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ABSTRACT

The relationship between stress, mood disorders and immune disorders is known, but what
remains to be resolved is why certain individuals are more susceptible than others to suffer
different disorders, along with the biological mechanisms that underlie these differences. The
objective of this study was to analyze the changes in the expression patterns of proinflammatory
cytokines in the hypothalamus, hippocampus, amygdala and prefrontal cortex after chronic
defeat, depending on the coping strategy used. The expression levels of alb and 02a adrenergic
receptors and cytokine-inducible nitric oxide synthase (iNOS) in the prefrontal cortex were also
measured. The results indicated that subjects with a passive coping strategy showed high levels
of interleukin-6 (IL-6) and interleukin-1p (IL-1B) expression in several cerebral structures in
resting conditions after 21 days of chronic stress and increases in these cytokine levels in the
hippocampus following an additional stress. Low expression levels of tumour necrosis factor-
alpha (TNF-a) in the prefrontal cortex in active subjects at rest and in passive subjects after an
additional defeat were detected. The iNOS expression levels were lower in the prefrontal cortex
of the active group at rest. With respect to adrenergic receptor expression, there were no
changes as a function of stress, but there were changes as a function of coping strategy. These
results indicate differences in the variables studied in terms of the coping strategy adopted, with
passive subjects having a biological profile that could be considered more vulnerable to the

development of stress-related disorders.
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1. Introduction
In recent years, a strong relationship has been established between depression and an increase in
proinflammatory cytokine levels [1,2]. We also know that psychosocial stressors are triggers of
depressive episodes [3] and that these stressors may also activate the inflammatory response at a
peripheral level, resulting in an increased production of proinflammatory cytokines, such as
interleukin-6 (IL-6) and tumour necrosis factor-alpha (TNF-a), in both humans and animals
[2,4,5]. However, there are few studies about the effects of stress on the immune system at the
central level, and not all point in the same direction. For instance, studies of chronic stress in
animals report increases of interleukin-1 (IL-1) in the hippocampus [6], IL-1B in the
hypothalamus, and TNF-a in the pituitary and hypothalamus [7]. However, there are also data
showing decreases in both IL-1p and TNF-a in the stria terminalis and hippocampus [8]. It has
also been observed that exposure to chronic stress along with the administration of
lipopolysaccharide enhances IL-1B, IL-6 and TNF-a expression in both the prefrontal cortex

and the hippocampus [9,10], although a less pronounced response of IL-6 was observed.

On the other hand, not all individuals respond in the same manner to a stressful situation. This
differential individual response gives rise to different behavioural, neuroendocrine, and immune
alterations in each organism, which can constitute the basis of vulnerability to developing
different types of pathologies [11,12]. Previous work in our laboratory found that subjects who
showed a passive strategy after chronic defeat stress, characterized by behaviours of immobility
and low exploration, had low corticosterone levels at rest, a high glucocorticoid responsiveness,
and higher peripheral levels of IL-6 and TNF-a than subjects with an active strategy [4,13].
Studies examining cytokine levels at the central level have reported increased IL-1f in the
hippocampus and low levels of TNF-a in the prefrontal cortices of submissive mice that were
high corticosterone responders after exposure to social stress for three days [14]. However, a
stress challenge after seven days of defeat resulted in increased TNF-a, IL-1B, and IL-6
expression in all stressed subjects [9], although a smaller increase in IL-6 was observed among

mice that had previously experienced a single or repeated social defeat.

