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Abstract
Chronic social disruption stress (SDR) exacerbates acute and chronic phase Theiler’s murine
encephalomyelitis virus (TMEV) infection, a mouse model of multiple sclerosis. However, the
precise mechanism by which this occurs remains unknown. The present study suggests SDR
exacerbates TMEV disease course by priming virus-induced neuroinflammation. It was
demonstrated that IL-1β mRNA expression increases following acute SDR; however, IL-6 mRNA
expression, but not IL-1β, is upregulated in response to chronic SDR. Furthermore, this study
demonstrated SDR prior to infection increases infection related central IL-6 and IL-1β mRNA
expression, and administration of IL-6 neutralizing antibody during SDR reverses this increase in
neuroinflammation.
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1. Introduction
Multiple sclerosis (MS) is a chronic autoimmune demyelinating disease of the central
nervous system (CNS) affecting approximately 2 million people worldwide (Anderson et al.,
1992; Noonan et al., 2002; Sospedra and Martin, 2005; WHO and MSIF, 2008). Despite the
prevalence of MS, the etiology of this disease is uncertain. Research suggests that it arises
from complex interactions between environmental and genetic factors (Kurtzke and
Hyllested, 1987; Monteyne et al., 1997, 1998; Noseworthy et al., 2000; Sospedra and
Martin, 2005). Viral infection (e.g., herpes, rubella, mumps) is one environmental factor
likely to be associated with later disease development (Acheson, 1977; Challoner et al.,
1995; Gilden, 2005; Hernan et al., 2001; Jilek et al., 2008; Kurtzke and Hyllested, 1987;
Sospedra and Martin, 2005). Stress appears to be another environmental trigger.

Periods of psychological stress have been associated with the development and exacerbation
of MS (Ackerman et al., 2000, 2002; Brown et al., 2005, 2006; Grant et al., 1998; Li et al.,
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2004; Morh et al., 2004; Warren et al., 1982). For example, a study of bereaved parents
showed that the loss of a child resulted in an increased risk for developing MS and the risk
was further increased for those who unexpectedly lost a child (Li et al., 2004). Furthermore,
a meta-analysis of 14 studies evaluating stress and MS conclude that stressful life events
significantly increase the risk of disease exacerbation (Mohr, 2007). This effect, however,
may depend on the type of stress. While mild to moderate chronic stressors have repeatedly
been associated with disease risk, the threat of missile attack during the Persian Gulf War, a
severe life-threatening stressor, was found to reduce the rate of relapse (Nisipeanu and
Korczyn, 1993). These differential effects may occur due to the complex interaction
between stress and immune function.

The mechanisms by which stress alters susceptibility to and disease course of multiple
sclerosis have yet to be fully elucidated. Due to the complexity of this relationship and the
ethical limitations of human studies, this area of research benefits from the investigation of
animal models of MS, such as Theiler’s murine encephalomyelitis virus (TMEV) infection.
Intracerebral inoculation of TMEV induces a biphasic disease of the CNS in susceptible
strains of mice (e.g., SJL and Balb/cJ). The acute phase is characterized by viral-mediated
encephalomyelitis, and the chronic phase is characterized by a demyelinating disease that is
similar to MS. During the acute phase mice exhibit sickness behavior and polio-like
hindlimb impairment. This phase remits in approximately 4 weeks. Susceptible strains fail to
mount an effective immune response to early infection (Lipton and Melvold, 1984;
Rodriguez et al., 1983; Oleszak et al., 2004) and, approximately 3-5 months after infection,
develop chronic phase TMEV, characterized by demyelination (Aubert et al., 1987; Brahic
et al., 1981; Campbell et al., 2001; Fiette et al., 1995; McGavern et al., 2000; Rodriguez et
al., 1996; Welsh et al., 1987).

Our laboratory has previously demonstrated that chronic social disruption (SDR) prior to
TMEV infection exacerbates both the acute and chronic phases of the disease (Johnson et
al., 2004, 2006; Meagher et al., 2007; Young et al., 2008). Specifically, SDR has been
shown to enhance functional impairment and increase CNS inflammatory lesions during the
acute phase of disease. Furthermore, SDR has been shown to reduce viral clearance. During
the chronic phase of disease SDR has been shown to result in increased motor impairment
and lead to higher circulating levels of antibodies to virus and myelin. The interaction been
stress and TMEV appears to be mediated by SDR-induced increases in the proinflammatory
cytokine interleukin-6 (IL-6), which is up-regulated by both TMEV infection (Chang et al.,
2000; Mi et al., 2006; Sato et al., 1997; So et al., 2006; Theil et al., 2000) and SDR (Avistur
et al., 2002; Johnson et al., 2006; Meagher et al., 2007;Merlot et al., 2003, 2004; Stark et al.,
2002). Central administration of a neutralizing antibody to IL-6 during the stress exposure
period attenuated and/or reversed stress-induced exacerbations of acute TMEV, including
enhanced sickness behavior, increased CNS inflammatory lesions, and reduced viral
clearance (Meagher et al., 2007). This suggests that increases in IL-6 during the stress
exposure period lead to a disrupted immune response to TMEV infection.

