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A B S T R A C T

Epigenetic modulation of brain-derived neurotrophic factor (BDNF) provides one possible explanation for the
dysfunctions induced by stress, such as psychiatric disorders and cognitive decline. Interestingly, social support
can be protective against some of these effects, but the mechanisms of social buffering are poorly understood.
Conversely, early isolation exacerbates the responses to stressors, although its effects in adulthood remain un-
clear. This study investigated the effects of social isolation and social buffering on hippocampal epigenetic
mechanisms, BDNF levels and behavioral responses of chronically stressed young adult rats. Male Wistar rats (3
months) were assigned to accompanied (paired) or isolated housing. After one-month half of each group was
submitted to a chronic unpredictable stress (CUS) protocol for 18 days. Among accompanied animals, only one
was exposed to stress. Behavioral analysis encompassed the Open field, plus maze and inhibitory avoidance
tasks. Hippocampal H3K9 and H4K12 acetylation, HDAC5 expression and BDNF levels were evaluated. Isolated
housing increased HDAC5 expression, decreased H3K9 and H4K12 acetylation, reduced BDNF levels, and im-
paired long-term memory. Stress affected weight gain, induced anxiety-like behavior and decreased AcK9H3
levels. Interactions between housing conditions and social stress were seen only for HDAC5 expression, which
showed a further increase in the isolated+CUS group but remained constant in accompanied animals. In
conclusion, social isolation at adulthood induced epigenetic alterations and exacerbated the effects of chronic
stress on HDAC5. Notwithstanding, social support counteracted the adverse effects of stress on HDAC5 ex-
pression.

1. Introduction

The reactions of the organism to stressful situations are usually
analyzed based on the classic concept of the fight or flight response. In
this concept, the brain perceives and determines what is threatening,
and activates the sympathetic nervous system and the hypothalamic-
pituitary-adrenocortical (HPA) axis, leading to the recruitment of dif-
ferent organs and systems for a concerted effort to combat or escape

from threat. Although providing a good characterization of responses to
stress, the fight or flight concept is incomplete from the standpoint of
human beings [1]. A remarkable response of humans to stress is the
tendency to affiliate, that is, to come together in groups to provide and
receive joint protection in threatening times [2,3]. Social support seems
to have a protecting effect against the negative outcomes of stress ex-
posure [4–6]. Conversely, social isolation and feelings of loneliness are
important stressors by itself, being associated with alterations of the
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neuroendocrine response to stress and predisposition to different
mental health dysfunctions, such as anxiety, depression and cognitive
decline [7,8].

The effects of social isolation have been investigated in many an-
imal models. Studies with mice and rats have shown that social isola-
tion is associated with important alterations in brain neurochemistry,
structure and function, inducing behavioral changes manifested as de-
pressive and anxiety-like symptoms [9–11]. It is also known that iso-
lated animals usually show exacerbated behavioral and neuroendocrine
responses to chronic stressors [12]. However, these studies were mostly
conducted to investigate the effects of maternal separation or early
isolation on behavioral and endocrine responses to stress at adulthood
[13,14]. Thus, the effect of adult isolation on the behavioral and phy-
siological responses to chronic stress remain unclear.

The social contact seeking that humans show after stress exposure
can also be observed in other mammals with distinct levels of social
bonding, including rats [15]. Additionally, social support, or group
housing, can decrease plasma glucocorticoid levels and reduce the re-
actions to stress in different animal models [9,16–20]. Although the
behavioral effects of social support are well documented, studies con-
cerning the mechanisms implicated in social buffering of stress re-
sponses are mostly restricted to the role of the HPA axis, oxytocin and
vasopressin [9]. However, in the last decade it became increasingly
evident that epigenetic mechanisms provide one possible explanation
for the lasting impact that a history of stress exposure can have on
future stress reactivity and maladaptation [21]. Thus, it would be in-
teresting to investigate if social buffering could also be acting through
modulation of epigenetic mechanisms. If this is the case, it could be
potentially effective to prevent exacerbated reactions or dysfunctional
adaptations in response to stress.

One of the most susceptible brain regions to the effects of chronic
stress is the hippocampus, a component of the limbic system that reg-
ulates motivation, emotion, and processing of declarative memories
[22,23]. Chronic stress impairs neurogenesis, plasticity and neuronal
survival in the hippocampus [24,25]. These changes have been asso-
ciated with psychiatric and cognitive dysfunctions and, more recently,
have been investigated from the epigenetic point of view [26].

