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Abstract
Multiple sclerosis (MS) is a devastating CNS disease of unknown origin. Multiple factors including
genetic background, infection, and psychological stress affect the onset or progression of MS.
Theiler’s murine encephalomyelitis virus (TMEV) infection is an animal model of MS in which
aberrant immunity leads to viral persistence and subsequently results in demyelination that resembles
MS. Here, we examined how stress during acute TMEV infection altered virus-specific cell mediated
responses. Using immunodominant viral peptides specific for either CD4+ or CD8+ T cells, we found
that stress reduced IFN-γ producing virus-specific CD4+ and CD8+ T cells in the spleen and CD8+
T cells CNS. Cytokine production by cells isolated from the CNS or spleens following stimulation
with virus or viral peptides, indicated that stress decreased both type 1 and type 2 responses.
Glucocorticoids were implicated in the decreased T cell function as the effects of stress were partially
reversed by concurrent RU486 administration but mimicked by dexamethasone. As T cells mediate
viral clearance in this model, our data support the hypothesis that stress-induced immunosuppression
may provide a mechanism for enhanced viral persistence within the CNS.
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1. Introduction
MS is a demyelinating and neurodegenerative disorder that targets the central nervous system
(CNS) and is autoimmune in nature. While the cause of MS is not known, multiple factors are
likely to contribute to the pathogenesis of this disease, including, gender, genetic background,
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and environment (Noseworthy et al., 2000). No single known pathogen has been associated
exclusively with the development of MS, but many different pathogens have been isolated
from MS plaques (Fazakerly and Walker, 2003). Other evidence for the involvement of an
infectious agent in MS development are epidemiological (Kurtze and Heltberg, 2001),
migrational (Gale and Martyn, 1995), and the pathological characterization of MS plaques
(Lucchinetti et al., 2000).

Another environmental factor that may contribute to both the onset and exacerbation of MS is
psychological stress (Ackerman et al., 2003; Mohr et al., 2004). Stress, acting through the
hypothalamic-pituitary-adrenal (HPA) axis as well as the autonomic nervous system, has been
shown to modulate immune responses, with acute stress stimulating leukocyte trafficking and
chronic stress being immunosuppressive (Dhabhar and McEwen, 1997). We have recently been
interested in the mechanisms by which restraint stress can alter the pathogenesis of Theiler’s
murine encephalomyelitis virus (TMEV) infection, a commonly used animal model of human
MS (Lipton, 1975; Oleszack et al., 2004). In this model, intracranial injection of TMEV into
susceptible strains of mice can lead to a biphasic disease consisting of a polioencephalitic phase
followed by a chronic demyelinating phase that is perpetuated by T cell and B cell autoimmune
responses (Oleszack et al., 2004). Conversely, viral inoculation of genetically-resistant strains
of mice does not result in demyelination.

After infection with TMEV susceptible mice fail to generate a well-orchestrated immune
response, which allows the virus to persist, primarily in macrophages/monocytes as well as
astrocytes, for the duration of the animal’s life time (Theiler, 1937; Clatch et al., 1990; Zheng
et al., 2001). Susceptibility to TMEV-induced demyelination is attributed to several factors
(Brahic et al., 2005) including the H-2D locus (Lipton and Melvold. 1984; Rodriguez and
David, 1985), indicating a role of virus-specific CD8+ T cells in the clearance of TMEV.
Findings in support of this hypothesis are: (i) deletion of CD8+ cells by antibody administration
exacerbates disease (Borrow et al., 1992), (ii) β-2 microglobulin deficient mice (Begolka et
al., 2001; Fiette et al., 1993; Miller et al., 1995; Pullen et al., 1993) as well as (iii), perforin-
deficient (Palma et., 2001; Rossi et al., 1998; Murray et al., 1998) mice generated on a Theiler’s
virus-induced demyelination resistant background, are rendered susceptible. The generation
of TMEV-specific antibodies has also been shown to contribute to viral clearance (Welsh et
al., 1989; Kang et al., 2005).

While Th1 type immunity is essential for early TMEV infection clearance by the generation
of both T and B cell responses; in the later phase of TMEV Th1 mediated immunity is damaging
to the CNS. Nevertheless, pro-inflammatory responses early following infection are beneficial.
In fact, in CBA mice, deletion of CD4+ T cells during the time of infection was shown to cause
mortality (Welsh et al., 1987). Similarly, in CD4+ T cell deficient SJL mice infected with the
DA strain of TMEV the disease was exacerbated (Lin et al., 2004).

Restraint stress (RS) has been shown to be immunosuppressive in several viral infections
including herpes simplex virus (Bonneau et al., 1991) and influenza virus (Feng et al., 1991).
We have demonstrated that RS can dramatically influence the disease course of TMEV.
Particularly, SJL mice that received 4 weeks of 8 hour nightly RS develop an exacerbated
disease course (Sieve et al., 2004) with similarities to that generated following depletion of
CD8+ T cells via monoclonal antibody administration (Borrow et al., 1992). Moreover, infected
CBA mice that received nightly RS of 12 hours produced a survival curve that was almost
identical of that generated by the depletion of CD4+ T cells (Welsh et al., 1987; Campbell et
al., 2001). Because of these similarities, we hypothesized that restraint stress during acute
infection with the BeAn strain of TMEV, alters the generation of T cell mediated adaptive
immune responses. Therefore, in this particular study we set out to determine the effects of
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restraint stress on the generation of virus-specific CD4+ T cell and CD8+ T cell effector
functions.

2. Methods and Materials
2.1. Mice

Three to four week old female SJL mice were purchased from Harlan (Indianapolis, IL). Mice
were assigned to either infected/restrained (I/R), infected/non-restrained (I/NR), non-infected/
restrained (NI/R) or non-infected/non-restrained (NI/NR) groups. In the restrained groups,
restraint commenced 24 hrs prior to infection. For each individual experiment mice were
housed two animals per cage per group. All mice were given one week to acclimate to their
housing environment (light dark cycle 0500– 1700 hr) prior to the onset of the experiment.
Mice were kept on a diet of mouse chow containing 9% fat and 20.5% protein. Food and water
was provided ad libitum. All animal care protocols were in accordance with NIH Guidelines
for Care and Use of Laboratory Animals and were approved by the Texas A&M University
Laboratory Animal Care and Use Committee.