Infection results in a robust up-regulation of proinflammatory cytokines, such as IL-6, which
are critically involved in the orchestration of the early immune response to TMEV infection.
Given that susceptible strains of mice exhibit a higher level of proinflammatory cytokines
than resistant mice (Chang et al., 2000; Mi et al., 2006; Sato et al., 1997; Theil et al., 2000)
and that SDR has been shown to enhance inflammation and exacerbate disease course
(Johnson et al., 2004, 2006, Meagher et al., 2007), we suggest that the adverse effects of
SDR on TMEV infection are mediated by the sensitization of virus-induced cytokine
expression. Specifically, we hypothesize that social stress-induced increases in IL-6 enhance
the CNS proinflammatory cytokine (i.e., IL-1β and IL-6) response to TMEV infection.
Furthermore, given prior research suggests stress-induced increases in inflammation are
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mediated by these cells (Frank et al., 2007; Nair and Bonneau, 2006; Sugama et al., 2007),
we hypothesize that stress sensitizes the inflammatory response by priming microglia.

The present study began by demonstrating that social disruption stress can exacerbate
sickness behaviors and motor impairment following Theiler’s virus infection (Experiment 1)
and modulate central inflammatory processes (Experiment 2). Then we demonstrated that
stress prior to infection enhances the central inflammatory response to viral infection and
that the protective effects exerted by IL-6 neutralizing antibody treatment (nAbTx) during
the stress exposure period acts by reversing this enhancement in inflammatory cytokine
expression (Experiment 3). This study supports the hypothesis that SDR exacerbates TMEV
infection by priming the neuroinflammatory response to disease.

2. Methods
2.1 Animals

Male BALB/cJ mice (22-24-days-old; Jackson Labs, Bar Harbor, ME) were maintained on a
12-h light/dark cycle (lights off at 5pm) with continuous white noise and ad libitum access
to food and water. Subjects were individually housed until they recovered from cannulation
surgery, at which time they were housed 2-3 per cage. Intruder mice were retired BALB/cJ
breeders (Jackson Labs, Bar Harbor, ME). All animal care protocols were in accordance
with the Texas A&M University Laboratory Animal Care and Use Committee (ULACC).

2.2 Cannulation and IL-6 neutralizing antibody treatment
Mice underwent cannulation surgery the day after they arrived (see figure 1 for a general
experimental design diagram). They were placed into an induction chamber and exposed to
5% isoflurane gas. After induction they were moved to a stereotaxic apparatus and
maintained on 2% isoflurane. A 33-gauge guide cannula (PlasticsOne, Roanoke, VA,
C315GS-2/SPC) was implanted into the left ventricle (+1.0 mm lateral and −0.4 mm rostral
to bregma, and 1.75 mm from the top of the skull). They were provided with softened food
and acetaminophen treated water (162.5 mg/L) for at least 48 hours prior to being group
housed.

IL-6 neutralizing antibody (polyclonal goat anti-mouse; 10 ng; R&D Systems, Madison, WI;
AF-406-NA) or goat immunoglobulin G (IgG; Santa Cruz Biotechnology, Inc #SC-2342)
was administered by intracerebroventricular (ICV) injection via the implanted guide cannula
4 hours prior to each SDR session. A volume of 2 μL was administered at a rate of 1 μL/min
via a microinjection pump.

2.3 Social disruption stress
Cages were randomly assigned to either the control or SDR condition. SDR began at the
onset of the dark cycle. During the SDR procedure, control mice remained undisturbed in
their home cage while SDR mice were moved to another room and an aggressive male
intruder was introduced to the cage for 2 hours. For chronic SDR (SDR6) this occurred for a
total of 6 sessions (three consecutive nights, then one off, followed by three consecutive
nights), for acute SDR (SDR1) only a single session occurred. The sessions were monitored
by video camera to ensure that the intruder demonstrated dominant behavior and the
residents demonstrated submissive behavior. If intruders failed to attack within 10 min they
were replaced and the session was continued for the remaining 2 hours.

2.4 Virus and infection
The BeAn strain of Theiler’s virus was obtained from Dr. H.L. Lipton (Department of
Microbiology-Immunology, University of Illinois, Chicago, IL) and was propagated in L2
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cells (Welsh et al., 1987). Mice were anesthetized with isoflurane and inoculated with 5×104

pfu of TMEV in a 20 μL volume into the right mid-parietal cortex (Campbell et al., 2001;
McGavern et al., 1999, 2000; Theil, 2000). In experiment 1 and 3, inoculation occurred 2
hours following the final session of SDR (21:00 h), animals in experiment 2 were
uninfected.

