Vet. Sci. 2014, 1, 77-95; doi:10.3390/vetsci1020077

veterinary sciences

ISSN 2306-7381
www.mdpi.com/journal/vetsci

Article

Long-Term Changes in Pain Sensitivity in an Animal Model
of Social Anxiety

Alessandra Berry T’*, Veronica Bellisario Jf, Sara Capoccia, Nadia Francia, Enrico Alleva
and Francesca Cirulli

Section of Behavioural Neurosciences, Department of Cell Biology and Neurosciences,
Istituto Superiore di Sanita, Viale Regina Elena 299, Rome 00161, Italy;

E-Mails: veronica.bellisario@guest.iss.it (V.B.); sara.capoccia@guest.iss.it (S.C.);
nadia.francia@ijss.it (N.F.); enrico.alleva@iss.it (E.A.); francesca.cirulli@iss.it (F.C.)

¥ These authors contributed equally to this work.

* Author to whom correspondence should be addressed; E-Mail: alessandra.berry@jiss.it;
Tel.: +39-06-4990 (ext. 2480); Fax: +39-06-495-7821.

Received: 27 March 2014, in revised form: 23 June 2014 / Accepted.: 25 June 2014 /
Published.: 2 July 2014

Abstract: Animal models with an eco-ethological relevance can help in identifying novel
and reliable stress-related markers. To this end, 3-month-old C57BL/6J male mice were
exposed to social defeat (SD) stress for 10 days as this stressor shows good face and
predictive validity for several models of human affective disorders including depression,
social phobia and post-traumatic stress disorder. Social avoidance and pain threshold were
assessed 24 h and 4 weeks after the end of SD stress, while corticosterone was assayed at the
beginning and at the end of the stressful procedure (days 1 and 10). SD subjects were
characterized by increased corticosterone levels (30 min following stress exposure),
increased latency to approach the social target in the short-term as well as increased
emotionality in the long-term. Moreover, an increase in nociceptive threshold (stress-induced
analgesia) was found both in the short-term and 4 weeks after the end of stress. These data
indicate that the SD paradigm is able to induce emotional changes associated with a
stressful/traumatic event. In addition, they indicate that variations in the nociceptive
threshold might represent a physiological marker of both short- and long-term effects
of stress.
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1. Introduction

Animal models represent a key heuristic approach to identifying reliable markers and
pathophysiological aspects of stress-related diseases, such as generalized anxiety, major depression,
post-traumatic stress disorder (PTSD) and schizophrenia [1-5]. In an attempt to model pathologies
associated with stress, powerful stressors such as cold, electric foot-shock, forced swimming, restraint
and chronic unpredictable stress are commonly used. However, as many authors have pointed out,
most of these stressful challenges used in the laboratory setting are not so relevant to situations that
humans encounter in their everyday life, likewise they hardly resemble those usually faced by rodents
in a natural context [6-9]. By contrast, social stressors are effective in triggering powerful physiological
and, more importantly, emotional responses both in humans and in social animals such as rats and
mice [5,10-15] also leading to avoidance/withdrawal, a behavioral trait which is common in several
human affective disorders including depression, social phobia and also PTSD [16]. In particular, it has
been proposed that, compared to models based on physical stressors, social defeat (SD) stress, which
(in mice and rats) is based on the experimental induction of social conflicts through repeated exposures
to a larger, dominant, conspecific might represent a reliable paradigm to model stress-induced human
psychopathological traits [17]. Indeed, SD stress does not result in habituation upon repeated
presentations, providing an ethologically and ecologically relevant form of persistent emotional
distress [18]. Chronic exposure to this kind of stress profoundly alters the motivation for social
interactions in rodents [19-21] and also leads to short- and long-term behavioral and physiological
changes, such as decreased locomotion and exploratory activity [22,23], in addition to increased
emotionality [10,24]. Berton and colleagues, using a modified version of the SD stress in mice,
observed long-term effects on neural and behavioral plasticity in response to aversive social
experiences including social avoidance up to 4 weeks from the end of the stressful procedure [16].
Intriguingly, these authors also showed that chronic treatment with antidepressants is able to normalize
social withdrawal in this mouse model. Thus, SD stress appears as a solid animal model with good
face and predictive validity that may help in identifying novel and reliable markers of stress-related
psychosocial alterations.