2.2. Infection and restraint stress
Following anesthesia with isoflurane (MWI, Meridian, ID), mice were either injected with 5.0
× 105 plaque forming units (PFU) of BeAn strain of TMEV in 20 μl of DMEM media or sham-
infected with DMEM into the right mid-parietal cortex at a depth of approximately 1.5mm
(Campbell et al., 2001). Restraint stress was carried out as described previously (Campbell et
al., 2001). Restraint sessions began the night prior to infection and continued each night until
day 8 p.i. All mice were allowed 2 h to recover prior to injection. Mice were weighed daily.

2.3. Experimental design
2.3.1. Experiments to assess the effects of stress on the T cell response to
Theiler’s virus—A 2 (Infected vs Non-infected) × 2 (Restrained vs Non-restrained) factorial
design was used to determine the effects of 8 nights of restraint stress on the immune response
to Theiler’s virus. Mice were sacrificed on day 8 by overdose of ketamine/xylazine, spleens,
brain and spinal cords collected for: CD4+ and CD8+ T cell responses by ELISPOT; % CD4
+ and CD8+ T cells by flow cytometry; cytokine levels by Bioplex assay; T-bet and GATA-3
expression by Q RT-PCR and western blots. Serum was also collected from these animals for
the determination of serum cytokine levels measured by Bioplex assay.

2.3.2. Experiments to determine whether the immune response to Theiler’s virus
recovers after stress cessation—A 2 (Infected vs Non-infected) × 2 (Restrained vs Non-
restrained) factorial design was used to determine the effects of 8 nights of restraint stress,
followed by 8 nights of recovery, on the immune response to Theiler’s virus. Mice were
sacrificed on day 16 by overdose of ketamine/xylazine and the serum, spleens, brain and spinal
cords collected for determination of CD4+ and CD8+ T cell responses by ELISPOT.

2.3.3. Experiments to determine whether glucocorticoids are the main
mediators of stress-induced immunosuppression—In order to assess whether a
glucocorticoid agonist (dexamethasone) would mimic the effects of restraint stress and the
glucocorticoid antagonist RU486 would reverse the effect of stress, mice were assigned to the
following groups: infected/PBS treated (I/PBS), infected/dexamethasone treated (I/DEX),
infected/restrained/PEG400 treated (I/R/PEG) or infected/restrained/RU486 treated (I/R/
RU486) groups. For each individual experiment mice were housed two animals per cage per
group. Mice were treated nightly with dexamethasone (DEX) (Sigma Chemical, St. Louis,
MO) at a dose of 1.0 mg/kg or with vehicle control (PBS) by intraperitoneal (i.p.) injection
given 1 h prior to restraint. RU486 (Sigma Chemical, St. Louis, MO) treatment was
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administered according to Tseng et al., (Tseng et al., 2005) such that mice were given nightly
subcutaneous (s.c.) injections of RU486 (25mg/kg) or vehicle control (PEG400). Both DEX
and RU486 treatments were administered 1 h prior to restraint, began the night prior to
infection, and lasted until day 8 p.i. All injection volumes were administered in a total volume
of 100 μl.

2.4. Virus, viral purification and inactivation, and viral peptides
The BeAn 8683 strain of Theiler’s virus (kindly provided by Dr. H. L. Lipton, Department of
Microbiology-Immunology, University of Illinois at Chicago, IL) was initially propagated in
lung tumor (L2) cells (Welsh et al., 1987). Virus was semi-purified by ultracentrifugation
according to Rueckert and Pallansch, (Rueckert and Pallansch, 1981) by pelletting through
30% sucrose cushion at 80,000 × g for 3 hours in a Optima L-80 XP ultracentrifuge (Beckman
Coulter) using an SW-28 rotor. Pellets were resuspended in 1M sodium phosphate buffer (pH
7.4). UV-inactivated virus was generated by exposing previously pelleted virus to UV-light
(1330 μW/cm3 at 13 cm distance) for 1.5 h. The virus was determined to be inactivated by
plaque assay.

The immunodominant CD4+ T cell peptide QEAFSHIRIPLPH corresponding to TMEV
VP274-86 was used to determine CD4+ T cell specific responses (Gerety et al., 1991 & 1994).
Additionally, the immunodominant CD8+ T cell peptide FNFTAPFI corresponding to
VP3159-166 was used to determine CD8+ T cell specific responses to TMEV (Kang et al.,
2002). The non-specific peptide sequence RLNRITKDSYPNS was used as a control peptide
to determine non-specific immune responses. All peptides were purchased from Sigma at ≥
95% purity by HPLC.

2.5. Tissue isolation
At the termination of each experiment (Day 8 or 16 p.i.) all mice were injected with a lethal
dose of Beuthanasia special 150mg/kg (Schering-Plough Animal Health) (Welsh et al.,
2004). Blood was collected via cardiac puncture, and then mice were perfused through the left
ventricle with cold Hanks balanced salts solution containing heparin (10U/mL) buffered at pH
7.2. Serum was collected as described (Welsh et al., 2004). After perfusion, spleens, brains
and spinal cords were aseptically removed. Single cell suspensions were prepared as described
previously (Welsh et al., 2004). CNS infiltrating lymphocytes (CNS-ILs) were prepared from
the CNS tissue using nylon mesh and incubating the tissue with RPMI 1640 containing
250μg/ml of collagenase type IV (Worthington Inc., Lakewood, NJ) for 45 minutes at 37°C
and 5% CO2 (Kang et al., 2002). Following incubation, the lymphocytes were isolated by
35/70% percoll gradient centrifugation, then re-suspended in complete RPMI-1640 containing
L-glutamine (1.0%), penicillin and streptomycin (1.0%), and 10% FBS.

2.6. Plaque assay
UV-inactivated virus was determined to be inactivated by plaque assay as described previously
(Mi et al., 2006a).

