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Depending on its duration and severity, stress may contribute to neuropsychiatric diseases such as depression and
anxiety. Studies have shown that stress impacts the hypothalamic-pituitary-adrenal (HPA) axis, but its down-
stream molecular, behavioral, and nociceptive effects remain unclear. We hypothesized that a 2-hour single
exposure to acute restraint stress (ARS) activates the HPA axis and changes DNA methylation, a molecular
mechanism involved in the machinery of stress regulation. We further hypothesized that ARS induces anxiety-
like and risk assessment behavior and alters nociceptive responses in the rat. We employed biochemical
(radioimmunoassay for corticosterone; global DNA methylation by enzyme immunoassay and western blot for
DNMT3a expression in the amygdala, ventral hippocampus, and prefrontal cortex) and behavioral (elevated plus
maze and dark-light box for anxiety and hot plate test for nociception) tests in adult male Wistar rats exposed to
ARS or handling (control). All analyses were performed 24 h after ARS or handling. We found that ARS increased
corticosterone levels in the blood, increased the expression of DNMT3a in the prefrontal cortex, promoted
anxiety-like and risk assessment behaviors in the elevated plus maze, and increased the nociceptive threshold
observed in the hot plate test. Our findings suggest that ARS might be a helpful rat model for studying acute
stress and its effects on physiology, epigenetic machinery, and behavior.

1. Introduction spent in the open arms of the elevated plus maze [4-6]. Depending on

the intensity and frequency of stress, the regulatory function of the HPA

Exposure to stress is an unavoidable life event. When an organism is
confronted  with a  stressful  situation, the  hypothal-
amic-pituitary—adrenal (HPA) axis is activated and, subsequently, glu-
cocorticoids are released into the bloodstream by the adrenal glands
where they circulate, cross the blood-brain barrier, and ultimately in-
fluence the brain by binding to mineralocorticoid and glucocorticoid
receptors located in the amygdala, hippocampus, and prefrontal cortex
[1-3].

A single exposure to traumatic stressors may exaggerate the response
to a future stressful event. For example, an acute, single exposure to
acute restraint stress (ARS) in the rat induced anxiety-like behaviors
manifested by reduced percentage of the number of entries and/or time

axis can be imbalanced and consequently trigger molecular and
behavioral changes [7-9], potentially leading to the development of
neuropsychopathological conditions such as depression and anxiety
[10], and even post-traumatic stress disorders (PTSD) [11].

DNA methylation, a covalent reaction often at the 5' position in
cytosine-guanine dinucleotides, has been proposed as a molecular
mechanism of how stress changes gene expression in the brain and how
it can be associated with behavioral abnormalities [12]. DNA methyl-
ation is mainly regulated by three enzymes: DNMT1, DNMT3a and
DNMT3b, where DNMT3a is reported to regulate neural function. Rats
that experienced ARS for 60 min had elevated corticosterone levels in
the blood, reduced global DNA methylation in the prefrontal cortex and
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hippocampus, and concomitant reduced levels of the DNMT1 in the
periaqueductal grey matter [13]. Additionally, mice submitted to social
defeat showed diminished DNA methylation and DNMT3a gene
expression in the prefrontal cortex [14]. To our knowledge, the effects of
ARS on DNMT3a regulation are not well described.

Last, our group and others have shown that anti-nociception might
accompany fear and anxiety in guinea pigs and mice, and the neural
mechanisms of fear/anxiety and pain might overlap [12,15-17].
Further, Wang and colleagues (2017) reported that mice submitted to
neuropathic pain and that were more susceptible to display increased
anxiety-like behaviors presented with decreased expression of DNMT3a
in the central nucleus of amygdala [18]. Little attention has been paid to
the effects of ARS in the nociceptive response.

Considering the above, we hypothesized that the ARS activates the
HPA axis, alters brain DNA methylation via DNMT3a, and augments
anxiety-like behaviors with concomitant risk assessment behavior in the
EPM. Additionally, we hypothesized that ARS changes nociceptive
behavior. To address these hypotheses, we used a radioimmunoassay
(RIA) to detect corticosterone in the blood; an enzyme immunoassay for
global DNA methylation and western blot to measure the expression of
DNMT3a in the amygdala, ventral hippocampus, and prefrontal cortex
to screen the DNA methylation in brain areas involved in the emotional
regulation; EPM and dark-light box (DLB) to assess anxiety-like behav-
iors; and hot plate test to measure the nociceptive behavior in rats
exposed to ARS or control.

Our findings suggest that a single exposure to ARS is accompanied by
HPA axis activation, DNMT3a upregulation in the prefrontal cortex,
increased anxiety-like behaviors in the EPM, and decreased sensitivity to
painful heat. We propose the rat ARS model is a suitable model for the
study of stress and its molecular and behavioral correlates.