Psychiatric pathologies in which stressful/traumatic events play a main role in their etiology, such
as PTSD acute stress and borderline personality disorders (BPD), are characterized by common
stress-induced features, such as intrusive memories and dissociative states, involving numbing and
changes in pain perception [25-27]. A well characterized physiological response to stress is an
increase in nociceptive threshold that relies upon the activation of different endogenous opioid and/or
non-opioid pain inhibitory systems [28—32]. This phenomenon is commonly known as stress-induced
analgesia (SIA) [33] and represents a key component of the organism’s defense system against
aversive stimuli, preparing for the “fight or flight” response [34]. Former experiments on social
conflict have provided a biologically relevant model of SIA with decreased nociception in defeated
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mice [21,35-38]. However, current knowledge of this aspect of nociception refers mostly to acute
responses occurring within a few hours from the end of stress exposure. Jackson and co-workers,
in 1979, were the first to show that 24 h after exposure to electric foot shock rats still show an
analgesic reaction [39].

The aim of this study was to compare the short- (24 h) and the long-term (4 weeks) effects of
exposure to a chronic psychosocial stress (SD) on social anxiety with a main focus on specific changes
in pain sensitivity resulting from SD. We hypothesized that defeated mice would show greater social
avoidance and higher pain threshold than controls. In order to test this hypothesis, we investigated
specific behavioral changes as a result of the social defeat experience (by means of the social
avoidance test—SAT) and the nociceptive response (by means of the hot plate test) 24 h and, for the
first time, 4 weeks after the end of SD. Physiological parameters, such as changes in plasma levels of
corticosterone (CORT) and body weight, were assessed before and at the end of the 10-day stressful
procedure to control for SD effectiveness.

2. Experimental Section

Animals: experimental subjects were male mice either from a C57BL/6J (n = 26; SD or control
subjects—CTRL) or CD-1 (n = 32; aggressive resident mice) strain purchased from a commercial
breeder (Charles River, Calco, Italy). Upon arrival, C57BL/6J mice were pair-housed in cages
(37 x 21 x 19 cm) provided by a perforated Plexiglas partition allowing sensory but not physical
contact, meaning they were housed in two compartments (18.5 x 21 % 19 cm) within the same cage,
separated by a perforated partition wall for 7 days (acclimatization); CD-1 mice were single-housed.
Animals were all kept in the same room provided by air conditioning (temperature 21 + 1 °C, relative
humidity 60% = 10%) under a reversed 12/12 h light/dark cycle with lights off from 06:30 a.m. to
06:30 p.m. Pellet food (standard diet Altromin-R, purchased from Rieper, Italy) and tap-water were
continuously available.

Following 1 week of acclimatization, experimental subjects were randomly assigned to the chronic
social defeat condition (SD, n = 14; 10 days of SD stress) or to a control group (CTRL, n = 12; daily
handling). SD mice were blood sampled by tail nick at the beginning (day 1) and at the end of the
stressful procedure (day 10) to assess neuroendocrine activation. At the end of the 10-day stress
paradigm, all subjects were tested for social avoidance (SAT) and nociceptive threshold (hot plate
(HP) test) either under short- (24 h) or long-term (4 weeks) conditions (final number of subjects for
each group: CTRLs, n = 6 both for short- and long-term conditions; SD, n = 7 both for short- and long-term
conditions); see Figure 1 for a schematic representation of the experimental timeline. Behavioral
performances were video-recorded and the behavioral analysis was carried out from the videotape,
using commercial software (“The Observer 3.0”). At the end of each session, apparatuses were cleaned
by cotton pads soaked with a 50% solution of ethanol and water. Since it has been shown that the
effects of repeated psychosocial stress are more pronounced if the test is performed during the active
circadian phase of mice [40], all tests were conducted between 9:30 a.m. and 12:30 p.m. under dim light
(1 lux), during the dark period of a reversed light cycle.
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Figure 1. Schematic representation of the experimental timeline. The experiment lasted
38 days in total. SD subjects underwent 10 days of daily bouts of social defeat, followed by
continuous protected sensory contact with their aggressor. Body weight was assessed on
the day before stress took place (day 0), on day 5 and on day 10 of SD. Blood samples for
corticosterone assessment were collected on days 1 and 10. SD and CTRL subjects were
either tested on day 11 (24 h following the end of the SD procedure, short-term effects of
stress), or on day 38 (4 weeks following the end of the SD procedure, long-term effects of
stress). b.w.: body weight; CORT: corticosterone; SAT: Social Avoidance Test; HP: Hot
Plate Test; SD: Social Defeat.
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Animal handling and experimental procedures were performed in accordance with the Guidelines
laid down by the European Communities Council Directive 2010/63/EU and with the Italian legislation
on animal experimentation (Decreto L.vo 116/92).

