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ical analysis of the CNS of stressed mice indicated no 

inflammation or demyelination on day 193 after infection. 

 Conclusion:  These results suggest that stress alone is not 

sufficient to overcome genetic resistance to TVID in the 

C57BL/6 mouse strain.  Copyright © 2009 S. Karger AG, Basel 

 Introduction 

 Multiple sclerosis (MS) is a chronic idiopathic demy-
elinating and neurodegenerative disease of the central 
nervous system. As such, both the onset and exacerbation 
of MS are thought to be influenced by multiple factors, 
including infectious agents, genetic composition and en-
vironment  [1] . Evidence suggesting an infectious agent in 
the etiology of MS includes the association of multiple 
viral infections with MS  [2] , the precedence of relapses by 
infection  [3, 4]  and epidemiological studies demonstrat-
ing MS outbreaks in areas with no previous history of the 
disease, most notable in the Faroe Islands  [5] . Addition-
ally, human viral infections are known to cause demye-
lination both through direct lysis of oligodendrocytes, as 
occurs in progressive multifocal leukoencephalopathy 
brought on by polyoma JC virus infection, and indirectly, 
as is the case in post-infectious (PI) acute disseminated 
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 Abstract 

  Objectives:  Multiple sclerosis is a degenerative disease of 

the CNS with a pathology consistent with immunological 

mediation. Although its cause is unknown, multiple factors 

are thought to influence both the onset and exacerbation of 

the disease, including both genetic background as well as 

environmental factors.  Methods:  We are interested in the 

effect of psychological stress on the onset and exacerbation 

of Theiler’s virus-induced demyelinating disease (TVID), a 

murine model of MS in which viral persistence facilitates de-

myelination. In the current study, we determined whether 

chronic restraint stress (RS)-induced immunosuppression 

could result in the establishment of a persistent CNS infec-

tion in the normally TVID-resistant C57BL/6 mouse strain, 

 resulting in demyelination.  Results:  Our data indicated that 

RS repeated over the course of 7 days was not sufficient to 

cause decreases in virus-specific adaptive immunity, and did 

not significantly alter CNS viral levels. Furthermore, chronic 

repeated RS lasting until 4 weeks after infection altered nei-

ther the development of virus-specific IgG nor motor func-

tion determined by Rotarod analysis. In addition, histolog-
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encephalomyelitis initiated by vaccination or infection 
 [6]  and subacute sclerosing panencephalitis caused by 
measles virus infection  [7] . In addition, virus-induced 
demyelination is demonstrable in animals. For instance, 
infection of Icelandic sheep with visna virus  [8] ; dogs 
with canine distemper virus  [9] , and mice with Semliki 
forest virus, the JHM strain of murine hepatitis virus, or 
Theiler’s murine encephalomyelitis virus (TMEV)  [10–
12]  – all induce demyelinating diseases of the CNS that 
pathologically resemble human MS.

  Aside from evidence supporting an infectious trigger 
for MS onset and exacerbation, genetic predisposition to 
the disease is also likely to play a role in the pathogenesis 
of MS. This is illustrated by studies conducted on twins 
that demonstrate an approximate 30% concordance rate 
among monozygotic twins but only a 3–5% rate among 
dizygotic twins  [13–16] . Indeed, multiple loci represent-
ing nearly every chromosome have been associated with 
MS  [17] . However, to date, the strongest and most repro-
ducible genetic link, accounting for an estimated 17–60% 
of the genetic association with MS, is the HLA gene
HLA-DRB1  [1, 18] .

  Other environmental stimuli, such as psychological 
stressors, have also been implicated in the pathogenesis 
of MS. Interestingly, stress has been repeatedly associated 
with both onset  [19–21]  and exacerbation  [22–24]  of the 
disease, although the mechanism(s) behind these effects 
of stress on MS are currently poorly understood.