2.5 Behavioral assessment
We have previously observed a variety of sickness behaviors in BALB/cJ mice in response
to acute Theiler’s virus infection, including acute weight loss, reduced activity, mechanical
allodynia, and hindlimb impairment (Johnson et al., 2004, 2006; Meagher, 2007). Given we
generally observe a drop in body weight immediately following infection, we assessed body
weight daily at 09:00 h using a scale sensitive to 0.01g (Scout® Pro Portable Balance,
Ohaus, Pine Brook, NJ).

2.5.1 Mechanical sensitivity—We also generally observe a stress-induced enhancement
of virus-induced sensitivity to typically non-noxious stimuli, also known as allodynia.
Therefore, mechanical allodynia was assessed prior to infection and on day 1, 4, and 7 post-
infection by placing the mice in transparent circular chambers positioned on a raised mesh
screen (2 mm gauge); nylon filaments (von Frey monofilaments; Stoelting, Wooddale, IL;
0.008 – 2.0 grams) were applied to the hindpaw to determine their withdrawal threshold.
Starting with the smallest filament, each filament was applied to the left and right hindpaws
in an ABBA manner. Subjects received three trials: ascending, descending, and ascending
(Dixon, 1980). Prior to testing they were habituated to the apparatus for 20 min.

2.5.2 Open field activity—SDR prior to infection has previously been shown to suppress
horizontal activity in an open field (Meagher et al., 2007). Therefore, open field horizontal
activity was assessed using six optical beam activity monitors (Model RXYZCM-16),
equipped with two banks of eight photocells on each wall. The boxes were interfaced with a
digital-multiplexor and Versamax software (Model DCM-4, Omnitech Electronics,
Columbus, OH). Subjects were habituated to the chambers for 60 min prior to baseline data
collection. Test sessions were conducted in the dark beginning at 15:00 h for 30 min with
white noise to mask extraneous disturbances.

2.5.3 Hindlimb impairment and clinical scores—Furthermore, it has previously been
shown that SDR prior to infection results in increased hindlimb impairment and clinical
scores. Therefore, these measures were assessed at baseline and on days 1, 4, and 7 post-
infection by a rater blind to experimental condition. Details on these scales have been
presented elsewhere (Johnson et al., 2004). Briefly, the hindlimb impairment scale assesses
weakness and paresis by observing alterations in locomotor function on an inverted grid. A
separate score was given to each hindlimb (0=healthy; 1=slight weakness in grip; 2=clear
weakness in grip; 3=slight paralysis; 4=moderate paralysis; 5=complete paralysis with
muscle tone; 6=complete paralysis with no muscle tone). These scores were then summed to
achieve the HLI score. Clinical scores were given on a 0-4 scale that considers the degree of
hunched posture and piloerection.

2.5,4 Fur score—In experiment 1 degree of wounding was assessed using a fur score
measure adapted from Merlot et al. (2003). Before each session of SDR mice were assigned
a score from 1-4 (1=being well groomed and polished; 1.5=fur not well polished or a bit
ruffled; 2=bristling of the fur; 2.5=one small bite; 3=numerous marks/bites with bristling of
fur; 4=one or more visible wounds). Mice were also observed under red light immediately
following each session of SDR for any visible wounds.
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2.6 Tissue Collection and Preparation
At the termination of each experiment subjects were injected with 50-mg/kg pentobarbital
and perfused. The brain and spleen were collected. A mouse brain matrix (PlasticsOne,
Roanoke, VA) was used to assist with the microdissection of the hippocampus in experiment
2. Total RNA from CNS tissue was isolated and purified through the use of Qiagen lysis
reagent and RNeasy kit (Qiagen, Valencia, CA) with on-column DNase digestion according
to manufacturer’s instructions. cDNA was generated through the use of an RNA-to-cDNA
kit (Applied Biosystems, Carlsbad, CA) according to the manufacturer’s instructions.
TaqMan probes and primers from Applied Biosystems were used. RT-PCR was run to
assess mRNA expression levels on markers of inflammation, including IL-6
(Mm00446191_m1), IL-1β (Mm99999061_mH), IL-10 (Mm00439615_g1), TNF-α
(Mm00443258_m1), CD11b/ITGAM (Mm01271259), and IFN-γ (Mm01168134_m1). β-
actin served as a control and the 2(−ΔΔCT) method was used to determine fold difference in
expression. Serum was collected at the termination of experiment 3 for analysis of IL-6 and
IL-1β by ELISA (R&D Systems, Minneapolis, MN) per the manufacturer’s instructions.