2. Materials and methods

Ethical approval

All animal experiments were approved by our local Animal Care and
Use Committee of the University of Sao Paulo-Brazil, Campus of
Ribeirao Preto (Protocol number 2014.1.508.58.1) and followed the
Conselho Nacional de Controle de Experimentacao Animal — Ministério
da Ciéncia e Tecnologia (Brazil). The number of rats used in each pro-
tocol was chosen empirically and all efforts were made to minimize
animal suffering during the experiments. We followed the ARRIVE
(Animal Research: Reporting of in Vivo Experiments) guidelines in this
study.

2.1. Animals

Adult male Wistar rats were provided by our local animal vivarium
(Biotério Central do Campus Administrativo da USP de Ribeirao Preto, The
original breeding pairs were purchased from Charles River Laboratories
(Massachusetts, USA). Rats were used for the experiments when they
reached 8-12 weeks of age following postnatal day 0. A total of 3—4 rats
were kept in Plexiglas boxes (35x19x25 cm) with shavings in a room
with controlled temperature (24C + 1C) and standard light cycle (lights
on at 7:00 AM, lights off at 7:00 PM). The rats had water and chow food
ad libitum. All experiments were performed between 11 am and 1 pm to
avoid major circadian fluctuations. Experiments performed in the EPM
and DLB were vi. deotaped for subsequent analysis. A total of 57 animals
were used for experiments reported in this manuscript.

2.2. Acute restraint stress protocol

Animals were exposed either to handling in the vivarium or 2-hr
acute stress in a separate room. Rats were individually placed and
held in a metallic tube (6.3x19.3 cm) for 2 h in a single physical re-
straint episode. The metallic apparatus restrained body movements but
kept respiratory movements intact. Twenty-four hours following the
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completion of the 2 h restraint episode or handling control, animals
were exposed to behavioral testing, or were euthanized through
decapitation for harvesting of the brain and collection of the blood. The
animals did not have access to water or food during the stress period.
This stress model has been previously described [4].

2.3. Experimental groups

The following experiments were conducted in independent cohorts
of animals, i.e. rats were not re-used in multiple experiments.

Cohort 1: rats were submitted to the ARS protocol (n = 6) or ~5 min
handling control (n = 5) and were decapitated for brain harvest and
blood collection 24 h later to be used for measurement of blood corti-
costerone, and analysis of global DNA methylation and expression of the
DNMT3a in the amygdala, ventral hippocampus, and prefrontal cortex.

Cohort 2: rats were submitted to the ARS protocol (n = 8) or handling
control (n = 7) and tested in the EPM 24 h later.

Cohort 3: rats were submitted to the ARS protocol (n = 7) or handling
control (n = 8) and were exposed to the DLB 24 h later.

Cohort 4: all 16 rats had their baseline nociceptive threshold
measured in the hot plate test (50+1 °C). Twenty-four hours later were
submitted to either the ARS protocol (n = 8) or handling control (n = 8)
and had their withdrawal latency measured again in the hot plate test
24 h later.

A priori exclusion criteria included animals with signs of illness or
absence of jumps, paw lickings, or withdrawal in the hot plate test in 20 s
after been placed in the apparatus. No animals were excluded from the
study. For didactic reasons, the groups and protocols are depicted in
Fig. 1.

2.4. Corticosterone

To determine whether our ARS model activated the HPA axis, we
used an RIA to quantify corticosterone in the blood. Animals were
exposed either to handling in the vivarium or 2-hr acute stress in a
separate room the day prior to blood draw. On the day of the blood
draw, animals were moved from the vivarium to the laboratory, where
they were left to acclimate 2 h. The order of decapitation for individual
animals was randomized to avoid any inter-group biases. Decapitation
and blood collection was carried out in a separate room to minimize
stress due to odorant cues. Trunk blood (~5 mL) of the animals of from
experiment 1 was collected in heparinized tubes and immediately
centrifuged (4000 rpm, 20 min, 4 °C). After centrifugation, the plasma in
the liquid phase in the heparinized tubes (~2 mL) was collected,
transferred to another labeled tube, and kept at —20 °C until the RIA.
The RIA followed (with modifications) the manufacturer’s instructions
for the Corticosterone Antiserum Developed in rabbit (C8784-100TST,
Sigma). The corticosterone present in the plasma was extracted with
ethanol. We added 500 pL of 100 % ethanol for each 25 pL of plasma.
The mixture of ethanol and plasma was vigorously agitated for 15 s,
centrifuged (2.500g, 15 min, 4 °C), and the supernatant was collected
and left to dry completely in room temperature. All samples were
resuspended in 0.1 % gelatin phosphate buffer (pH 7.4) and were
maintained at —20° until the analysis. We incubated the extracted
samples or the unlabeled corticosterone with the antiserum and tritiated
hormone {[1,2,6,7 — 3H (N)]-corticosterone, Perkin Elmer} at 4 °C for
24 h. Each tube was added with dextran-coated charcoal (0.5 % acti-
vated charcoal, 0.5 % dextran in phosphate buffer, pH 7.4) to separate
free/bound tritiated corticosterone. The tubes were then vortexed for 1
min, incubated at 4 °C for 15 min, and centrifuged (2,000g for 15 min at
4 °C). The antiserum-bounded 3H-corticosterone in each supernatant
was mixed with the scintillation liquid, and the radioactivity of each
tube was measured using the beta Trilux counter (Perkin Elmer). We set
up a standard curve with known concentrations of unlabeled cortico-
sterone and it was used to estimate the corticosterone levels in the un-
known samples. The data generated were analyzed by Multicalc
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Fig. 1. Experimental protocol. Image illustrated using Biorender© software.