Among the epigenetic mechanisms activated in the hippocampus by
chronic stress is the modulation of histone acetylation [27]. Histone
acetylation promotes gene transcription by reducing the interaction of
histones with DNA (allowing the coupling of transcriptional machinery
to DNA) or serving as a recognition site for gene transcription pro-
moters [28]. Histone acetylation is modulated by the activity of acet-
yltransferases (HATs), responsible for the increase in acetylation, and
deacetylases (HDACs), responsible for the decrease in acetylation [29].

Different stress protocols, including acute and chronic restraint,
social defeat and chronic unpredictable stress (CUS), are able to si-
multaneously increase the activity of HDACs and decrease histone
acetylation. In this context, the activity of HDAC5 and the acetylation of
H3 (K9) and H4 (K12) has drawn attention because of their role in the
regulation of brain-derived neurotrophic factor (BDNF) expression
[27,30–35]. BDNF is an important modulator of neurotransmission
[36–38], neuroplasticity [39,40] and neuronal survival [41]. Chronic
stress was already shown to decrease BDNF levels in humans [42,43]

and animals [44]. Moreover, lower levels of BDNF in serum were as-
sociated to neurodegenerative diseases [45,46] and psychiatric dis-
orders [47–49]. Thus, there are suggestions that the maladaptive effects
of chronic stress on mental health are, at least partially, associated to
the epigenetic modulation of BDNF levels [12,50].

The current study was designed to explore the effects of social iso-
lation and social buffering on epigenetic and behavioral responses to
chronic stress. More specifically, we investigated hippocampal H3K9
and H4K12 acetylation, HDAC5 expression and BDNF levels, as well as
behavioral responses, in young adult rats maintained in different
housing conditions (isolation or accompanied housing) and exposed to
chronic stress (CUS protocol). Our main hypotheses were that: (1)
isolation and chronic stress would lead to negative outcomes on the
investigated variables; (2) isolation would magnify the effects of
chronic stress; (3) paired housing would be protective against epige-
netic, BDNF and behavioral alterations induced by chronic stress.

2. Material and methods

2.1. Animals

Adult male Wistar rats (three-month-old, 465–573 g, n= 46) were
obtained from the university breeding facility (Centro de Modelos
Biológicos Experimentais/ Pontifícia Universidade Católica do Rio
Grande do Sul, CeMBE/PUCRS). Animals were maintained in standard
cages with sawdust bedding, room temperature of 21 ± 1 °C, a 12-h
light/dark schedule and ad libitum access to standardized pellet food
and water. The experiments were carried out in conformity with the
Guide for the Care and Use of Laboratory Animals and performed ac-
cording to the recommendations of the Brazilian Guidelines for the Care
and Use of Animals in Research and Teaching (DBCA, published by
CONCEA, MCTI). Experimental protocols were approved by the Ethics
Committee for the Use of Animals of the Pontifical Catholic University
(CEUA, registration No. 7142). All efforts were made to reduce sample
size and minimize animal suffering.

2.2. Experimental design

All animals were weighted and randomly divided in two experi-
mental groups: Accompanied (two animals/ home cage) and Isolated
(one animal/home cage). After one month, half of the animals of each
group were submitted to a 20 days’ stress protocol (see below), whereas
the other half remained in the standard housing conditions during this
period. Thus, four experimental subgroups emerged: Accompanied (two
animals/home cage); Accompanied+CUS (two animals/home cage
and one of them daily submitted to the CUS protocol); Isolated (one
animal/ home cage); Isolated+CUS (one animal/home cage daily
submitted to the CUS protocol).

2.3. Chronic unpredictable stress (CUS) protocol

The CUS protocol, also known as chronic unpredictable mild stress
protocol, is widely used [51]. Composed by diverse micro-stressors,
presented in a random and unpredictable fashion, the CUS protocol was

Table 1
Schedule of stressors used during the chronic unpredictable stress (CUS) treatment.

Stress Monday Tuesday Wednesday Thursday Friday Saturday Sunday

Water deprivation 10h-> 10h
Wet bedding 13-17h
Light 24h 8h-> 8h
Imobilization 16-16:45h
Food deprivation 11h-> 11h
Strobe light 14-16h
Cage tilt 7-11h
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designed according to the literature to induce a mild to moderate in-
tensity stress [52,53]. The stress protocol (Table 1) lasted 14 days, was
interrupted during four days for behavioral tasks, and resumed for
another 4 days. Two days after the end of the CUS protocol animals
were weighted and euthanized by decapitation.