Social Defeat Stress: C57BL/6J mice were randomly assigned to the chronic social defeat condition
(SD, n = 14; 10 days of SD stress) or to a control group (CTRL, » = 12; daily handling). SD subjects
underwent 10 days of daily bouts of social defeat, followed by continuous protected sensory contact
with their aggressor [13,16]. More precisely, each SD mouse (C57BL/6J, n = 14) was introduced into
the home cage of an unfamiliar resident (CD-1, » = 14) for 5 min and was physically defeated, soon
after, residents and intruders were physically separated by a perforated transparent Plexiglas partition
and maintained in sensory contact for 24 h until the next trial. Every day, each SD mouse was exposed
to a different aggressor while CTRL subjects were housed in stable pairs with a same strain
conspecific, under the same sensory conditions, and were daily handled by the time SD subjects
underwent social stress. This housing was maintained throughout the study and was meant to avoid
any bias related to changes in the housing conditions after the stressful procedure in the SD group. At
the end of the 10 days of stress, SD mice were pair-housed with a same sex, same strain conspecific in
a cage provided by a Plexiglas perforated partition for either 24 h or 4 weeks (28 days). Since
C57BL/6J mice are usually smaller than same-age CD-1 conspecifics, in order to prevent excessive
physical aggression possibly leading to a lethal outcome, intruders (C57BL/6J) were selected so to
have a body size comparable to that of residents (CD-1). Resident mice were selected for their attack
latencies reliably shorter than 30 s upon 3 consecutive screening tests [16]. CD-1 mice were housed
alone at least 3 weeks prior to the SD stress procedure in order to increase aggressive behavior.
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The intruder mouse was considered “defeated” when displaying submissive postures. Excessive
aggressive behaviors (e.g., incessant biting that could lead to injuries) were interrupted by inserting the
Plexiglas partition.

Body weight: to assess stress-related changes in body weight, SD mice were weighed the day
before the stress started (day 0) and on days 5 and 10 of the SD procedure. The body weight of control
subjects was also registered on the same days, i.e., on handling days 0, 5 and 10.

Neuroendocrine activation: to assess the effect of the SD stress on hypothalamic-pituitary-adrenal
(HPA) axis activation, plasma CORT levels were measured on the first (day 1) and on the last day
(day 10) of the procedure at different time points, i.e., soon before (0 min) and following (30 and 120 min)
the defeat. Blood sampling was performed by means of the tail nick a standard minimally-invasive
consolidated procedure in use in our laboratory and many others. Briefly: a mouse is taken from the
cage and gently placed on the metal top of a clean cage; the experimenter holds the tip of the tail while
the mouse that is not restrained is allowed to move. By means of a razor blade, a small nick is
performed (approximately 2 mm wide x 0.5 mm deep) in the tail, perpendicular to the tail vein,
approximately 2 cm from the tip of the tail. Blood droplets are directly collected into EDTA-coated
capillary tubes. For further details on the procedure, see also [41,42]. To prevent bleeding before the
test took place, the animals’ tail was carefully dried and pinched for 10 s with a clean tissue.