2.7. Preparation of feeder cells
Spleens were aseptically removed from aged-matched NI/NR mice and single cell suspensions
were prepared. Feeder cells were irradiated with 3000 rads (Co60 source, College of Veterinary
Medicine and Biomedical Sciences, Texas A&M University).

2.8. ELISPOT assays
The effects of restraint stress on T cell effector function to TMEV were assessed, in part, by
the ability of CNS-ILs to generate IFN-γ in response to either the immunodominant CD4+ or

Steelman et al. Page 4

Brain Behav Immun. Author manuscript; available in PMC 2010 August 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



CD8+ T cell specific peptide (VP274-86 or VP3159-166, respectively). In this assay, 96-well
filtration plates (MAIPS4510) containing PVDF membranes (Millipore, Corp, Bedford, MA)
were coated with 1.0 μg (in 100μl sterile PBS) of anti-mouse IFN-γ capture antibody (AN-18;
eBioscience) overnight at 4°C. The plates were blocked with 200μl complete RPMI-1640
(supplemented with 10% FBS) for 2 h at room temperature. Then 2.0 × 104 CNS-ILs were
mixed with 1.0 × 106 irradiated feeders, in 150 μl of complete RPMI-1640 with a final
concentration of 2.0 μM peptide (CD4+, CD8+ or non-specific) and then added to the plate.
Following an incubation at 37° C and 5.0% CO2 for 24 h the plates were washed with PBS
containing 0.05% Tween-20 (5X) and rinsed once with water purified by reverse osmosis (RO)
H2O. 100 μl assay diluent (PBS with 10% FBS) containing 0.1μg of the biotin labeled anti-
IFN-γ detection antibody (R4-6A2; eBioscience) was added to each well, and the plates were
incubated at room temperature for 2 h. After the incubation the plates were washed 6X with
PBS containing Tween-20 (0.05%). Then, 100μl of avidin-HRP (horseradish peroxidase)
(eBioscience) diluted 1/1000 in assay diluent was added to each well and the plates were
incubated for 30 min. at room temperature. After washing 6X as described above, spots were
developed using 100 μl of 3-amino-9-ethyl-carbazole (AEC) substrate solution (1.0mg AEC,
1.0ml dimethylformamide, 14ml 0.1M citrate-phosphate buffer pH 5.0, and 10.0 μl and
H2O2). The plates were rinsed 3X with 200μl of RO H2O, and read with an ELISPOT plate
reader (AID EliSpot Reader System, Straberg, Germany). The effects of RS on splenic T cell
effector function were determined using the methods described above. However, for these
assays, 1.0 × 106 isolated spleen cells were used in the absence of feeders. All samples were
run in duplicate. Background was determined as the generation of spots to the non-specific
peptide and was subtracted from CD8+ and CD4+ T cell virus-specific peptide responses.

2.9. Flow cytometry
Flow cytometry was used to test the effects of RS on splenic T cell percentages, at days 8 and
16 p.i. Briefly, 1.0 × 106 splenocytes were blocked with 1.0 μg of anti-mouse CD16/CD32 (93;
eBioscience) for 10 minutes at 4°C then labeled with PE conjugated anti-CD3e (145-2C11;
eBioscience), and FITC conjugated anti-CD4 (RM4-5; eBioscience) or FITC conjugated anti-
CD8a (53–6.7; eBioscience) for 20 min. at 4°C. Cells were then washed 3X with staining buffer
(eBioscience) then resuspended with 300μl EM grade paraformaldehyde (Electron Microscopy
Science; Ft Washington, PA). T cell percentages were then determined using a FACSCaliber
(Becton Dickson) and FlowJo software (TreeStar, Inc., Ashland, OR).

2.10. Cytokine secretion
At day 8 p.i. 5 × 104 CNS-IL and 1.0 × 106 irradiated splenocytes or 1.0 × 106 splenocytes
were cultured with complete RPMI 1640, and stimulated with either plate bound anti-CD3 (10
μg/ml) and anti-CD28 (2.0 μg/ml), purified UV-irradiated BeAn, or control media for 72 h at
5.0% CO2 and 37°C. The supernatants were then collected and concentrations of Th1, Th2 and
Th17 cytokines measured using Bio-plex kits (Th1/Th2) or ELISA (Th17) according to the
manufacturers’ instructions. For some experiments, the effects of RS on virus-specific IFN-γ
secretion was measured by ELISA (eBioscience) after stimulating 1.0 × 106 splenocytes
(isolated at day 8 p.i.) for 24 hours with 2μM of VP274-86, VP3159-166, or non-sense (NS)
peptide in complete RPMI 1640 at 5.0% CO2 and 37°C as indicated in the text.

2.11. Serum cytokine profile
At day 8 p.i., the effects of RS on serum cytokine concentrations were determined using a Bio-
Plex 23 plex profiling kit according to the manufacturer’s instructions (Bio-Rad, Inc; Hercules,
CA). This kit gave the concentrations of 23 serum cytokines including IL-1α, IL-1β, IL-2, IL-3,
IL-4, IL-5, IL-6, IL-9, IL-10, IL-12(p40), IL-12(p70), IL-13, IL-17, Eotaxin, G-CSF, GM-
CSF, IFN-γ, KC, MCP-1, MIP-1α, MIP-1β, RANTES, and TNF-α.
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2.12. Quantitative RT-PCR for T-bet and GATA-3
Total RNA was isolated from 1.0 × 107 spleen cells by QIAshredders (Qiagen), and purified
by column and DNase digestion using a Qiagen RNeasy mini kit according to the
manufacturer’s instructions (Qiagen). cDNA was generated as described previously, albeit
using random primers (Promega) (Mi et al., 2006b). Real-time PCR was used to test for IL-4,
IL-5, IFN-γ, T-bet, and GATA-3, expression and normalized to β-actin using methods
described previously (Mi et al., 2006b). All primers were purchased from Integrated DNA
Technologies (Coralville, IA), sequences used were T-bet: sense,
CAACAACCCCTTTGCCCAAAG, antisense, TCCCCCAAGCAGTTGACAGT,
(Yamamoto et al., 2005), IFN-γ: sense, CAGCAACAGCAAGGCGAAA, antisense,
CTGGACCTGTGGGTTGTTGAC, (Mi et al., 2006), GATA-3: sense,
AGAACCGGCCCCTTATCA, antisense, AGTTCGCGCAGGATGTCC, (Yamamoto et al.,
2005), IL-4: sense, ACAGGAGAAGGGACGCCAT, antisense,
GAAGCCCTACAGACGAGCTCA, (Wei et al., 2005), IL-5: sense,
CCGAGCTCTGTTGACAAGCA, antisense, CAGTATGTCTAGCCCCTGAAAGATTT,
(Wei et al., 2005), β-actin: sense, GCAACGAGCGGTTCCG, antisense,
CCCAAGAAGGAAGGC (Mi et al., 2006b).