software. The lowest limit for detection for corticosterone was 0.05 ng/
mL. The intra-assay coefficient of variation was 9 %. All samples were
measured in duplicate in the same assay to avoid inter-assay error. This
RIA protocol has been previously published [19].

2.5. DNA methylation

The following areas were dissected: amygdala (Bregma —1.92 mm to
—3.12), ventral hippocampus (Bregma —1.92 mm to —1.44 mm), and
prefrontal cortex (Bregma —4.68 mm to —2.76 mm) using mice from
cohort 1 (Fig. 1). The dissected structures were split in two approxi-
mately equal amounts of tissue and put in two labeled tubes, where the
tissue in one tube was assigned for global DNA methylation analysis and
the other tube for western blot of the DNMT3a protein expression.

2.5.1. Global DNA methylation

Genomic DNA of the above-mentioned brain areas was extracted
using the SDS/proteinase K method. The tissue was put in 550 pL lysis
buffer (NaCl 0.1 M, Tris 50 mM, EDTA 50 mM, final pH 8), with the
addition of 27.5 pL of 20 % SDS, and 20 pL of proteinase K (#P2308,
Sigma). Tissue was then incubated for 2 h at 60° C for total tissue
digestion. After total digestion of the tissue, 600 pL of 4 M sodium
chloride was added to the lysis buffer followed by 15 s of vortexing and
centrifuging (14,000 RPM, room temperature, 30 min). We then added
an aliquot (1 mL) of the mixture lysis buffer + NaCl containing the
digested tissue of the samples and placed in another labeled tube and
two equal volumes of 100 % ethanol. The samples were kept in —20 °C
for 16-18 h and centrifuged (14,000 RPM, 4 °C, 30 min) the following
day. After discarding the supernatant, the DNA was washed (by centri-
fuging 14,000 RPM 4 °C, 5 min) three times with 700 pL of 70 % ethanol
and left at room temperature to allow complete drying. We resuspended
the DNA with 50 pL of ultrapure molecular grade water. We quantified
the DNA concentration by spectrophotometry (Nanodrop 2000c,
Thermo Fisher Scientific). Following genomic DNA extraction, we
digested the DNA with Nuclease P1 (#P2640, Sigma, 2 U/mg of DNA, 4

h, 65 °C in acetate buffer 20 mM pH 5.3) and alkaline phosphatase
enzymes (#N8630, Sigma, 1 U/mg of DNA, 2 h, 65 °C in Tris-HCl buffer
20 mM pH 7.5). The digested DNA was precipitated with 100 % ethanol,
and NaCl 5 M at —20 °C for at least 18 h. The samples were then
centrifuged at 15,000g for 15 min. The pellet that remained in the
bottom of the tubes was re-suspended in ultrapure water and the global
levels of DNA methylation were analyzed using a DNA Methylation EIA
kit (#589324, Cayman Chemicals). A SpectraMax 190 plate reader
(Version 6.2.1, Molecular Devices) measured the absorbance of the
samples. We generated the standard concentration curve from different
concentrations of the purified 5-methyl-2-deoxycytidine (provided by
the kit). The concentrations (ng/mL) were calculated based on the
standard curve equation. The results were expressed as methylated
cytidine/total DNA (pg/ng). All samples were measured in the same
assay.