2.7 Statistical analysis
Data are presented as mean+/−SEM. Analysis of variance (ANOVA) was used to evaluate
the difference across conditions. Repeated measures ANOVA were used as appropriate.
These analyses were followed by post hoc mean comparisons.

3. Results
3.1 Experiment 1: SDR exacerbates sickness behavior in TMEV infection

To verify that chronic SDR (SDR6) prior to infection exacerbates sickness behavior,
subjects were exposed to either SDR6 or remained undisturbed in their home cage (n=10/
group). All were infected 2 hours following the final SDR session. Behavioral data was
collected prior to infection and for 7 days post infection. As previously described, SDR6
affected mechanical sensitivity, open field horizontal activity, clinical score, and hind limb
impairment (fig 2). For mechanical sensitivity, there was a significant main effect of day and
stress as well as a day by stress interaction, all Fs >3.9, p < .05. Post hoc analyses showed
that stress resulted in increased mechanical sensitivity on day 1 and 4 post infection (fig
2A). Open field horizontal activity also showed a significant main effects of day and stress
as well as a day by stress interaction, all Fs > 3.3, p < .05. Post hoc analyses showed that
stress resulted in reduced activity on day 4 and 7 post infection (fig 2B).

Furthermore, a significant main effect of day and stress, Fs > 6.8, p <.05, was observed for
hind limb impairment. Post hoc analysis revealed that stress increased hind limb impairment
on day 4 and 7 post infection (fig 2C). Finally, there was a significant main effect of day,
F(2,40)=12.8, p<.001, on clinical score. The effect of stress and the stress by day interaction
failed to reach significance (p = .08 and .09, respectively) (fig 2D).

In addition to the replication of our previous findings, wounding and fur score data was
evaluated in this experiment. Prior data suggest that wounding may be necessary for the
adverse effects of SDR to be observed (Avistur et al., 2001; Merlot et al., 2003). However,
personal observations suggest that little wounding is observed during SDR in BALB/cJ
mice. This was confirmed by daily analysis of fur scores (see fig 3), which showed a non-
significant effect of SDR6 (p>0.05). Furthermore, wounding was assessed immediately
following SDR and only one tail bite was observed over the course of SDR. This level of
wounding is significantly less than that observed in other laboratories and suggests that the
effect of SDR on TMEV infection is not dependent upon wounding.
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3.2 Experiment 2: SDR Modulate Central Inflammatory Processes
We hypothesized that SDR exacerbates TMEV infection by enhancing virus-induced
proinflammatory cytokine release. Experiment 2 compared the impact of chronic (SDR6)
and acute (SDR1) exposure to SDR on markers of CNS inflammation to home cage controls
in uninfected subjects (n=15-18/group). Prior research has shown that SDR results in
elevated IL-6 in sera and IL-1β in the lung (Curry et al., 2010); however less is understood
about the impact of SDR on proinflammatory cytokines in the CNS. Therefore, this
experiment focused on examining gene expression changes within the hippocampus. We
focused on this brain region because it is highly sensitive to the effects of stress, due to its
high levels of glucocorticoid receptors, and because it has been shown to be essential in the
regulation of stress-induced inflammation (De Kloet et al., 1998; Frank et al., 2007).
Uninfected subjects exposed to chronic SDR (SDR6), acute SDR (SDR-1), or non-SDR,
were sacrificed at 0, 2, and 12 hours after SDR exposure. The hippocampus was micro-
dissected for analysis of IL-6, IL-1β, and CD11b mRNA expression.

3.2.1 IL-6 mRNA expression was increased following chronic SDR—An
ANOVA revealed a significant effect of SDR condition on IL-6 mRNA levels,
F(2,50)=20.487, p < .001 (fig. 4A). Post hoc analyses reveal that the chronic SDR (6
sessions) condition was significantly different from home cage control condition. Further
post hoc analyses revealed that SDR6 results in a significant increase in IL-6 mRNA,
compared to the non-SDR and SDR1 conditions at 0 hours. Furthermore, IL-6 mRNA was
increased at 12 h in the SDR6 condition compared to the non-SDR condition. This suggests
that the IL-6 response was enhanced over the six SDR sessions and remained elevated for at
least 12 hours following the last session of chronic SDR.

3.2.2 IL-1β mRNA expression increased following acute SDR—A significant
effect of time, F(2,49)=11.063 (p < .001), and a significant time by SDR condition
interaction, F(4,49)=1.838, (p<.001), was observed for IL-1β mRNA levels (fig. 4B). Post
hoc analyses reveal a significant elevation in IL-1β 12 h after SDR1 compared to all other
groups at all other time points. Thus, while SDR induced a short-term increase in the IL-1β
response after one SDR session, the response declines by the sixth session of SDR.