Despite the evidence for an association between depression, stress and proinflammatory
cytokines, the mechanism by which cytokines can alter behaviour is still unknown. Several
possible mechanisms exist, one of which is the activation of the cytokine-inducible nitric oxide
synthase (iNOS) enzyme. This enzyme, which requires tetrahydrobiopterin (BH4) as a cofactor,
converts arginine to nitric oxide (NO) and induces oxidative stress, thereby contributing to
neuropsychiatric pathogenesis [15,16]. Furthermore, iNOS activation by proinflammatory

cytokines can also lead to decreased availability of BHa4, a critical factor for the rate-limiting
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enzymes involved in the synthesis of the catecholamine neurotransmitters, and can thus reduce
noradrenaline synthesis [17], the deficit of which has been linked to depression. The anxiolytic-
like and antidepressant-like effect observed after inhibition of the iNOS enzyme in a variety of

animal paradigms supports this idea [18,19].

There is evidence, from studies in both animals and humans, of noradrenergic receptor
alterations in different stress-related psychopathologies [20]. Studies in humans suggest that alb
adrenergic receptors are responsible for modulating cerebral catecholaminergic systems and
play an important role in depressive disorders [20]. Furthermore, studies with animal models of
depression have reported elevated levels of a2 adrenergic receptors in the brain [21] and that
treatment with antagonists of these receptors produces antidepressant-like effects [22]. In
patients with depressive disorders, changes have been observed in the level of a2 adrenergic
receptors in the prefrontal cortex [23,24], which is one of the fundamental structures involved in
stress-related disorders [25]. However, the data on changes in central adrenergic receptors as a

function of the coping strategies adopted by subjects in situations of social stress are limited.

Taking into account the above data, the objective of this study was to analyze the effects
generated by stress induced by chronic defeat, as well as the mechanisms through which
individual differences in coping with stress may have repercussions on vulnerability to the
development of stress-related psychopathologies. For this purpose, changes were measured in
the expression levels of the proinflammatory cytokines IL-1f, IL-6, and TNF-a as a result of
chronic defeat and the coping strategy adopted by subjects in this situation, in different cerebral
structures that have been implicated in stress-related psychopathologies, such as the amygdala,
hippocampus, hypothalamus and prefrontal cortex. We also studied changes in alb and o2a
adrenergic receptor and iNOS enzyme expression levels in the prefrontal cortex, since this
structure appears to be one of those that are particularly sensitive to the effect of stress-induced

catecholamines.

2. Material and methods

2.1. Animals and husbandry
Six-week-old male OF1 mice (Charles River, Oncins, France) were individually housed for 7
days in transparent plastic cages measuring 24.5x24.5x15 cm for adaptation to the laboratory
conditions. Food and water were available ad libitum. The holding room was maintained at a
constant temperature of 20°C with a 12 h light/dark cycle (white lights on from 20:00 to 08:00
h). The light cycle was reversed to facilitate behaviour assessment during the animal’s active
phase (dark). All experimental procedures were conducted under dim red light conditions in a

room adjacent to the holding facility. European regulations for the care and treatment of
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experimental animals were followed, and the procedures were controlled and approved by the
Diputacion Foral de Gipuzkoa, Spain, in compliance with the European Directive (2010/63/EU)
on the protection of animals used for scientific purposes (22 September 2010). The procedures
were approved by the Ethical Committee for animal welfare of the Basque Country University

(CEBA).

2.2. Experimental procedure
The experiments were initiated after the adaptation period. A control group (manipulated
control) and a group of socially stressed mice were established. Male adult mice were exposed
to repeated defeat experiences for 21 days (at 11:00 am). On day 21, the behaviour in the
confrontation was recorded for subsequent assessment. The stressed mice were divided into two
groups according to their behavioural profile during defeat: active and passive (see below). Two
days later, on day 23 (at 12:00 pm), half of the animals were sacrificed by cervical dislocation.
On day 24, the remaining animals were subjected to another social defeat and 50 minutes after
(at 12:00 pm), the animals were sacrificed by cervical dislocation. The brains from all of the
animals were then quickly removed and the whole hypothalamus, hippocampus, prefrontal
cortex and amygdala of both hemispheres were dissected [26] and flash-frozen in liquid
nitrogen for subsequent measurement of proinflammatory cytokine (IL-6, IL-1B and TNF-a),
iNOS and adrenergic receptor (alb and a2a) mRNA expression in each animal (see Fig. 1). All
dissections were performed under stereomicroscopic observation with reference to mouse brain

atlas [27].

