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Abstract

Background The present study assessed the influence of recurrent social isolation stress on the aversive memory extinc-
tion and dopamine D, receptors (D,R) expression in the amygdala and the hippocampus subnuclei. We also analyzed the
expression of epigenetic factors potentially associated with fear extinction: miRNA-128 and miRNA-142 in the amygdala.
Methods Male adult fear-conditioned rats had three episodes of 48 h social isolation stress before each fear extinction ses-
sion in weeks intervals. Ninety minutes after the last extinction session, the D,R expression in the nuclei of the amygdala
and the hippocampus (immunocytochemical technique), and mRNA levels for D,R in the amygdala were assessed (PCR).
Moreover, we evaluated the levels of miRNA-128 and miRNA-142 in the amygdala.

Results It was found that recurrent social isolation stress decreased the fear extinction rate. The extinguished isolated rats
were characterized by higher expression of D,R in the CA1 area of the hippocampus compared to the extinguished and the
control rats. In turn, the isolated group presented higher D,R immunoreactivity in the CA1 area compared to the extinguished,
the control, and the extinguished isolated animals. Moreover, the extinguished animals had higher expression of D,R in the
central amygdala than the control and the extinguished isolated rats. These changes were accompanied by the increase in
miRNA-128 level in the amygdala in the extinguished isolated rats compared to the control, the extinguished, and the isolated
rats. Moreover, the extinguished rats had lower expression of miRNA-128 compared to the control and the isolated animals.
Conclusions Our results suggest that social isolation stress impairs aversive memory extinction and coexists with changes
in the D,R expression in the amygdala and hippocampus and increased expression of miRNA-128 in the amygdala.
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Introduction

Conditioned fear extinction is learned inhibition of
retrieval of the previously acquired fear response. It rep-
resents the formation of a new memory that inhibits condi-
tioned—unconditioned stimulus contingency when the con-
ditioned stimulus is presented without an unconditioned
stimulus [1]. Extinction is essential for adaptive processes
and the regulation of negative emotions [2]. The impair-
ment of fear extinction is associated with the pathogenesis
of anxiety disorders, such as posttraumatic stress disorder
(PTSD), phobias, and obsessive—compulsive disorder.
It is often used as a component of exposure therapy in
patients with anxiety disorders [3—6]. Social isolation has
often been associated with an impaired stress response,
increased attention to negative stimuli, and impaired fear
extinction leading to a heightened predisposition to affec-
tive and anxiety disorders [7-9].

Amygdala is a crucial structure that plays an essential
role in fear extinction [10]. Accumulating evidence indi-
cates that the basolateral nucleus, especially the lateral
nucleus (LA) of the amygdala, plays an essential role in
extinction [10, 11]. The basolateral amygdala receives
information on aversive stimuli and sends them to the
central nucleus of the amygdala (CeA) [12]. The CeA
evokes behavioral fear responses via its projection to the
hypothalamus and brainstem [12]. In turn, the hippocam-
pus, especially its dorsal part, is essential for processing
contextual information and affects the amygdala function
[13-15].

Dopamine D2 receptors (D,R) in the amygdala are vital
in regulating aversive fear memories and anxiety process-
ing [16—18]. Stressful events may negatively regulate the
dopaminergic system and induce anxiety or depression-
like behaviors [19, 20]. Our previous results revealed that
restraint stress increased the dopaminergic neurotransmis-
sion in the amygdala and induced depression-like behav-
ior (decreased sucrose preference) [21]. Similarly, chronic
social isolation stress in Wistar rats increased dopamine
metabolite 3-methoxytyramine levels in the amygdala
[22]. Preclinical and clinical studies suggest that the dopa-
minergic system modulation may enhance fear extinction:
e.g., it was found that methylphenidate, MDMA (3,4-meth-
ylenedioxymethamphetamine), and L-DOPA increased the
extinction rate [20, 23, 24].

Considering that memory processes depend on genetic
and environmental factors, we would like to assess the
effects of social isolation stress on the fear extinction and
expression of D2R in the hippocampus and amygdala as
well as epigenetic factors associated with fear extinction
like miRNA-128 and miRNA-142 [25-29]. Previously,
it was found that a change in miRNA-128 level may be
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associated with depression-like behavior and passive cop-
ing strategies in stress conditions [30]. Here, we assessed
the D,R expression in distinct subnuclei of the amygdala
and in the hippocampus, as little is known about their
involvement in fear extinction upon stress conditions.

