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Abstract

Background—Coping strategy impacts susceptibility to psychosocial stress. The locus coeruleus
(LC) and dorsal raphe (DR) are monoamine nuclei that are implicated in stress-related disorders.
This study was designed to identify genes in these nuclei that distinguish active and passive
coping strategies in response to social stress.

Methods—Rats were exposed to repeated resident-intruder stress and coping strategy
determined. Gene and protein expression in the LC and DR were determined by PCR array,
ELISA, and compared between active and passive stress coping and unstressed rats. The effect of
daily IL-1 receptor antagonist (IL-1ra, ICV) prior to stress on anhedonia was also determined.

Results—Rats exhibited passive or active coping strategies based on a short (SL) or longer
latency (LL) to assume a defeat posture, respectively. Stress differentially regulated 19 and 26
genes in the LC and DR of SL and LL rats, respectively, many of which encoded for inflammatory
factors. Notably, IL1p was increased in SL and decreased in LL rats in both the LC and DR.
Protein changes were generally consistent with a proinflammatory response to stress in SL rats
selectively. Stress produced anhedonia selectively in SL rats and this was prevented by IL-1ra,
consistent with a role for IL1 in stress vulnerability.

Conclusions—This study highlighted distinctions in gene expression related to coping strategy
in response to social stress. Passive coping was associated with a bias towards pro-inflammatory

processes, particularly IL1J, whereas active coping and resistance to stress-related pathology was
associated with suppression of inflammatory processes.
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INTRODUCTION

Stressors of a social nature are a common form of stress for humans, including abuse and
bullying (1). The inability to successfully adapt to stress produces pathological changes that
can lead to psychological disorders such as depression and anxiety and comorbid medical
disorders including diabetes, irritable bowel syndrome and cardiovascular disease (2-7).
Interestingly, striking individual differences arise in the pathogenic potential of a stressor,
rending one more or less likely to develop stress-related pathologies. Evidence suggests that
individual differences in stress-induced pathology are related to coping style. For example, a
submissive personality characterized by passive coping has been associated with
vulnerability to psychopathology (8, 9), irritable bowel syndrome (10), and hypertension
(11-13) while active coping has been related to increased resiliency (14). Therefore,
identifying the biology underlying different coping mechanisms may reveal systems or
substrates that determine resilience or vulnerability to stress-related pathologies.

Social stress has been modeled in rodents through the use of the resident-intruder paradigm
(15). We previously reported that, like humans, robust individual differences in the coping
response to social stress emerge in an outbred population of Sprague Dawley rats, resulting
in two phenotypes (16, 17). One phenotype exhibits passive coping behaviors characterized
by the assumption of a supine defeat posture within a short latency (termed SL). The SL
phenotype develops stress-induced behavioral, neuroendocrine, and cardiovascular changes
similar to those occurring during depression (16, 18). In contrast, the alternate phenotype
adopts a proactive coping strategy resulting in increased defeat latencies (LL rats) and more
upright postures and displays a general resistance to many of the pathological consequences
observed in the SL phenotype (16-18). Phenotypic differences in coping mechanisms appear
to have a strong genetic link because artificial selection for either extreme results in distinct
genotypes within only a few generations (19). Furthermore, it has long been recognized that
genetic differences in humans may affect vulnerability to psychiatric disorders, in part by
influencing coping behaviors (20). Our previous work has highlighted numerous peripheral
and central social stress-induced adaptations that occur in only a subpopulation of the same
rat strain, suggesting that genetic variability within the outbred population may be driving
these differences (16, 17). The stress-sensitive brain regions, the locus coeruleus (LC) and
dorsal raphe nucleus (DR) are source nuclei of the major brain monoamines that play a role
in the behavioral stress coping response (21-25). Importantly, these two monoaminergic
systems are also implicated in the pathophysiology of depression and therefore represent
candidate brain regions that link stress to psychopathology. The unique passive stress coping
style of the Wistar Kyoto rat (WKY) was previously shown to exhibit differential gene
expression in the LC and DR (26). More recently, we reported opposing stress-induced
neuroadaptations in the corticotropin-releasing factor system (CRF) within the DR of SL
versus LL rats (17). Therefore, the present study compared the effects of stress on gene
expression within the LC and DR of SL, LL, and control rats. Notably, due to opposing

Biol Psychiatry. Author manuscript; available in PMC 2016 July 01.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wood et al.