2.2.1. Socially stressed mice
The mice experienced repeated social defeat using the sensorial contact model [28]. Eighty-five
pairs of mice matched by weight were allowed a 10 min confrontation, with half of the subjects
being placed in their opponent’s cage (i.e. in the cage of a resident mouse) for 3 successive days
in order to select defeated subjects. After the third day, only those defeated subjects which had
clearly shown defensive/submissive behaviour during the agonistic confrontations, and their
aggressive counterparts, continued with the experiment (eighty pairs of mice). Between the
fourth and last day of chronic stress, the defeated mice were exposed daily to 5 min of agonistic
interactions with a different aggressive resident mouse. Daily transfer of males after the fighting
precludes habituation of males to each other and consolidates the submissiveness of the defeated

animal placed in an alien territory [29].

As a result, the mice were repeatedly defeated by a different aggressive resident mouse every
day. After each daily confrontation, the mice were separated by transparent partitions with

holes, and remained in the same cage in which the confrontation took place until the next
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confrontation. These partitions permitted the mice to see, hear and smell each other, but
prevented physical contact. Although the defeated mice received some bites during the direct
interaction period, most of the mice did not have evident wounds. In the case of visible wounds,
the mice were removed from the experimental procedure. The final number of defeated mice
was seventy-nine. The behaviours manifested by the defeated mice on day 21 during the 5 min
of social interaction were recorded using video cameras (JVC, GZ-MG77E). The behavioural
assessment was carried out using an ethogram for the mouse [30], in which 51 behaviours are
described. The assessment was conducted by two independent evaluators (kappa index=0.81).
The behaviours observed were divided into the following behavioural categories:
avoidance/flee, defence/submission, digging/self-grooming, exploration at a distance,
immobility, non-social exploration and social exploration. The behavioural evaluation was
carried out using The Observer 3.0 (Noldus, ITC, Wageningen, The Netherlands). To classify
the subjects according to behaviour, two cluster analyses were performed on all of the defeated
mice based on the behavioural characteristics they displayed in the social confrontation on day

21, using the mean percentage of time spent on each assessed behavioural element [4].

2.2.2.  Manipulated controls
The manipulated control group (30 subjects) was treated identically to the stressed group but
was not exposed to agonistic interactions or sensorial contact with other mice. These mice were
housed individually in cages containing a transparent barrier to subject them to the same space
restrictions as the experimental mice. The manipulated controls were moved daily to an
experimentation room where the barrier was removed for the same period of time as that

allotted to the confrontations in the defeated mice.

2.3.Physiological determinations
Tissue from the hypothalamus, hippocampus, amygdala and prefrontal cortex were
homogenized using the Trizol reagent (Invitrogen, Madrid, Spain), and total RNA was isolated
using the standard phenol chloroform extraction method [31]. A UV spectrophotometric
analysis of nucleic acids was performed at 260 nm to determine the RNA concentrations, and
the 260:280 absorbance ratio was used to assess the nucleic acid purity. All samples had
absorbance ratios of over 1.81. The samples were DNAse treated (DNAse I, Invitrogen, Madrid,
Spain) to remove contaminating DNA prior to cDNA synthesis, and the total RNA was reverse
transcribed using PrimeScript reverse transcriptase (Conda, Madrid, Spain). The resulting
cDNA underwent SYBRGreen-based (QuantiTect SYBR Green PCR, Conda, Madrid, Spain)
real-time PCR, and the amplification was monitored using the Applied Biosystems 7500 Real
Time PCR System. The cDNA sequences were obtained from Genbank at the National Center
for Biotechnology Information (NCBI: www.ncbi.nlm.nih.gov), and glyceraldehyde-6-
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phosphate dehydrogenase (GAPDH) was used as a reference gene, with an ANOVA being
conducted to check that there were no differences in its expression between groups. The primer
sequences were designed using the Primer Express Software v3.0 (Applied BioSystems,
Madrid, Spain) (Table 1). The primers were obtained from Applied Biosystems (Madrid,
Spain), and the specificity of the primers was verified by a melting curve analysis. The relative

gene expression was determined using the 2AACt method [32].