2.13. Western blot
To determine the effects of RS on T-bet and GATA-3 protein levels, 1.0 × 106 splenocytes
were cultured with plate bound anti-CD3 (10 μg/ml) and anti-CD28 (2 μg/ml) antibodies, or
2 μM peptides VP274-86, VP3159-166, or NS in 150 μl of complete RPMI-1640 for 5 or 24 hours
at 37°C and 5% CO2. Nuclear protein was extracted from stimulated splenocytes using NU-
PER kits (Pierce), quantified by BCA protein assay (Pierce), separated on 10% polyacrylamide
gels, transferred to nitrocellulose, blocked with 5% NFDM, probed with anti-mouse T-bet
(4B10; Santa Cruz) or GATA-3 (HG3-31; Santa Cruz) followed by ImmunoPure anti-mouse
IgG-HRP (Pierce) and developed with SuperSignal west pico chemiluminescent substrate
(Pierce). Blots were then stripped and re-probed with anti-mouse β-actin (a kind gift from Dr.
Weston Porter; Texas A&M University). Film (CL-XPosure; Pierce) was developed using an
autoprocessor, and densitometry analysis was performed with using a Bio-Rad Analyzer gel
2K system and quantity-one software.

2.14. Statistical analyses
Data are presented as means ± SEM. Data were analyzed using multiple level analysis of
variance (ANOVA) and Student’s t-tests. Because pilot studies indicated that the non-infected
groups did not respond to viral peptides or UV-BeAn stimulation in ex vivo culture, planned
students t-tests between I/NR and I/R groups as well as NI/NR and NI/R groups were used to
determine differences in cytokine secretion as well as ELISPOT assays. Significance of
correlations was determined by simple regression analysis. In all cases significance was set at
p ≤ 0.05.

3. Results
3.1. Theiler’s virus infection and restraint stress decrease body weight

As in our previous studies (Cambell et al., 2001; Sieve et al., 2004) both RS, and infection
were found to cause an overall decrease in body weight (p’s < 0.001; data not shown).
Moreover, these effects were dependent on time. Specifically, the effects of infection on change
in body weight percentage were transient, reaching maximum at day 1 p.i at which time
infection exacerbated the RS induced weight loss, p < 0.01, but resolved thereafter. However,
RS caused continual weight loss, which was sustained throughout the course of the experiment
(data not shown).
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3.2. Stress has a profound influence on T cell responses in the CNS and spleens at days 8
p.i

Cellular immune responses, particularly CD8+ T cell responses, are imperative for the
clearance of TMEV from the CNS and thus may play an intricate role in the prevention of
immune-mediated demyelination in this model of human MS. The benefit of IFN-γ in the
clearance of TMEV is illustrated by the fact that IFN-γ−/− mice on a normally resistant
background succumb to viral persistence and eventually demyelination (Rodriguez et al.,
2003). In order to determine the effects of RS on IFN-γ producing T cells in both the CNS and
the periphery, we utilized known immunodominant CD4+ (VP274-86), and CD8+

(VP3159-166) T cell epitopes to stimulate these cells in an ELISPOT assay. Within the CNS,
very few cells responded to the CD4+ immunodominant peptide (VP274-86), confirming the
results of others suggesting that almost no capsid specific Th1 cells are present in the CNS of
TMEV infected SJL mice at this time point (Fig. 1A; (Mohindru et al., 2006). In sharp contrast,
infection caused an influx of CNS-infiltrating lymphocytes (CNS-IL) that were specific for the
CD8+ immunodominant epitope (VP3159-166) (p < 0.001) at day 8 p.i. (Fig. 1B). Within infected
animals, RS decreased the number of VP3159-166 reactive CD8+ T cells by approximately 58%
(p < 0.05). Additionally, at this same time point, infection increased the number of both
VP274-86 (CD4+) and VP3159-166 (CD8+) specific IFN-γ producing T cells in the spleens of
infected mice (ps < 0.01) (Fig. 1C–D). While CD4+ T cell responses were different between
the periphery and the CNS, it is worth noting that the CD8+ T cell responses were very similar
and in fact significantly correlated (r = 0.6481; p < 0.01). Within infected animals restraint
stress decreased both of these responses in the spleens of infected mice by approximately 50
and 60% respectively (ps < 0.01) (Fig. 1B&D). Taken together these data indicate that RS
drastically reduces the number of virus-specific IFN-γ producing CD4+ and CD8+ T cells at a
time when these T cell responses normally peak.