2.5.2. Western blot

The tubes with part of the tissue assigned for western blot analysis of
the protein DNMT3a were homogenized in RIPA buffer (Sigma-Aldrich
# R0278) containing protease inhibitors (10 %, dilution 1:10, Sigma-
Aldrich) and 0.5 % phenylmethanesulfonyl fluoride (PMSF, Sigma-
Aldrich). After agitation in a cold room (~4° C) for 2 h, the samples
were centrifuged (3500 rpm, 20 min, 4 °C) to collect the supernatant.
After protein quantification, 60 pg of protein of each sample was diluted
in a 2x Laemmli buffer (1:1; Sigma-Aldrich, S3401). The separation of
proteins was done by electrophoresis (125 V, 90 min) in 12 % poly-
acrylamide gels. After the electrophoresis, the proteins were transferred
to a nitrocellulose membrane (0,45 um pore size; Amersham) in a tank
blotting system (125 V, 90 min) semi-immersed in a transfer buffer
containing 20 % methanol. One well of each gel was a marker of mo-
lecular weight (10 kDa to 250 kDa; Prism Ultra Protein Ladder, ABCAM
ab116028) for assessment of the protein transfer. The membranes were
subsequently blocked with 5 % BSA for 60 min in slow agitation in room
temperature to block non-specific binding, incubated overnight (~14 h)
in 4° C in a PBS-T BSA 1 % buffer (phosphate buffered saline + 1 %
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tween 20 + 1 % BSA) containing anti- DNMT3a (rabbit, 1:1000, H-295
sc-20703, Santa Cruz Biotechnology, Santa Cruz, CA, USA; Cristalli et al
2022) and f-actin (mouse, 1:1000, C4 sc-47778, Santa Cruz Biotech-
nology, Santa Cruz, CA, USA) antibodies. The membranes were subse-
quently incubated with PBS-T containing BSA 1 % and secondary HRP
(horseradish peroxidase)-conjugated antibodies (anti-rabbit, 1:10000;
Abcam, ab6721; and anti-mouse 1:10000; Merck, 12-349) for 2 h in
room temperature. We used a chemiluminescent kit (SuperSignal
Chemiluminescent Substrates, Thermo Fisher Scientific) to detect the
immunolabeled bands in the membranes, and the ImageLab 5.2.1
(BioRad) software for densitometric analysis. The ratio of band optical
density of DNMT3 to p-actin (housekeeping protein) was calculated.

2.6. Behavioral and nociceptive tests

2.6.1. Elevated plus maze

The EPM used in our study has been previously described by our
group [20]. The apparatus consists of two equal (50x10 cm) open and
enclosed arms, 50 cm above the ground. The enclosed arms have 40 cm
walls. The light was positioned in a manner to ensure that there were no
shadows present on the open arms. The brightness in the maze was
measured at 50 Ix. We considered the number of times the animals
entered (with four paws) the open and enclosed arms, and the per-
centage of time spent in the open arms (raw time spent in the open arms/
total time of the test X 100). We also counted the number of end-arm
explorations (when the animal walks all the way to the end of the
open arm) and instances of head dipping (exploratory movement of the
head of the animal in the lateral or end of the open arms; the head
projects below the level of the maze floor). Finally, we analyzed be-
haviors such as stretched-attend postures (the animal displays a
vigorous stretch of the forepaws while the hindpaws are stationary, and
then return to its previous position), peeping out (a stretch of the head
and shoulder towards the center of the maze when the animal is still in
the enclosed arm), and flat-back approach (the animal walks fully
stretched but moves forward cautiously). The number of stretched-
attend postures, peeping out, and flat-back approaches were summed
and reported as “risk assessment behaviors” [21,22] throughout the
manuscript.

2.6.2. Dark-light box

The DLB consists of a chamber with two equal compartments (50 cm
length x 80 cm width x 60 cm height) with a small opening (15 cm
height x 10 cm width) to allow the animal to cross between the com-
partments. Half of the apparatus is dark (with a dark lid to prevent
illumination) and the other half is white (with an acrylic lid that allowed
light inside the box). There was no additional light used to illuminate the
light side. Instead, the luminosity of the room (50 1x) illuminated the
light side (the walls of the light side are translucent). The dark side was
covered and completely dark. The animals were placed in the DLB in the
white compartment with their faces towards the small opening
described above. They were then allowed to explore the apparatus for 5
min. The number of crossings between compartments, time spent in the
white compartment, and first latency to cross from the white to the dark
compartments were considered [23,24]. Upon the completion of the 5
min of free exploration, the chamber was cleaned with alcohol 70 % and
another animal was placed in the box after 5 min.

2.6.3. Hot plate test

Rats, previously submitted to the ARS or control, were placed in the
center of a hot aluminum plate (50+1 °C; Bonther, Brazil) for no more
than 40 s (cut-off time) to prevent tissue damage [25,26]. We used a
removable acrylic enclosure (28 cm height x 26 cm length x 18 cm
width) to prevent the animals from escaping the experimental apparatus
before the cut-off time. The nociceptive threshold was determined by the
latency for the animals to exhibit behaviors such as paw licking (forepaw
and hindpaw), withdrawal, or jumps. The animals were placed in the hot
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plate during 60 min in non-fixed intervals (at O min, 5 min, 15 min, 23
min, 35 min, 50 min, 60 min). The basal latencies were taken 3 times
with no fixed intervals (BL 1, BL 2, BL 3). Twenty four hours after the
completion of the experiment, we 1) inspected the paws of the animals
and looked for redness and swelling; 2) we also inspected for motor
impairments such as paw withdrawal to ambulation and excessive
licking. These were the additional exclusion criteria for this experiment.
No animals were excluded from the analysis. The apparatus was cleaned
with 70 % alcohol between animals, and we allowed 5 min for alcohol
evaporation.