2.4. Behavioral tasks

The behavioral tasks were run on four consecutive days in the fol-
lowing sequence: Open field, plus maze, inhibitory avoidance training
and testing sessions.

2.4.1. Open field
Open field testing was performed as previously described [54]. In

short, animals were placed in a 40×45×50 cm high open field cage
divided into 12 equal-sized sections under red lighting for 5min. Be-
tween each session, feces and urine were removed from the apparatus.
Animals were videotaped and locomotor and exploratory responses
(latency to start locomotion, section crossings and rearings) were
scored offline by blind experimenters with high inter-rater reliability
(Pearson's r>0.9).

2.4.2. Elevated plus maze
The elevated plus maze test is a standard method to assess the an-

xiety-like behaviors in rodents [55]. The apparatus consisted of two
open and two closed arms with the same size (50×10 cm) elevated
50 cm above the floor. The closed arms were surrounded by 40 cm high
walls. Animals were placed in the central square of the plus maze ap-
paratus (10×10 cm), facing the open arm, and allowed to explore the
maze during five minutes. Between animals, feces and urine were re-
moved from the apparatus. All animals were videotaped and the
number of entries and time spent in open versus closed arms were
scored offline by blind experimenters with high inter-rater reliability
(Pearson's r>0.9).

2.4.3. Inhibitory avoidance
The inhibitory avoidance task was performed to evaluate long term

aversive memory and followed the procedures previously described
[56]. The apparatus was an acrylic box (50×25×25 cm) whose floor
consisted of parallel-caliber stainless-steel bars (1 mm diameter) spaced
1 cm apart, and a platform that was 7 cm wide and 2.5 cm high. During
the training session animals were placed on the platform and their la-
tency to step down on the grid with all four paws was measured. Ani-
mals received a 0.4-mA, 3.0 s foot shock after stepping down on the grid
and were immediately removed from the apparatus. The test session
was carried out 24 h after training, no foot shock was given and the
step-down latency (maximum of 180 s) was used as a measure of
memory retention.

2.5. Biochemical analysis

Animals were euthanized by decapitation 48 h after the last session
of the CUS protocol. Brains were immediately removed and the hip-
pocampus rapidly dissected and snap-frozen in nitrogen. All samples
were stored at −80 °C until further analysis, as explained bellow.

2.5.1. Analysis of histone acetylation by western blot
The dissected and nitrogen frozen hippocampi samples were

homogenized, placed in EDTA-free (Sigma-Aldrich, St. Louis, MO, USA)
solution 1x containing a protease inhibitor cocktail tablet, and stored at
−80 °C for subsequent analysis. For histone extraction, PBS buffer
(Phosphate-Buffered-Saline) containing 250 u L Triton and 10mg NaN3
was added to the homogenate samples to a 50mL final volume. After
10min on ice, samples were centrifuged at 6500 g for 10min at 4 °C.
The supernatant was collected and acid extraction (0.2-N HCl) of his-
tones was carried out overnight at 4 °C. Samples were centrifuged once

again (6500 g for 10min at 4 °C), supernatants saved, and the protein
content was determined using the Coomassie Blue method, with bovine
serum albumin as a standard [57]. Western blot analysis of acetylated
H3K9 (AcK9H3) and H4K12 (AcK12H4) was done as follows. Twenty-
five μg total protein was separated on a 10% SDS polyacrylamide gel
and transferred electrophoretically to a nitrocellulose membrane.
Membranes were blocked with 5% non-fat dry milk in TBS containing
0.05% Tween 20 and were incubated overnight with the following
antibodies: anti-histone H3 (ab1791, Abcam) at 1:3000, anti-acetyl
histone H3 (Lys-9, ab10812, Abcam) at 1:500, anti-histone H4
(ab10158, Abcam) at 1:200 and anti-acetyl histone H4 (Lys-12, K12,
ab61238, Abcam) at 1:700. Goat anti-rabbit (ab97051, HRP) radish-
conjugated secondary antibodies were used and detected using ECL
Western Blotting Substrate Kit (Abcam, Cambridge, UK). Pre-stained
molecular weight protein markers (SuperSignal Molecular Weight
Protein Ladder, Thermo Scientific, Rockford, USA) were used to de-
termine the detected bands molecular weight and confirm target spe-
cificity of antibodies. Analysis of band intensities were performed in a
Carestream Gel Logic 2200 PRO Imaging System and the associated
Image Analysis Software. Data for acetylated histones were corrected
for the amount of total histone protein.