  TMEV is a member of the Picornaviridae family. 
TMEV infection of mice provides an excellent model to 
study human MS because it is endemic in mice although, 
in nature, it rarely causes demyelinating disease  [25] . 
Moreover, the development of Theiler’s virus-induced 
demyelinating disease (TVID), the chronic progressive 
immune-mediated demyelinating and neurodegenera-
tive disease, has been shown to depend on viral persis-
tence within the CNS. Both H-2- and non-H-2-linked 
genes are involved in the persistence of Theiler’s virus 
and susceptibility to TVID  [26] . Mice that are H-2 d,b,k  are 
able to effectively clear the virus from the CNS and do not 
develop TVID, whereas mice that are H-2 s,v,q,r,f  do not 
clear the virus from the CNS and eventually develop 
TVID. However, congenic strains such as B10.S which are 
H-2 s  on a C57BL/10 background demonstrate reduced se-
verity of TVID  [27, 28] .

  It is for these reasons that we have been interested in 
the mechanisms by which stress can influence the patho-
genesis of TMEV infection. In our previous study, psy-
chological stress administered during early infection of 
TMEV in susceptible SJL mice resulted in an earlier and 

exacerbated demyelinating disease  [29] . We hypothesized 
that immunosuppression during acute infection induced 
increased viral titers in the CNS, contributing to earlier 
onset and exacerbation of TVID. Because adaptive im-
munity, specifically virus-specific CD8+ T-cell respons-
es, is required for viral clearance from the CNS of non-
susceptible C57BL/6 mice  [30] , we investigated whether 
chronic stress during early infection would alter suscep-
tibility of the normally resistant C57BL/6 strain to 
TVID.

  Materials and Methods 

 Mice 
 Female C57BL/6 mice were purchased from Jackson Labora-

tories (Bar Harbor, Me., USA). The animals were housed 3–4 per 
cage and kept on a constant 12-hour light-dark cycle (05.00/
17.00 h). Food and water were available to all mice ad libitum. 
Upon arrival, mice were equally distributed to cages based on 
body mass. Before the onset of each experiment, all mice were di-
vided into groups corresponding to infection and stress and al-
lowed to acclimate for 1 week prior to the onset of the experiment. 
Experiment I was designed to determine the effects of restraint 
stress (RS) on infection during acute infection with TMEV, and 
two groups were compared: infected/non-restrained mice (I/NR) 
were compared to infected/restrained mice (I/R). Experiment II 
was designed to test the effects of stress on susceptibility to chron-
ic demyelination. I/NR, I/R and sham-infected restrained (NI/R) 
mouse groups were used. All experiments were approved by the 
Animal Use and Care Committee at Texas A&M University.

  Virus and Infection 
 All mice were anesthetized with isoflurane (Vedco, St. Joseph, 

Mo., USA) prior to the infection. Mice in the infected groups were 
then injected intracerebrally with approximately 5.0  !  10 5  PFU 
of the BeAn strain of TMEV (kindly provided by Dr. H.L. Lipton, 
Department of Microbiology and Immunology, University of Il-
linois, Chicago, Ill., USA), and mice in the non-infected groups 
were sham-infected intracerebrally with sterile phosphate-buff-
ered saline.

  RS Procedure 
 RS was carried out by placing mice in a well-ventilated 60-ml 

syringe as previously described such that they were capable of 
moving laterally, but not vertically  [31] . Briefly, mice in the re-
straint group were restrained starting 1 day prior to infection for 
8 h per session (12.00–08.00 h). For acute-phase experiments, 
mice were restrained for 7 consecutive nights. For chronic-phase 
experiments, mice received a total of 20 restraint sessions consist-
ing of 5 consecutive nights of stress followed by 2 nights with no 
stress  [29] .

  Physiological Indices of Stress and Infection 
 The degree of ruffling, an indicator of stress, and body mass 

were recorded daily during the acute-phase experiments (day 7 or 
16 PI) and biweekly during the chronic-phase experiments. The 
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degree of ruffling was scored as 0 = no ruffling, 1 = ruffling of the 
head, 2 = ruffling of the head and 50% of the body, 3 = ruffling of 
the head and entire body.