3.2.3 CD11b mRNA expression was not significantly altered by SDR—
Furthermore, an ANOVA revealed a significant effect of time, F(2,49)=6.447 (p<.01) on
CD11b, a marker of microglia activation. The time by SDR condition interaction failed to
reach significance (p=.16), however, the data suggests that repeated exposure to SDR may
lead to increased CD11b mRNA expression after six sessions when compared to the non-
SDR condition (fig. 4C).

3.3 Experiment 3: Stress-Induced Priming of the CNS Inflammatory Response to TMEV is
Reversed by IL-6 neutralizing antibody administered during SDR

This experiment was designed to determine whether exposure to SDR6 increases
inflammation during acute TMEV infection and whether blocking the IL-6 response during
the stress exposure period could reverse this inflammatory response. A 2 (SDR6 and Non-
SDR) by 2 (nAbTx and control-IgG) experimental design was used (n=12/group). Subjects
received microinjections of either IL-6 neutralizing antibody or IgG 4 hours prior to each
SDR session. Two hours after the final SDR6 session, all subjects were intracranially
infected with Theiler’s virus (Welsh et al., 1987). Body weight, clinical score, and hind limb
impairment data were collected to examine the effect of SDR6 and antibody treatment on
infection. On day 8 post-infection the brain and spleen were collected in order to determine
if prior exposure to SDR enhances the inflammatory response to TMEV infection and if the
protective effects of IL-6 neutralization may occur through reversing this effect.
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3.3.1 SDR and IL-6 neutralizing antibody affect clinical score and hindlimb
impairment—As anticipated, we saw a significant drop in body weight in all groups on
day one post infection, t=−8.457, p<.001 (data not shown). A repeated measures ANOVA
on hindlimb impairment revealed a significant main effect of time, nAbTx, and SDR6, all Fs
> 4.8, ps< .01, and a significant time by nAbTx condition interaction, F(2,88) = 4.817, p ≤ .
01 (fig 5A). For clinical score, a repeated measures ANOVA revealed significant main
effects of time and SDR condition, Fs > 6.1, ps <.05, and a significant interaction between
SDR condition and nAbTx condition, F(1,44)=7.488, p < .01 (fig 5B). Consistent with prior
work from our laboratory, post hoc analysis indicate that SDR6 enhanced clinical score and
hind limb impairment on day 4 post-infection and the IL-6 nAbTx reversed these effects

3.3.2 SDR and IL-6 neutralizing antibody alter TMEV-induced central IL-6 and
IL-1β mRNA expression—An ANOVA conducted on IL-6 mRNA expression levels in
the brain revealed a significant interaction between SDR condition and neutralizing antibody
condition, F(1,43)=4.135, p<.05 (fig. 4A). Post hoc tests revealed that the SDR6-IgG group
has a significantly higher level of IL-6 mRNA expression than all other groups. Similarly,
analysis of IL-1β mRNA expression in the brain revealed a significant SDR condition by
neutralizing antibody condition interaction, F(1,42)=7.586, p<.01 (fig 6B). Post hoc
analyses reveal that the SDR6-IgG group had significantly higher levels of IL-1β mRNA
than the NonSDR-IgG group and the SDR6-nAbTx group. This suggests that administration
of IL-6 neutralizing antibody reverses the sensitizing effect of stress. Analysis of the CD11b
mRNA expression levels in the brain revealed no significant main effects or interactions
(p>.05), however the pattern is similar to that of IL-6 and IL-1β, with an elevation in the
SDR6-IgG group compared to all other groups (fig 6C). Brain TNF-α, INF-γ, and IL-10
mRNA levels were also examined, however, no significant main effects or interactions were
observed.

3.3.3 SDR enhances TMEV-induced peripheral IL-1β and TNF-α mRNA—These
same markers were evaluated in the spleen. Contrary to the interactions observed with IL-6
and IL-1β in the brain, no significant interactions between SDR6 and neutralizing antibody
were observed in the periphery, suggesting that the protective effect of IL-6 neutralizing
antibody treatment is centrally mediated. We did however observe a significant main effect
of SDR6 on IL-1β, F(1,40)=8.663, p<.01, and TNF-α, F(1,38)=8.83, p<.01, such that SDR6
prior to infection resulted in increased mRNA expression of both cytokines. Furthermore,
we observed a significant main effect of IL-6 neutralizing antibody treatment on INF-γ
mRNA expression levels, F(1,38)=5.242, p<.05, such that neutralizing antibody resulted in
increased levels. We also conducted ELISAs to measure serum level of IL-6 and IL-1β (fig.
7). No significant main effects or interactions were observed at 8 days post infection.