3.3. Recovery from stress is evident by day 16 p.i
Because body weight rapidly returns to levels comparable to those of non-stressed mice
following the secession of RS (data not shown), we questioned if the immune response would
be as resilient, or if the observed suppression would be sustained. Therefore, in repeat
experiments, we subjected mice to 9 sessions of RS as previously. At day 8 p.i. stress sessions
ceased and mice were given until day 16 to recover, at which time the number of IFN-γ
producing cells were measured as indicated above. Again, stimulation of CNS-IL with the
CD4+ T cell immunodominant peptide, VP274-86, did not induce the production of IFN-γ
indicating a lack of virus-specific Th1 response in the CNS of these mice at day 16 p.i. (Fig.
1E). As occurred at day 8 p.i., stimulation of CNS-IL with VP3159-166 demonstrated high
numbers of virus-specific IFN-γ producing CD8+ T cells only in infected mice (Fig. 1F) at day
16 (p < 0.001). Unlike at day 8, the effects of RS on VP3159-166 specific cells from the CNS
were nearly identical between non-stressed (I/NR) and stressed (I/R) groups (Fig. 1F). In the
spleen, infected mice had increased numbers of VP274-86 specific IFN-γ producing CD4+ T
cells (p < 0.01) at day 16 p.i. (Fig. 1G). Surprisingly however, the effect of stress was reversed
to almost the exact opposite of what occurred at day 8 p.i. such that non-stressed mice (I/NR)
had significantly fewer VP274-86 reactive CD4+ T cells compared to stressed mice (I/R) (p <
0.05; Fig. 1C vs. 1G). Similar to the CNS, the numbers of VP3159-166 specific IFN-γ producing
CD8+ T cells in the spleens were increased by infection (p < 0.0001) and nearly identical
between non-stressed and stressed groups (Fig. 1H). As on day 8 p.i., this response was highly
correlative between the spleen and the CNS at day 16 p.i. (r = 0.7582; p < 0.001).

3.4. Restraint stress decreases virus-specific Th1 and Th2 cytokine secretion at day 8 p.i
As our ELISPOT assays were designed to enumerate IFN-γ specific T cells, it could have been
possible that stress altered virus-specific T cell responses by inducing a shift from Th1 toward

Steelman et al. Page 7

Brain Behav Immun. Author manuscript; available in PMC 2010 August 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Th2 immunity (Elenkov, 2004). To ascertain if such a shift occurred, we first measured serum
cytokines. RS caused a significant decrease in the concentrations of circulating type 1 and type
2 cytokines including IFN-γ, IL-12(p40), IL-12(p70) (type 1), IL-4, and IL-5 (type 2; ps <
0.05). However, infection was only found to increase circulating concentrations of IL-12(p40)
at this time point (p < 0.05) (Supp. Table 1).

Stress also caused a decrease in the circulating concentrations of the chemokines RANTES
and MCP-1, but increased serum levels of IL-6, G-CSF and KC (Supp. Table 2). As observed
for type 1 and type 2 cytokines these concentrations were not significantly altered by infection
with TMEV, except in the case of KC, in which infection decreased stress-induced serum
concentrations (Supp. Table 2). Isolation of mRNA from unstimulated splenocytes yielded
similar results as those obtained with cytokines, insofar as stress appeared to decrease levels
of both IFN-γ as well as IL-5, and did not support the occurrence of a Th1 to Th2 shift (ps >
0.05; data not shown).

Therefore, to more specifically address the effects of RS on helper T cell responses, we repeated
the above experiments and isolated cells from the CNS and spleens of mice at day 8 p.i. CNS-
IL as well as spleen cells were stimulated either with plate bound anti-CD3 and anti-CD28,
whole UV-inactivated TMEV (UV-BeAn), or media for 72 hours and supernatants were
measured for Th1, Th2 and Th17 cytokines. As seen in figure 2A, when stimulated with UV-
BeAn, CNS-IL from I/NR mice produced more IFN-γ, IL-17A and IL-2 than CNS-IL isolated
from I/R mice (Student’s t-tests; ps < 0.05; Fig. 2A–C). Generally, the same trend existed for
the Th2 cytokines IL-5 and IL-10, when stimulated with either anti-CD3 and anti-CD28
antibodies or UV-BeAn, but these effects were not statistically significant (data not shown).
These results indicated that at day 8 p.i., infected mice possess increased levels of virus-specific
pro-inflammatory T cells within the CNS, and that stress decreases these responses.

In the spleen, infected animals produced more IFN-γ, Il-17A, IL-4 and IL-10 following
stimulation with UV-BeAn than non-infected mice (ps < 0.05; Fig. 3). With the exception of
IL-17A, comparisons between I/NR and I/R mice groups confirmed that stress decreased these
virus-specific immune responses (Student’s t-tests; ps < 0.05). Taken together these results
suggest that restraint stress administered during acute infection with TMEV inhibits virus-
specific Th1 and Th2 cytokine production from cells isolated from both the periphery as well
as from the CNS (Figs. 2 and 3). The same tendencies for decreased Th1 and Th2 profiles were
observed in the cells stimulated with crosslinking antibodies directed toward CD3/CD28 in so
far as cytokine production was lower in stressed groups. However, these effects failed to reach
statistical significance.

3.5. Restraint stress reduces T-bet mRNA and protein expression and GATA-3 mRNA
expression

To explore the effects of stress on type 1 and type 2 responses further, we questioned whether
stress altered the polarization of T cells. We hypothesized that if RS caused Th1 and Th2
immunosuppression, rather than just decreased cytokine secretion, then T-bet and GATA-3,
the transcription factors for Th1 and Th2 polarization respectively, would also be decreased.
Therefore, we first measured mRNA levels of both T-bet and GATA-3 by quantitative RT-
PCR from RNA isolated from unstimulated splenocytes. We found that at day 8 p.i., mice in
the I/NR group had significantly increased mRNA levels of T-bet (p < 0.05), when compared
to other groups, and that RS significantly decreased mRNA levels of T-bet (Fig 4A; p < 0.01).
Although not as robust, the same effects of infection and stress were demonstrated for GATA-3
mRNA levels, such that the I/NR group possessed higher expression levels of GATA-3 than
any other group, and that RS significantly decreased GATA-3 expression (Fig 4A; p’s < 0.05).
To determine if these effects translated into decreased protein levels, and to ensure the validity
of our findings, we repeated the experiment, but measured T-bet and GATA-3 protein levels
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by immunoblots from nuclear extracts of splenocytes at day 8 p.i., following stimulation plate-
bound anti-CD3 and anti-CD28 antibodies, VP274-86, VP3159-166 or NS peptides for 5 and 24
hours. Regardless of the stimulus, prior infection with TMEV increased T-bet relative to β-
actin controls in non-stressed mice after 5 hours of stimulation (Fig. 4B). Contrary to the results
demonstrated by RT-PCR, GATA-3 nuclear protein levels were not affected by RS (Fig 4B).
While not as pronounced, the same trend existed following 24 hours of stimulation (Fig. 4B).
Densitometry quantification of protein levels at 5 hours of stimulation resembled results
obtained from mRNA fold induction by RT-PCR, insofar as stress appeared to decrease T-bet
nuclear protein levels, but did not appear to have influenced GATA-3 protein in the same
fashion (Fig. 4C).

