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[. Introduction

Although the etiology of multiple sclerosis (MS) remains uncertain, a growing body of research
indicates that environmental factors interact with genetic factors to cause disease. Potential
environmental risk factors include infectious pathogens and stress (Sospedra and Martin,
2005; Ackerman et al., 2003; Mohr and Pelletier, 2006). Both human and animal research
suggests that viral infection is a likely environmental trigger of MS (Challoner et al., 1995;
Gilden, 2005; Sospedra and Martin, 2005). Additionally, MS patients frequently report
elevated levels of stress prior to initial diagnosis and/or disease exacerbation (Ackerman et al.,
2002; Grant et al., 1989; Mohr et al., 2000; Mohr et al., 2004; Warren et al., 1982). Thus, stress
may interact with viral infection and genetic vulnerability to determine disease onset and
severity.

Theiler's murine encephalomyelitis virus (TMEV) infection is a commonly used animal model
of MS (Lipton, 1975; Oleszak et al., 2004). Intracerebral inoculation of TMEV induces a
biphasic disease of the central nervous system (CNS). The acute phase of disease is
characterized by CNS inflammation as the result of neuronal and glial infection (Njenga et al.,
1997), whereas the chronic phase is characterized by immune-mediated demyelination (Lipton,
1975; Oleszak et al., 2004). During the acute phase, mice exhibit mild signs of encephalitis
and hind limb impairment similar to polio (Campbell et al., 2001; Johnson et al., 2004; Johnson
etal., 2006; Sieve et al., 2004; Sieve et al., 2006). During the chronic phase, susceptible strains
of mice progress from minor disruptions in gait, impaired motor coordination, and reduced
locomotor activity at the early stages of demyelination to profound dysfunction at the later
stages due to axonal loss (McGavern et al., 1999; McGavern et al., 2000).

After infection with TMEYV resistant strains of mice mount an effective immune response and
clear the virus from the CNS during the acute phase of disease. In contrast, susceptible strains
of mice fail to generate an effective immune response during early infection, resulting in viral
persistence and subsequent immune-mediated demyelination during the chronic phase (Lipton
and Melvold, 1984; Rodriguez et al., 1983; Olezak et al., 2004). Although susceptibility to
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TMEV-induced demyelination is genetically regulated (Brahic and Bureau, 1998; Brahic et
al., 2005), other factors that influence the initial immune response play an important role in
determining viral load and the degree of viral persistence, thereby altering disease progression
and severity (Aubagnac et al., 1999; Brahic et al., 2005; Rodriguez et al., 1996). For example,
depletion of CD8 cells or exposure to chronic social stress prior to infection exacerbates disease
(Borrow et al., 1992; Johnson et al., 2004; Johnson et al., 2006).

Our laboratory has previously shown that repeated exposure to social disruption stress (SDR)
subsequently exacerbates both the acute and chronic phase of Theiler's murine
encephalomyelitis virus infection (Johnson et al., 2004; Johnson et al., 2006). Specifically, we
have shown that SDR increases inflammation in the spinal cord and brain of TMEV-infected
mice and that this is associated with increased levels of the proinflammatory cytokine
interleukin-6 (IL-6) in circulating blood and the development of glucocorticoid resistance
(GCR). In association with these increases in inflammation, SDR exacerbates TMEV-induced
motor impairment and disrupts viral clearance from the brain. Although the neuroimmune
mechanism(s) mediating the adverse effects of SDR on TMEV infection have not been
determined, we propose that IL-6 provides a likely candidate because it is increased by both
TMEV infection (Chang et al., 2000; Mi et al., 2006; Sato et al., 1997; Theil et al., 2000) and
by exposure to SDR (Avitsur et al., 2002; Johnson et al., 2006; Merlot et al., 2003; Merlot et
al., 2004a; Stark et al., 2002).

Proinflammatory cytokines play a critical role in orchestrating the immune responses involved
in viral clearance during early infection and in demyelination during late disease (Oleszak et
al., 2004). During acute TMEV infection, IL-6 and other proinflammatory cytokines are
elevated in all strains of mice, but higher levels are observed in susceptible mice compared to
resistant mice (Chang et al., 2000; Mi et al., 2006; Sato et al., 1997; Theil et al., 2000). Other
research indicates that stressors can increase circulating and central levels of IL-6 and other
proinflammatory cytokines (Johnson et al., 2006; Johnson et al., 2005; Merlot et al., 2004a;
Merlot et al., 2004 b; Nguyen et al., 1998; Nguyen et al., 2000; O'Connor et al., 2003; Shintani
et al., 1995; Shizuya et al., 1998; Stark et al., 2002; Huang et al., 1997). Moreover, prior
exposure to a stressor can potentiate or prolong the release of proinflammatory cytokines
following immune challenge (Johnson et al., 2002; Johnson et al., 2006; Merlot et al., 2004b;
Quan et a., 2001). These findings suggest that exposure to stress can directly alter immune cell
function and promote sustained increases in proinflammatory cytokine production.
Accordingly, we propose that central increases in IL-6 production may be one mechanism
mediating SDR-induced exacerbation of acute and chronic TMEV infection.

