the PREP association with
apoptosis. The studies using enzyme inhibitors produced
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contradictory data. Thus, Fiedorowicz et al. [56] demon-
strated that PREP inhibition did not prevent the neuro-
toxin-initiated death of granular neurons in the dentate
gyrus of the HPC. On the contrary, other authors have
shown that PREP inhibitors efficiently prevented age-
associated apoptosis of cultured cortical neurons and
cerebellar granular cells, as well as delayed neuronal
death in the HPC induced by transient ischemia (cited
from [57]). The authors of studies demonstrating the pro-
tective role of PREP inhibitors hypothesized that this
effect could be mediated by neuropeptides — enzyme sub-
strates involved in the anti-apoptotic mechanisms. In this
context, neurotensin is of special attention. Neurotensin
is a neuropeptide with promnesic properties; it is
expressed in the STR [58, 59] and cleaved by PREP
[60, 61]. It exhibits the antiapoptotic effect in the CNS by
interacting with the cognate receptors, NTSR3/sortilin,
in particular [62]. NTSR3/sortilin can form heterodimers
(protein complexes) with the neurotrophin receptors,
including p75NTR, which, as has been mentioned above,
triggers the proBDNF-induced neuronal death.
Neurotensin counteracts the proneurotrophin-induced
apoptosis by competing for the NTSR3/sortilin binding
site and acting as a competitive inhibitor [47, 63]. If we
accept that the long-term SI is accompanied by the apop-
tosis development in rats (yet to be demonstrated for this
model), we can suggest that SI initiates different protec-
tive mechanisms in animals depending on sex. For exam-
ple, it downregulates PREP expression in the STR of
male rats, which leads to the increase in the content of the
anti-apoptotic substrate neurotensin, while in female
rats, SI decreases the expression of proBDNF in the FC,
resulting in the attenuation of its proapoptotic effects.
However, this hypothesis requires further investigation
and validation.

Our study has limitations, which have to be consid-
ered when interpreting the results. First of all, they are the
small sample size and the absence of assessment of the
expression of genes encoding the proteins of interest. We
did not examine the activity of the proline-specific pro-
tease PREP; the neuroplasticity dynamics and changes in
the PREP activity during the long-term SI. Given this, we
believe this study to be a pilot project. Continuing this
investigation will produce new data on the effects of the
long-term SI on the brain neurotrophic system and the
role of PREP in the sex-specific behavioral and cognitive
disorders in rats.
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