  Blood Collection for Radioimmunoassay 
 Prior and 48 h after restraint, mice were bled from the saphe-

nous vein, as previously described, during the hours of 08.00–
10.00  [29] . Immediately following collection, plasma was removed 
after centrifuging at 3,000  g  for 10 min at 4   °   C, and stored at
–80   °   C until corticosterone levels could be determined by radio-
immunoassay   [32] .

  Corticosterone Assay 
 Plasma samples were assayed in duplicate for corticosterone at 

baseline (before restraint) and 48 h after restraint using radioim-
munoassay kits obtained from MP Biomedicals (Morgan Irvine, 
Calif., USA) according to the manufacturer’s instructions  [32] .

  NK-Cell Assay 
 NK-cell activity was assessed using a standard  51 Cr release as-

say as previously described using splenocytes as effectors and 
YAC-1 cells as targets  [33] . Total  51 Cr release was determined by 
incubating targets with 10% Triton X-100. Spontaneous release 
was determined by counting the amount of  51 Cr released after
incubation of targets in complete RPMI-1640 media. Total lysis
of experimental samples was calculated using the following
equation: [(experimental release – spontaneous release)/(total re-
lease – spontaneous release)]  ! 100. All samples were run in trip-
licate.

  Antibody Levels 
 TMEV-specific antibody levels were measured by an ELISA in 

serum obtained from each mouse on days 7, 16, 73, 155, and 193 
PI. Briefly, high-binding 96-well plates were coated with 0.25- � g 
pelleted TMEV per well overnight at 4   °   C. Plates were blocked 
with Superblock according to the manufacturer’s instructions 
(Pierce, Rockford, Ill., USA). Serum was serially diluted and in-
cubated for 1.5 h at room temperature. After washing and rinsing, 
plates were incubated with either peroxidase-conjugated goat 
anti-mouse IgG (A-5278) or goat anti-mouse IgM (A-8786; Sigma, 
St. Louis, Mo., USA) for 1 h at room temperature. After washing 
and rinsing, reactions were developed with  o -phenylenediamine 
(Sigma) for 15 min after which the reaction was stopped with
2.5  M  sulfuric acid.

  Cytotoxic T-Lymphocyte Assay 
 Cytotoxic T-lymphocyte (CTL) activity was assessed on days 

7 and 16 PI using a chromium release assay. Here, previously iso-
lated syngeneic cerebrovascular endothelial (CVE) cells  [34]  were 
infected with the BeAn strain of TMEV at a multiplicity of infec-
tion of 1 for 24 h. The cells were then radiolabeled with sodium 
chromate ( 51 Cr – 100  � Ci/2.0  !  10 6  cells) for 2 h at 37   °   C and 5.0% 
CO 2 . Single-cell suspensions of spleen cells were made as previ-
ously described  [33] , and added to sterile round-bottom 96-well 
polystyrene plates at a concentration of 1.0  !  10 6  cells/well in a 
total volume of 100  � l of medium. Doubling dilutions were made 
of effectors, and 1.0  !  10 4  radiolabeled CVE cells per 100  � l of 
medium were added to all wells. Plates were then centrifuged at 
500  g  for 1 min. The plate was incubated at 37   °   C and 5.0% CO 2  
for 4 h. Cells were pelleted by centrifugation at 2,000  g  for 20 min, 

and 100  � l of the supernatant were removed and counted in a Mi-
cromedic 4/200 Plus automatic  � -counter. Total  51 Cr release was 
determined by adding 100  � l of 10% Triton X-100 to wells con-
taining radiolabeled CVE cells only. Spontaneous release was de-
termined by measuring 100  � l of supernatant containing only 
radiolabeled CVE cells. Percent lysis was calculated using the fol-
lowing formula: [(experimental release – spontaneous release)/
(total release – spontaneous release)]  ! 100. All samples were as-
sayed in triplicate.