2.4. Statistical analysis
All statistical analyses were carried out using SPSS 15.0 for Windows (SPSS Inc., Chicago,
Illinois, USA) with the level of significance set at <0.05. The social behavioural variables were
analyzed using hierarchical cluster and multivariate discriminant analyses (see socially stressed
mice). The physiological variables were analyzed using multivariate analyses of variance
(MANOV As), with compliance with the criteria of normality and homogeneity being taken into
consideration. Outliers (2 subjects) were eliminated from all analyses in accordance with the
boxplot outlier labelling rule. When appropriate, specific comparisons were made using the
Bonferroni correction. Finally, the relationships between mRNA measures in each brain

structure were examined using Pearson’s correlation coefficient and the Bonferroni correction.

3. Results

3.1. Analysis of behavioural profiles during chronic defeat
A cluster analysis using the mean percentage of time spent on each assessed behavioural
element was performed on all defeated mice on day 21 to separate the mice into groups based
on the behavioural characteristics they demonstrated during the social confrontation. This
analysis resulted in two final clusters. The multivariate discriminant analysis confirmed the
statistical validity of the established groups and accounted for 94.5% of the cases obtained by
the cluster solution, thus confirming the behavioural descriptions. The variables that best
discriminated between the two clusters were non-social and social exploration. Cluster 1 (n=39),
which was designated the “active group”, was characterized by a higher exploratory behaviour.
Cluster 2 (n=40) was characterized by lower levels of social and non-social exploration. The
group of mice that belonged to this second cluster was termed the “passive group”. The passive
subjects had higher levels of immobility (F[1,77]=9.568; p<0.001), avoidance/flee
(F[1,77]=13.813; p<0.001) and defence/submission (F[1,77]=21.603; p<0.001) and lower levels
of non-social exploration (F[1,77]=85.268; p<0.001), social exploration (F[1,77]=10.965;
p<0.001), exploration at a distance F[1,77]=4.060; p<0.05), and digging/self-grooming
(F[1,77]=10.597; p<0.05) than their more active counterparts (Figure 2).

3.2. Analysis of physiological parameters



3.2.1.  Proinflammatory cytokine mRNA expression in the hypothalamus, hippocampus,
amygdala and prefrontal cortex

When the expression levels of hypothalamic cytokines were analyzed, the analysis of variance
of the data obtained on day 23 revealed that there was a significant effect on the expression
levels of IL-6 (F (2, 51) =3.201; p < 0.05) and IL-1pB (F (2, 51) = 3.373; p < 0.05), but not TNF-
o mRNA levels. The post hoc analysis indicated that the passive subjects had higher IL-6
expression levels than the active subjects (p < 0.05) and higher IL-1f expression levels than the
manipulated controls (p < 0.05) (Figure 3). The analysis of the data obtained on day 24, one
hour after the defeat, revealed no significant differences in the expression levels of the

hypothalamic cytokines studied (Figure 3).

In the case of the values obtained in the amygdala on day 23, the analysis of variance showed a
significant effect on IL-6 expression levels (F (2, 51) = 3.920; p < 0.05), although no significant
differences were observed for TNF-a and IL-1B expression levels. The passive subjects had
higher proinflammatory cytokine expression levels than animals that exhibited an active
strategy (p < 0.01). However, on the 24th day after the defeat, no significant differences were
found in the expression levels of the three proinflammatory cytokines in the amygdala (Figure

3).