2.7. Statistical analysis

Two-tailed, unpaired Student t-tests were used to analyze the corti-
costerone levels, brain DNA methylation (i.e., global DNA methylation
and DNMT3a expression in the amygdala, ventral hippocampus, and
prefrontal cortex), and behavior in the EPM and DLB. Welch’s correction
was applied when the assumption of equal variances was not met. ROUT
outlier test was performed with outlier values circled in red in the
relevant figures. The exclusion of outlier values did not change the
interpretation of result significance.

The nociceptive threshold in the hot plate test was analyzed using
two-way ANOVA for repeated measures followed by Sidak’s post hoc
test when appropriate. Time (time point where the animal was tested in
the hot plate), and treatment (control or ARS) were considered as fac-
tors. Results were considered significant is p < 0.05. Our data are re-
ported as mean =+ standard error of the mean (SEM) and were analyzed
by GraphPad Prism® for Windows, version 7.0 (GraphPad Software,
USA).

3. Results

3.1. ARS activates the HPA axis and increases the expression of DNMT3a
in the prefrontal cortex

The first step of our study was to investigate whether ARS changes
corticosterone concentrations in the plasma, an indicator of stress in
rodents. We observed that ARS increased corticosterone levels in the
plasma (t (5.4) = 2.716, p = 0.04, Welch’s correction, Fig. 2a) when
compared to the control group. We and others have reported that the
activation of the HPA axis and global DNA methylation may be paral-
leled [12]. With this in mind, we also assessed the global DNA methyl-
ation levels in the amygdala, ventral hippocampus, and prefrontal
cortex, but we did not observe significant changes in these brain areas
(amygdala t (4.5) = 1.205, p = 0.26, Fig. 2b; ventral hippocampus t
(5.4) = 0.808, p = 0.44, Fig. 2c; prefrontal cortex t (5.4) = 1.646, p =
0.13, Fig. 2d). As a last step of our molecular analysis, we quantified the
expression of the DNMT3a, a de novo methyltransferase protein. We
found that ARS increased the expression of DNMT3a in the prefrontal
cortex (t (5.3) =3.125, p = 0.01, Fig. 2g) compared to the control group,
but no significant differences were observed between ARS and control
groups in the amygdala (t (2.2) = 0.3673, p = 0.73, Fig. 2e) and ventral
hippocampus (t (4.4) = 0.4129, p = 0.69, Fig. 2f).

3.2. ARS induces anxiety-like and risk assessment behaviors in the
elevated plus maze

It has been reported that ARS induced anxiety-like behaviors in rats
[4]. We confirmed these findings by observing that ARS led to decreased
percentage of the time spent in the open arms of the EPM (t (7.6) =
3.109, p = 0.0083, Fig. 3a) and reduced number of entries in the open
arms (t (6.7) = 5.741, p < 0.0001, Fig. 3b) when compared to the control
group. ARS did not induce a significant effect on the number of entries in
the enclosed arms of the EPM when compared to the control group (t
(6.7) = 1.368, p = 0.19, Fig. 3c).

Considering that ARS induced signs of stress confirmed by the
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Fig. 2. A single Acute Restraint Stress exposure activates the HPA axis, does not change global DNA methylation but increases the expression of DNMT3a
in the prefrontal cortex. Plasma levels of corticosterone measured by radioimmunoassay 24 h after a single episode (2 h) of physical restraint in the rat (a). The
empty dots (n = 5) represent the control group and the black dots (n = 6) represent the group submitted to the ARS. Global DNA methylation levels in the amygdala
(b), ventral hippocampus (c) and prefrontal cortex (d) after exposure to ARS (black dots, n = 6) or not (empty dots, control, n = 5) are presented. Each sample result
is expressed as 5-methyl-2-deoxycidine/total DNA (pg/ng). The quantification of DNMT3a levels (relative to p-actin) in the amygdala (e, empty dots, n = 3; black
dots, n = 3), ventral hippocampus (f, empty dots, control = 5; black dots, ARS n = 5) and prefrontal cortex (g, empty dots, control n = 4; black dots, ARS n = 6) are
presented in the lower side along with their respective representative bands. The upper bands of the representative blots represent the protein DNMT3a, and the
lower bands represent the housekeeping control (B-actin), and their respective molecular weight is indicated. Results are expressed as mean + the standard error of
the mean (SEM) and were analyzed by Student t test. * p < 0.05. OD: optical density. Red circle indicates an outlier value determined by ROUT test. The inclusion or
exclusion of the outlier data point did not change the significance of the results in panel a.