  Plaque Assays 
 Plaque assays were used to determine viral levels in the brains 

of mice on days 7 and 16 PI, as previously described  [35] .

  Rotarod Analysis 
 During the chronic phase of TMEV infection, Rotarod analy-

sis provides an indication of motor dysfunction  [29, 36] . There-
fore, all groups were tested for performance on Rotarod starting 
on day 77 PI using a Ugo Basile (model 7650) accelerating Rotar-
od treadmill. The amount of time the mouse successfully re-
mained on the rod was recorded for two sessions. Scores were 
taken biweekly, and results were expressed as the means of two 
sessions per date.

  Histology 
 Mice in the chronic-phase experiment were sacrificed on day 

193 PI and perfused with PBS followed by 10% formalin. The 
brains and spinal cords were isolated, grossly sectioned, dehy-
drated, embedded in paraffin, sectioned into 5- � m sections and 
stained with hematoxylin and eosin  [29] . Sections were then ex-
amined for inflammation and demyelination.

  Statistics 
 Data are presented as means  8  SEM. Data were analyzed us-

ing analysis of variance and repeated-measures analysis of vari-
ance. The Mann-Whitney nonparametric analysis test was used 
to analyze differences in acute ruffling scores between I/NR and 
I/R groups. The Friedman test repeated-measure nonparametric 
analysis was used to assess differences in ruffling scores between 
I/NR, I/R and NI/R groups. When appropriate, Fisher’s protected 
least-significant difference or Dunn’s multiple-comparison mod-
el were used as post hoc tests to establish differences between 
groups. In all cases, significance was set at p  ̂   0.05.

  Results 

 Experiment I: Effects of RS on Early Disease in 
C57Bl/6 Mice 
 Indices of Stress 
 Mice subjected to RS typically display ruffled fur and 

decreased body weight  [29] . As seen in  figure 1 , stress 
caused a significant decrease in body weight, which cor-
responded to the period in which mice were receiving 
nightly RS sessions (days 1–7 PI) [F(1,20) = 8.283; p  !  0.01 
( fig. 1 a)]. This effect was immediately diminished follow-
ing the termination of these sessions, and no differences 
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between I/NR and I/R mice were seen for the duration of 
the experiment (days 8–16 PI) [F(1,9) = 0.058; p = 0.815 
( fig. 1 a)]. In contrast, mice in the I/R group displayed in-
creased ruffling scores when compared to I/NR mice 
( fig. 1 b). This effect was significant on days 1–7 PI, cor-
responding to the time in which I/R mice were being 
stressed (Mann-Whitney test; p = 0.0079). However, I/R 
mice remained more ruffled than I/NR mice even after 
stress sessions had ceased (days 8–16 PI; Mann-Whitney 
test; p = 0.0022;  fig. 1 b).

  Effects of RS on NK-Cell Lysis 
 Previous experiments indicated day 1 PI as having the 

most significant virus-specific increases in NK-cell lysis 
 [33] . Therefore, this time point was used to determine the 
effects of stress on NK-cell effector function. As depicted 
in  figure 2 , we detected a trend for stress to decrease NK-
cell lysis of YAC-1 target cells from 36% in I/NR mice to 
approximately 25% in I/R mice, accounting for a reduc-
tion of about 11% (p = 0.068). A significant reduction in 
NK-cell activity would indicate a decrease in innate im-
mune processes  [37] .