Social Avoidance Test (SAT): social avoidance behavior is a widely used indicator of the effects of
social stress, with defeated subjects decreasing the time spent investigating a novel conspecific [16].
Thus, to assess the short- (24 h) and long-term (4 weeks) effects of the exposure to a socially stressful
event, experimental subjects (CTRL, n = 6 and SD, n = 7 for both short- and long-term assessment)
underwent a SAT. More precisely, mice were introduced to a plastic open field arena (42 x 42 cm) for
two consecutive 2.5 min sessions (a test duration chosen for its optimal sensitivity/throughput ratio [16]).
During session I (“no target”), the open field contained an empty wire mesh cage (diameter = 10 cm,
h = 10 cm) located in the middle of one side of the arena. During session II (“social target™), a social
target (an unfamiliar CD-1 male mouse) was introduced into the wire mesh cage. Between the two
sessions, the experimental subject was placed back into its home cage for 1 min. The time spent in the
“interaction zone” (8 cm wide corridor surrounding the cage) vs. the “corners” (opposite to the location
of the cage) was scored as a reliable measure of social avoidance. When data were analyzed, the arena
was ideally divided into squares (7 x 7 cm) and latency and frequency of locomotion (crossings of
squares) were scored, in addition to latency, frequency and duration of the risk assessment behavior
(stretched-attend posture—SAP), freezing and exploration of the wire mesh cage (fouching object).

Behaviors were defined as follows: crossing, crossing the square limits with all paws; stretched-attend
posture, exploratory posture in which the body is stretched forward and then retracted to the original
position without any forward locomotion; freezing, self-explanatory; touching object, self-explanatory.

Hot Plate Test (HP): two hours following the end of the SAT, subjects were placed on a hot metal
plate set at 50 = 1 °C enclosed by a 19 cm diameter Perspex cylinder (Model D837; Basile, Socrel
Comerio, Italy), to prevent animals from jumping off the plate. Although many studies use higher
temperatures, we have previously shown that already at 50 = 1 °C it is possible to test differences in
the sensitivity to a thermal noxious stimulus both in mice and rats by overall reducing suffering of
experimental subjects [43,44]. Nociception was assessed by scoring latency, frequency and duration of
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forepaw and hindpaw licking, the latter behavioral item (hindpaw licking) being the most reliable
measure of pain sensitivity [44]. A cut-off time of 60 s was used.

Radioimmunoassay for corticosterone determination (RIA): Blood samples (100 pL, approximate
volume) were collected individually in potassium EDTA coated tubes (1.6 mg EDTA/mL blood;
Sarstedt, Germany). All samples were kept on ice and later centrifuged at 3000 rpm for 15 min at +4 °C.
Blood plasma was transferred to Eppendorf tubes for CORT determination and stored at —80 °C until
further analysis. CORT was measured using commercially available radioimmunoassay (RIA) kit (MP
Biomedicals, LLC, NY, USA) containing 125 iodine labelled CORT; 5 pL of plasma were sufficient to
carry out CORT measurement. Sensitivity of the assay was 0.125 mg/dL, inter- and intra-assay variation
was less than 10% and 5%, respectively. Vials were counted for 2 min in a gamma-scintillation counter
(Packard Minaxi Gamma counter, Series 5000).

Statistical analysis: Data were analyzed using parametric analysis of variance (ANOVA) with group
(stress (SD) vs. control (CTRL)) as between-subjects factor and days, minutes, sessions (“no target” vs.
“social target”) and zones (“center” vs. “corners” vs. “interaction zone”) as within-subject repeated
measures, when appropriate (body weight measurement, CORT assessment and SAT). Since subjects
tested at 24 h and at 4 weeks belonged to two different groups of animals, we decided to run separate
statistical analyses. Post hoc comparisons were performed using the Tukey’s test. Data are expressed
as mean +SEM. A significance level of 0.05 was chosen.

3. Results and Discussion
3.1. Body Weight

The SD paradigm affected body weight of the experimental subjects. In fact, on day 10 SD mice
showed a significant decrease in body weight compared to CTRL subjects (interaction between days
and stress condition: F> 43 =4.176, p = 0.0213, see Figure 2).