2.5.2. Analysis of HDAC5 gene expression by real-time PCR
Total cellular RNA of hippocampus was extracted with SV Total

RNA Isolation System (Promega, Madison, WI, USA) according to the
manufacturer's protocol. RNA was re-suspended in nuclease-free water
and was quantitated by spectrophotometry. The total RNA was used for
reverse transcription (RT) reactions. RT reactions were performed using
Invitrogen Superscript IV One-Step RT-PCR System (Invitrogen,
Carlsbad, CA) according to the manufacturer's protocol, and this was
followed by real-time PCR of the target gene. TaqMan probes and the
One-Step RT-PCR System (Applied Biosystems, Foster City, CA) were
used in our experiments. PCR reactions were performed using 20x
Assays-On-Demand Gene Expression Assay Mix (containing unlabeled
PCR primers and Taq-Man probe) and TaqMan Universal PCR Master
Mix (Applied Biosystems, Foster City, CA) according to the manufac-
turer's protocol. PCR conditions were 95 °C for 10min, followed by
95 °C for 15 s and 60 °C for 1min repeated for 40 cycles. Experiments
were performed in duplicate for each data point. Beta-actin was eval-
uated as an internal RNA control. Quantitative values were obtained
from the cycle number (CT value) at which the increment in fluorescent
signal associated with an exponential growth of PCR products started to
be detected. The amount of target gene mRNA expression was nor-
malized to the endogenous level of Beta-actin. Analysis was performed
by obtaining the relative threshold cycle (ΔCT), in relation to the CT of
the control gene in order to measure the relative expression level
(2–ΔΔCT) of the target gene [58]. Primer sequences for HDAC5 were: 5′
CAGCCAGAAGATGTACGCCA3′ (forward) and 5′GCTGTGATGGCTACG
GAGTT3′ (reverse). For Beta-actin they were 5′ACCGAGCATGGCTACA
GCGTCACC3′(forward), 5′GTGGCCATCTCTTGCTCGGAGTCT3′ (re-
verse).

2.5.3. Analysis of BDNF by ELISA
Hippocampus samples were homogenized by gently grinding in

0.1 M phosphate buffer solution with protease inhibitor cocktail
(Sigma-Aldrich, St. Louis, MO, USA). The homogenates were im-
mediately centrifuged at 2000 g for 5min and the supernatant was
collected and frozen at −80 °C until further analysis. BDNF levels were
evaluated with a commercial sandwich-ELISA kit (Milipore, USA) fol-
lowing the manufacturer’s instructions. In short, samples were added in
duplicate to the microtiter plates (96 well flat-bottom), incubated for
24 h at 4 °C and rinsed four times with wash buffer. After that, bioti-
nylated mouse anti-human BNDF monoclonal antibody (diluted 1:1000
in sample diluent) was added to each well and incubated for 3 h at room
temperature. Wells were once again washed and then incubated with
streptavidin–horseradish peroxidase conjugate solution (diluted
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1:1000) for 1 h at room temperature. After the addition of substrate and
stop solution, the amount of BDNF was determined (absorbance set at
450 nm). The standard curve ranged from 15.63 to 500 pg/ml of BNDF
and showed a direct relationship between optical density and BDNF
concentration. Total protein was measured by Bradford’s method [57]
using bovine serum albumin as standard.

2.6. Statistical analysis

Parametric data are expressed as mean ± standard deviation and
were analyzed with two-way ANOVAs, with housing conditions (ac-
companied or isolated) and stress (submitted or not submitted to the
CUS protocol) as the between-group variables. The non-parametric data
of the inhibitory avoidance test are expressed as median (interquartile
ranges) and were analyzed with Kruskal-Wallis tests, followed by
Wilcoxon (for dependent variables) and Mann-Whitney (for in-
dependent variables) tests whenever appropriate. P < 0.05 was con-
sidered to indicate statistical significance.

3. Results

3.1. Weight gain during the experimental period

The two-way ANOVA indicated a significant main effect of stress [F
(1,40)= 23.076, p < 0.001] on weight gain. As can be seen in Fig. 1,
animals submitted to the CUS protocol showed significantly less weight
gain than animals that were not submitted to the stress protocol.
However, there was no effect of housing condition or any interaction
between housing condition and stress on weight gain (all p > 0.05).