Materials and methods
Animals

Experiments were performed on 40 male, adult 9-weeks-old
Wistar rats weighing 220-250 g at the beginning of the experi-
ments. The animals were housed 5 in an opaque plastic cage
in standard laboratory conditions (temperature 20+2 °C; 12 h
light/dark cycle, light on at 7 am; 45-55% humidity) with
ad libitum access to water and rodent chow. The cages were
enriched with wood for gnawing. The study was conducted
under the European Communities Council Directive 2010/63/
UE. The Local Committee for Animal Care and Use at the
Medical University of Warsaw, Poland, approved this study
(Protocol No. 34/2015).

Experiment protocol (Fig. 1)

Four experimental groups: (1) control, (2) extinguished, (3)
isolated, and (4) isolated extinguished group, were used in the
study. After 7 days of acclimatization to the vivarium, on the
experiment’s 8, 9 and 10th day, the extinguished group and
the isolated extinguished group underwent fear conditioning,
while the control and the isolated groups received no uncon-
ditioned stimulus only were exposed to the experimental cage.

Next, three times (on the 17th, 24th, and 31st day of the
experiment), previously conditioned animals were exposed to
three extinction sessions lasting 10 min. At the same time, the
control animals were exposed to the experimental cage. The
animals were socially isolated for 48 h before each extinction
session. The animals were decapitated on the 31st day, 90 min
after exposition to the experimental cage. The scheme of the
experimental protocol is shown in Fig. 1.

Conditioned fear test (CFT)

The fear conditioning was performed in experimental cages
under constant white noise conditions for 3 consecutive days.
On the first day, the animals were individually placed in the
box for 2 min to adapt to the experimental conditions. On the
second day, after 5 min of habituation, the animals underwent
a fear conditioning procedure that consisted of three foot-
shocks (stimulus 0.7 mA, 1 s, repeated every 59 s). Condi-
tioned fear was tested on the third day by re-exposing the rats
to the testing box and recording their freezing response over
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Fig. 1 The experimental scheme. The influence of intermittent social isolation on fear extinction. CFT conditioned fear test; isolation—48 h of

social isolation; extinction—fear extinction

10 min (freezing was measured through fear conditioning soft-
ware, TSE, Bad Homburg, Germany) [31].

Extinction sections

Three extinction sessions were performed weekly, the
first—a week after the test day of conditioned fear. During
extinction sessions, the rats’ freezing time was examined for
10 min in the testing box (exposure to aversive context) [31].

Social isolation stress

48 h before each extinction session, the rats from the iso-
lated groups were socially isolated. These rats were sepa-
rated and housed individually in non-transparent cages (cage
size, 36 X27 %X 19 cm) in the vivarium with food and water
provided ad libitum [32].

Biochemical analysis

The rats were decapitated 90 min after the third extinction
session. Their brains were removed and divided into two
hemispheres. One hemisphere was frozen in dry-ice cooled
cyclopentane, stored at — 70 °C, and then used for immuno-
cytochemistry. The amygdala was dissected from the other
hemisphere with microanalytical instruments in anatomical
borders.

Immunocytochemistry

The immunocytochemical technique was performed as
previously published [21, 34]. Coronal 20 pm cryostat sec-
tions, identified according to the rat brain atlas [33], were
cut, mounted on silane-coated slides, and fixed in methanol.
Two sections of the brain region were taken for D,R immu-
nostaining. After blocking endogenous peroxidase activity
and non-specific binding, tissue samples were incubated
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with primary rabbit polyclonal antibodies against the D2R
(1:2000, Abcam) at 4-8 °C for 72 h. Then, the staining levels
were detected with peroxidase-conjugated anti-rabbit IgG
(1:2000, ImmunoJackson Research). D2R immunoreactivity
was examined in the section at AP (— 3.30) for hippocampus
areas: DG, CAl, and CA3 and the amygdala: the basal (BA),
central (CeA), and lateral nucleus of the amygdala (LA).
Immunopositive complexes were manually counted using
an image analysis system (Olympus BX-51 microscope with
Camera DP 70, Olympus cellSens software). The examined
areas were sampled using a 0.15 mm?” frame. Two images
from each session were taken, and the results from each
animal were averaged. The values were expressed as the
number of positive cells per mm? [21, 34].