Figure 2. Body weight. Social defeated (SD) subjects decreased their body weight
following 10 days of chronic SD stress. Data are presented as mean + S.E.M. (CTRL,
n=12;SD,n=14). ** p <0.01.
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3.2. Neuroendocrine Activation

The social defeat paradigm was effective in challenging the HPA axis (main effect of repeated
measures: F526 = 78.342, p < 0.0001). In particular, the SD procedure leads to an overall increase in
CORT levels 30 min from the onset of stress (basal vs. 30, p < 0.01) and is followed by a smooth
decrease 120 min later (30 vs. 120 min, p < 0.05). No difference was found between day 1 and day 10 that
were overall characterized by a similar profile in the HPA axis activation during time (interaction
between days and time course: F526 = 0.921, p = 0.4106, see Figure 3). CORT levels were not assessed
in the CTRL group thus we cannot exclude that, although minimally-invasive, the blood sampling
procedure might have contributed to the observed HPA axis activation.

Figure 3. Neuroendocrine activation following the first (day 1) and the last encounter (day 10).
SD stress is able to challenge the HPA axis. Experimental subjects do not show a significant
habituation to the stressful procedure following 10 days of SD, being characterized by a
similar neuroendocrine profile on day 1 and on day 10. This lack of habituation is due to
the fact that each day a different social stimulus was used, thus preventing a clear
habituation profile. Data are presented as mean + S.E.M. (SD, n = 14). ** p < 0.01, time
point 0 vs. both 30 and 120 min; * p < 0.05, 30 min vs. 120 min.
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3.3. Social Avoidance Test—SAT

3.3.1. Short-Term Effects (24 h)

Analysis of sessions I and II of the SAT indicated that the behavior of SD mice was affected by
previous exposure to a stressful experience since they showed a higher latency to touch the wire mesh
cage when the social stimulus was present (interaction between stimulus and stress condition for
touching object behavior: F1; = 10.521, p = 0.0078, see Figure 4A). By contrast, no difference was
found in the time spent in the “interaction zone” between SD and CTRL mice (main effect of stress
condition: F;; = 0.658, p = 0.4343, i.e., average time spent either in the presence or in the absence of

the social target, see Figure 4B).
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Figure 4. Social Avoidance Test (SAT). The presence of a social stimulus increased the
latency of SD mice to touch the wire mesh cage (fouching object) 24 h (A) but not 4 weeks
after the end of the stress procedure (E). Overall, independently from the presence of the
social stimulus, in the long-term situation (4 weeks), SD subjects spent less time in the
interaction zone than CTRLs (F), showed both a shorter latency to perform S4P (G) and to
freeze (H). No difference was found between SD and CTRL mice in the short-term
condition (B, C and D, respectively). Data are presented as mean + S.E.M. n =7 (SD) and
6 (CTRL). Subjects were tested only once either at 24 h or 4 weeks from the end of SD.
* p <0.05. ** p <0.01 (main effect of the social condition).
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In general, all mice showed an increased locomotor activity in the interaction zone, i.e., in the
proximity of the wire mesh cage (main effect of the zone: F», = 20.863, p = 0.0001, post hoc
comparisons: “interaction zone” both vs. “center” and “corners”, p < 0.01). All subjects, independently
from CTRL or SD conditions, showed a decrease in locomotor activity (crossing frequency) when the
social stimulus was present (main effect of stimulus: F;;; = 14.372, p = 0.0030) and this effect was
particularly apparent in the interaction zone (interaction between zone and stimulus: F>2 = 4.584;

29 ¢ 9% ¢

p =0.0217, post hoc comparisons: “interaction zone”-“no target” session vs. “interaction zone”-“social

target” session, p < 0.05).
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The stress procedure did not affect either the latency to the first episode of risk assessment (main
effect of stress condition for stretched-attend posture (SAP) behavior: Fi 1 = 0.586, p = 0.4602,
see Figure 4C) or freezing (Fi 11 = 0.915, p = 0.3592, see Figure 4D). By contrast, regardless of the
stress procedure, the presence of an aggressive CD-1 male mouse reduced the latency to freeze in all
subjects (main effect of stimulus: F;;; = 10.409, p = 0.0081, data not shown in figure) and increased
both frequency and duration of this behavior particularly in the corners (interaction between stimulus
and zone: F, 2, = 7.095; 6.699, p = 0.0042; 0.0053, respectively for frequency and duration of freezing;

post hoc comparisons: “corners”-“social target” session vs. “corners”-“no target” session, p < 0.01;
“corners” both vs. “center” and “interaction zone”, during the “social target” session p < 0.01).