METHODS

Animals

Page 3

adaptations observed in genes encoding for inflammatory factors within the brain, these
studies further identified changes in circulating and brain levels of inflammatory proteins
and tested a causal role for IL1f in a pathological consequence of stress.

Male Sprague Dawley rats (225-250g; intruder or controls) and Long-Evans retired breeders
(650-850g; residents, Charles River, Wilmington MA) were individually housed in standard
cages with free access to food and water on a 12-hr light/dark cycle. The Institutional
Animal Care and Use Committee (IACUC) at the Children’s Hospital of Philadelphia and
the University of South Carolina approved these studies and are in accordance with the NIH
Guide for the Care and Use of Laboratory Animals.

Social stress (resident-intruder) model

The social defeat procedure used was a modified version of the resident-intruder paradigm
originally developed by Miczek (15) and identical to that used in our previous studies (16—
18). Briefly, rats were randomly assigned to the “intruder” or “control” group. Intruders
were exposed to a novel Long-Evans retired breeder for 30-mins on five consecutive days.
All Long-Evans rats were prescreened for their level of aggression and were only used in
this study if they attacked within 60 sec. The control group was exposed to a novel cage for
30-mins daily. Average defeat latencies (latency to exhibit a supine submissive posture)
were recorded. Intruder and control rats used in the gene expression studies were euthanized
24h after the 5™ control or defeat exposure. Separate cohorts of rats were euthanized either 1
or 24h after the final social stress or control exposure for protein analysis. For the IL-1ra
treatment study, a separate cohort of rats was euthanized 11 days after the final social defeat
or control.

Tissue collection

Brains were sliced coronally until caudal LC (Bregma —10.08, Paxinos and Watson) and DR
(Bregma —8.04). For PCR analysis LC sections were mounted onto RNAse-free slides and
LC tissue was micro-chiseled using an Eppendorf MicroDissector. DR tissue was collected
using a 2mm punch at the midline just below the aqueduct using a Imm wide trephine. LC
and DR tissue was stored in RNALater (Qiagen) at —80°C. For protein analysis the LC and
DR were micro-dissected using a 1mm wide trephine at 1mm or 2mm depth, respectively
and stored at —80°C.

RNA isolation & PCR array

Total RNA was isolated using Qiagen® RNeasy Micro kit as per the manufacturer’s
instructions. The quality and concentration of final RNA yield was determined by using a
ND-1000 NanoDrop UV spectrophotometer (ThermoFisher, Wilmington, DE) and 2100
Bioanalyzer RIN (Agilent Technologies, Santa Clara, CA). RNA was converted to cDNA
using the RT2 First Strand Kit (SABiosciences, Valencia, CA). Samples were run on a
quantitative RT2 Profiler PCR array (SABiosciences) containing 88 genes involved in G-
protein coupled receptor signaling (GPCR Signaling PathwayFinder™) and run on a real-
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time PCR machine (SDS-7500, Applied Biosystems). Data were quantified using the
comparative cycle threshold (Ct) method and normalized to the housekeeping genes Hprtl
and Ldha.

Ingenuity Pathway Analysis

Fold change data were analyzed using the Ingenuity Pathway Analysis software (IPA,
Ingenuity Systems) to identify biological networks of genes that were altered greater than
1.5 fold in socially stressed rats compared to controls. A Fisher’s exact test (p value <0.05)
was calculated to validate the association of a biological disease.

Determination of cytokine levels

LC and DR tissue were homogenized in RIPA buffer (Sigma, St Louis, MO) with Protease
and Phosphatase Inhibitor (Pierce, Rockford, IL). Homogenized brain tissue and plasma
were assayed for IL1J (R&D Systems, Minneapolis, MN), MCP-1 and IL-10 (Invitrogen,
Camarillo, CA), IL-6 (Pierce Biotechnology, Rockford, IL) using an ELISA according to
each manufacturer’s protocol. Each protein of interest was expressed as a ratio to total
protein.