The present studies examined the role of IL-6 in the stress-induced exacerbation of acute TMEV
infection. To block the effects of stress-induced IL-6 in the brain, we infused a selective
neutralizing antibody to IL-6 into the cerebroventricle. This method has been successfully used
to neutralize IL-1, IL-6, and TNF-a in brain in both rats and mice (Jean Harry et al., 2003;
Nadeau and Rivest, 2000; Nadeau and Rivest, 2003). Mice were pretreated with the neutralizing
antibody prior to each of six SDR sessions and IL-6 levels were measured in sera and brain
following stressor termination. To determine whether stress-induced increases in IL-6
contribute to the exacerbation of acute TMEV infection, we examined whether infusion of the
IL-6 neutralizing antibody during SDR would prevent the subsequent exacerbation of acute
TMEYV infection. Because other research suggests that SDR-induced increases in inflammation
may be attributed to the development of GCR (Avitsur et al., 2001; Stark et al., 2001; Merlot
et al., 2004a), we also examined whether the neutralizing antibody altered the development of
GCR before and after infection. Finally, to determine whether IL-6 alone was sufficient to
exacerbate disease course, we examined whether mice pretreated with intracerebral 1L-6 prior
to TMEV infection would mimic the adverse effects of SDR. Taken together, these studies
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tested the hypothesis that activation of central and/or peripheral IL-6 is both necessary and
sufficient to exacerbate acute TMEV infection.

2. Materials and Methods

2.1. Animals

Male Balb/cJ mice (23-day-old; Jackson Labs, Bar Harbor, ME) were individually housed.
Following recovery from surgery on post-natal day 32, mice were housed three per cage,
matching on body weight across cages. Mice were maintained on a 12 h light/dark cycle (lights
on at 05:00 h) with ad libitum access to food and water. Intruders were retired male breeders
aged 6-8 months. To increase aggressive behavior, intruders were pair-housed with sterilized
females. Intruders were screened for aggressive behaviors by placing them in the home cage
of another mouse. Intruders who consistently attacked peers within 30 s and adolescent mice
within 2 min were used in these experiments. Both BALB c/J and B10 males were used as
intruders, with the B10 mice having a slightly faster latency to first attack. No other differences
were observed across strains. All animal care protocols were in accordance with the Texas
A&M University Laboratory Animal Care and Use Committee (ULACC).

2.2. Experimental designs

2.2.1. Experiment 1: impact of SDR and neutralizing antibody on IL-6 and GCR
—A 2 (SDR vs. NON-SDR) x 2 (AbTx vs. vehicle) factorial design was used to determine
whether SDR increases central and peripheral levels of IL-6 and whether ICV administration
of a neutralizing antibody (AbTx) to IL-6 effectively blocks these effects (N = 24). We also
examined whether the neutralizing antibody altered the development of GCR. On pnd 30, either
neutralizing antibody or vehicle was infused ICV 4 h prior to each SDR session (17:00-19:00
h). After the final SDR session (pnd 37), all animals were mice were overdosed with ketamine/
xylazine, bled from the brachial artery, and perfused with PBS. Spleens were taken for GCR
assay, while brain tissue and sera was assessed for IL-6 levels using an ELISA.

2.2.2. Experiment 2: the necessity of IL-6 in mediating the adverse effects of
SDR on acute TMEV infection—A 2 (SDR vs. NON-SDR) x 2 (AbTx vs. Vehicle) x 2
(day 7 vs. 21 pi) design was used to determine whether infusion of the neutralizing antibody
to IL-6 during the SDR exposure period could subsequently prevent its adverse effects on acute
TMEV infection. Starting on pnd 30, neutralizing antibody or vehicle were infused ICV 4 h
prior to each SDR session (17:00-19:00 h). After the final SDR session, all mice were infected
with TMEV at 21:00 h. Following baseline assessment, TMEV-induced sickness behaviors
were assessed in all mice between day 0 and 7 pi, while measures of motor function were only
assessed in mice sacrificed at day 21 pi. Mice were sacrificed at day 7 or 21 pi, to assess CNS
viral clearance or to histologically analyze CNS inflammation. Those sacrificed on day 7 pi
for viral clearance were also tested for GCR.

2.2.3. Experiment 3: the sufficiency of IL-6 in exacerbating acute TMEV infection
—A 2 (IL-6 vs. Vehicle) x 2 (day 7 vs. 21 pi) design was used to determine whether exposure
to IL-6 alone would mimic the negative effects of SDR on acute TMEV infection. IL-6 or
vehicle was administered daily beginning at 17:00 h on pnd 30-36. After the final IL-6
treatment, all mice were infected with TMEV at 21:00 h. The same measures of sickness
behavior, motor impairment, viral clearance, and CNS inflammation used in Experiment 2
were used in this study.

2.3. Surgery and IL-6 Intracranial Ventricular Treatments

On pnd 26 mice were anesthetized with isoflurane gas (2-5%). Then a 33 gauge guide cannula
(Plastics One, Roanoke, VA, C315GS-2/SPC) was stereotaxically implanted into the left lateral
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ventricle (+1.0 mm lateral to bregma, -0.4 mm rostral to bregma, and 1.75 mm ventral-dorsal
from top of the skull) and secured with cyanoacrylic gel according the manufacturer's
instructions. During the 6 day recovery period, mice were provided with water treated with
acetaminophen (325 mg/ 2000 mL) and food softened with the acetaminophen treated water.

To reverse SDR-induced increases in IL-6 expression, a neutralizing antibody to IL-6 was
administered ICV (Experiments 1 and 2). This method has been previously used to neutralize
IL-1, IL-6, and TNF-a in brain in both rats and mice (Jean Harry et al., 2003; Nadeau and
Rivest, 2000; Nadeau and Rivest, 2003). The neutralizing antibody to IL-6 (polyclonal goat
anti-mouse; 10 ng/ 2 pL for 2 min; R&D Systems, Madison, WI; AF-406-NA) or vehicle (goat
immunoglobulin, Ig, Santa Cruz Biotechnology, Inc #SC-2342) was infused 1 h before each
SDR session using a microinjection pump. To mimic SDR-induced increases in I1L-6,
exogenous IL-6 was administered ICV (Experiment 3). Mice were treated as described above
except that they received mouse IL-6 (200 pg/2 pL for 2 min; R&D Systems; 406-ML-005/
CF) or vehicle (saline plus mouse Ig, Santa Cruz Biotechnology, Inc #SC-2025) at 16:00 h.