Real-time PCR

The amygdala was dissected: AP (—) 2.60 to (—) 3.30 mm
based on the rat brain atlas of Paxinos and Watson [33]. The
total RNA was extracted and purified as previously described
[34]. All samples had Abs 260/280> 1.9 and 260/230> 1.4.
The quality of the total RNA was further verified using the
Agilent 2100 Bioanalyzer (Agilent RNA 6000 Pico Kit; Agi-
lent Technologies).

The analysis of mRNA and miRNA was performed
according to the previously described method [34]. Real-
time PCR analysis was done using PikoReal™ Real-Time
PCR System (Thermo Fisher Scientific) with PowerSYBR®
Green PCR Master Mix (Applied Biosystems), specific
primers for D2R gene (5'— 3’, FFCAACAATACAGACCA
GAATGAG; R:CAGCAGAGTGACGATGAA), and cDNA
(concentration 5 ng/pl) for each sample in the total volume
of 10 pl. The housekeeping reference gene is glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH, 5’ — 3', F:ATG
ACAATGAATATGGCTACA; R:CTCTTGCTCTCAGTA
TCCTT). From samples of cDNA, real-time PCR was
conducted for mRNA for D2R. The amplification reaction
included 40 cycles with a 95 °C denaturation step for 5 s
and a 61 °C annealing step for 45 s. A dissociation stage was
performed to assess the specificity of primers. Each sample
was run in triplicate. Real-time PCR assays of total RNA
were performed to measure the expression levels of miR-
128 and miR-142-3p in the amygdala. Relative levels were
normalized to U6 snRNA and 4.5S RNA(H). Analysis of
miRNAs was done using LightCycler 480 Real-Time PCR
System (Roche) with TagMan® Universal Master Mix II,
no UNG (Applied Biosystems), specific TagMan® Probes
(TagMan™ miRNA Assays, Termofisher Scientific), and
products of reverse transcription. Each sample was run in
triplicate. Analysis of all real-time PCR data was performed
using the comparative AACT method [34].
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Statistical analysis

All data are shown as the means + standard error of the mean
(SEM). The Shapiro—Wilk test assessed data normality, and
all data presented had a normal distribution. The behav-
ioral data were analyzed by repeated measures ANOVA.
Biochemical data were analyzed by two-way ANOVA. All
analyses were followed by Newman—Keuls post hoc test.
All statistical analyses were performed using Statistica v.12
software.

Results
Behavioral data (Fig. 2)

Two-way repeated-measure ANOVA showed significant dif-
ferences in the freezing time among groups for: the freezing
effect (F) 34=72.07; p<0.01), isolation effect (F} 34=5.14;
p <0.05); time effect (F;193=20.31; p<0.01), freez-
ing x time effect (F;5 jo3=12.90; p<0.01); time X freez-
ing X isolation effect (F5 03 =2.70; p <0.05); no freezing
X isolation effect (F| 3=2.41; p=0.12); isolation X time
effect (F;03=1.72; p=0.16). Newman-Keuls post hoc
test showed significantly longer freezing time in extin-
guished and isolated extinguished rats compared to control
rats (p <0.01) and isolated animals during test sessions
of CFT, first and second extinction (p <0.01). During the
third extinction session, only isolated extinguished rats had
a longer freezing time compared to control rats (p <0.01).
Moreover, it was found that extinguished rats during the
conditioned test session had significantly longer freezing
time compared to first, second, and third extinction sessions
(»<0.05; p<0.01 and p <0.01, respectively). Additionally,
during the third extinction session, isolated extinguished rats
had significantly longer freezing time compared to extin-
guished and isolated rats (p <0.01).