Intracerebroventricular IL-1ra Treatment

A permanent guide cannula (22 ga., Plastics One, Roanoke, VA) was implanted into the
right lateral ventricle (AP, —0.8 mm relative to bregma; ML, —1.5 mm; DV, —4.2 mm from
the skull). Rats were allowed 10 days to recover at which time the innate immune response
to the cannula is absent or substantially diminished (Whittle et al., 1998). Histological
verification of cannula placement was verified by injecting 5L of 1% Chicago Sky Blue.

Rats were microinjected with 2.5 pL (0.25 pg/rat ICV, infused over 3 min) of recombinant
rat IL-1 receptor antagonist (IL-1ra, R & D Systems) or vehicle (0.1% BSA in sterile PBS)
30 min prior to daily social defeat. This dose of IL-1ra blocks lipopolysaccharide-induced

hyperthermia (27) and impairments in fear conditioning (28).

Sucrose Preference

Rats had free access to food, water and 1% sucrose solution for 48h prior to testing. At 1200
on the test day (2-3 days prior to stress/control exposure (baseline measurement) and 10
days after the final social defeat or control exposure), both bottles were removed. Bottles
were returned at 1900 and total weight of liquid drank from each bottle between 1900 and
2200 was calculated. Sucrose preference was determined by dividing the weight of 1%
sucrose consumed by the total weight of all liquid consumed.

Data analysis

To define the subpopulations of rats, separate K-means cluster analyses (JMP 9.0; SAS,
Cary, NC) were conducted on average defeat latencies. One-way ANOVAs followed by
Tukey’s post-hoc analyses were used to determine statistical significance of cytokine protein
levels between control, SL and LL rat’s samples. P-values <0.05 were considered
significant.
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Individual differences in the coping response to social stress

Consistent with our previous studies (16, 17), the average defeat latency of the outbred
population of Sprague Dawley rats was bimodally distributed. Of the 46 rats used for PCR
analysis, the SL cluster had latencies ranging from 95-387s (272+22, n=28) and the LL
cluster exhibited latencies to defeat between 423-876s (599423, n=18; p<0.0001). In a
separate cohort, 40 rats were exposed to social stress and used for protein analysis; the SL
cluster consisted of defeat latencies ranging from 81-282s (Kmeans +SEM: 191+14s, n=27)
and the LL cluster exhibited defeat latencies between 441-740s (482+28s, n=13; p<0.0001).

Social stress-induced changes in gene expression in the LC and DR

Comparative threshold analysis revealed a total of 15 genes (11 down-, 4 up-regulated) in
the LC of SL rats and 17 genes (13 down, 4 up) in LL rats that were differentially expressed
by 1.5 fold or greater relative to controls (Table S1). Figure 1 and Table 1 provide a direct
comparison of genes impacted by social stress in SL versus LL rats. In the LC, 6 genes were
similarly regulated by stress in SL and LL phenotypes (3 down, 3 up) (Fig. 1A). Shared
downregulated genes included NOS2 and GRMS5, while those upregulated by stress in all
defeated rats included the neuropeptide Y receptor 1 (NPY1R) and the interleukin receptor
IL1R2 (Fig. 1A). Notably, stress had opposing effects on IL1p, increasing expression in the
LC of SL rats and decreasing expression in LL rats (Table. 1). Furthermore, several genes
differentially expressed were unique to either SL or LL rats (Fig. 1A, Table. 1).

IPA analysis identified gene networks that are differentially expressed following social
stress. Interestingly, for both phenotypes the most significantly affected functional gene
networks regulated by stress in the LC were networks of which IL1p and NOS2 were major
hubs. Additionally, TNF-a, which was downregulated in LL rats, was a major hub in both
pathways (Fig. 2A,B). For both SL and LL rats 15 of 35 genes in the networks were stress-
regulated.