2.4. Social Disruption Stress (SDR)

Cages of three mice were randomly assigned to either control or SDR groups. Control mice
remained undisturbed in their home cages, while SDR mice were exposed to aggressive male
intruders. Intruders were introduced into the home cage at the onset of the dark cycle for a
period of 2 h for a total of six SDR sessions. SDR occurred for three consecutive sessions, then
one night off, followed by three additional consecutive sessions (Stark et al., 2001; Johnson et
al., 2004; Johnson et al., 2006). SDR sessions were monitored to ensure that the intruder
attacked the residents and that the residents demonstrated submissive behaviors. If intruders
did not attack within 10 min of session initiation, they were replaced and the session continued
for the remaining 2 h.

2.5. Virus and infection

The BeAn strain of Theiler's virus (obtained from Dr. H.L. Lipton, Dept. of Microbiology-
Immunology, Univ. Illinois, Chicago, IL.) was initially propagated in lung tumor (L2) cells
(Welsh et al., 1987). Mice were anesthetized with isoflurane (Vedco Inc., St. Joseph, MO) on
pnd 37 (day O pi, 21:00 h) and inoculated into the right mid-parietal cortex (1.5 mm depth)
with 5 x 104 pfu of TMEV in a 20 pl volume (Campbell et al., 2001; McGavern et al., 1999;
McGavernetal., 2000; Rose etal., 1998; Theil et al., 2000). Inoculation for all subjects occurred
at 21:00 h, following the last SDR session.

2.6. Behavioral measures

Early in TMEV infection a range of sickness behaviors are observed which are associated with
CNS inflammation and the secretion of proinflammatory cytokines (Johnson et al., 2004;
Johnson et al., 2006; Mi et al., 2006). Similar to cytokine-induced sickness syndrome (Barak
et al., 2002a; Barak et al., 2002b; Dantzer and Kelley 2007; Pollak et al., 2000; Watkins et al.,
1995), TMEV-induced sickness behaviors include weight loss, decreased motor activity,
heightened mechanical hypersensitivity, and anhedonia (i.e., reduced pleasure seeking
behavior).

As acute TMEV infection develops in Balb/cJ mice, behavioral signs of motor impairment
begin to emerge between day 4 and 21 pi (Johnson et al., 2006; Johnson et al., 2004). Therefore,
multiple measures of motor behavior were examined, including hind limb impairment ratings,
footprint stride length, locomotor activity inan openfield (in the vertical and horizontal planes),
and mechanical sensitivity. However, two of these measures also reflect sickness syndrome
when assessed immediately following infection, prior to the onset of motor impairment.
Specifically, a reduction of open field behavior and heightened mechanical sensitivity on day
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1 pi may indicate sickness. Thus, these measures are interpreted as reflecting theoretically
distinct constructs at different stages in the disease process.

2.6.1. Sucrose preference—Sucrose preference was used to measure sickness-induced
anhedonia (Maier and Watkins, 1998; Pollak et al., 2000). Mice were provided with a 2%
sucrose water bottle and tap water bottle beginning at day -11 pi and ending on day 7 pi. The
position of the sucrose and water bottles was alternated daily, to prevent any place preference.
Beginning on day -7 pi, sucrose preference was calculated by dividing the intake of the sucrose
solution by the total fluid intake. Only cages that met the criteria of 60% or more sucrose
preference prior to infection on day -1 pi were included in the analysis.

2.6.2. Weight loss—Sickness behavior-related weight loss was assessed from days -1
through 1 pi. Mice were weighed at 9:00 am using a scale sensitive to 0.01 g.

2.6.3. Open field activity—Six optical beam activity monitors (Model RXYZCM-16),
equipped with two banks of eight photocells on each wall, were used to measure horizontal
and vertical locomotion. These open field boxes are interfaced with a digital-multiplexor and
Versamax software (Model DCM-4, Omnitech Electronics, Columbus, OH). Mice were
habituated to the chambers for 60 min on pnd 28, prior to baseline data collection on pnd 29.
During habituation, activity levels stabilized after the first 30 min to levels comparable to those
observed on successive days. Test sessions were conducted in the dark beginning at 15:00 h
for 30 min with continual white noise (64 dB) to mask extraneous disturbances. Open field
activity was measured to assess both sickness and motor impairment. Using a change from
baseline analysis, we expected to observe sickness-induced decreases in open field horizontal
activity and center time on day 1 pi, prior to prior to the onset of motor impairment as indicated
by other measures. We also expected to observe decreases in both horizontal and vertical
activity on days 4, 7, 11, and 18 pi, corresponding to the development of motor impairment on
other measures (Johnson et al., 2004; Johnson et al., 2006).

2.6.4. Mechanical sensitivity—Mechanical sensitivity was assessed at baseline and post-
infection on days 1, 7, 14, and 20 pi. Mice were placed within one of three translucent circular
chambers (750 mL, Rubbermaid) positioned on top of a mesh screen (2 mm gauge). The mesh
screen was suspended 6 above the countertop, which allowed administration of mechanical
stimuli from below to the hind paws. Mechanical threshold for each hind paw was obtained
using the up/down method (Dixon, 1980) with von Frey monofilaments (.0784 - 3.92 mN
range; Stoelting, Wooddale, IL). Prior to testing, mice were habituated to the apparatus for 20
min. Starting with the smallest filament, each filament was applied to the left and right hind
paws in an ABBA manner in both ascending and descending order. Mice received three trials:
ascending, descending, and then ascending again. Sickness-related increases in mechanical
sensitivity indicative of allodynia were expected on day 1 pi (Watkins and Maier, 2005). With
the development of motor impairment between days 7 and 21 pi, we expected decreases in the
hind limb withdrawal response. However, a decrease in mechanical sensitivity may reflect
either motor or sensory impairment (Clarke and Harris, 2004).