3.2. Open field

The results obtained in the open field task can be seen in Table 2.
The two-way ANOVAs identified neither significant effects of housing
conditions and stress, nor significant interactions between housing
conditions and stress, on latencies to start locomotion, crossings and
rearings (all p > 0.05).

3.3. Elevated plus maze

The results of the Plus maze task can also be seen in Table 2. The
two-way ANOVA indicated significant effects for stress only on the time

spent in open [F(1,39)= 6.436, p=0.017] and closed [F
(1,39)= 5.786, p=0.023] arms. Animals submitted to the CUS pro-
tocol spent significantly less time in the open arms, and consequently
more time in the closed arms, than animals that were not submitted to
the stress protocol. No significant effects of housing condition, or in-
teractions between housing condition and stress, were seen on any of
the Plus maze variables (all p > 0.05).

3.4. Inhibitory avoidance

As indicated by the Kruskal-Wallis test, latency to step down the
platform in the training session was not significantly different
(p= 0.441) between the accompanied [4.52 (3.41/5.99),
accompanied+CUS [5.05 (4.36/6.295)], isolated[4.15 (3.49/5.48)]
and isolated+CUS [3.84 (3.01/6.340] groups. Although the latency to
step down increased significantly from the training to the test session in
all experimental groups, as indicated by the Wilcoxon test (all
p < 0.05), further analysis with the Mann-Whitney post hoc test in-
dicated that the isolated and isolated+CUS group had a worse per-
formance on the memory retention test than the accompanied and
accompanied+CUS groups (all p < 0.05) (Fig. 2). On the other hand,
no significant differences were identified between the accompanied and
accompanied+CUS group (p= 0.236) and between the isolated and
isolated+CUS groups (p=0.744).

3.5. Histone acetylation

Significant main effects of housing condition were found for
AcK9H3 [F(1,14)= 26.473, p < 0.001] and AcK12H4 [F
(1,18)= 11.733, p=0.003]. As can be seen in Fig. 3, isolated animals
had lower levels of acetylated histones than accompanied animals. A
main effect of stress was seen only on H3K9 acetylation [F
(1,14)= 6.752, p= 0.021], which decreased in animals submitted to
the CUS protocol. No significant interactions between housing condi-
tions and stress were seen on H3K9 and H4K12 acetylation (all
p > 0.05).

3.6. HDAC5 gene expression

The two-way ANOVA indicated significant effects of housing con-
dition [F (1,9)= 327.95, p < 0.001] and stress [F(1, 9)= 154,31,
p < 0.001] on the HDAC5 gene expression, as well as a significant
interaction between housing condition and stress [F(1,9)= 144.78,
p < 0.001]. As can be seen in Fig. 4, the expression of the HDAC5 gene
was higher in isolated than in accompanied animals. Animals submitted
to the CUS protocol also showed higher levels of HDAC5 expression
than animals that were not submitted to this stress protocol. The in-
teraction between housing condition and stress can also be seen in
Fig. 4, which shows a greater effect of the CUS protocol on isolated
animals in comparison to accompanied animals. This pattern of results
suggests that accompaniment can mitigate the effects of CUS on HDAC5
expression.

3.7. BDNF levels

The results obtained for BDNF levels can be seen in Fig. 5. The two-
way Anova indicated significant housing effects on hippocampal BDNF
[F(1,18)= 22.469, p < 0.001], with higher levels of this neurotrophin
in accompanied than in isolated animals. However, no significant ef-
fects of stress, or interactions between stress and housing conditions,
were seen on the BDNF levels (all p > 0.05).

4. Discussion

One of the main hypotheses of this study was that social isolation
and chronic unpredictable stress of young adult rats would lead to

Fig. 1. Weight gain of rats during the experimental procedures, calculated as
the difference between weight at the start (when animals were assigned to the
different housing conditions) and at the end (immediately before animals were
euthanized) of the experiment. Statistical analysis was performed using two-
way analysis of variance with housing conditions (accompanied or isolated) and
stress (submitted or not submitted to the CUS protocol) as fixed factors. Data
are expressed as mean ± standard deviation. n=10–12 per group.
*p < 0.001 in comparison to the accompanied-only and isolated-only sub-
groups, indicating a significant effect of stress.
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negative outcomes on epigenetic mechanisms known to modulate hip-
pocampal BDNF levels and affect behavior. Accordingly, our results
indicated increased HDAC5 expression, decreased histone acetylation
(AcK9H3 and AcK12H4), lower BDNF levels and impaired long-term
memory in isolated animals. Moreover, the stress protocol used in this
study was capable of affecting weight gain, inducing anxiety-like

behavior and decreasing AcK9H3 levels and increasing HDAC5 ex-
pression. We also hypothesized that social isolation would magnify the
effects of chronic stress on the investigated variables. However, further
worsening of the effects of the CUS protocol by isolation were limited to
the HDAC5 expression, as indicated by the significantly higher

Table 2
Effects of housing conditions and stress on Open Field and Plus maze parameters.