Social stress also regulated gene expression within the DR and SL rats were particularly
affected with nearly three times the number of genes that were differentially expressed (>1.5
fold) versus controls as compared with LL rats (Table S2). For SL rats 32 genes were
regulated (30 down- and 2 up-regulated). For LL rats 13 genes were regulated (9 down-and
4 up-regulated). Notably, IL1poacoveop only 2 genes that were upregulated in SL rats.
Stress had similar effects on the expression of 8 genes in the DR of SL and LL rats (Fig. 1B,
Table 2). Consistent with findings in the LC, certain genes encoding for proteins involved in
immune function were changed in opposing directions; IL1J was suppressed in LL and
increased in SL rats and the IL1R2 gene was upregulated in the DR of LL rats and
suppressed in SL rats. Furthermore, several gene changes were unique to either SL or LL
rats. Another striking difference between phenotypes was the abundance of metabotropic
glutamate receptors suppressed in SL rats (GRM1, 2 and 7) while only GRM7 was
downregulated in LL rats (Fig. 1B, Table 2).

Similar to the LC, for both phenotypes genes that were significantly regulated by stress in
the DR were components of functional networks of which IL1B and NOS2 were major hubs
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(Fig. 2C, D). For SL rats 23 of the 35 genes in the network were stress-regulated and for LL
rats, 14 of 35 genes were stress-regulated.

Cytokine protein levels in SL and LL rats

The effects of social stress on protein levels of inflammatory markers were investigated and
found to be consistent with some of the stress-induced changes in IL1J gene expression.
IL1p protein levels were significantly increased in the LC of SL rats above that of controls
(F(2,16)=3.7, p<0.05) and of LL rats 24-hrs after the last stress (p<0.05, Fig. 3A). At the
same time, IL1p protein levels were significantly decreased in the DR of the LL phenotype
compared with controls (F(2 17)=3.4, p=0.05; Fig. 3B). No changes were detected in plasma
at this time (Fig. 3C). In a separate cohort of rats, 10 days after the final exposure to stress or
control, SL rats maintained a modest, yet significant increase in IL1p levels in the LC as
evidenced by IL1p (pg/ug total protein) levels nearly 120% of control levels (CON:
0.27+0.01, SL: 0.33+0.01; t(10)=1.9; p=0.044) while LL rats were comparable to control
(LL: 0.28+0.03; p=0.37). Furthermore, at this same time there was a strong trend for IL13
levels to be negatively correlated with defeat latency (r= —0.53, p=0.052). There was no
effect of stress on the acute inflammatory response in plasma determined 1 hr after the 5t
stress/control exposure (p=0.25), DR (p=0.56) or LC (p=0.34) (Data not shown).

The balance between circulating pro-inflammatory (IL-6) and anti-inflammatory (IL-10)

cytokines was assessed in the plasma 1-hr and 24-hrs after the 5" and final manipulation

(Fig. 4). The ratio of IL-6 to IL-10 was significantly higher in the SL rats 1-hr after social
stress (F(2,10)=6.2; p=0.018) but not 24-hrs later (F(2,12)=0.45; p=0.65; Con: 23.7+9, SL:

3749, LL: 31+12).

Social stress had unremarkable effects on monocyte recruitment as measured by MCP-1
levels 1-hr after the 5t social stress within the plasma (p=0.29), DR (p=0.2) and the LC
(p=0.4) (data not shown). However, by 24-hrs after the 5" exposure MCP-1 plasma levels
were significantly elevated in SL rats (F(2,25=3.5; p<0.05), whereas levels in LL rats were
comparable to controls (Fig. 5C). In the DR MCP-1 was suppressed in LL rats compared
with control and SL rats (F(2,16)=6.7; p=0.008, Fig. 5B). There were no stress-induced
effects on MCP-1 levels within the LC (p=0.4, Fig. 5A).