In order to determine if these effects of stress correlated with decreases in IFN-γ, a known
target of T-bet, we measured IFN-γ secretion from previously stimulated splenocyte cultures
taken from infected (I/NR, I/R), or non-infected (NI/NR, NI/R) groups at day 8 p.i. Figure 4D
shows that infection caused in increased IFN-γ production by 24 hours following stimulation
anti-CD3 and anti-CD28, or viral peptides (VP274-86, VP3159-166), but not the NS peptide.
Restraint stress was found to significantly decrease both virus-specific CD4+ T cell
(VP274-86) and CD8+ T cell (VP3159-166) responses by approximately 21% and 66%
respectively (Students t-test; ps < 0.05). These results are consistent with our ELISPOT data
at this time, indicating that RS results in a decrease in IFN-γ secretion as well as the number
of IFN-γ producing T cells (Fig. 1).

3.6. Restraint stress modestly alters CD4 and CD8 percentages at days 8 and 16 p.i
The possibility that RS was mediating its actions in the periphery (spleen) by decreasing the
total percentages of CD4+ and CD8+ T cells, either by trafficking or cell death, or proliferation
could account for our observed reductions in T cell responses. In order to investigate this
possibility, we measured T cell percentages in isolated splenocytes from I/NR and I/R mice
by flow cytometry at days 8 and 16 p.i. At day 8 p.i. we found that RS resulted in a very slight
(64.5% vs. 62%), but significant (Student’s t test; p < 0.01), decrease in the percentage of
CD4+ T cells (Fig 5A). The effect of RS on CD4+ T cell percentage was found to persist until
day 16 p.i. (63.5% vs. 57.5%) despite the secession of RS (Student’s t test; p < 0.001).

In contrast to that observed for CD4+ T cells, RS resulted in a moderate, but significant increase
in the percentages of CD8+ T cells at both day 8 (31% vs. 35%) and day 16 (20% vs. 25%)
(Fig. 5B; Student’s t test; ps < 0.01). These results indicate that RS is capable of modifying
peripheral CD4+ and CD8+ T cell percentages. However, while statistically significant, these
effects accounted for only a modest alteration, and thus are unlikely to fully account for our
observed RS-induced immunosuppression of virus-specific CD4+ T cell (VP274-86) effector
function. On the other hand, as stress resulted in an increased percentage of CD8+ T cells, the
observed decrease in virus-specific CD8+ T cell restricted (VP3159-166) responses becomes
more evident.

3.7. Glucocorticoids are partially responsible for the effects of RS on virus-specific T cell
responses to TMEV at day 8 p.i

As restraint stress has been previously demonstrated to increase plasma corticosterone in SJL
mice infected with TMEV (Sieve et al., 2004; Young et al., 2008), glucocorticoids could be
involved in this observed immunosuppression. To test this hypothesis, we infected mice and
treated them with either dexamethasone (DEX), or the glucocorticoid receptor antagonist
RU486, or respective vehicle controls, and measured virus-specific immune responses during
their peak at day 8 p.i. Analysis of change in body weight percentages indicated that our
treatments were successful because as seen before, (not shown) stress caused a decrease in
body weight which was reversed by concurrent administration of RU486 (Fig. 6B). At the same
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time administration of DEX mimicked the effect of RS (Fig. 6A). Additionally, the effects of
RS on CD4+ (Fig. 7A–B) and CD8+ (Fig. 7C–D) T cell percentages in the spleens appeared
to be entirely mediated by glucocorticoids as these effects were completely reversed when
RU486 was administered to I/R mice, but were reestablished in I/NR mice when administered
DEX. As before, (Fig. 1) stress decreased the number of VP274-86 and VP3159-166 specific
IFN-γ producing T cells in the spleen, and DEX treatment mimicked these effects (Fig. 7E–
H). However, unlike T cell percentages, RU486 treatment during concurrent RS did not appear
to completely alleviate the effects of RS (Fig. 7G–H). In agreement with our previous data,
almost no VP274-86 reactive IFN-γ producing T cells were detected in the CNS of infected
animals, while a robust VP3159-166 response was evident (Fig 7I–L). Compared to the spleen,
the responses in the CNS exhibited similar effects of RU486 and DEX treatments on the number
of VP3159-166 reactive IFN-γ producing T cells although the effects failed to reach statistical
significance; possibly attributable to a low sample number (n = 4 per group; Fig. 7K–L).

4. Discussion
4.1. Summary of results

The current study demonstrated that restraint stress had a profound impact on the T cell
responses to Theiler’s virus. Lymphocytes isolated from stressed mice and then re-stimulated
in culture with either the immunodominant CD4+ (VP274-86) or CD8+ (VP3159-166) T cell
peptides had significantly reduced numbers of virus-specific IFN-γ producing T cells in the
periphery, as well as the number of virus-specific IFN-γ producing CD8+ T cells in the CNS
compared to unstressed mice. Moreover, the absence of the type 1 immune response in the
serum, periphery, and CNS was coupled with reductions in virus-specific type 2 responses. In
isolated splenocytes Th1 and Th2 cytokine reduction was mirrored by decreases in T-bet at the
mRNA and protein levels, as well as a slight decrease in GATA-3 mRNA, suggesting a
globalized suppressive response to stress rather than a Th1 to Th2 shift. As such, our results
support those of Dobbs et al., (Dobbs et al., 1996) which show that RS causes a globalized
immunosuppression during acute viral infection. Additionally, we have, to the best of our
knowledge demonstrated for the first time, a suppressive effect of stress on virus-specific IL-17
production within the CNS; which interestingly was not duplicated in the periphery. In contrast,
the numbers of virus-specific CD8+ T cells as determined by IFN-γ ELISPOTs were correlated
between the CNS and spleens of infected mice, and cytokine profiles exhibited following
stimulation of CNS-ILs or splenocytes with UV-inactivated virus were in agreement, which
may indicate the development of virus-specific immunity in the periphery and subsequent
trafficking to the CNS. Alternatively, reductions in virus-specific responses by stress could
have been brought about by reductions in lymphocyte proliferation, increased cell death within
both the spleen and CNS, or enhanced efflux of cells from the CNS back into the periphery.