3.3.2. Long-Term Effects (4 Weeks)

Four weeks from the end of the SD procedure, when mice were tested in the SAT, an increase in the
latency to the first approach to the object and a reduction in the frequency of fouching object in all
experimental subjects (main effect of stimulus: F;; = 7.250; 5.241, p = 0.0209; 0.0428, respectively
for latency and frequency) was found. In particular, no effect of the stress experience was found on the
latency to approach the cage both in sessions I and II (interaction between stimulus and stress
condition £ 1; = 0.378, p = 0.5513, see Figure 4E). However, in general, SD mice spent less time in
the “interaction zone” compared to the CTRLs (main effect of the stress condition: F; = 7.147,
p =0.0217, see Figure 4F).

As for locomotor activity, all mice showed an increased frequency of crossings in the interaction
zone (main effect of zone: F>2, = 20.650; p < 0.0001). However, this behavior decreased in this specific
portion of the arena from session I to II, i.e., when the CD-1 mouse was introduced in the wire mesh
cage (interaction between session and zone for crossings frequency: F» 2, = 3.505, p = 0.0477, post hoc

99 ¢ 99 ¢¢

comparisons: “interaction zone”-“no target” session vs. “interaction zone”-“social target”, p < 0.05).
Overall exposure to the SD procedure reduced the latency to first SAP episode (main effect of stress
condition: F1; = 6.612, p = 0.0260, see Figure 4G) as well as the latency to freeze (main effect of

stress condition: Fj 11 =7.796, p = 0.0175, see Figure 4H).
3.4. Hot Plate (HP) Test

Twenty-four hours after the end of the social stress (short-term condition), SD mice showed a
higher pain threshold than controls, being characterized by lower latency, frequency and duration of
hindpaw licking, suggesting overall a SIA profile (main effect of stress: F 11 = 5.302; 4.838; 5.201;
p = 0.0418; 0.0500; 0.0435; respectively for latency, frequency and duration, see Figure 5SA-C).
Interestingly, a similar profile was still evident in SD mice 4 weeks from the end of stress
(long-term condition), as shown by a persistent lower frequency of hindpaw licking (main effect of
stress: F111 = 6.769; p = 0.0246, see Figure SE) while no difference was found as for latency and
duration (main effect of stress: F ;1 = 2.187; 1.118, p = 0.1673; 0.3130, respectively for latency and
duration, see Figure 5D,F). CTRL and SD mice did not differ in forepaw licking behavior either
when tested 24 h or 4 weeks following the end of the stressful procedure (main effect of stress: 24 h,
Fi11 = 0.525; 0.880; 0.243, p = 0.4840; 0.3683; 0.6318, respectively for latency, frequency and
duration; 4 weeks, Fi 11 = 2.015; 0.035; 0.128, p = 0.1834; 0.8544; 0.7275, respectively for latency,
frequency and duration).
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Figure 5. Hot Plate (HP) Test. Twenty-four h after the end of stress, SD mice were
characterized by an increase in pain threshold (SIA) showing a higher latency (A) and a
reduced frequency (B) and duration (C) to perform hindpaw licking. A SIA profile was still
apparent 4 weeks after the end of the stress procedure, when SD mice performed hindpaw
licking with a lower frequency than CTRLs (E). No effect was observed as for the latency
(D) and duration (F). Data are presented as mean +S.E.M. n = 7 (SD) and 6 (CTRL).
* p<0.05. ** p <0.01. Subjects were tested only once either at 24 h or after 4 weeks after
the end of SD.
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Results from this study show that a chronic social stress paradigm affects the emotional profile of
C57BL/6J adult male mice as well as their nociceptive response to stressful stimuli. In addition, they
provide evidence for SIA as a specific and adaptive biological mechanism with persistent long-term
effects that might be elicited and/or reinforced by exposure to stressful stimuli with a similar salience
as those previously experienced.