Effects of recombinant IL-1ra treatment on coping strategy and stress-induced anhedonia

K-means cluster analysis of rats treated with vehicle or IL-1ra were analyzed separately.
Vehicle-treated rats in the SL and LL cluster exhibited latencies between 131-435s
(303+40s) and 515-771s (625+75), respectively. IL-1ra-treated rats in the SL and LL cluster
exhibited latencies between 83-345s (258+40) and 622—-735s (665%35s), respectively. The
average defeat latencies exhibited by rats in the SL and LL clusters were significantly
different (Fig. 6, F(1, 16)=48.78; p<0.0001), with active coping LL rats exhibiting
significantly greater defeat latencies than passive coping SL rats in both vehicle- (p=0.001)
and IL-1ra-treated groups (p=0.001) demonstrating no effect of treatment on defeat latency
(p=0.96). A similar percentage (27%) of vehicle-treated rats and IL-1ra-treated rats (33%)
were classified as LL, confirming that IL-1ra treatment had no effect on coping strategy.
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Sucrose preference in rats randomly assigned to the control/stress x treatment group did not
differ prior to stress exposure (average sucrose preference for the 6 different groups ranged
from 86.6% to 89.5% (F(s 21) = 0.13; p=0.4) (Data not shown). Repeated social stress
produced anhedonia as indicated by a decrease in sucrose preference in vehicle-treated SL
rats, compared to both LL and control rats (Fig. 6; F2,22)=6.8; p=0.005, Tukey post hoc
p<0.05). However, anhedonia was prevented in SL rats treated with recombinant IL-1ra as
indicated by a similar preference for 1% sucrose over water compared with controls (Fig. 6;
p>0.05).

DISCUSSION

Previous studies have compared gene expression patterns in brains of different strains of rats
known to exhibit differing coping styles (26, 29). The present study is novel in being the
first to report regulation by social stress of distinct sets of genes within rats of the same
strain exhibiting divergent coping strategies. A preponderance of genes related to
inflammatory processes were regulated by social stress for both phenotypes, highlighting the
dynamics of inflammatory processes in brain in response to stress. Notably, the passive SL
phenotype was biased towards pro-inflammatory processes whereas the active LL phenotype
exhibited adaptations buffering these processes. Evidence of opposing regulation of IL1p in
SL and LL rats and the finding that SL rats develop anhedonia that is sensitive to IL1
antagonists implicate IL1p as one determinant in vulnerability related to coping style. As we
previously reported the SL phenotype selectively demonstrates several behavioral and
neuroendocrine features comparable to depressed patients, while the LL phenotype is
resistant to these changes (16), IL1p and other differentially regulated genes identified in the
present study are potential biomarkers of stress susceptibility or resilience.

Stress-induced changes in the LC

Highlighting stress-induced changes within the LC is relevant given the role of the LC in
stress coping (21) and stress-related psychiatric disorders (30, 31), and may reveal critical
genes related to stress susceptibility. An analogous gene expression analysis within human
LC revealed alterations in multiple signaling pathways that were distinct in depressed
patients (32). In the present study, less than one-third of the LC genes that were
differentially expressed in defeated rats were similarly altered in both phenotypes.

One striking difference between the phenotypes was the opposing effects of stress on
cytokine-related gene expression. In the passive coping phenotype, both the gene and
protein encoding the pro-inflammatory cytokine, IL1p3, were elevated in LC. In the active
coping phenotype the genes encoding for the pro-inflammatory cytokines IL1p and TNF-a
were decreased. IL1p in LC has been shown to increase neuronal activity (33) and studies
evaluating the effects of an IL-1 receptor antagonist suggest that tonic LC excitation may be
regulated in part by 1L1f (33). Importantly, antidepressants have been reported to attenuate
inflammation-induced brain cytokine production, decrease activity of LC neurons and
reduce depressive-like symptoms, further supporting a role for proinflammatory factors in
depressive disorders (34-36). Future studies determining the impact of IL-1 blockade on LC
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neuronal activity of socially stressed rats may reveal this as one mechanism by which IL-1ra
promotes stress resilience (ie. antidepressant-like activity).