4.2. Glucocorticoids are the main mediators of the stress-induced T cell suppression
Glucocorticoids were found to contribute to this RS-induced suppression as the antagonist
RU486 resulted in partial restoration of T cell effector function in both the CNS and the spleen,
whereas administration of the synthetic glucococorticoid, dexamethasone mimicked the effects
of stress. The observed suppressive effects of stress and glucocorticoids on T cell effector
function, particularly virus-specific IFN-γ producing cells, could have been a byproduct of
suppressive effects directed toward antigen presenting cells, (macrophages and dendritic cells),
resulting in decreased numbers of virus-specific T cell clones. This possibility is supported by
the fact that corticosterone can inhibit processing and presentation of MHC class I molecules
on DCs (Trukenmiller et al., 2005), as well as decrease CD80/CD86 transcription, cause MHC
class II retention and reduce IL-6, IL-12 and TNF-α production in DCs activated with LPS
(Elftman et al., 2007). In support of this mechanism of immunosuppression, T cells from
stressed mice stimulated with α-CD3/α-CD28 antibodies tended to produce less type 1 and
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type 2 cytokines than T cells from non-stressed mice, a finding that may indicate an overall
reduction on the number of Th1/Tc1 and Th2/Tc2 clones present within the CNS and the spleen.
Alternatively, the stress-induced increases in corticosterone observed in our model (Campbell
et al., 2001; Sieve et al., 2004; Young et al., 2008) could also act directly at the level of the T
cell by inhibiting the functions of the transcription factors responsible for mediating effector
function. To date, glucocorticoids have been shown to inhibit the actions of AP-1, NFκB and
GATA-3 (Webster et al., 2002; Jee et al., 2005). Recently, the actions of glucocorticoids,
specifically dexamethasone, have been demonstrated to inhibit the binding of T-bet to the IFN-
γ promoter, possibly providing a mechanism for defective IFN-γ transcription and production
in previously polarized Th1 or Tc1 effector T cells (Liberman et al., 2007).

4.3. Restraint stress effects on T-bet and GATA-3 expression
The transcription factor T-box expressed in T cells (T-bet) brings about polarization of naive
Th0 cells to the functional Th1 phenotype, and is required for optimal trafficking of this subtype
into inflamed tissue (Szabo et al., 2000; Lord et al., 2005), the development of functionally
active NK cells (Szabo et al., 2002) and NKT cells (Townsend et al., 2004), the optimal
production of IFN-γ from dendritic cells (Lugo-Villarino et al., 2003) and is also reported to
play a role in class switching in B cells (Peng et al., 2002; Xu et al., 2005). In addition, recent
studies indicate that T-bet is important for antigen-specific cytotoxicity in CD8+ T cells
(Sullivan et al., 2003), and the secretion of IFN-γ from CD8+ T cells during infection (Mayer
et al., 2008). Therefore, it is not surprising that T-bet−/− mice are more susceptible to HSV-2
and vaccinia virus infections than wild-type controls (Svensson et al., 2005; Matsui et al.,
2005). Interestingly, the immunologic phenotype of restraint stressed mice infected with
Theiler’s virus, compares with that of the T-bet−/− mice, as RS mice are known to display
reduced NK cell function (Welsh et al., 2004; Tseng et al., 2005) decreased CD4+ and CD8+

T cell responses to viral infections (Dobbs et al., 1996; Sheridan et al., 1991; Freeman et al.,
2007; current study), decreased T cell trafficking (Zhang et al., 1998; Ottaway and Husband
1994; Mizobe et al., 1997) and display greater susceptibility to TMEV (Campbell et al.,
2001), and HSV-1 infection (DeLano and Mallery 1998; Anglen et al., 2003).

To explore a possible connection between the immunosuppressive effects of RS and T-bet, we
first demonstrated that RS reduced mRNA and protein levels of the transcription factor T-bet
isolated from primary splenocyte cultures. These stress effects were not entirely attributable
to altered T cell populations, as stress only moderately affected CD4+ and CD8+ T cell
percentages. Glucocorticoids have been shown to inhibit IFN-γ dependent activation of STAT1
(Hu et al., 2003) that is an inducer of T-bet (Afkarian et al., 2002). Alternatively, the
polarization of Th1 cells is dependent on the binding of IL-12(p70) to its receptor and the
subsequent phosphorylation of STAT4 (Usui et al., 2006; Wurster et al., 2000). As mentioned
previously, glucocorticoids can inhibit IL-12 production and secretion at the DC level, which
would reduce the number of T-bet positive cells. Supporting this hypothesis is the fact that RS
caused significant decreases in both circulating serum IL-12(p40) and IL-12(p70)
concentrations (Supp. Table 1). This process could also be ablated downstream of the signaling
pathway, as dexamethasone has also been shown to inhibit the phosphorylation of STAT4 by
a mechanism that was independent of IL-12R activation (Franchimont et al., 2000).