Biochemical data
Immunocytochemical expression of D2R (Fig. 3)

Two-way ANOVA revealed the significant differences in
D,R expression in the following structures: DG: freezing
effect (F, 5,=10.78; p<0.01); isolation effect (¥, ;,=8.63;
p<0.01) and no freezing X isolation interaction effect
(F13,=0.19; p=0.66); CAl: isolation effect (F ;,=47.00;
p<0.01); freezing X isolation interaction effect (F; ;,=9.13;
p<0.01) and no freezing effect (F3,=1.15; p=0.29);
BA: freezing effect (F)3,=18.32; p<0.01); isolation
effect (F1,30=6.68; p <0.05); no freezing isolation effect
(Fy30=0.04; p=0.83); CeA: freezing X isolation effect
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Fig.2 The effect of social isolation stress on fear extinction in rats
(freezing time during 10 min exposition to aversive context). Extinc-
tion sessions were performed in 1 week intervals. The first one was
performed 1 week after the test session of fear conditioning. Con-
trol—the control rats (n=10), extinguished—the extinguished rats
(n=10), isolated—the isolated rats (n=10); isolated extinguished—
the isolated extinguished rats (n=10), and CFT—conditioned fear

(F1,7=12.71; p<0.01), no freezing effect (F| ;=1.34;
p=0.25), no isolation effect (F; ,;=1.04; p=0.31).

There were no significant differences of the D,R expres-
sion in: CA3: no freezing effect (F129=1.03; p=0.31), no
isolation effect (F129=3.42; p=0.07), no freezing x iso-
lation effect (F'| 59=0.0005; p=0.98) and LA: no freezing
effect (F) ,3=0.99; p=0.32), no isolation effect (F| ,3=0.05;
p=0.81), and no interaction freezing X isolation effect
(F123=0.49; p=0.48).

Newman—Keuls post hoc showed: significantly higher
expression in the CA1 of isolated extinguished rats com-
pared to the control group (p <0.01) and extinguished rats
(p <0.05). Moreover, isolated animals had higher D,R
expression in CA1 compared to extinguished ones, extin-
guished isolated, and control rats (p <0.01). In the CeA,
extinguished rats had higher D,R expression compared
to control (p <0.05) and extinguished isolated animals
(p<0.01).

mRNA level for D,R in the amygdala (Fig. 4)

Two-way ANOVA showed significant differences in the
mRNA level for D2R: isolation effect (¥ ,; =7.58; p <0.05),
no freezing effect (F, ,; =0.2; p=0.65), and no freezing X
isolation effect (£ ,; =0.05; p=0.82).

2 extinction

3 extinction

test. **, *- differs from the control rats, p <0.01; p<0.05; &&_ 4if-
fers from the isolated rats, p<0.01; ##__differs from CFT (condi-
tioned fear test) session the extinguished group, p<0.01, p<0.05,
$5__differs from the extinguished rats, p<0.01. Repeated-measures
ANOVA, followed by Newman—Keuls post hoc. The data are shown
as the means + SEM

miRNA levels in the amygdala (Fig. 4)

Two-way ANOVA revealed altered levels in the amygdala
for miRNA-128: isolation effect (Fio5= 149.22; p<0.01);
freezing x isolation interaction effect (F,5=141.34;
p <0.01); no freezing effect (F| ,; =0.079; p<0.05) and
miRNA-142: freezing effect (F; ,3=4.76; p <0.05); isola-
tion effect (F| ;3 =11.44; p<0.01); no freezing x isolation
interaction effect (F; ,3=0.68; p=0.41). Post hoc showed
decreased level of miRNA-128 in extinguished compared to
isolated and control rats (p <0.01). Moreover, extinguished
isolated rats had higher expression of miRNA-128 than other
groups of rats (p <0.01).