2.6.5. Hind limb impairment (HLI)—Hind limb impairment was assessed beginning at day
-1 pi and continuing through to days 7 or 21 pi. Details of the hind limb impairment scale and
protocol have been presented elsewhere (Johnson et al., 2004). A separate numeric score was
given for each hind limb, based on the symptoms of impairment the mice display (O=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; Johnson
et al., 2004). These separate scores were then added together and the combined score was
analyzed.
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2.6.6. Stride length—Footprint stride length and spread were assessed at day 20 pi using a
method similar to McGavern et al. (1999, 2000) and identical to our previous studies (Johnson
et al., 2006; Johnson et al., 2004). Footprint has been shown to provide a valid indicator of
TMEV-induced inflammation and demyelination within the spinal cord (McGavern et al.,
1999; McGavern et al., 2000).

2.7. Tissue preparation

Mice were deeply anesthetized with ketamine (100mg/kg)/ xylazine (5 mg/kg), bled from the
brachial artery, and transcardially perfused. For the IL-6 ELISA, viral titer, and glucocorticoid
resistance (GCR) assays, mice were perfused with PBS. Brains and spinal cords were weighed,
flash frozen in liquid nitrogen, and stored at -80 °C until ELISA and viral titer assays were
performed. In contrast, spleens were used the same day in the GCR assays. For histology, mice
were perfused with 10 mL of PBS followed by 10 mL of 10% formalin. Brains and spinal cords
were placed in 10% formalin overnight and sectioned as in previous studies (Johnson et al.,
2004). To determine whether increases in IL-6 induce splenomegaly and thymic atrophy,
spleen and thymus weights were taken in Experiments 2 and 3.

2.8. Immunological and histological measures

2.8.1. IL-6 ELISA assay—IL-6 levels in sera and brain were determined using an ELISA
assay (M6000B R&D Systems Madison, W1). Sera and brain tissue were frozen at -80°C
between sacrifice and the time of the assay. Brain tissue was homogenized in 1 mL of
Dulbecco's Eagle Medium (Sigma) and flash frozen. Homogenized tissue was thawed,
centrifuged at 2000 rpm for 5 min, and 50 pL of the supernatant was used to perform the ELISA.

2.8.2. Corticosteroid sensitivity assay—The spleens from mice sacrificed for the viral
titer assays were used to determine whether SDR or the IL-6 manipulations altered the
sensitivity of splenocytes to GC regulation (as per Stark et al., 2001). Details of the present
assay have been published previously (Johnson et al., 2004). Cell survival was assessed
following the manufacturer's instructions with the Cell Titer 96 Aqueous non-radioactive
proliferation assay kit from Promega (Madison, WI). Color changes were quantified by optical
density readings at 490 nm from an EMAX ELISA plate reader (Molecular Devices,
Sunnyvale, CA). Mean optical density values for the three replications of each sample were
used and the percentage of the corticosteroid-exposed cells versus the lipopolysaccharide (LPS)
stimulated cells was determined.

2.8.3. Viral load and clearance—Prior studies have shown that viral titers in CNS are
maximal 1-2 weeks pi and cleared to non-detectable levels by 3-4 weeks pi (Welsh et al.,
1987; 1989). To evaluate the impact of SDR and the IL-6 manipulations on CNS viral clearance,
brains and spinal cords were removed on the day of sacrifice and stored at —80°C. The brains
and spinal cords were later homogenized and the viral content of the supernatant was
determined with a plaque assay on L2 cells (Welsh et al., 1987). After being incubated at 37°
C at 5% CO, for 72 h, plates were stained with 0.1% crystal violet to visualize the plaques that
formed. Plates were scored based on the number of plaques formed on the L2 cells and
calculated per gram of tissue (Welsh et al., 1987).

2.8.4. Histological evaluation of CNS inflammation—Acute TMEYV infection is
characterized by CNS inflammation consisting of meningitis, microgliosis, and perivascular
cuffing. To evaluate the impact of SDR and the IL-6 treatments on CNS inflammation, brains
and spinal cords were sectioned transversely into 4 and 12 pieces, respectively (Campbell et.
al., 2001). Tissues were processed for hematoxylin and eosin (H&E) staining. Two raters, who
were blind to experimental condition, scored each section using criteria similar to those used
in our previous study (Johnson et al., 2004). Stereo Navigator software was used to quantify
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the percentage of meningitis, microgliosis, and perivascular cuffing by tracing the affected
regions in each section, as well as the total perimeter and total area of each section. Meningitis
was calculated as a percentage of total section perimeter, whereas microgliosis and perivascular
cuffing (microglia and macrophage infiltrate in the white and/or grey matter) were calculated
as a percentage of total section area.

2.9. Statistical analyses

3. Results

Data are presented as mean = SEM. Physiological data were analyzed using ANOVA followed
by Duncan's New Multiple Range Test post hoc mean comparisons. Theoretically linked sets
of behavioral measures (sickness behaviors, motor impairment) were analyzed using
MANOVAs and RM-MANOVAs. ANOVAs and post hoc mean comparisons were then
conducted to clarify the direction of the effects.

3.1.1. Experiment 1: impact of SDR and neutralizing antibody on IL-6 and GCR

SDR elevated IL-6 in both brain (Fig 1A) and sera (Fig 1B) in the vehicle treated mice, and
the neutralizing antibody to IL-6 reversed this effect. An ANOVA confirmed that SDR alone
elevated IL-6 in brain, F (1, 26) = 69.248, p <.0001, and in sera, F (1, 26) = 31.331, p <.0001.
Moreover, a significant interaction between SDR and the IL-6 neutralizing antibody treatment
inbrain, IL-6, F (1, 26) =69.777, p <.0001, and in sera, F (1, 26) = 36.649, p <.0001, indicated
that infusion of the neutralizing antibody prevented the SDR-induced increase in free 1L-6,
ps < .05.