Groups

Accompanied Accompanied+CUS Isolated Isolated+CUS

Open Field Latency(s) 3.5 ± 1.67 2.71 ± 1.05 3.20 ± 1.5 3.82 ± 2.03
Crossing(n) 71.9 ± 34.39 90.61 ± 13.45 82.3 ± 18.12 91.54 ± 28.9
Rearing(n) 29.9 ± 9.64 34.33 ± 7.4 29.25 ± 5.95 30.95 ± 7.05

Plus Maze Open Arm Time (%) 14.23 ± 10.07 12.79 ± 6.27* 13.53 ± 3.84 4.56 ± 1.43*

Closed Arm Time (%) 75.48 ± 13.96 76.46 ± 11.93** 78.33 ± 5.85 91.46 ± 6.69**

Open Arm Entries (n) 1.50 ± 1.3 1.00 ± 1.41 2.00 ± 1.56 0.69 ± 0.85
Closed Arm Entries (n) 4.12 ± 2.1 3.25 ± 2.52 3.20 ± 1.98 3.15 ± 2.3

Statistical analysis was performed using two-way analysis of variance, with housing conditions (accompanied or isolated) and stress (submitted or not submitted to
the CUS protocol) as fixed factors. Data are expressed as mean ± standard deviation. n=10–12 per group.
* p < 0.05 for the time spent in open arms in comparison to the accompanied-only and isolated-only subgroups, indicating significant effects of the CUS protocol.
** p < 0.05 for the time spent in closed arms in comparison to the accompanied-only and isolated-only subgroups, indicating significant effects of the CUS

protocol.

Fig. 2. Long-term retention of inhibitory avoidance memory in animals sub-
mitted to different housing and stress conditions. The retention test was run
24 h after the training session. Statistical analysis was performed using Kruskal-
Wallis test and Mann-Whitney’s post hoc test. Data are expressed as median and
interquartile range. n=10–12 per group. *p < 0.05 in comparison to the ac-
companied subgroups, indicating a significant housing effect.

Fig. 3. Quantification and representative wes-
tern blots of (A) acetylated histone 3 lysine 9
[AcK9H3] and (B) histone 4 lysine 12
[AcK12H4] in the hippocampus of rats exposed
to different housing conditions and stress.
Statistical analysis was performed using two-
way analysis of variance with housing condi-
tions (accompanied or isolated) and stress
(submitted or not submitted to the CUS pro-
tocol) as fixed factors. n=4–6 per group. Data
are expressed as mean ± standard deviation.
*p < 0.01 in comparison to the accompanied
subgroups, indicating a significant housing ef-
fect; **p < 0.05 in comparison to the accom-
panied-only and isolated-only subgroups, in-
dicating a significant effect of stress.

Fig. 4. Hippocampal alterations in the expression of the HDAC5 gene in re-
sponse to different housing conditions and stress. Samples were normalized to
Beta-actin expression and run in duplicate. Statistical analysis was performed
using two-way analysis of variance with housing conditions (accompanied or
isolated) and stress (submitted or not submitted to the CUS protocol) as fixed
factors. Data are expressed as mean ± SD. *p < 0.001 indicating the housing
effect; ** p < 0.001 indicating the stress effect; #p < 0.001 indicating the
interaction between housing condition and stress.
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expression in the isolated+CUS animals in comparison to the isolated-
only animals. Our third assumption was that paired housing would be
protective against the alterations induced by chronic stress. Support for
this supposition was also limited to the HDAC5 expression, as suggested
by the lack of significant effects of the CUS protocol on the HDAC5
expression of accompanied animals, in opposition to its effect on so-
cially isolated animals.