  Effects of RS on Adaptive Immune Responses to 
TMEV on Days 7 and 16 PI 
 The resistance of C57BL/6 mice to TVID is due to their 

ability to effectively clear TMEV from the CNS during 
early infection. Previously, we have shown that most vi-
ruses are eliminated from the CNS of these mice by day 
16 PI after intracerebral inoculation  [38] . Early clearance 
in C57BL/6 mice has been attributed to the generation of 
a robust adaptive immune response, which utilizes both 
cellular and humoral immunity  [39] . We determined the 
effects of RS on these responses on days 7 and 16 PI. In-
terestingly, on day 7 PI, no differences were detected be-
tween groups although it appeared that I/R mice had
reduced spleen mass (106  8  23 mg) compared to I/NR 
mice (158  8  14 mg), but this effect was not statistically 
significant [F(1,9) = 3.478; p = 0.095 ( fig. 3 a)]. Likewise, 
on day 16 PI, no differences between I/R and I/NR groups 
were detected ( fig. 3 a), being in sharp contrast to the ef-
fects of stress on CBA mice  [33] .

  The CTL response plays a major role in TMEV clear-
ance and resistance to demyelination in C57BL/6 mice 
 [30] . In these mice, the CTL response is detectable as ear-
ly as 5 days PI, peaks between days 7–10 PI and resolves 
with viral clearance by day 16 PI  [38] . Using infected 
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  Fig. 1.  RS decreases body weight and causes 
ruffling in TMEV-infected C57BL/6 mice. 
 a  During the RS period (solid black line), 
I/R mice showed significant weight loss 
compared to I/NR mice.  b  RS significant-
ly increases ruffling scores in I/R versus 
I/NR mice during the restraint period.
 a ,  b  These effects were quickly diminished 
after the termination of RS sessions. 
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  Fig. 2.  Effect of RS decreases NK-cell lysis on day 1 PI. Mice were 
stressed by restraint 1 day prior to infection with TMEV. On day 
1 PI, splenic NK-cell effector function was measured by chromi-
um release assay using YAC-1 cells as targets. At an effector:target 
ratio of 100:   1, I/R mice (n = 5) displayed a trend towards reduced 
capacity to lyse targets compared with I/NR mice (n = 4; p = 
0.068). Means  8  SEM. 
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cloned syngeneic CVE cells as targets in a chromium re-
lease assay, we observed no differences between I/NR and 
I/R groups ( fig. 3 b) on day 7 PI. By day 16 PI, the CTL re-
sponse had abated and was undetectable in I/NR and I/R 
mice groups ( fig. 3 c).

  Antibody responses directed toward TMEV have also 
been shown to limit viral persistence in the absence of a 
CD8 +  T-cell response  [39] . Therefore, we measured the 
effects of stress on virus-specific IgM and IgG responses 
by ELISA. We found no stress-induced differences in IgM 
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  Fig. 3.  Effects of RS on adaptive immune 
responses to TMEV on days 7 and 16 PI.
 a  Effects of RS on spleen weight on day
7 and 16 PI.  b ,  c  Splenic CTL respons-
es against infected (multiplicity of infec-
tion = 1) CVE cells on day 7 ( b ) and 16 PI 
( c ).  d ,  e  Serum anti-TMEV IgM levels on 
both day 7 ( d ) and 16 PI ( e ).  f ,  g  Serum IgG 
levels to TMEV on days 7 ( f ) and 16 ( g ). 
Means    8  SEM. 
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responses on either day 7 or 16 PI. Additionally, the virus-
specific IgM response did not differ between days 7 and 
16 PI ( fig. 3 d, e). In contrast to the IgM response, virus-
specific IgG was almost undetectable on day 7 PI, but was 
substantially increased by day 16 PI [F(1,19) = 88.682; p  !  
0.0001 ( fig. 3 f, g)].

  However, RS was not found to significantly influence 
virus-specific IgG levels at either time point ( fig. 3  f, g,  4 ). 
Taken together, these results indicate that RS did not sig-
nificantly alter virus-specific immune responses on ei-
ther day 7 or 16 PI in C57BL/6 mice.