Considerable evidence also points towards the central NPY system as protecting against
anxiety- and depressive-like responses (37-39). Specifically, stimulation of NPY; and
inhibition of NPY, receptors produce prominent anxiolytic and antidepressant effects (38,
40, 41). NPY is co-localized with norepinephrine in LC neurons and is inhibitory to LC
neuronal firing (42, 43). The finding that social stress upregulated NPY 1R gene expression
in the LC of both phenotypes suggests that this may be an adaptive stress response in both
groups while suppression of the NPY2R gene in active coping rats could have additive
effects promoting resilience. The suppression of the gene encoding the kappa opioid
receptor 1 in the LC of active coping rats may also confer resilience. The dynorphin-kappa
opioid receptor system has been implicated in the aversive effects of stress (44, 45)
illustrated by its upregulation in the LC of the stress-sensitive WKY rat, a strain exhibiting
passive coping style. Furthermore, kappa opiate receptor antagonists have selective
antidepressant potential in this strain (26, 46-48).

Stress-induced changes in the DR

In addition to the LC-NE system, the DR-serotonin (5-HT) system mediates behavioral
aspects of the stress response and is implicated in the pathophysiology of depression (49,
50). The DR of passive coping (SL) rats was particularly sensitive to social stress as
indicated by the higher number of genes affected compared to all other groups. Similar to
effects observed in LC, social stress targeted genes related to inflammation in the DR,
producing opposing effects in passive and active coping rats. In SL rats a decrease in
expression of the gene encoding for the IL1R1 receptor occurred most likely as an adaptive
response to excess IL1J. Interestingly, the gene encoding for the IL1R2 “decoy” receptor, an
endogenous inhibitor of IL-1, was increased in LL and decreased in SL rats, revealing one
adaptation evident in active coping rats that may dampen the inflammatory response within
the DR (51). In LL rats, elevated IL1R2 findings are accompanied by suppressed L1 gene
and protein expression and decreased MCP-1 protein. Importantly, inflammatory cytokines
have the potential to regulate the activity of the DR-5-HT system. Evidence suggests that
IL1B may inhibit serotonergic cell firing and increase indoleamine 2—-3-dioxygenase (IDO),
one of the most robust biomarkers for depression, thereby leading to increased tryptophan
metabolism and lower levels of 5-HT (52, 53). As a result, the stress-induced decrease in
cytokines evident in the LL phenotype may promote resilience by maintaining or increasing
5-HT levels in the presence of stress. Together, these data support the notion that proactive
stress coping may protect against the pathogenesis of depression through suppression of pro-
inflammatory responses. Studies designed to reveal the interaction between IL1f3 and 5-HT
within the DR of active coping rats will advance our understanding of putative mechanisms
promoting resilience to psychiatric disorders.

Critical role of central IL1p in the depressive-like phenotype in passive coping rats

Previously, we demonstrated that following social stress SL rats exhibit endocrine and
behavioral endpoints of depression in rodent models, including increased immobility in the
forced swim test that can be blocked by prior antidepressant administration (16, 18),
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endocrine endpoints including exaggerated HPA axis activation and adrenal hypertrophy
(16), and decreased heart rate variability (18). The current study added another endpoint of
depressive-like behavior, anhedonia, to those that are selectively expressed by SL rats.
Elevated neuroinflammation may play a central role in depressive and anxiety-like
behaviors. Elevated levels of IL1f in the CSF of depressed patients are correlated with the
duration and severity of symptoms (54). In addition, IL18 administration induces anhedonia,
anorexia, and impaired social interaction, all key symptoms observed in depressed patients
(55-59). The endogenous protein IL1ra, binds to the IL-1 receptor but does not induce a
biological response, thereby acting as an IL1f antagonist (57, 60, 61). Taken with the
finding that IL1p is increased selectively in the SL rat, the ability of the endogenous
antagonist of the IL-1 receptor, IL1ra, to attenuate social stress-induced anhedonia supports
a causal role for this cytokine in this endpoint of depression. Notably, the IL1 antagonist did
not affect coping style indicating that IL1p is not a determinant of coping style. Rather,
increases in IL1p that occur selectively in the SL rat contribute to anhedonia and are
downstream from factors that determine coping style. The results imply that IL1p plays a
role in promoting susceptibility to the depressive-like phenotype following social defeat
stress in passive coping individuals.