In the prefrontal cortex, no significant differences in the IL-6 and IL-1p expression levels were
detected on day 23. However, in the case of TNF-a expression, the data revealed a significant
effect (F (2, 51) = 3.440; p < 0.05). Specifically, the active subjects had lower expression levels
of the proinflammatory cytokine than the manipulated controls (p < 0.05) (Figure 3). With
respect to the values obtained on day 24 after the social defeat, the analysis revealed a
significant effect in the case of TNF-a expression in the prefrontal cortex (F (2, 52) = 4.860; p <
0.05). The passive subjects had lower TNF-a expression levels than the manipulated controls (p
< 0.05) (Figure 3). No significant differences in the IL-6 and IL-1p expression levels were
detected on the 24th day after the defeat.

When analyzing the data obtained for the expression levels of cytokines in the hippocampus on
day 23, a significant effect was observed only in the case of IL-1f expression (F (2, 51) = 4.390;
p < 0.05). The post hoc analysis revealed that passive subjects had higher IL-1B expression
levels than both subjects with an active strategy (p < 0.05) and the manipulated controls (p
<0.05) (Figure 3). No significant differences were detected between the control, passive and
active groups as a function of the expression levels of the other two cytokines. With respect to
the data obtained on day 24, the analysis of variance revealed significant differences in the

expression levels of IL-1B (F (2, 52) = 3.644; p < 0.05) and IL-6 (F (2, 52) = 4.939; p < 0.05).
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Specifically, subjects with a passive strategy exhibited higher expression levels of these two
cytokines with respect to the manipulated controls (p < 0.05 for both cytokines) (Figure 3). No
significant differences in TNF-a expression were detected on the 24th day after the defeat.

3.2.2. Adrenergic receptor mRNA expression in the prefrontal cortex
When analyzing the expression levels of alb and a2a adrenergic receptors in the prefrontal
cortex of subjects sacrificed on day 23, a significant effect was observed only in the case of the
o2a receptor (F (2, 51) = 3.676; p < 0.05). The post hoc analysis revealed that active subjects
have lower receptor a2a expression levels than individuals with a passive strategy (p < 0.05)
(Figure 4). With respect to the data obtained on day 24 after the social defeat, significant effects
on the expression levels of both adrenergic receptors, alb (F (2, 52) = 7.194; p < 0.01) and o2a
(F (2, 52) = 3.548; p < 0.05), were detected. Specifically, subjects with a passive strategy had

lower expression levels of both receptors than the active subjects (alb: p < 0.05; a2a: p < 0.01)

(Figure 4).

3.2.3. iNOS mRNA expression in the prefrontal cortex
The analysis revealed significant differences in iNOS expression in the prefrontal cortex on day
23, two days after the last social confrontation (F (2, 51) = 3.278; p < 0.05). Active subjects had
lower iNOS expression levels than the manipulated controls (p < 0.05) (Figure 5). With respect
to the values obtained on day 24 after the social defeat, the analysis revealed no significant

differences in the iNOS expression levels in the prefrontal cortex of any of the study groups.

3.3.Correlations between physiological variables studied in the prefrontal cortex

With respect to day 23, after applying the Bonferroni correction, the study of the relationships
of the adrenergic receptors in the prefrontal cortex showed that expression levels of both
adrenergic receptors are positively correlated with each other (r = 0.603, p < 0.0001). Positive
correlations were also identified between the expression levels of IL-1B and TNF-a (r = 0.690, p
<0.0001), and IL-6 and TNF-a (r = 0.467, p < 0.001). Additionally, the study of the correlations
between adrenergic receptor and the cytokine expression levels revealed that olb adrenergic
receptor expression positively correlated with IL-1p (r = 0.622, p < 0.0001) and TNF-a (r =
0.544, p < 0.0001) expression. Positive correlations were identified between the expression
levels of the a2a adrenergic receptor and IL-1B (r = 0.633, p < 0.0001) and TNF-a (r = 0.699, p
< 0.0001). Positive relationships were also detected between both alb adrenergic receptor and
iNOS expression levels (r = 0.447, p < 0.001) and a2a adrenergic receptor and iNOS expression
levels (r = 0.635, p < 0.0001). Furthermore, some cytokine expression levels studied correlated
positively with iNOS expression (IL1B: r = 0.508, p < 0.0001; TNF-a: r = 0.700, p < 0.0001)
(Table 2).