  Effects of RS on Brain Viral Titers 
 In order to determine the effects of RS on viral persis-

tence within the CNS, we used plaque assays to measure 
viral titers from brains on days 7 and 16 PI.  Figure 4  il-
lustrates the effect of RS on brain viral titers. Collectively, 
viral titers were highest on day 7 PI compared to day 16 
PI ( fig. 4 ). Although there was a trend for I/R mice to de-
velop slightly higher viral titers than I/NR mice on day 7 
PI, this finding was not statistically significant [F(1,9) = 
1.642; p  1  0.05 ( fig. 4 )]. In addition, there were no signif-
icant differences between I/R and I/NR groups with re-
spect to viral titer ( fig. 4 ). These results indicate that RS 
did not substantially alter the ability of mice to clear virus 
from the CNS in C57BL/6 mice.
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  Fig. 4.  Effects of RS on brain viral titers on day 7 and 16 PI. Brain 
viral titers were measured by plaque assay on days 7 and 16 PI. 
I/R mice had slightly higher levels of virus on day 7 PI (left) than 
I/NR, but the effect was not significant. By day 16 PI (right), both 
I/R and I/NR mice had low or undetectable levels of virus in the 
brain, and no effect of RS was noted.                               

  Fig. 5.  Effects of infection and RS on weight, ruffling score and 
plasma corticosterone.  a ,  b  Restrained mice displayed decreased 
body weight ( a ) and ruffling scores ( b ) compared to non-re-
strained mice during the RS period (solid black line), but this ef-
fect quickly subsided following the RS period ( a ,  b ).  c  Plasma cor-
ticosterone levels 48 h after the first RS session (day 1 PI;  c ).
Means              8  SEM ( *  p  !  0.05,  *  *  *  p  !  0.001 vs. controls before RS). 
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  Experiment II: The Effect of RS on Late TMEV in 
C57Bl/6 Mice 
 Results from our first experiment indicated that 8 con-

secutive RS sessions each lasting 8 h did not significantly 
alter either virus-specific adaptive immunity or viral per-
sistence in the early phases of TMEV infection. Due to the 
age of our mice (3–5 weeks old), we could not increase the 
length of each stress session without expecting high mor-
tality rates  [40] . Therefore, we altered the number of RS 
sessions such that mice received 5 consecutive nights of 
RS with a 2-night rest inbetween, for a total of 20 RS ses-
sions  [29] . To ensure that the 8-hour RS was acting as a 
stressor in C57BL/6 mice, we measured plasma cortico-
sterone before and immediately after the second RS ses-
sion as an indicator of hypothalamic-pituitary-adrenal 
axis activation  [29] . C57BL/6 mice do not develop demy-
elination following infection with TMEV. However, in or-
der to determine the effects of RS on altered susceptibility 
to TMEV, we included NI/R mice as a control group.

  Effects of Stress on Body Weights, Ruffling and 
Plasma Corticosterone 
 As in experiment I, we found that RS significantly de-

creased the body weights of mice in the restrained groups 
(I/R and NI/R) during the period in which the mice were 
receiving nightly RS sessions [F(1,12) = 42.238; p  !  0.0001; 
days 0–25 PI ( fig. 5 a)]. Body weights quickly returned to 
levels comparable to I/NR mice immediately following 
cessation of RS sessions and were not found to differ 
again for the duration of the experiment (days 30–193; 
 fig. 5 a). In contrast, infection with TMEV had no effect 
on body weights ( fig. 5 a).

  Also, ruffling scores were significantly increased dur-
ing days 0–25 PI (Friedman test; p  !  0.001;  fig. 5 b). As 
with body weights, these scores became indistinguish-
able between groups following the RS period (days 30–
195 PI) for mice in the restrained groups ( fig. 5 b). Once 
again, infection did not alter signs of ruffling at any time 
point ( fig. 5 b).

  As illustrated by  figure 5 c, RS significantly increased 
plasma concentrations of corticosterone in I/R and NI/R 
mice compared to I/NR mice [F(1,18) = 21.752; p  !  0.0001], 
demonstrating hypothalamic-pituitary-adrenal axis ac-
tivation following stress. Infection had no influence on 
plasma concentration of corticosterone ( fig. 5 c).