Stress-induced changes in circulating inflammatory-related proteins

In addition to neuroinflammation, circulating cytokine levels are also implicated in stress-
related disorders (62—-64). Importantly, Infliximab, a monoclonal antibody against TNF-a,
exhibited antidepressant efficacy in a subset of patients characterized by elevated plasma
cytokines (65). In the present study there was a striking increase in the ratio of pro- to anti-
inflammatory cytokines selectively in the passive coping SL phenotype in response to social
stress. Chemoattractant cytokines also play an important role during inflammation, directing
the migration of inflammatory cells such as monocytes and T-lymphocytes. MCP-1 is in part
responsible for monocyte recruitment (66) and contributes to inflammatory-related disorders
such as arthritis and atherosclerosis (67). Although the role of MCP-1 in major depression is
equivocal, disturbances within the MCP-1 system are associated with major depression (68,
69). Taken together, these studies are consistent with the concept that pathology associated
with passive stress coping is related in part to a hyperresponsive immune system.

SUMMARY

Studies demonstrating that stress management/coping therapy has therapeutic efficacy in
depression have established an association between coping strategies and susceptibility to
stress-related pathology (70-73). Inefficient adaptation to stress results in psychiatric and
medical disorders such as depression, hypertension and irritable bowel syndrome (7, 74).
The complex interactions between systems such as the immune, neuroendocrine and
autonomic nervous systems suggest that a dynamic interaction between multiple factors
contribute to the pathogenesis of stress-related disorders.

The current study is the first to relate coping style (or strategy) during social stress, a factor
known to determine stress consequences, to changes in gene expression in monoamine
nuclei. This study highlights the involvement of inflammation in susceptibility to social
stress-induced pathologies and revealed several neurobiological adaptations associated with
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diverse coping strategies, uncovering potential biomarkers that impact stress susceptibility.
Future studies targeting these neurobiological substrates will be important in determining
how these genes impact behavior and susceptibility to stress-related diseases.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Venn diagrams of genes differentially expressed in the LC (A) and DR (B) of short latency

(left circle) and long latency (right circle) rats following social defeat. Arrows signify the
relative change in gene expression compared to controls with underlined genes indicating an
increase in expression. In both the LC and DR less than one-quarter of the genes altered by
social stress were shared between SL and LL rats, indicated by the overlap in the middle of
the Venn diagram.
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Page
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o

L

Ingenuity-based interactome analysis of differentially expressed genes. Following social
defeat stress, IPA identified the most significantly altered functional networks in the LC (A
and B) and in the DR (C and D) based on defeat latency. A network score of >2 indicates a
>99% confidence that the genes in the network are not associated by chance. Network scores
are as follows: LC, short latency: 37 (16 differentially regulated genes); LC, long latency: 36
(16 differentially regulated genes); DR, short latency: 53 (23 differentially regulated genes);
DR, long latency: 35 (15 differentially regulated genes). Each node is depicted by a symbol
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that represents the functional class of the gene. The symbols without color are those selected
by IPA to produce networks.
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Figure 3.
IL-1p protein levels 24-hrs after the 5th social stress or control exposure. While there were

no significant effects of stress on IL-1f 1-hr after the 5th exposure, 24-hrs later (A) social
stress increased IL-1p protein levels selectively in the LC of short latency rats. (B)
Alternatively, IL-1 in the DR of LL rats was significantly suppressed compared with
controls. (C) There were no effects of social stress on plasma IL-1p levels. *p<0.05, Tukey’s
post-hoc. Average defeat latencies for rats included in the 24-hr post-stress group were
17318 for SL and 491+56 for LL and were significantly different (t(21)=7.1; p<0.0001).
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Figure 4.
Ratio of pro- (IL-6) to anti-inflammatory (IL-10) cytokines in the plasma of control and

socially stressed rats. There was a significant effect of stress observed 1-hr after the 5th
exposure to social stress; SL rats exhibited a significant stress-induced increase in the IL-6
to IL-10 ratio compared with controls. Social stress did not have an enduring effect on the
IL-6 to IL-10 ratio, as there were no significant differences between control, SL, or LL rats
24-hrs after the 5th exposure to social stress (data not shown, p=0.65). Average defeat
latencies for rats included in the 1-hr post-stress group were 209+23 for SL and 455+27 for
LL and were significantly different (t(13)=6.5; p<0.0001).
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LL