With respect to the expression levels measured on day 24 after the defeat, after applying the
Bonferroni correction, positive correlations between the adrenergic receptors (r = 0.614, p =
0.0001) were observed. Furthermore, adrenergic receptor expression levels correlated positively

with iNOS expression (alb: r=0.399, p < 0.001; a2a: r = 0.475, p < 0.0001) (Table 3).

4. Discussion
The results obtained in this study reveal for the first time that chronic social stress triggers
different dynamic responses in the immune system, in the central noradrenergic system, and in
iNOS expression levels at the central level as a function of the type of coping strategy adopted
by the individual. In this study, two behavioural profiles were differentiated in response to
repeated defeat experiences for 21 days. Subjects with passive behavioural profiles were
characterized by lower social and non-social exploration than active subjects. Passive subjects

also expressed greater immobility, avoidance/escape and defence/submission.

Previous work in our laboratory using the same paradigm showed that chronic social stress
resulted in increased expression levels of different peripheral proinflammatory cytokines,
depending on the coping strategy used [4]. In the present study, social stress was also
accompanied by changes in the expression of various cytokines at the central level, with these
changes differing in accordance with the coping strategy adopted. Moreover, such changes
varied depending on the cytokine and the cerebral structure analyzed. These results agree with
those reported by other authors [6,10]. Despite the limitations imposed by the fact that protein
levels were not measured, the data seem to indicate that a greater immune disturbance occurred
in the case of passive subjects than in the case of active subjects. Passive subjects at rest, after
21 days of repeated defeat, showed higher IL-1B expression levels in the hypothalamus
compared to the manipulated controls. Passive subjects also showed higher IL-6 expression
levels in the hypothalamus and amygdala than active subjects and also presented increased IL-
1B expression levels in the hippocampus compared to the manipulated controls and active
subjects. The fact that these changes were observed three days after the last defeat could reflect
a loss in regulatory capacity, and therefore a worse adaptive response to the effects of chronic
stress, which was more evident in passive subjects. Increased levels of proinflammatory
cytokines fulfil an adaptive function in response to one-off stressful events [17,33]; however
there is increasing evidence that the persistence of these levels could produce alterations in
neural activity, contributing to behaviours associated with different disorders, as measured by

immobility in the forced swimming test and tail suspension test, among others [13,34,35,36].

Faced with a new defeat three days after the stress period, passive subjects continued to exhibit

a greater alteration in the cytokine expression levels, with increases in IL-6 and IL-1f
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expression in the hippocampus compared with the manipulated controls and the active subjects.
Thus, the hippocampus was the only structure in which the proinflammatory effect of re-
exposure to social stress was observed. Moreover, these findings indicate that the additional
stress affects the expression of proinflammatory cytokines to a lesser extent in active subjects. It
is not clear how specific cytokine changes in certain structures translate into specific
behavioural changes. In this sense, it is interesting to note the increased expression of
hippocampal IL-1B, both at rest and after a new defeat in subjects with a passive strategy, as
persistently increased expression of this cytokine could affect neuronal plasticity [37] in this
structure, producing deteriorations in the learning and memory processes [38], which are often
affected in depression [39]. The increase in hippocampal IL-6 expression observed after further
exposure to defeat in the passive subjects could contribute to the damage of this structure [40].
Furthermore, some studies suggest that IL-6 in the amygdala and hippocampus is involved in

immobility behaviour in the forced swimming test [41].