observed elevated corticosterone in the blood and augmented anxiety-
like behaviors in the EPM, we found it was reasonable to also investi-
gate the “complementary ethological categories” in the EPM described
by Albrechet-Souza and colleagues [21]. Through factorial analyses of
behaviors of rats in the EPM, behaviors such as head dipping, end-arm
exploration, and risk assessment were classified as additional mea-
sures that might represent signs of anxiety-like behaviors (i.e., head
dipping and end-arm exploration) and elaboration of anti-predatory
strategies (i.e., risk assessment behaviors). Our findings showed that
ARS promoted reduction in the number of end-arm explorations (t (7.6)
= 3.427, p = 0.0045, Fig. 3d) and head dipping (t (6.7) = 6.066, p <
0.0001, Fig. 3e), and increased risk assessment behaviors (t (7.6) =
2.816, p = 0.01, Fig. 3f).

No significant changes between the ARS and control groups were
observed in the DLB regarding total crossings (t (7.6) = 0.8588, p =
0.41, Fig. 3g), time in the white compartment (t (7.6) =1.014, p = 0.33,
Fig. 3h), and first latency (t (7.6) = 1.858, p = 0.11, Fig. 3i).

3.3. ARS promotes antinociception in the hot plate test

Previous reports have shown that fear induces anti-nociception in
rodents [15-17]. Taking into account that ARS activates the HPA axis
and increases defensive behaviors in the EPM, we were interested to also
assess nociception in independent groups of rats submitted (or not) to
ARS. Two-way ANOVA for repeated measures evidenced significant ef-
fects of time [F (9.126) = 5.465, p < 0.0001; Fig. 4)] and treatment X
time interaction [F (9. 126) = 2.309, p = 0.02; Fig. 4), and did not show
a significant effect of treatment [F (1.14) = 3.76, p = 0.07, Fig. 4).
Neither time nor treatment were significant factors for baseline mea-
surements (Time: p = 0.19, Treatment: p = 0.46). A post hoc analysis
(Sidak’s post hoc test) revealed a higher nociceptive threshold in the
ARS group at the 15 min time point only (p = 0.0067, Fig. 4). Fig. 5.
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Fig. 3. Acute Restraint Stress induces anxiety-like and risk assessment behaviors in the elevated plus maze. In the EPM, we measured the percentage of time
spent in the open arms (a), frequency of entries in the open arms (b), number of entries in the enclosed arms (c), end-arm exploration (d), head dipping (e), and risk
assessment behaviors (f) in animals exposed to ARS (black dots, n = 8) or control (handling) (empty dots, n = 7). For the DLB, we measured in ARS (black dots, n = 7)
and control (empty dots, n = 8) animals, the number of crossings between the compartments (g), time in the white compartment (in seconds) (h), and first latency to
enter the black compartment of the apparatus (in seconds) (i). Results are expressed as mean =+ the standard error of the mean (SEM) and were analyzed by Student ¢
test. * p < 0.05, ** p < 0.01, **** p < 0.0001. OA: open arms. Red circles indicate outlier values determined by ROUT test. The inclusion or exclusion of outliers did

not change the significance of the results in panel i.
4. Discussion

The salient findings of the study are: 1) a single 2-hour exposure to
ARS impacts the HPA axis by increasing corticosterone release in the
blood; 2) ARS leads to increased protein levels of DNMT3a, a de novo
methyltransferase, in the prefrontal cortex; 3) ARS is linked with
augmented anxiety-like behaviors in the EPM; 4) ARS increases the
nociceptive threshold in the hot plate test. Our investigation showed
that ARS increases corticosterone release in the blood 24 h after the
stress challenge, thereby corroborating previous findings where 2 h of
immobilization increased basal levels of corticosterone and adrenocor-
ticotropic hormone in the blood as well as anxiety-like behaviors at 1
and 7 days after stress exposure [27].