4. Discussion
Evidence indicates that a prior history of social stress is linked to onset and exacerbation of
neurodegenerative diseases, such as multiple sclerosis (Ackerman et al., 2002; Grant et al.,
1989; Mohr et al., 2000, 2004; Uno et al., 1989; Warren et al., 1982). Our laboratory has
sought to understand the mechanisms by which social stress exerts these effects using
TMEV infection, an animal model of MS (Johnson et al., 2004, 2006; Meagher, 2007). Prior
research demonstrated that social disruption stress exacerbates both acute and chronic
phases of TMEV infection (Johnson et al., 2004, 2006). Furthermore, IL-6 neutralization
during the stress exposure period can reverse the adverse effects of SDR on acute phase
TMEV infection (Meagher et al.,, 2007).

To extend these findings the present study examined the impact of SDR exposure on stress-
induced sensitization of the neuroinflammatory response to TMEV infection. Our results
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suggest that the adverse effects of social stress are mediated by stress-induced enhancement
of CNS cytokines. It was demonstrated that chronic SDR results in an up-regulation of IL-6
mRNA expression and sensitizes infection-related increases in central and peripheral
proinflammatory cytokines. Furthermore, the protective effects of IL-6 neutralizing antibody
appear to be mediated, in part, by reversing central increases in proinflammatory cytokine
expression.

4.1 Social disruption induces CNS inflammation in Uninfected Subjects
Prior studies have shown that social stress results in peripheral increases in proinflammatory
cytokines and other markers of inflammation (Curry et al., 2010; Engler et al., 2008; Gaab et
al., 2005; Merlot et al., 2003, 2004; Stark et al., 2002). For example, Stark and colleagues
(2002) showed that social disruption stress results in an increase in IL-6 level within plasma
and liver. Additionally, it has been demonstrated that SDR results in an up-regulation of
IL-1β in the spleen, liver, and lungs (Engler et al., 2008; Curry et al., 2010). The current
study extends this research by showing that social stress also increases proinflammatory
cytokine expression within the CNS. Specifically, we found a significant up-regulation of
IL-6 mRNA expression in the hippocampus following chronic exposure to SDR.
Furthermore, it was demonstrated that there is a robust increase of hippocampal IL-1β
following a single session of SDR. However, this effect appears to habituate, such that by
the sixth session of SDR no significant up-regulation of IL-1β was observed.

Prior research has also demonstrated that SDR is capable of enhancing and activating
immune cells (Bailey et al., 2007; Curry et al., 2010; Engler et al., 2008; Powell et al.,
2009). For example, Curry and colleagues (2010) demonstrated that SDR results in
increased CD11b+ cells in the lungs (e.g., neutrophils and monocytes), as well as an
increase in the activational state of neutrophils that is concurrent with an increase in
proinflammatory cytokines. CD11b is a subunit of the Mac-1, complement receptor 3 and is
expressed my many cells of the innate immune system, including microglia, macrophage,
and neutrophils. Microglia are the innate immune cell CNS and are though to be the primary
producer of CNS inflammation (Krakowski and Owens, 1996; Van Dam et al., 1995). To
begin to evaluate their role in SDR-induced CNS inflammation, we measured hippocampal
CD11b+ mRNA expression. This method failed to confirm a significant up-regulation of
CD11b+ mRNA; however, because a trend was observed, we suggest further research is
necessary to elucidate this relationship.

The effect of SDR on CNS inflammation may be driven by the development of
glucocorticoid resistance (Avitsur et al., 2001; Miller et al., 2002; Quan et al., 2001;
Sheridan et al., 2000; Stark et al., 2002). It has been demonstrated that chronic exposure to
SDR results in a blunting of the anti-inflammatory effects of glucocorticoids on splenocytes
(Avitsur et al., 2001; Johnson et al., 2004; Meagher et al., 2007; Miller and Chen, 2006;
Quan, 2001). Data from Quan and colleagues (2001) suggest that the blunting of this effect
may occur through a down-regulation of GC receptors. The effect of GCR may not be
limited to the spleen, as it has been demonstrated that there is also a reduction of GC
receptor mRNA in the brain following SDR (Quan et al., 2001).

Prior research suggests that GCR depends upon the presence of IL-1β (Engler et al., 2008).
Mice lacking the IL-1 type 1 receptor have shown an elevation in serum corticosterone, but
did not show an accumulation of CD11b+ cells in the spleen or the development of GCR.
Despite research indicating that SDR increases IL-6 release, it is not essential in the
development of SDR-induced GCR within the spleen (Stark et al., 2002). Prior research
from our laboratory is in line with this, showing the development of GCR even when IL-6
neutralizing antibody is administered (Meagher et al., 2007).
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The development of GCR does not occur following all stressors, but appears to develop
uniquely in response to social stress (Avitsur et al., 2001; Quan et al., 2001). Chronic
exposure to restraint stress does not alter the responsivity of cells to the anti-inflammatory
effects of glucocorticoids (Quan et al., 2001). This may explain why social disruption stress
has proinflammatory effects (Gaab et al., 2005; Merlot et al., 2003, 2004; Stark et al., 2002),
in contrast to the anti-inflammatory effects generally observed in response to restraint stress
(Mi et al.,, 2004, 2006).