In addition, GCR developed normally in response to SDR, regardless of neutralizing antibody
treatment (Fig 1C). A significant SDR effect, F (1, 24) = 34.508, p < .0001, revealed that the
non-stressed mice exhibited a reduction in spleen cell survival compared to the SDR group.
This effect was qualified by a marginally significant interaction between SDR and
corticosterone concentration, F (4, 96) = 2.208, p = .07, suggesting that the non-stressed mice
exhibited a dose-dependent reduction in cell survival, whereas the SDR groups did not. Finally,
the neutralizing antibody treatment alone did not alter GCR, F (1, 24) = 0.165, p > .05, nor did
it interact with SDR or corticosteroid concentration, all F's <1.016, p > .05. This suggests that
IL-6 is not necessary for the development of GCR following SDR.

3.2. Experiment 2: the necessity of IL-6 in mediating the adverse effects of SDR on acute
TMEV infection

3.2.1. Sickness measures—Sickness was assessed within the first 24 h pi by measuring
changes in sucrose preference (Fig 2A), mechanical sensitivity (Fig 2B), horizontal (Fig 2C)
and center time (Fig 2D) activity in an open field, and body weight (data not shown). A
MANOVA revealed significant main effects for both SDR, Wilk's 4 =.263, F (6,35) = 16.388,
p <.0001, and neutralizing antibody treatment, Wilk's 4 = .572, F (6,35) = 4.373, p < .0001.
However, these effects were qualified by a significant interaction between SDR and
neutralizing antibody treatment, Wilk's 4 = .360, F (6,35) = 10.379, p < .0001. Follow up
ANOVAs conducted on the sickness data depicted in Figure 2 revealed significant interactions
between SDR and neutralizing antibody, all Fs >4.610, ps <.05. Mean comparisons indicated
that SDR increased sickness and that this effect was reversed by the neutralizing antibody to
IL-6, all ps <.05. Analyses of body weight revealed an effect of time, F (1, 98) =214.59, p <.
0001, and an interaction between SDR, antibody treatment, and time, F (1, 98) =6.30, p < .01.
Mean comparisons indicated that all groups exhibited weight loss post infection (mean loss
0.8-1.0 g; ps < .05), with the exception of the SDR mice treated with the IL-6 antibody.
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3.2.2. Motor impairment measures—Motor impairment was assessed until day 21 pi by
examining hind limb impairment (Fig 3A), stride length (Fig 3B), horizontal (Fig 3C) and
vertical (Fig 3D) activity, and mechanical sensitivity. A repeated measures MANOVA revealed
significant main effects for both SDR, Wilk's 4 = .256, F (21, 24) = 3.319, p < .01, and
neutralizing antibody treatment, Wilk's 4 =.160, F (21, 24) =5.993, p <.001, as well as a
significant interaction between SDR and neutralizing antibody treatment, Wilk's 4 = .161, F
(21, 24) =5.934, p <.0001. Follow up ANOVAs conducted on each measure revealed
significant interactions between SDR and neutralizing antibody, all Fs > 5.53, ps <.05. Mean
comparisons confirmed that SDR exacerbated motoric impairment in the vehicle treated mice,
all ps < .05. In contrast, the neutralizing antibody to IL-6 reduced the level of SDR-induced
motor impairment to non-stressed levels or better, all ps < .05.

3.2.3. Glucocorticoid resistance—Fig 4 depicts the effects of the IL-6 neutralizing
antibody on the development of GCR in mice sacrificed at day 7 pi (Fig 4). An ANOVA
revealed significant effects of antibody, SDR, and a significant interaction between antibody
and SDR, all F's (1,8) > 19.17, p <.002. The effects of corticosterone concentration and its
interaction with antibody and SDR were significant, along with the 3-way interaction between
SDR, antibody, and corticosteroid concentration, all Fs (4, 32) > 3.832, p <.01. Post hoc
analyses indicated that while the vehicle treated SDR and non-stressed groups showed a
significant dose-dependent reduction in cell survival, ps < .05, the antibody treated SDR group
did not. The finding that GCR did not develop post-infection in the vehicle treated SDR group
is consistent with previous work (Johnson et al., 2004;Merlot et al., 2004b). Interestingly, the
persistence of GCR in the antibody treated SDR group suggests that neutralizing IL-6 prior to
infection increases vulnerability to GCR following infection, despite less severe behavioral
and physiological manifestation of acute infection.

3.2.4. Splenomegaly and thymic atrophy—Consistent with prior research (Avitsur et
al., 2001), analyses of spleen weights confirmed a main effect for SDR, F (1,32) = 39.325, p
<.0001, indicating that SDR increased spleen weights (data not shown). Analyses of thymus
weights revealed a significant interaction between SDR and neutralizing antibody at day 7 pi,
F (1,32) =5.777, p < .05. Post hoc comparisons indicated that SDR significantly reduced
thymus weights and that this effect was reversed by neutralizing antibody, ps < .05 (data not
shown).