Locomotor and exploratory activities in the open field were un-
changed by chronic stress and housing conditions. Although different
studies indicated decreased or increased open field activity after in-
duction of social isolation [59–61] or CUS [51,62–65], our results are
consistent with the findings of other research groups, which reported no
alterations in locomotor and exploratory behavior of animals exposed
to these treatments [66–69]. As pointed out by Hu and collaborators
(2010), it is possible that these inconsistent findings among research
groups are the result of confounding factors such as the modification of
the stress protocol and stimuli intensity, behavioral measure metho-
dology, the variety in animal species and the method of interpretation
of results [66].

Analysis of weight gain and anxiety-like behaviors, evaluated with
the plus maze task, also indicated no significant effects of isolation. In
fact, this is not a surprising result. A recent review concluded that social
isolation has only a small effect on rodent defense behavior [70], and
the lack of significant effects on plus maze results is not uncommon
[68,71,72]. However, animals submitted to CUS had a reduction in
weight gain, indicating that this mild stress protocol had a negative
impact on them. Moreover, animals exposed to the CUS protocol spent
significantly less time in the open arms of the plus maze in comparison
to animals that were not submitted to this stress protocol. Most studies
that use CUS protocols report weight decreases [51,73–75] and in-
creased anxiety-related defense behaviors [74,75].

Although locomotor and exploratory activities, weight gain and
anxiety-like behaviors were not affected by social isolation, the nega-
tive effects of this experimental protocol became evident by the de-
creased hippocampal acetylation of H3K9 and H4K12, the increased
HDAC5 expression and the decreased BDNF levels in comparison to
accompanied animals. Interestingly, this pattern of results appears to be
conserved from early development into adulthood. Maternal separation
is associated with reduced levels of total, exon I and exon IV BDNF
mRNA, lower BDNF protein levels, decreased acetylation of histone H3
and H4 at the BDNF promoter IV and increased HDAC5 mRNA [76,77].
Li and collaborators (2016) reported a decrease in histone acetylation
and BDNF protein expression after social isolation in early adolescent
animals and our results clearly suggest that the isolation of young adult

rats has a negative impact on H3K9 and H4K12 acetylation, which is
associated to an increase in HDAC5 expression and BDNF decrease
[78]. In fact, decreases in hippocampal BDNF levels are a common
finding in studies of social isolation and have been associated to im-
paired synaptic plasticity, neurogenesis and neuronal survival, besides
behavioral dysfunctions such as depression, anxiety and memory im-
pairments (for a review see reference [12]). In line with these evi-
dences, our results indicated that animals of the isolated subgroups had
impaired long-term memory in the inhibitory avoidance task when
compared to the accompanied subgroups.

Consolidation of inhibitory avoidance memory is known to be de-
pendent on the extracellular release of BDNF and its interaction with
tropomyosin-related kinase B (TrkB) [79–81]. There are also evidences
that histone acetylation (including H3K9 and H4K12) begins a gene
expression program that leads to hippocampal memory consolidation
[82]. Accordingly, factors that decrease histone acetylation (such as
aging) are associated to impairment of aversive memories [83],
whereas factors that are able to increase acetylation (such as physical
exercise or HDAC inhibitors) are associated with inhibitory avoidance
improvement [82,84,85]. Moreover, inhibition of HDACs facilitates
long-term potentiation in the CA1 area of the dorsal hippocampus, a
cellular plasticity mechanism involved in the establishment of in-
hibitory avoidance memory [86–88]. Thus, our results clearly show an
association of social isolation with epigenetic mechanisms potentially
involved in the decrease of BDNF levels and memory impairment.
However, our study design does not allow the establishment of causal
relationships between these variables. Thus, the clinical relevance of
our findings should be further investigated in studies planned to eval-
uate the causal relations between epigenetic modifications, alterations
in BDNF levels and behavioral outcomes. Therefore, it would be in-
teresting to evaluate the effect of experimental procedures known to
depress the expression of HDAC5 or increase the expression of BDNF,
such as pharmacological interventions, viral-mediated BDNF over-
expression or HDAC5 knockdown models [30,84,85,89–91], and verify
if they are able to revert the effects of social isolation.