4.2 Social disruption sensitizes TMEV-induced inflammatory responses
Furthermore, this study sought to determine if SDR sensitized Theiler’s virus-induced
proinflammatory cytokine release and if the protection conferred by IL-6 neutralizing
antibody is through reversal of this stress-induced sensitization. This hypothesis is supported
by a growing body of evidence suggesting prior exposure to social stress can sensitize or
prime the inflammatory pathway, such that a subsequent inflammatory stimulus results in an
exaggerated inflammatory response (Bailey et al., 2009; Dong-Newsom et al., 2010; Mays
et al., 2010; Powell et al., 2011; Quan et al., 2001). For example, repeated social disruption
stress was shown to result in increased HSV-1 infection-related CD11b+ macrophages and
proinflammatoy cytokines, IFN-α and TNF-α (Dong-Newsom et al., 2010). Furthermore,
SDR enhances allergen-induced airway inflammation (Bailey et al., 2009) and LPS-induced
proinflammatory cytokines (Quan et al., 2001).

It has also been shown that other inflammatory-stimuli can sensitize the innate immune
response to a challenge (Cunningham et al., 2005; Deak et al., 2005; Johnson et al., 2002;
Matsumoto et al., 2006; Perry et al., 2007). For example, exposure to inescapable shock
prior to administration of LPS results in enhanced plasma IL-1β (Johnson et al., 2002).
Additionally, administration of IL-6 or exposure to stress has been shown to sensitize the
inflammatory response to a stressor (Deak et al., 2005; Matsumoto et al., 2006).
Furthermore, exposure to LPS can exacerbate local brain inflammation in prion disease
infected mice (Cunningham et al., 2005).

Previous research suggests that SDR may also enhance inflammatory response to TMEV
infection (Meagher et al., 2007). It was demonstrated that SDR results in increased IL-6 in
sera and increased inflammatory lesions within the CNS that depend upon stress-induced
IL-6. This study extended this line of research by demonstrating that chronic SDR sensitizes
the inflammatory response to TMEV infection. Exposure to SDR prior to TMEV infection
resulted in increased infection related central IL-6 and IL-1β mRNA expression and
increased peripheral IL-1β and TNF-α mRNA expression at day 8 post-infection.
Furthermore, the protective effect of IL-6 neutralizing antibody administration during the
stress exposure period reversed the enhancement of central inflammation, but not peripheral
inflammation. This suggests that SDR-induced IL-6 serves to sensitize the CNS
inflammatory pathway. Furthermore, given that administration of IL-6 neutralizing antibody
has been shown to reverse the adverse behavioral effects of IL-6 (Meagher et al., 2007), this
data suggests that the sensitization of neuroinflammatory processes mediate many of the
adverse effects of social stress on TMEV infection, including enhanced sickness behavior,
increased histological markers of CNS inflammatory lesions, and reduced CNS viral
clearance (Meagher et al., 2007).

Other studies also support the detrimental role of enhanced levels of IL-6. For example,
susceptible strains have higher levels of IL-6 (Jin et al., 2007) and higher levels of IL-6 have
been associated with disease progression (Trottier, 2004). Furthermore, IL-6 levels lead to a
shift toward a Th-17 immune response, which is associated with viral persistence and
enhanced disease course (Hou et al., 2009). However, there is other data to suggest a
protective role of IL-6 in TMEV disease progression. Notably, it has been demonstrated that
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IL-6 deficient mice show a worse disease course, increased mortality, and increased anterior
horn neural damage (Pavelko et al, 2003). This finding is not necessarily contradictory to
our results. IL-6 is a complex, pleiotropic cytokine, in which there is likely an optimal level
of IL-6. Another possibility is that IL-6 can be protective as it can act in an anti-
inflammatory capacity. We suggest this may be why supplemental hrIL-6 reduced
demyelination and inflammation TMEV infected mice (Rubio & Sierra, 1993). Given that
IL-1β is elevated concurrently with IL-6 in TMEV infected mice pre-exposed to chronic
SDR, we have confidence that IL-6 is acting as a proinflammatory cytokine in our model.