Although several studies have reported increased TNF-a expression in animal models of
depression, as well as increased peripheral levels of this cytokine [4,9,42], there are also studies
that, just like this present study, detected a decrease in TNF-o expression in diverse stress
situations [8,14]. Interestingly, there are data supporting the vital role of TNF-a, as well as other
proinflammatory cytokines, in the development and functioning of the central nervous system
[17,43]. Consistent levels of TNF-o are needed for neurogenesis and neurotrophin expression
[44], such that low levels can affect behaviour. In our work, we detected reduced levels of TNF-
o in the prefrontal cortices of the active subjects at rest (also in the passive subjects, though not
reaching a significant level) and in the passive subjects after the application of additional stress
(also in the active subjects, though not reaching a significant level), which could favour the
development of anxious depressive behaviours [45] in both groups. Recent studies have found a
negative correlation between TNF-a levels and symptoms related to chronic stressful

experiences in depressed patients [46].

The reason why proinflammatory cytokine expression varies in accordance with cerebral area
and the subject’s situation (at rest/response to additional stress) is not clear. It is known that the
modulation of cytokine expression through signalling pathways activated by stress (the
hypothalamic-pituitary-adrenal axis and the catecholaminergic system) is specific to the
structure, cell type and gene type upon which they act, and this may be the reason why
peripheral cytokine levels and their expression at the central level differ [47,48,49,50].
Nevertheless, other factors, such as differences in the onset of the expression of different
cytokines in response to stress, cannot be dismissed [10,49]. In short, the role of

proinflammatory cytokines in the response to psychological stress may be more complex than
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anticipated and further research is required to understand pro-inflammatory brain effects in

response to psychological stress.

No changes were observed in the expression of adrenergic receptors in the prefrontal cortex as a
function of chronic defeat stress, but there were differences when subjects with different
behavioural strategies were compared. Specifically, the results indicate opposite changes in the
expression of adrenergic receptors depending on the behavioural profile of the subjects and the
situation considered (rest/response to additional stress). Thus, the active subjects showed lower
alfa2 receptor resting expression levels than the passive subjects, which may indicate a down-
regulation as a consequence of greater noradrenergic activity after 21 days of stress [51].
However, after a new stress on day 24, these subjects had greater adrenergic receptor alb and
a2a expression levels in relation to the passive subjects, which might suggest a decreased central
noradrenergic response to additional stress in the active subjects. In this regard, Flugge et al.
[20] also reported transient changes in the regulation of adrenergic receptors by chronic
psychosocial stress, even though in the case of the a2c, 1 and B2 receptors. Although the
differences between the alb receptors relative to the strategies are only observed on day 24,
after the additional stress, there is a high positive correlation in the expression of both types of
receptors in both situations (rest/response to additional stress), suggesting that these receptors
respond in the same way in both situations. These results could indicate different central
noradrenergic activities as a function of strategies adopted, resulting in compensatory changes

in the genetic mechanisms of receptor expression that can be generated rapidly following stress.

There is evidence that the expression and function of adrenergic receptors is modulated by TNF-
o [52,53] and that this cytokine inhibits the electrically stimulated release of noradrenaline in
the hippocampus [52,54]. Based on this hypothesis, the correlations identified in this study
could indicate that low TNF-a expression in the active subjects contributes to decreased o
receptor expression, perhaps through increased noradrenaline release. However, an inverse
relationship could exist, as there are data indicating that noradrenaline reduces TNF-a
production through a» receptors [55] and that in vitro neuronal TNF-a production in the
hippocampus depends on the activation of a2 receptors [56]. The lack of correlation after further
stress could be due to the fact that stress may trigger other regulatory mechanisms. Thus, for
example, it is known that both serotonin and glucocorticoids regulate the production of
proinflammatory cytokines and that both substances are released in response to a stress
challenge [57,58,59,60] Moreover, it should be borne in mind that inflammatory changes may
also be triggered by beta receptors, since data exist which indicate that repeated defeats alter the
inflammatory profile of the microglia through (partly at least) the activation of these receptors