3.2.5. Viral clearance—To assess the process of viral clearance in spinal cord and brain,
viral titers were measured in two subsets of mice sacrificed at day 7 and 21 pi (Fig 5). ANOVAs
revealed significant effects of day pi and antibody in both spinal cord and brain, all F's (1,40)
>28.41, p <.0001, and an effect of SDR in brain, F (1,40) = 5.47, p <.02. The critical 3-way
interaction between SDR, antibody, and day pi was significant in both spinal cord and brain,
both F's (1, 40) > 22.706, p < .0001. The remaining interaction terms were significant, all Fs
(1,40) > 17.08, p <.0002, with the exception of the interaction between SDR and day pi in
brain. Post hoc comparisons indicated a significant reduction in viral titers occurred between
day 7 to day 21 pi in the non-stressed groups and in the antibody treated SDR group, all ps <.
05, while titers in the vehicle treated SDR group did not change over time. This suggests that
SDR disrupted viral clearance in spinal cord and brain and this effect was prevented by infusion
of the neutralizing antibody to IL-6.

3.2.6. Inflammation—Consistent with previous findings (Johnson et al., 2004), SDR caused
greater inflammation in both spinal cord and brain (Fig 6). ANOVAs confirmed significant
effects of SDR, antibody, and day pi, all Fs (1, 40) > 8.03, p < .01, as well as significant
interactions between SDR and antibody in both spinal cord (meningitis) and brain (microgliosis
and perivascular cuffing), both F's (1, 40) > 19.091, p < .0001. There was also a significant 3-
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way interaction between SDR, antibody, and day pi in brain, F (1, 40) = 4.41, p < .04. Post
hoc comparisons indicated that SDR alone significantly elevated infection-related
inflammation in spinal cord and brain on both days 7 and 21 compared to the other three groups.
In addition, the vehicle treated SDR group showed greater inflammation compared to non-
stressed groups, at day 7 pi, but not at day 21 pi. Moreover, this SDR-induced increase in CNS
inflammation was prevented by IL-6 neutralizing antibody treatment during stress exposure,
all ps < .05.

3.3. Experiment 3: the sufficiency of IL-6 in exacerbating acute TMEV infection

MANOVAS revealed that the IL-6 treatment did not significantly alter sickness or motor
impairment, all ps > .05. However, ANOVA found significant main effects of IL-6 on
mechanical sensitivity, F (1, 22) = 8.277, p < .01, and on viral titers in spinal cord, F (1, 20)
=17.350, p < .001, indicating that IL-6 increased allodynia and reduced viral load in spinal
cord, ps <.05. In contrast, the IL-6 treatment did not alter viral titers in brain, nor did it alter
inflammation in brain and spinal cord, all Fs (1, 20) <1.467, p >.05. As expected, there was a
significant effect for day pi on viral titers and inflammation in both brain and spinal cord, all
Fs (1,20) >561.49, p < .001. However, the IL-6 treatment did not interact with day pi, all Fs
(1,20) <.53 p>.05. This indicates that while viral titers and inflammation decreased from day
7 to day 21 pi, the IL-6 treatment did not alter the magnitude of either effect. All other
differences were non-significant, all Fs (1,20) < 1.47, p >.05. Because these findings were
largely negative, these data are not shown.

4. Discussion

We have previously shown that repeated exposure to SDR exacerbates both the acute and
chronic phase of TMEV infection (Johnson et al., 2004; Johnson et al., 2006). The present
findings suggest that IL-6 plays an important role in mediating the adverse effects of SDR on
disease course. In Experiment 1, the proinflammatory effects of SDR were confirmed by
increases in both central and peripheral levels of IL-6 and by the induction of GCR in uninfected
mice. This study also established that pretreatment with a selective neutralizing antibody to
IL-6 effectively blocked SDR-induced elevations of central and circulating IL-6, without
affecting the development of GCR. Experiment 2 demonstrated that intracranial infusion of
the IL-6 neutralizing antibody during SDR attenuated the exacerbation of TMEV-induced
sickness behaviors, motor impairment, CNS viral titers, and CNS inflammation. This suggests
that stress-induced elevations of IL-6 mediate the adverse effects of SDR on acute TMEV
infection. Intracerebral infusion of exogenous IL-6 the week prior to TMEYV infection did not,
however, mimic the adverse effects of SDR (Experiment 3). Collectively, these findings
suggest that IL-6 is necessary but not sufficient to exacerbate acute TMEV infection.

4.1. Repeated SDR elevates central IL-6 in the absence of immune challenge

Several laboratories have reported stress-induced increases in CNS proinflammatory cytokine
responses (Deak et al., 2003, Deak et al., 2005; Johnson et al., 2002; Johnson et al., 2004;
Merlot et al., 2003; Merlot et al., 2004a; Minami et al, 1991; Nguyen et al., 1998; Nguyen et
al., 2000; O'Connor et al., 2003; Quan et al., 2001; Shintani et al., 1995; Shizuya et al.,
1998). For instance, exposure to prolonged restraint stress has been shown to increase
expression of IL-6 in hypothalamus (Shizuya et al., 1997; Shizuya et al., 1998). Likewise,
exposure to six sessions of SDR increases expression of IL-1 and TNF-a in brain following
LPS challenge (Quan et al., 2001). Although prior studies reported SDR-induced increases of
IL-6 in plasma and in LPS stimulated splenocytes (Avitsur et al., 2001; Merlot et al., 2004a;
Stark et al., 2001; Stark et al., 2002), to our knowledge the present study provides the first
demonstration that SDR increases IL-6 levels in brain.
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4.2. SDR-induced IL-6 subsequently exacerbates TMEV-induced sickness behaviors