The mechanistic link between stress, corticosterone release, and
changes in DNA methylation in the adult rat brain and behavior remains
unclear [7]. There is evidence that stress, anxiety, and fearfulness that
are often co-morbid with chronic pain are associated with changes in
global DNA methylation [28], but the data lacks specificity in terms of
cell type. For example, increased DNA methylation has been observed in
the olfactory bulb of mice and is associated with an increased salience of
unpleasant memories [29]. On the other hand, decreased global
methylation levels were observed in the prefrontal cortex and amygdala
of the mouse [30] and amygdala of the rat [12], changes which were
linked to signs of pain-related anxiety. We did not observe alterations in
the global DNA methylation levels in the amygdala, ventral hippocam-
pus, or prefrontal cortex in rats submitted to ARS at the studied time-
point. Our DNA methylation results are in contrast with previous reports
of reduced global DNA methylation in prefrontal cortex, hippocampus,
and periaqueductal grey matter in rats that experienced ARS [13]. One
explanation could be the different experimental timelines. While
Rodrigues et al. [13] euthanized the animals and proceeded with tissue

collection right after the stress exposure, we performed all our analyses
(biochemical and behavioral) 24 h after the stressful exposure.
DNMT3a regulation in the prefrontal cortex has been involved in the
behavioral manifestations of stress and helplessness in rodent models,
albeit with inconsistent results. For example, learned helplessness in
adult rats was shown to parallel increased DNMT3a levels, a phenom-
enon that was reversed/prevented with various antidepressant treat-
ments [31,32]. Similarly, adolescent rats undergoing chronic
unpredictable stress demonstrated DNMT3a downregulation and asso-
ciated decrease in glutamatergic neurotransmission in the prefrontal
cortex and DNMT inhibition was able to capitulate anxiety signs in
unstressed animals [33]. On the other hand, our molecular results are in
contrast to the findings in Elliot et al. [14], where they found reduced
DNMT3a transcript abundance in socially defeated mice along with
anxiety-like behaviors. One methodological difference between our
studies is that we measured the protein expression, while they analyzed
transcript abundance. Besides the fact that a social defeat model is a
much more prolonged stimulus than a single 2-hour restraint, the cor-
respondence of protein expression and transcript abundance is about 50
% [34-36]. Finally, while there is accumulating evidence for the
involvement of DNMT3a in stress, the exact relationship between the
two remains elusive. For example, in a model of early life stress,
DNMT3a alterations were dependent on the region of brain studied as
well as the age of the animal [37]. While these observations of DNMT3a
abundance do not provide a thorough understanding of the precise
mechanistic underpinnings of DNA methylation of behavior, they
strongly support the concept of epigenetic plasticity that is present when
organisms undergo significant environmental alterations.
Methyltransferases are responsible for catalyzing the addition of
methylation across the genome. However, their abundance is not always
reflected in changes of genomic methylation [38]. For example,
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Fig. 4. Acute Restraint Stress promotes antinociception in the hot plate
test. Twenty-four hours after baseline measurements of the nociceptive
thresholds (BL 1, BL2, and BL3), animals were submitted to the ARS (black dots,
n = 8) or to handling (empty dots, n = 8). Then, the same rats were tested again
in the hot plate test 24 h for 7 times in non-fixed intervals (0 min, 5 min, 15
min, 23 min, 35 min, 50 min, 60 min) after the exposure to ARS or handling.
The nociceptive threshold was determined by the latency (in seconds) the an-
imals took to display jumps, paw lickings, or withdrawals. Effects of time,
treatment, and time x treatment are indicated in the figure. Note that the an-
imals of the ARS group had an increased nociceptive threshold at one time point
(15 min) (two-way repeated measures ANOVA followed by Sidak’s post-test for
multiple comparisons, ** p < 0.01). Results are expressed as mean =+ the
standard error of the mean (SEM).
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Fig. 5. Summary of findings. Image illustrated using Biorender© software.

methylation patterns can be set from differentiated cell lineages with
genomic hypomethylation occurring passively through rounds of cell
division. This can also be modulated by the presence or absence of DNA
demethylating processes. In this case, the action methyltransferases

Neuroscience Letters 820 (2024) 137589

(DNMTs) and DNA demethylation (TET + MBD4) maintain an equilib-
rium that can affect global patterns [39,40]. Even the function of DNA
methyltransferases are subject to various post translational modifica-
tions that can modulate their activity. For example, phosphorylation of
ser127/143 can affect DNMT1 stability reducing its ability to methylate
DNA. In contrast, sumoylation of DNMT1 can also increase its ability to
methylate DNA [41]. Therefore, the absence of DNMT3a changes in the
amygdala and the ventral hippocampus in our model does not imply a
diminished role for epigenetic regulation of the stress phenotype.