Discussion

Our results showed that recurrent social isolation stress 48 h
before each extinction session was associated with prolonged
freezing time during the third extinction session in socially
isolated animals compared to the extinguished group. Simul-
taneously, during the third extinction session, there was no
difference in freezing time between the extinguished and the
control rats. On the molecular level, we found that social iso-
lation stress was associated with an increased D,R expres-
sion in the CA1 area of the hippocampus. Simultaneously,
the extinguished animals presented higher D,R expression in
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Fig.3 Expression of dopamine receptors (D,R) in the hippocam-
pus and the amygdala in rats after the third extinction session was
assessed by immunocytochemical staining. Left panel: diagram pre-
senting density of D,R immunoreactive neurons (number of cells/
mm?2). Right panel: photomicrographs showing representative expres-
sion of D2R in the dentate gyrus (DG), CAl and CA3 area of the
hippocampus, basal nucleus (BA), lateral nucleus (LA), and central
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nucleus (CeA) of the amygdala with an objective lens at 20X mag-
nification (total magnification of 200x). Scale bar indicates 120 um.
Control (n=10), extinguished (n=10), isolated (n=10); isolated
extinguished (n=10). Statistics: two-way ANOVA followed by New-
man-Keuls post hoc. Data are presented as the mean number of cells
per | mm2+SEM
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the central amygdala compared to the control and the extin-
guished isolated animals. Moreover, we found changes in
miRNA-128 after the third extinction session—extinguished
rats had lower levels than the isolated, isolated extinguished,
and control animals.

Social isolation is a potent stress factor influencing
behavioral reactivity to environmental stimuli [9, 10, 35].
The prolonged social isolation stress may cause cognitive
disturbances, depressive, or anxiety behavior [10, 36-41].
Moreover, social isolation was shown to cause delayed and
incomplete fear extinction [10, 37, 38]. The current study
confirmed that even intermittent social isolation before
extinction sessions impairs fear extinction.

Our results also confirmed the important role of the dopa-
minergic neurotransmission in the amygdala and the hip-
pocampus in fear extinction. We found that exposition to
an aversive context during the third extinction session was

miRNA-128
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(n=17); isolated extinguished (n=8) in the amygdala. The mRNA and
miRNA levels were measured via PCR and expressed as AACT. Sta-
tistics: two-way ANOVA followed by Newman—Keuls post hoc. Data
are presented as the means + SEM

associated with changes in D,R expression in the hippocam-
pus and the amygdala in a subnuclei-dependent manner. Our
results may partly explain conflicting evidence concerning
the D,R agonists and antagonists' effectiveness in preclinical
models of fear extinction and exposure therapy of anxiety
disorders. The discrepancies could be linked to the different
roles of distinct amygdalar and hippocampal nuclei in fear
extinction [8, 42]. Based on our current results, we could
assume that impaired fear extinction is related to increased
expression of D,R in the CAl area of the hippocampus in
the isolated extinguished rats compared to the extinguished
group. Similar changes were observed in the amygdala and
concerned the expression of miRNA-128. This coincidence
probably reflects the existence of hippocampal-amygdalar
interdependencies that could affect the extinction of fear
expression in isolated extinguished animals. The changes
in the CA1 area of the hippocampus are similar to previous
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research that indicated the important role of D,R in the
extinction of appetitive stimuli [43].

In our study, we also analyzed the expression of two
miRNAs: miRNA-128 and miRNA-142, which affect fear
extinction. Our study showed that the upregulation of the
miRNA-128 in the amygdala may be related to memory
disruption in socially isolated animals. MicroRNAs are
small non-coding RNAs of 19-25 nucleotides in length
and are known to regulate several protein-coding genes
[44]. In our study, isolated animals characterized by
extinction deficits had increased—upregulated levels of
miRNA-128 in the amygdala. Similarly, in earlier stud-
ies, rodents in the neurodegenerative Huntington’s disease
model had upregulated expression of miRNA-128 in the
brain [44]. An interesting observation was revealed by
Zhou et al., who showed that miRNA-128 reduce apopto-
sis of dopaminergic neurons, so we could speculate that
the increase in miRNA-128 level could have a protective
effect on dopaminergic neurons [27].

Limitations

It is worth emphasizing that the presented results are only
observational. Studies on activation and blocking of their
function would be more appropriate to confirm the direct
role of D,R and specific miRNA in extinction processes.

Conclusions

Our results confirmed the deteriorated effect of intermittent
social isolation stress on fear extinction. We showed that
social isolation was associated with changes in dopaminergic
neurotransmission in extinguished rats, and it increased D,R
expression in the hippocampus and decreased in the central
amygdala. Moreover, we found upregulated miRNA-128 lev-
els in the amygdala of the socially isolated extinguished rats.
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