Social Stress

MCP-1 protein levels 24-hrs after the 5th social stress or control exposure. (A) Social stress
had no effect on MCP-1 protein levels in the LC. (B) Within the DR, LL rats exhibited a
social stress-induced suppression of MCP-1. (C) Social stress produced an increase in
MCP-1 levels in the plasma of SL rats compared with controls. *p<0.05, Tukey’s post-hoc

vs. control.
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Figure 6.
Effect of IL1ra treatment on defeat latency and social stress-induced anhedonia. (A) Active

coping LL rats exhibit significantly greater defeat latencies than passive coping SL rats in
both the vehicle- and IL-1ra-treated groups (***p<0.001 vs. SL). IL-1ra had no effect on
coping strategy. (B) Vehicle-treated passive coping SL rats display anhedonia as measured
by decreased preference for 1% sucrose over water as compared with vehicle-treated control
(*p<0.05) and LL rats (*p<0.05). SL rats that were treated with IL1ra (0.25 pg/rat, icv) prior
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to each social defeat episode did not develop anhedonia (p>0.05, Tukey post-hoc vs.
control).
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Comparative analysis of gene expression profiles relative to controls within the LC

Table 1

Genes with the same directional change

Long latency

Short latency

NOS2 1-3.932
GRM5 1=2.727
ICAM1 1-2571
IL1IR2 14.310
NPY1R 11.745
LHCGR 11.550

1-3.355
1-3.345
1-1.995
17.976
12.198
12.418

Genes with the opposing directional change

Short latency

Long latency
IL1B 1-3.199
Unique genes
Long latency

NPY2R 1-3.664
EDN1 1-2.794
DRD1 1-2.321

TNF 1-2.089
EGR1 1-2.028

SOCs1 1-1.815

KCNH8 1-1.686

BCL2L1 1-1.681

OPRK1 1-1.533
UCP1 11.615

13.993

Short latency
ADRB1 1-4.759

AGTR2 1-3.016
CYP19A1 1-2.335

MMP9 1-2.326
VCAM1 1-2.208
GRM7 1-2.068
COL1AL 1-1.786
ILIR1 1-1.636
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Comparative analysis of gene expression profiles relative to controls within the DR

Genes with the same directional change

Long latency Short latency
NOS2 1—6.868 1-1.802
DRD2 1-2.914 1-1.500
AGT 1-2.826 1-1.527
AGTR2 1-2.490 1-1.873
GRM7 1-2.392 1-1.929
S1PR1 1-1.662 1-1.696
LHCGR 1-1.524 1-2.310
PTGDR 14.392 12.707
Genes with the opposing directional change
Long latency Short latency
1L1B 1-2.475 11.932
CASR 11.793 1-1.755
IL1IR2 12.767 1-3.766
Unique genes
Short latency Short latency
COL1A1 1-7.234 ADORA2A 1-2.027
CYP19A1 1-4.319 JUN 1-1.975
TACR1 1-3.423 ADRB1 1-1.724
AKT1 1-3.231 GRM2 1-1.715
EDN1 1-2.783 CTGF 1-1.702
NPY2R 1-2.616 LPAR1 1-1.680
IL1IR1 1-2.412 ICAM1 1-1.631
CCNE1 1-2.284 OPRK1 1-1.623
GALR2 1-2.142 PTGS2 1-1.585
GRM1 1-2.123 ELK4 1-1.575
S1PR2 1-2.104
Long latency
OPRD1 1-1.952
ADRB2 11.987
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