Histone modification of the BDNF gene in the hippocampus is likely
to play a critical role in the response to stressful environments. Different
stress protocols (including acute and chronic restrain, social defeat and
CUS) are able to induce epigenetic effects through decreases in histone
acetylation, increases in HDAC expression and/or reduction of BDNF
expression [27,31,32,34]. In this study, stress effects decreased H3K9
acetylation and increased HDAC5 expression. However, the worsening
of the epigenetic effects of the CUS protocol by social isolation were
limited to the expression of HDAC5, which showed higher levels in the
isolated+CUS subgroup in comparison to the isolated-only subgroup.
Seo and collaborators (2016) combined maternal separation and
chronic restrain stress and also observed that maternal separation ex-
acerbated the effects of the stress protocol on HDAC5 expression.
However, the authors also found a further reduction of histone H3 and
H4 acetylation at BDNF promoter IV and a further decrease in BDNF
mRNA (both total and at exon IV) in animals that were submitted to the
restrain stress in addition to the maternal separation. [76]. The critical
elements responsible for the extent of the effects of isolation on the
responses of animals to other chronic stressors have not yet been
identified, but it is likely that the developmental stage of the animals,
the type and duration of the isolation and stress protocols play a sig-
nificant role on the outcomes seen in different studies [51,92]. More-
over, the methods used to investigate the epigenetic (total histone
acetylation vs chromatin immunoprecipitation assays directed to spe-
cific BDNF promoters) and BDNF alterations (protein levels vs mRNA
expression, total hippocampus vs hippocampal subregions) could also
contribute to some of the discrepancies seen between the studies
[30–32]. Notwithstanding, this is the first study to explore the inter-
actions of social isolation and chronic stress on adult animals. The re-
sults obtained for the HDAC expression in isolated+CUS animals
warrant further investigations on the effects of isolation on epigenetic

Fig. 5. Alterations of BNDF levels in the hippocampus of rats submitted to
different housing conditions and stress. Statistical analysis was performed using
two-way analysis of variance with housing conditions (accompanied or iso-
lated) and stress (submitted or not submitted to the CUS protocol) as fixed
factors. Data are expressed as mean ± standard deviation. n= 5–6 per group.
*p < 0.001 in comparison to the accompanied subgroups, indicating sig-
nificant housing effects.
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mechanisms of chronically stressed animals. Thus, future studies should
evaluate the effects of more intense stress protocols (the CUS protocol
of this study can be classified as mild to moderate) and broaden the
epigenetic variables to be investigated (e.g. evaluating histone methy-
lation and demethylases).

Besides evaluating the effects of housing conditions and stress on
animals, our study was also designed to evaluate the possible effects of
social buffering on additional epigenetic and behavioral effects induced
by the CUS protocol on isolated animals. However, the analysis of social
buffering was limited by the fact that, out of all variables investigated
(anxiety-like behaviors, memory, BDNF levels, epigenetic variables),
only HDAC5 expression showed significant effects of isolation on the
stressed animals. So, if social buffering effects were to occur, only
HDAC5 expression would be capable to indicate them. Howsoever, no
effects of the CUS protocol were seen on the HDAC5 expression of ac-
companied animals. This result suggests that social buffering could be
potentially involved in the modulation of HDAC5 expression and war-
rants further investigation on this issue. It is important to note that the
role of histone remodeling in the pathophysiology and treatment of
psychiatric disorders has been underscored by studies showing that
drugs, experimental (such as sodium butyrate) or therapeutic (such as
antidepressant and anxiolytics), capable to inhibit HDAC5 effects can
revert disturbances of the epigenetic control of BDNF levels
[30,32,76,93]. Thus, our results suggest that social buffering could act
on some of the mechanisms targeted by these pharmacological inter-
ventions, i.e. modulation of the effects of HDAC5.

In conclusion, the results of this study indicate that social isolation
and mild CUS protocols are able to induce epigenetic alterations in the
hippocampus of adult animals. However, social isolation effects were
more extensive and the only ones that lead to decreased BDNF levels
and memory impairment. They also worsened the effects of the CUS
protocol on HDAC5 expression. Moreover, the lack of effects of the CUS
protocol on HDAC5 expression suggest that social buffering can act
through epigenetic mechanisms to counteract the harmful effects of
stress. Thus, this study adds to the knowledge of the epigenetic effects
of social isolation in adulthood, a developmental time window in which
epigenetic mechanisms have been scarcely explored. Moreover, the
possibility of social buffering effects on HDAC5 expression seen in this
study warrant further investigations. There are surprisingly few studies
on the mechanisms through which social support operates. Affiliative
behavior, group cohesion and liking are natural responses seen in hu-
mans exposed or anticipating stressful events [1,15,94]. Moreover, the
effects of social buffering in humans are far reaching, being able to aid
in the health outcomes of diseases that affect different organs and
systems and even increase longevity [9]. Thus, social support is a field
that deserves much more attention than it has received until now.
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