[61].
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In this study, stress did not increase iNOS expression, in contrast to previous studies using other
stress paradigms [62]. Furthermore, we observed a decrease in iNOS expression in the
prefrontal cortices of active subjects at rest without changes in its expression either in the group
of passive subjects or after the application of additional stress. Because iNOS expression is
induced by inflammatory cytokines, including TNF-a [63], one would not expect an increase in
its expression, as IL-6 and IL-1P expression levels were not increased in the prefrontal cortices
of stressed subjects and as TNF-a expression was reduced in active subjects at rest. Therefore,
the data appear to indicate that the observed changes in the passive subjects do not involve the
arginine-nitric oxide pathway. However, it would be interesting to investigate the availability of
the BH4 cofactor for the synthesis of noradrenaline in stressed subjects, since the correlation
data indicate that low iNOS expression levels are accompanied by low adrenergic receptor
expression. It should also be noted that there is evidence that a deficiency in cerebral iNOS or
decreased NO production can be harmful for cerebral function and can produce changes in

behaviour [64,65].

Considering the results, we can conclude that the increase of proinflammatory cytokines in
passive subjects, particularly in the hippocampus, appears to indicate that this strategy is more
vulnerable to the effects of stress. In addition to these changes, changes in TNF-o and those
reported in previous studies in passive subjects [4,13] constitute a biological profile that may be
more vulnerable to developing stress-related disorders. The data on adrenergic receptor
expression also suggest a different noradrenergic response in accordance with the coping
strategy adopted. However, it would be necessary to analyze the turnover of noradrenaline and
receptor activity to confirm the existence of such differences. Moreover, the changes in TNF-a
and iNOS expression detected in active subjects suggest that an active strategy also entails a
cost for the organism. These data can contribute to identifying ways in which cytokines alter
behaviour, thus improving our understanding of the mechanisms underlying individual
vulnerabilities to the development of specific chronic stress-induced disorders. However, more
research is required, particularly into adrenergic receptor and iNOS expression levels in other
structures, and the possible alterations in serotonin or other potential pathways involved in the

effects of cytokines on behaviour.
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Figure 1. Schematic representation of the experimental procedure. (#) The following samples were obtained:

hypothalamus, hippocampus, amygdala and prefrontal cortex.

Figure 2. The time (means + SEM) dedicated to each of the behaviours evaluated during the social defeat on day 21,
analyzed in terms of group membership: passive subjects (n = 40) and active subjects (n = 39). *p< 0.05; ***p <

0.001

Figure 3. A) Mean levels (+ SEM) of IL-6, IL-1p and TNF-a gene expression in the hypothalami of active subjects,
passive subjects and manipulated controls sacrificed on days 23 and 24 following the defeat. B) Mean levels (+ SEM)
of IL-6, IL-1B and TNF-a gene expression in the amygdala of active subjects, passive subjects and manipulated
controls sacrificed on days 23 and 24 following the defeat. C) Mean levels (+ SEM) of IL-6, IL-1p and TNF-a gene
expression in the hippocampi of active subjects, passive subjects and manipulated controls sacrificed on days 23 and
24 following the defeat. D) Mean levels (= SEM) of IL-6, IL-1p and TNF-a gene expression in the prefrontal cortices
of the active subjects, passive subjects and manipulated controls sacrificed on days 23 and 24 following the defeat.

*p<0.05; **p <0.01
Figure 4. Mean levels (+ SEM) of alb-adrenoceptor and a2a-adrenoceptor gene expression in the prefrontal cortices
of active subjects, passive subjects and manipulated controls sacrificed on days 23 and 24 after the defeat. *p< 0.05;

#%p < 0.01

Figure 5. Mean levels (= SEM) of iNOS gene expression in the prefrontal cortices of active subjects, passive subjects

and manipulated controls sacrificed on days 23 and 24 following the defeat. *p< 0.05
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