  Effects of Stress on TMEV-Specific Antibody Levels 
on Days 73, 155 and 193 PI 
 Virus-specific IgG antibody levels were used as indi-

cators of adaptive immunity during the late phase of 
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  Fig. 6.  Effects of RS on serum virus-specific IgG responses to 
TMEV on days 73, 155, and 195 PI ( a–c ). Virus-specific antibody 
levels on days 73 ( a ), 155 ( b ) and 193 ( c ) PI. Means                      8  SEM.             
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TMEV infection. Infection with TMEV resulted in sub-
stantially increased antibody levels on days 73, 155 and 
up to 193 PI ( fig. 6 ). However, as before, RS did not affect 
the humoral response to TMEV at any of these time 
points ( fig. 6 ). These results indicate that despite 20 ses-
sions of RS occurring during early infection with TMEV, 
the mice in the I/R group were still able to mount a robust 
antibody-mediated immune response toward TMEV.

  Effects of Stress on Indices of Demyelination 
 Susceptible mice infected with TMEV, such as the SJL 

strain, display clinical symptoms of demyelination, in-
cluding a wobbly gait, abnormal righting reflex, a hunched 
posture, and ruffling of the fur. The onset of these symp-
toms typically begins around 40–55 days p.i. and pro-
gressively worsens as the animal ages. However, as 
hunched posture and ruffled fur can also be used to as-
sess degree of stress ( fig. 1 b,  5 b), we focused primarily on 
gait score as an indication of disease onset. Additionally, 
we tested motor responses by Rotarod biweekly. No 

mouse developed signs of gait abnormality at any time 
during the experiment (not shown). Moreover, as seen in 
 figure 7 a, neither infection nor RS altered the degree of 
motor capability determined by Rotarod analysis. Final-
ly, histological analysis of spinal cords from I/R mice 
demonstrated no inflammation, demyelination or mi-
crogliosis ( fig. 7 b).

  Discussion 

 RS has been shown to drastically influence immunity 
to viral infections. For instance, immediately preceding 
and following influenza infection, stress has been report-
ed to decrease: NK-cell activity  [41, 42] ; CTL responses 
 [43] , and mononuclear-cell infiltration into  [44]  and IL-2 
production in the lungs  [45] . Likewise, RS has also been 
shown to downregulate CTL, NK and IL-2 responses to 
experimental herpes simplex virus infection  [46] , leading 
to increases in virus-induced encephalitis  [47] , as well as 
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its reactivation from the trigeminal nerves of infected 
mice  [48] .

  During early infection with TMEV, RS CBA mice de-
velop decreased NK-cell activity  [33]  and chemokine/cy-
tokine expression in the brains and spleens, as well as 
altered viral dissemination and viral load  [31, 35, 49] . Ad-
ditionally, in SJL mice, RS suppresses virus-specific T-cell 
responses in the CNS as well as the periphery  [50] , which 
may result in an exacerbated late disease  [29] .