We have previously shown that prior exposure to SDR exacerbates behavioral signs of TMEV-
induced motor impairment (Johnson et al., 2004; Johnson et al., 2006). The present study
extended our behavioral analysis to include a range of sickness behaviors assessed during the
first 24 hours post-infection, prior to the onset of motor impairment. Exposure to SDR
decreased sucrose preference, suggesting that the stressor reduced pleasure seeking behavior
(i.e., anhedonia). In addition, sensitivity to mechanical stimulation was increased, suggesting
that the stressor heightened TMEV-induced allodynia. SDR also exacerbated the infection-
related reduction in exploratory behavior. These findings extend prior research by showing
that TMEV-induced neuroinflammation induces a sickness behavior syndrome (Barak et al.,
2002a; Dantzer and Kelley, 2007; Maier & Watkins et al., 1998; Pollak et al., 2000). Consistent
with our previous work, SDR increased hind limb impairment, decreased stride length, and
decreased locomotor activity as TMEV-induced motor impairment intensified between days
4 and 21 post-infection. Importantly, these stress-induced exacerbations of sickness behavior
and motor impairment were either attenuated or blocked by pretreatment with the IL-6
neutralizing antibody, suggesting that IL-6 partially mediates the adverse behavioral effects of
SDR. These findings demonstrate the critical role of stress—induced IL-6 in the exacerbation
of TMEV-associated behavioral syndrome.

4.3. Glucocorticoid resistance is not mediated by SDR-induced increases in IL-6

Previous research suggests that SDR-induced increases in inflammation may be attributed to
the development of GCR (Avitsur et al., 2001; Stark et al., 2001; Merlot et al., 2004a).
Therefore, we examined whether the IL-6 neutralizing antibody altered the development of
GCR before and after infection. As expected, SDR reduced the sensitivity of spleen cells to
the anti-inflammatory effects of corticosterone in uninfected mice (GCR), but the neutralizing
antibody did not alter the development of GCR. This finding is consistent with prior research
showing that GCR developed normally in IL-6 knock out mice exposed to SDR (Stark et al.,
2002). Thus, despite the co-occurrence of increased 1L-6 and GCR following SDR, IL-6 is not
necessary for the induction of GCR.

Following infection, GCR did not persist in the vehicle treated SDR mice, which is consistent
with previous studies (Johnson et al., 2004; Merlot et al., 2004b). Merlot has suggested that
infection may reduce the sensitivity of spleen cells to stress, thereby preventing the
development of GCR (Merlot et al., 2004b). However, GCR was observed in the TMEV
infected SDR mice treated with the IL-6 neutralizing antibody. Despite the presence of GCR,
these mice showed less severe signs of inflammation compared to the SDR mice treated with
vehicle. This suggests that the presence of GCR post-infection does not provide an accurate
indicator of inflammation during TMEV infection. Finally, while SDR mice treated with I1L-6
neutralizing antibody exhibited GCR prior to infection, they subsequently exhibited reduced
disease severity. This indicates that the induction of GCR prior to infection is not sufficient to
exacerbate acute TMEV. Taken together, these findings suggest that SDR-induced increases
in inflammation during TMEYV infection are not attributable to the development of GCR prior
to or during infection.

4.4, Exposure to repeated SDR subsequently exacerbates acute TMEV infection

Stressor exposure produces an exaggerated proinflammatory cytokine response to subsequent
immune challenge (Johnson et al., 2002; Johnson et al., 2006; Merlot et al., 2004b; Quan et
al., 2001), and this response depends on elevations of central proinflammatory cytokine
expression during stressor exposure (Johnson et al., 2004). In light of these data, it is tempting
to speculate that SDR exacerbates TMEV infection through cross-sensitization or priming of
virus-induced cytokine expression during acute infection. In particular, SDR-induced increases
in central IL-6 during the time of stressor exposure period may sensitize virus-induced pro-
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inflammatory cytokine expression, thereby exacerbating TMEV-associated behavioral
syndrome, dysregulation of antiviral responses, and CNS inflammation. Consistent with this
hypothesis, blocking IL-6 activity with the neutralizing antibody during the time of stressor
exposure prevented these adverse effects. Additional support is provided Quan et al. (2001)
who found that SDR increased proinflammatory cytokine expression and inflammatory
histopathology in brain and other organs when mice were later challenged with a septic dose
of LPS.

The present findings suggest that SDR-induced increases in IL-6 mediate subsequent increases
in TMEV-induced inflammatory histopathology in CNS. It remains unclear, however, whether
this is due to the cross-sensitization of virus-induced pro-inflammatory cytokine expression.
While SDR-induced IL-6 may play a critical role in sensitizing virus-induced cytokine
expression, it is also possible that repeated exposure to SDR may down regulate IL-6 and other
proinflammatory cytokines. Supporting this view, others have shown that exposure to chronic
social stress down regulates IL-1p mRNA levels in hippocampus (Bartolomucci et al., 2003)
and that repeated restraint stress down regulates IL-6 mRNA expression in hypothalamus and
midbrain (Miyahara et al., 2000). In addition, circulating levels of IL-6 have been shown to
decline after repeated exposure to SDR, even though they remain elevated, relative to control
mice, after the final SDR session (Merlot et al., 2004a). If central pro-inflammatory responses
habituate to repeated SDR exposure, it is possible that virus-induced cytokine responses may
be blunted during immune challenge. To resolve this issue, future studies will need to determine
whether SDR up regulates or down regulates TMEV-induced cytokine expression.

4.5. The role of IL-6 in TMEYV infection

Understanding the role of IL-6 in TMEV infection is complex, probably due to its pleiomorphic
effects. An additional complexity is that TMEV investigators use different strains of virus and
different strains of mice. However, in general IL-6 and other proinflammatory cytokines are
induced both in vitro (Olson et al., 2001; Palma et al., 2003;) and in vivo (Begolka et al.,
1998; Chang et al., 2000; Mi et al., 2006; Sato et al., 1997) following infection with TMEV.
Both astrocytes (Palma et al., 2003) and microglia (Olson et al., 2001) have been shown to
secrete IL-6 after in vitro TMEV infection. Virus-infected microglia have also been shown to
be able to present both endogenous and viral antigen to CD4+ T cells (Mack et al., 2003; Olson
etal., 2001), thus stress-induced alterations in IL-6 secretion by microglia cells may influence
antigen presentation. Other evidence suggests that IL-6 plays an important role in the
development of immune responses by enhancing antibody production, T cell activation, growth
and differentiation, and cytotoxic T cell differentiation and expression (Kishimoto, 2003).