These data suggest that SIA might be useful to assess long-lasting physiological effects of
stress-induced vulnerability, such as those characterizing human psychopathological conditions.
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As shown by the increase in corticosterone levels 30 min following the onset of stress, experimental
subjects do not show a significant habituation to the stressful procedure after 10 days of SD, being
characterized by a similar neuroendocrine profile on day 1 and on day 10. This lack of habituation is
due to the fact that each day a different social stimulus was used, thus preventing a clear habituation
curve, SD representing a significant challenge for the neuroendocrine system. This piece of data was
associated to a decrease in body weight (day 10). Adaptive metabolic responses to stress may vary
according to the sensitivity to the procedure, duration and intensity of the stressful experience as well
as to the mouse strain tested [45]. In our stress paradigm, C57BL/6J subjects, apart from the physical
interaction with aggressors, were also in a continuous/chronic visual and olfactive contact with CD-1
subjects during the entire 10-day procedure. A decrease in body weight has been described to result
from exposure to chronic social stress [46—48]. In line with these data, our results might indicate a
catabolic effect of the daily exposure to the aggressive mouse. Alternatively, although we did not
measure it, it is possible that mice undergoing SD were characterized by a decrease in food consumption
during the stress administration.

In the SAT, SD subjects were characterized by a higher latency to approach the wire mesh cage in
the presence of the CD-1 aggressor (fouching object) soon after the end of stress (24 h). This is a clear
indication that the SD procedure was effective in eliciting avoidance of a social target that had acquired
salience as a threatening stimulus. Differently from previous studies [16], we did not find a difference in
the “time spent in the interaction zone” at this time point neither in the SD nor in the CTRL group.
As pointed out by Golden and co-workers, recent evidence suggests that C57BL/6J mice appear to be
less susceptible to stress when compared with other strains [49,50]. In addition, these authors argue
that in this test “a social interaction ratio equal to 1, in which equal time is spent in the presence versus
absence of a social target, has been used as the threshold for dividing defeated mice into the
susceptible and resilient categories [16,48]. Control C57BL/6J mice show a strong tendency to spend
greater than or equal amounts of time in the interaction zone in each session. Mice below this criterion
are grouped as susceptible, whereas mice above are grouped as resilient” [51]. Therefore, we cannot
exclude that by using a larger number of experimental subjects we could have identified subgroups of
mice “resilient” or “vulnerable” to the SD procedure. No change was observed overall in the general
emotional behavior as we found no difference in the latency to freeze and to perform risk assessment
behaviors (S4P).

The higher latency to approach the social target was not found at 4 weeks. However, at this time
point, SD mice displayed a general avoidance for the interaction zone, regardless of the presence of the
social target, and this was associated with an overall enhancement in their emotional profile as shown
by the reduced latency to perform SAP and to freeze upon introduction in the arena. As for freezing,
this behavior can be considered as a component of the classic anxiogenic pattern as assessed both in
rats and mice as well as a measure of associative fear intensity [52,53]; therefore, we suggest that the
behavioral profile observed 4 weeks from the end of SD likely reflects the long-term effects of the
social defeat-related stressful experience. This result is further strengthened by the persistence
of SIA only in mice that underwent chronic SD stress and up to 4 weeks (increased hindpaw licking
frequency).

Indeed, a further main stress-induced change in the physiology of SD mice is the increase in pain
threshold, as measured in the hot plate test. This alteration in nociception, also known as SIA, was
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observed not only under acute/short-term (24 h) conditions but also, and more intriguingly, up until
4 weeks from the end of the SD procedure. In the acute situation, the stress-induced analgesic profile
was associated with behaviors indicative of social anxiety/avoidance (increased latency to touching
object) while, in the long-term, with an overall increase in emotionality (decreased latency to freeze
and to perform SAP). It is interesting to note that the assessment of nociceptive threshold was
performed following the SAT i.e., after the exposure of the experimental subjects to a social stimulus
(unfamiliar CD-1 mouse) which had been associated with a stressful/traumatic experience (chronic
defeat). Although on the one hand the SAT required the animal to come into contact with the
aggressive CD-1 mouse in a different context from the SD procedure—and thus we cannot refer to
contextual memory [54] in this case—on the other hand, as pointed out by Berton and co-workers, in
defeated mice an associative process is required for a social target to progressively acquire salience as
a threatening stimulus [16]. Therefore, re-exposure (without physical contact) to an aggressive mouse
was able to induce analgesia, as revealed in the hot plate test. Worth noticing, very few studies have
investigated the long-term effects of changes in thermal pain sensitivity as a result of stress exposure.
As an example, Zhang and co-workers recently found a decrease in the nociceptive threshold
(both thermal and mechanical) of Sprague-Dawley rats up to 21 days following the end of heterotypic
stress consisting of the exposure of experimental subjects to restraint stress, forced swimming, diethyl
ether and prolonged social isolation [55]. However, to our knowledge, this is the first time that such a
long-term effect of SIA is reported in mice following the exposure to a repeated homotipic stressor
such as SD.