  Based on our previous findings, as well as those of oth-
ers, we hypothesized that RS would cause suppression of 
innate and adaptive immune responses toward TMEV in 
C57BL/6 mice – responses that are needed for viral clear-
ance and inhibition of viral persistence from the CNS in 
this prototypical TMEV-resistant inbred strain  [51, 52] . 
Therefore, as occurs in susceptible strains of mice, we hy-
pothesized that this immunosuppression would result in 
increased viral load in the CNS, possibly leading to per-
sistence and the subsequent development of TVID. Our 
results overwhelmingly demonstrate that RS does not al-
ter susceptibility of C57BL/6 mice to TMEV, and failed to 
significantly suppress the development of both antibody 
and CTL responses directed toward TMEV ( fig. 3 ). These 
findings mirror the inability of RS to significantly influ-
ence viral load within the CNS of C57BL/6 mice infected 
with Theiler’s virus ( fig. 4 ). While this effect of stress on 
the TMEV-specific humoral responses agree with the 
findings on the effects of repeated 16-hour sessions of RS 
on virus-specific humoral responses to influenza  [45, 53] , 
our data demonstrating a lack of an effect on TMEV-spe-
cific CTL responses are in contrast to the findings of oth-
ers that clearly demonstrate suppressive effects of repeat-
ed RS on CTL effector function  [46, 43, 48] . One reason 
for the discrepancy between our data and those of others 
may be attributable to the subtle differences in the assays 
used to test the CTL response. While others have success-
fully used radiolabeled splenocytes as target cells, we 
chose to employ the use of cloned CVE cells, a suspected 
target of in vivo infection of TMEV and possibly persis-
tence  [54] . While the degree of lysis is low compared to 
conventional assays, we believe that they accurately re-
flect the events occurring in vivo, which is illustrated by 
the fact that CNS viral load did not significantly differ 
between I/NR and I/R groups during the same time 
frame. Conversely, despite obvious differences in body 
weight and the increases in ruffling scores due to RS, we 
have also entertained the possibility that our mice were 
not stressed. However, RS clearly resulted in the release 
of corticosterone into the blood ( fig. 5 c), which is an ac-
cepted marker of hypothalamic-pituitary-adrenal axis 

activation. Moreover, these concentrations have been 
shown to correlate with immunosuppression in other 
strains of mice  [29] .

  Alternatively, this paradox may be explained in sev-
eral ways. First, the age of the animals. Stress studies usu-
ally use mice over the age of 8 weeks. In our experiments, 
we used 4- to 6-week-old mice due to the fact that older 
animals become resistant to Theiler’s virus infection  [55] . 
Second, while our mice were certainly stressed, their al-
lostatic load may not have been increased enough to cause 
immunologic distress  [56] . Allostasis is a concept devel-
oped by Bruce McEwen to describe the active adaptive 
processes that maintain homeostasis and the conse-
quences of sustained or repeated activation of mediators 
of allostasis. This concept is supported by findings of oth-
ers that demonstrate the importance of the timing and 
duration of a stressor as well as the influence of the ge-
netic background on the immune response  [57] . C57BL/6 
mice have previously been reported to have a low or in-
termediate stress response in comparison to other strains 
of mice  [58, 59] . Eight-week-old C57BL/6 mice have lower 
basal corticosterone levels, develop lower/intermediate 
levels of corticosterone in response to acute uncontrol-
lable foot shock and their plasma corticosterone levels 
rapidly return to basal levels after shock, too  [58] .

  As mentioned previously, C57BL/6 mice are capable of 
generating a very effective early immune response to-
ward TMEV  [60] . Therefore, it could be possible that the 
antigenic stimulus alters the allostatic set point for when 
stress becomes distress. In this scenario, an equivalent 
amount of stress is likely to differentially affect the im-
munologic outcome of any given pathogenic stimuli 
based on its degree of immunogenicity. This could ex-
plain why the same dose of stress differentially affects 
viral titers in inbred mouse strains of varying susceptibil-
ity to TMEV.

  MS onset is thought to be influenced by multiple fac-
tors  [1] . Of these factors, psychological stress has been 
repeatedly associated with MS since around the time of 
its initial characterization by Charcot  [61] . However, 
whereas most studies support a role of stress in the patho-
genesis of MS  [22] , another study has demonstrated a lack 
of association between stressful life events and exacerba-
tion of MS  [62] . Using TMEV as a model for human MS, 
we have now demonstrated the ability of C57BL/6 mice 
to prevent persistent viral infection of the CNS despite 
being subjected to a chronic stressor during a critical 
time in the determination of viral persistence  [60] . As 
such, this study may have important implications when 
considering the effects of stress on human diseases such 
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