In vivo studies have shown that IL-6 plays a protective role in preventing neurodegeneration
and demyelination. Recombinant human IL-6 administered during early infection with
Theiler's virus protected against the later development of TVID (Rodriguez at al., 1994). IL-6
appeared to mediate protection through enhanced antibody production and increased viral
clearance fromthe CNS. In arecent study, IL-6 was shown to prevent anterior horn cell damage
in IL-6 -/- mice generated on a TVID-susceptible background — H-2q (Pavelko et al., 2003).
The mechanism of action was hypothesized to be through the neuroprotective effects of IL-6
rather than its immunomodulatory functions. Interestingly, this effect was not observed in
IL-6-/- mice generated on a TVID-resistant background — H-2b (Pavelko et al., 2003). These
mice had similar viral clearance profiles and did not exhibit persistent infection and
demyelination compared to IL-6 +/+ mice.

Although IL-6 may be protective during TMEV infection, the present findings suggest that
SDR-induced increases in central 1L-6 during the time of stressor exposure have a negative
impact on disease course by exacerbating inflammatory histopathology and disrupting viral
clearance. The proinflammatory influence of SDR-induced IL-6 may alter early immunological
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events in viral infection and have cascading effects on later infection. The initial response to
the virus influences the innate immune response, which in turn influences the development of
the specific immune response (Biron 1998, 1999). Thus, SDR-induced increases in IL-6 may
have cascading effects that dysregulate central inflammatory and antiviral responses during
early infection, which in turn can shape T and B cell responses to the virus and myelin during
the chronic phase of disease.

4.6. Conclusion

A growing body of evidence suggests that stress and neuroimmune activation contribute to the
pathogenesis of neurodegenerative diseases (Ackerman et al., 2003; Biondi & Zannino,
1997; Buscioglio et al., 1998; Rosch, 1999; McGeer & McGeer, 2004; Mei-Tal et al., 1970;
Mohr et al., 2004; Mohr & Pellitier, 2006; Morale et al., 2001; Perry et al., 2003; Stein-Behrens
et al., 1994). For example, stressful life events have been found to precede and predict the
development of new brain lesions in MS patients (Mohr et al., 2000). Importantly, chronic
social stressors at home and at work were implicated, as well as disruptions in daily routine.
There are also reports that proinflammatory cytokines may play an important role in mediating
MS disease severity (e.g., Al-Omaishi et al., 1999; Begolka et al., 1998). Although stress and
inflammatory processes are implicated in the pathogenesis of diseases such as MS (Ackerman
et al., 1998; Ackerman et al., 2002; Mohr et al., 2000, 2006; Nguyen et al., 2002), the
mechanisms underlying disease exacerbation remain unknown. The present study provides the
first demonstration that social stress-induced increases in IL-6 may mediate the deleterious
effects of stress in an animal model of MS.
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The impact of SDR and the neutralizing antibody on IL-6 levels in brain (A) and sera (B) in
uninfected mice. In addition, the effect of SDR and the IL-6 neutralizing antibody on the
development of GCR prior to infection is shown in panel C. The amounts of corticosteroid
used to suppress cell survival ranged from .005 pmol to 5 pmol, and the dashed line depicts
80% cell survival. Asterisks (*) indicate significant post hoc differences between groups.
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The neutralizing antibody to IL-6 prevents the adverse effects of SDR on sickness behaviors
during acute TMEYV infection (Experiment 2). SDR increased sickness behavior across all
measures within 24 h pi, as indicated by a decrease in sucrose preference (A), mechanical
thresholds (B), open field horizontal activity (C), and center time (D). Importantly, infusion of
the neutralizing antibody to IL-6 during SDR prevented the adverse effects of SDR on sickness
behavior during early infection. Asterisks (*) indicate significant post hoc differences between

groups.
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Impact of SDR and neutralizing antibody treatment on GCR in TMEYV infected mice at day 7
pi (Experiment 2). Although SDR resulted in GCR prior to infection and the neutralizing
antibody to IL-6 did not alter this effect (Fig 1C), only the neutralizing antibody treated SDR
mice exhibited GCR at day 7 pi. The corticosteroid levels that were used to suppress survival
ranged from .005 pmol to 5 pmol. Asterisks (*) indicate significant post hoc differences
compared to control (LPS-stimulated only) cells.
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Fig 5.

Viral titers were measured in spinal cord (A) and brain (B) at days 7 and 21 pi. Viral titers are
expressed as logy g plaque forming units (pfu) per gram of tissue. A reduction of viral load over
time indicates viral clearance. SDR disrupted viral clearance in spinal cord and brain in the
vehicle treated mice, but this effect was prevented by the 11-6 neutralizing antibody treatment.
Significant post hoc differences between groups are indicated with asterisks (*).
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Fig 6.

Inflammation in brain (A) and in spinal cord (B) was elevated by SDR (SDR-Vehicle) across
days 7 and 21 pi, but this SDR-induced increase in inflammation was prevented by IL-6
neutralizing antibody treatment (SDR-ADTX). Inflammation in brain is expressed as the percent
of area with microgliosis and perivascular cuffing, whereas inflammation in spinal cord is
expressed as the percent of section perimeter with meningitis. Significant post hoc differences
are indicated by asterisks (*) for comparisons across groups and by “t” for comparisons of the
neutralizing antibody condition collapsing across day pi.
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