Research suggests that microglia are important mediators of stress-induced
neuroinflammation. For example, it has been demonstrated that administration of
minocycline, a glial cell inhibitor, reverses shock-induced increases in central
proinflammatory cytokine expression (Blandino et al., 2006). It has also been demonstrated
that stress can induce a hyperinflammatory microglial phenotype (Frank et al., 2007; Nair
and Bonneau, 2006; Perry, 2007; Sugama et al., 2007, 2011), which may underlie stress-
induced exacerbations of neuroinflammation in various diseases, including MS. Therefore,
CD11b mRNA expression was measured in experiment 3. Although the interaction between
SDR and IL-6 neutralizing antibody treatment for CD11b failed to reach statistically
significant, there were trends suggesting (1) SDR may increase TMEV-induced CD11b
mRNA expression and (2) that this effect may be reversed by IL-6 neutralization during the
stress exposure period. However, given the inconclusive nature of this finding, future
research is needed to determine if priming of microglia is the cellular mechanism underlying
stress-induced sensitization of TMEV infection-induced inflammation.

4.3 Potential interaction between innate and adaptive immune systems
It has been demonstrated that the initial innate immune response to infection shapes the later
adaptive immune response (Biron, 1999; Biron et al., 1998). Furthermore, IL-6 neutralizing
antibody treatment during the stress exposure period reverses the adverse effect of SDR on
viral clearance (Meagher et al., 2007). This suggests that exaggerated infection-related
neuroinflammation might have cascading effects, including a dysregulation of T cell and
antiviral responses during early infection. Furthermore, a poorer antiviral response during
the acute phase is likely to result in increased severity of the later Theiler virus induced
demyelination (Lipton et al., 2005; Sieve et al., 2004; Trottier et al., 2004).

In support of this, it has been demonstrated that stress can modify T cell responses
(Sommershof et al., 2010; Steelman et al., 2009). For example, Young and colleagues
(submitted) demonstrate that infection related increases in virus-specific CD4+ and CD8+ T
cells within the CNS are significantly attenuated due to SDR exposure. There are a variety
of mechanisms by which SDR-induced inflammation may be able to exert this effect,
including shifting the T cell response (e.g., from Th2 to Th1/Th17), inhibiting trafficking of
T cells into the CNS, and/or by altering efficacy of antigen presenting cells.

4.4 Summary and implications
In summary, this study demonstrates that pre-exposure to SDR sensitizes the inflammatory
response to Theiler’s murine encephalomyelitis virus infection. Specifically, chronic SDR-
induced release of IL-6 sensitizes virus-initiated CNS proinflammatory cytokine release.
This line of work may have broad implications for understanding the role of stress and
cytokine expression in altering vulnerability to MS and other inflammatory
neurodegenerative diseases. Elucidating the mechanisms by which social stress exacerbates
the severity of a virally initiated autoimmune disease may lead to the development of new
interventions. Specifically, this line of research suggests that early anti-inflammatory
interventions may improve neurodegenerative and inflammatory disease course.
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Figure 1.
This diagram presents a general experimental timeline of experimental manipulations used
in this study.
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Figure 2.
A repeated measures ANOVA showed no significant effect of social disruption stress on fur
score.
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Figure 3.
SDR exacerbates sickness behaviors during acute TMEV infection. Repeated measures
ANOVA indicated that SDR resulted in increased mechanical sensitivity (A), decreased
open field horizontal activity (B), and increased hindlimb impairment (C) following
infection. Furthermore, it showed a non-significant trend toward increased clinical scores
(D). Asterisks denote significant differences between groups as indicated by post hoc means
comparisons.
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Figure 4.
SDR results in altered CNS inflammatory cytokine expression in uninfected subjects. An
ANOVA followed by post hoc means comparisons indicated that IL-6 is elevated by
exposure to chronic SDR (SDR6) (A), while a single session of SDR (SDR-1) resulted in an
elevation of IL-1β (B). No significant change in CD11b, a cell surface marker increased in
activated microglia, was observed (C). Asterisks indicate significant differences between
groups.
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Figure 5.
Neutralizing antibody to IL-6 (nAbTx) prevents the adverse effects of SDR on acute TMEV.
An ANOVA followed by post hoc mean comparisons indicated that SDR exacerbates both
hindlimb impairment (A) and clinical score (B) and administration of IL-6 neutralizing
antibody reversed these adverse effects. Asterisks indicate significant differences between
groups.
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Figure 6.
Neutralizing antibody to IL-6 (nAbTx) prevents the SDR-induced enhancement in virus
induced CNS inflammation on day 8 post infection as measured by real time RT-PCR. An
ANOVA followed by post hoc mean comparisons indicated that SDR-induced increases in
IL-6 (A) and IL-1 β (B) mRNA expression were reversed by IL-6 nAbTx. A similar, but
non-significant pattern was observed for CD11b mRNA expression (C), a cell surface
marker increased in activated microglia. Asterisks indicate significant differences between
groups.
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Figure 7.
On day 8 post infection with TMEV, an ANOVA revealed no significant difference in level
of IL-6 (A) or IL-1β (B) in serum as determined by ELISA.
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