It has been suggested that SD stress might be used as a reliable procedure to model PTSD for its
relevance in reproducing some of the symptoms characterizing this pathology or some co-morbid
disorders often associated to it [16,52]. Psychiatric pathologies in which stressful/traumatic events play
a main role in their etiology, such as PTSD and BPD, are characterized by common stress-induced
features such as intrusive memories and dissociative states involving also numbing and SIA [27,56].
Although the presence of persistent chronic pain has been often reported in people affected by
PTSD [57-59], SIA in these patients appears as a specific response to the re-exposure to a stimulus
resembling the original trauma [25,26]. A well-established relationship links pain sensitivity endogenous
opioids and the SIA [60,61] and a great body of evidence reports specific changes in this biological
system as a result of chronic stress [62] and severe physical or psychological traumas [63—65].
In addition, increased pain tolerance has been reported in individuals who self-injure [66] (an aberrant
behavior also observed in abused children [67—69]). Likewise, in PTSD patients the secretion of
endogenous opioids, as a result of re-exposure to a stimulus resembling the traumatic stress (combat
videotapes), was indirectly measured as naloxone reversible anesthesia [25,26]. In a very recent and
interesting review, Naomi Eisenberger suggests that “the experiences of social pain—the painful
feelings associated with social disconnection—rely on some of the same neurobiological substrates
that underlie experiences of physical pain” sharing therefore common signaling pathways leading to
the modulation of nociceptive threshold throughout life as fine adaptation to emotional life events [70].
Indeed, chronic pain has been also found to be co-morbid with anxiety and depression [71] in a cause—
effect vicious circle and recent evidence reports pain relief in a mouse model of stress as a result of
chronic treatment with the selective serotonin reuptake inhibitor fluoxetine (an antidepressant able to
reverse anxiety/depressive-like state) [72]. Interestingly, Berton and co-workers found that chronic
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administration of either fluoxetine or imipramine improved social interaction in mice undergoing
SD stress, suggesting a link between neuronal pathways involved in the circuitry of reward and
sociality [16]; similarly it has been proposed that common pathways involving pain and reward
systems might have evolved to support complex social experiences [70,73—76]. Thus, an intriguing
hypothesis is that pain, reward and sociality might share common basic mechanisms playing a main
role in the etiology, onset and progression of psychiatric disorders.

4. Conclusions

Taken together, our data show that the SD stress paradigm is able to induce ethologically and
ecologically relevant forms of persistent emotional disruption associated with short- and long-term
changes in the nociceptive threshold. In addition, they reinforce previous evidence for SIA as a specific
and adaptive biological mechanism with persistent long-term effects that might be elicited and/or
reinforced by the exposure to stressful stimuli with similar salience as those previously experienced.

Taking into account all the limitations of our study, also related to the small number of experimental
subjects and physiological parameters evaluated, these data suggest that SIA might represent a good
physiological response to assess the long-lasting effects of stress-induced vulnerability such as that
characterizing human psychopathological conditions.

Indeed, strong epidemiological evidence relates changes in pain perception with disorder of mood and
anxiety. In particular, PTSD is associated with significantly elevated prevalence of chronic pain [57,58].
Despite this feature, SIA in PTSD patients appears as a specific response to the re-exposure to a
stressful stimulus resembling the original trauma [25,26,77]. By contrast, BPD has been associated
with reduced pain sensitivity both under stress and non-stress conditions in humans [78-80].

Future studies should further characterize changes in pain sensitivity in animal models of stress in
order to design relevant preclinical studies of specific human psychopathologies. Progress in
understanding the pathophysiology of human psychopathologies would greatly benefit from preclinical
studies incorporating SIA as a physiological marker of stress.
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