We replicated previous findings [4,5] by confirming that a single
episode of ARS induced decreased time spent and entries in the open
arms of the EPM 24 h after the exposure. The rationale for including the
“complementary ethological measures” analysis in the EPM came from
the idea that stress is usually accompanied by activation of the HPA axis
and anxiodepressive phenotype, and that corticosterone prepares the
organism for future challenges. The complementary measures in the
EPM were suggested to represent an evaluation of threatening situations
and determination of strategies to cope with that potential threat [21].
Also, in a pharmacological study, intracerebral administration of mid-
azolam the inferior colliculus increased the frequency of end-arm
exploration, head dipping, and risk assessment behaviors in the EPM
[22]. As such, we found it reasonable to hypothesize that ARS could also
impact the anti-predatory strategies. We confirmed our hypothesis by
finding that ARS decreased the number of end-arm exploration and head
dipping, and increased risk assessment behaviors. Besides expanding the
behavioral characterization of the ARS model in the EPM, our data also
might open a new avenue to a deeper investigation of corticosterone
release and complementary measures in the EPM. Lastly, we did not see
any effect of ARS observed in the DLB, suggesting that this apparatus
may be insensitive to detect the behavioral effects of ARS. In a more
general sense, and considering that we performed our analyses several
hours after the physical restraint episode, we speculate that our ARS rat
model might be developed into a model for PTSD, although it requires
further testing and characterization/validation. The consolidation of
neurophysiological and behavioral effects of a single exposure to stress
in rodents have been subject of discussion as preclinical models of PTSD
[27,42,43]. It is important to note the task-specific nature of anxiety-like
behaviors in our study. Whereas we observed differences between the
groups in the EPM assay both in terms of anxiety and risk-taking, no such
differences were observed in the DLB test. This could be due to the fact
that no behaviors were recorded in the dark chamber of the DLB, but
could also reflect a broader assessment of behavioral tests commonly
used to measure anxiety in rodents. While the different tests rely on
different aspects of assay validity (predictive, face, convergent, etio-
logical, construct, etc.), they also somewhat vary in their focus. When
more than one test is used, it is therefore not uncommon to observe task-
specific phenotypes, which can complicate the interpretation of results.
It is our opinion that this is mainly an indication of the multi-
dimensional nature of stress and its behavioral manifestations.

Several well-characterized models for the investigation of the inter-
relationship between stress and pain have been proposed. However, it
remains unclear whether or not a single acute restraint stress exposure
promotes analgesia/anti-nociception or hyperalgesia/allodynia. It has
been proposed that pain perception may be inhibited during stress in
favor of adaptive behaviors [44], and some studies may corroborate this
hypothesis. For example, a single 6-hour episode of physical restraint
promoted increased tail-flick latency in rats [45], and similarly, 6 min of
exposure to the forced-swim test was associated with increased analgesic
responses in the tail-flick test [46]. On the other hand, rats submitted to
1-hour restraint showed hyperalgesia, observed in the tail-flick test, 6 h
after the stress exposure [47]. Finally, the systemic administration of a
CRF antagonist was shown to reduce visceral pain in rats [48]. It is
noteworthy that that habituation and learning can play an important
role in the hot plate test, with rats exhibiting decreased latency with
repeated exposure to the hot or room-temperature plate [49]. This
decrease is present when testing repetition is daily but also when it is
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weekly. Indeed, it appears that habituation is less likely to occur when
tests are repeated during a single session [50]. Furthermore, our previ-
ous protocol used fixed intervals (~each 10 min), a common procedure
that can nonetheless facilitate learning. We therefore modified the
protocol to one that uses non-fixed intervals (even with one slightly
shorter interval, e.g. 23 min instead of 25 min) so that we could prevent
learning in our animals. We have shown in the present investigation that
a single 2-hour physical restraint induces hypoalgesia in the hot plate
test 24 h after the stressful event. We have also showed that ARS
increased blood corticosterone 24 h after the restraint, thereby sup-
porting the possibility that the augmented release of corticosterone
might be associated with the antinociceptive effect of the ARS. Although
these two events might be correlated, a causal link between the two is
not well supported by the literature. For example, the elevated corti-
costerone levels did not change the antinociceptive response in mice
exposed to an aversive, totally open elevated plus maze [51]. Our results
further emphasize the diversity of biochemical and behavioral stress-
related responses that may be dependent on multiple factors such as
the animal species, type of stressor, study time-course, nociceptive
measures, etc.

Limitations and conclusions.

The enzyme immunoassay used in our study only detects methylated
cytosine at the global scale, which does not necessarily reflect changes in
gene-specific methylation patterns. Also, we did not perform an assay
for DNMT3a activity, which can show different results from enzyme
abundance. Finally, we need to study both male and female rats since
recent evidence shows sexual dimorphism of the behavioral, molecular,
and neuro-immune correlates of acute stress [52-54], as well as the
epigenetic regulation of early life stress [55].

The key findings of this study are that the ARS in the rat is a potent
stressor that induces HPA axis activation, increases brain DNMT3a
expression, and is associated with anxiety-like behaviors and anti-
nociception in the hot-plate test. Our study provides data of a reliable
stress model that might help to provide explanations of how acute stress
might deregulate the epigenetic machinery, and how this can lead to
neuropsychiatric diseases in clinical populations. This work paves the
way for the understanding of the underlying mechanisms that regulate
the interrelationship between stress, glucocorticoid release, DNA
methylation, and defensive behaviors.
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