Restraint stress reduced Th2 cytokines, GATA-3 mRNA expression but not protein levels as
detected by immunoblots. However, dexamethasone has recently been shown to reduce the
expression of GATA-3 protein in Con-A stimulated splenocytes (Liberman et al., 2009). The
reason for the difference may be due to technical differences since our studies employed nuclear
extracts whereas Liberman et al., incorporated whole cell lysates.
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4.4. Pro-inflammatory cytokines IL-17 and IFN-γ in MS and models of MS
MS patients given interferon-gamma developed an increased frequency of relapses and
therefore IFN-γ is considered to be a pathogenic cytokine in the pathogenesis of MS (Panitch
et al., 1987). Another proinflammatory cytokine that has recently received considerable
attention in the realm of autoimmune diseases is IL-17. While T cells and neutrophils are
capable of producing IL-17, the major source of IL-17 is the Th17 cell, which in humans have
been shown to also be capable of producing IFN-γ (Annunziato et al., 2007). Indeed, recent
evidence strongly suggests that these cells are actively involved in the pathogenesis of MS
(Witowski et al., 2004; Vaknin-Dembinsky et al., 2006; Kebir et al., 2007; Ifergan et al.,
2008).

The role of proinflammatory cytokines in models of MS is complex. In some animal models
proinflammatory cytokine secretion can have devastating effects within the CNS, whereas in
other models proinflammatory cytokine secretion can potentiate some protection. For instance,
EAE is exacerbated in IFN-γ−/− mice (Krakowski, et al., 1996; Ferber et al., 1996; Willenborg,
1996). In Theiler’s virus infection, IFN-γ is thought to assume a protective role. During early
infection it is beneficial as illustrated by the fact that it has potent in vitro anti-viral activity
against TMEV (Welsh et al., 1995) and may be required for neuronal viral clearance from the
CNS, as IFN-γ−/− mice display decreased survival rates following infection with TMEV
(Murray et al., 2002; Rodriguez et al., 2003). Additionally, both IFN-γ−/− and IFN-γR−/− mice
on a normally demyelination-resistant background, develop severe demyelination (Rodriguez
et al., 1995; Johnson et al., 2001). While many studies have investigated the role of IFN-γ in
TMEV infection, to date, virtually nothing is known about the involvement of Th17 cells in
the pathogenesis of Theiler’s virus infection. However, some studies indirectly implicated these
cells in the disease process. For instance, deletion of IL-12(p40), a subunit required for the
formation of both active IL-12 and IL-23 heterodimers, by antibody administration given
during early infection with TMEV delays the onset of demyelination in susceptible mice (Inoue
et al., 1998). In contrast, deletion of STAT4, a transcription factor responsible for IFN-γ
transcription, in mice on a normally TMEV-IDD resistant background, renders them
susceptible to demyelination (Rodriguez et al., 2006). Also, the TMEV susceptibility gene
tmevp3 is suspected of coding for IL-22, an additional product of Th17 cells (Liang et al
2006), and that this loci limits viral titers within the CNS controlling mortality due to
encephalitis in SJL mice during early infection (Levillayer et al., 2007).

4.5. Recovery of the immune response following removal of the stressor
The immune system appears to recover from the stress-induced immunosuppression in the
current study. Interestingly, at day 16p.i. after 8 days of RS and then 8 days of recovery, both
the T and B cell response in stressed mice increases when compared to the non-stressed mice.
This effect maybe due to the fact that there is more viral replication in the stressed animals
and, once the immune system recovers, the increased viral titers stimulate the immune system.

4.6. Relevance of our findings with regard to MS
If MS adheres strictly to an autoimmune pathogenesis, then the immunosuppressive effects of
stress on the natural history of the disease are paradoxical. This is best illustrated by the effects
of RS on the progression of EAE (Levine et al., 1962; Griffin et al., 1993; Correa et al.,
1998). However, if an infectious agent is involved in the initiation and progression of MS, then
the immunosuppressive effects of stress, as occurs in Theiler’s virus infection, will favor the
pathogen and, after the resolution of the stressful stimuli, allow for the establishment of
persistent infection. This scenario would also expedite the autoimmune process, possibly
through the attraction of naturally occurring autoreactive cells into the CNS from the periphery
or by molecular mimicry and subsequent epitope spreading. The recent finding that bone
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marrow reconstitution in a chronic myelogenous leukemia patient with MS was unable to alter
disease course may support the above concept (Jeffery, 2007).

Alternatively, it is known that viral infections, particularly upper respiratory infections,
precipitate MS exacerbation (Buljevac et al., 2002). Through immunosuppressive properties,
stress may increase the risk of MS exacerbation by indirectly increasing the risk of acquiring
an infection. Supporting this hypothesis is the fact that experimental stress in humans followed
by rhinovirus infection resulted in increased disease severity (Cohen et al., 1991). Nevertheless,
our results indicate that stress results in immunosuppression of both TMEV-specific T cell
responses, particularly protective IFN-γ, and provides a sound mechanism for observed
increased CNS viral titers and dissemination during early Theiler’s virus infection (Mi et al.,
2004 & 2006b).
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Figure 1.
Restraint stress alters the numbers of virus-specific IFN-γ producing cells in the CNS and
spleens of SJL mice at days 8 and 16 p.i. Female SJL mice aged 4–5 weeks were assigned to
either infected/non-restrained (I/NR), infected/restrained (I/R), non-infected/non-restrained
(NI/NR) or non-infected/restrained (NI/R) groups. Beginning at day -1 p.i. mice in the
restrained groups were subjected to 8 h nightly restraint sessions which lasted until day 8 p.i.
At day 8 or 16 p.i. isolated cells were stimulated with either CD4 (VP274-86) or CD8
(VP3159-166) or non-specific (NS) peptides in the context of an IFN-γ ELISPOT assay. (A)
IFN-γ producing cells specific for VP274-86 in the CNS of infected mice at day 8 p.i. (B)
VP3159-166 specific IFN-γ producing cells in the CNS at day 8 p.i. (C) Numbers of VP274-86

Steelman et al. Page 19

Brain Behav Immun. Author manuscript; available in PMC 2010 August 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



specific IFN-γ producing cells in the spleens of infected mice at day 8 p.i. (D) The effect of
infection and stress on the numbers of VP3159-166 reactive cells in the spleens at day 8 p.i. (E)
VP274-86 specific IFN-γ producing cells were isolated from the CNS of mice at day 16 p.i. (F).
Similar numbers of VP3159-166 specific IFN-γ producing cells were isolated from the CNS of
both I/NR and I/R mice, a response mimicked in the spleens (H). (G) I/R mice had significantly
higher numbers of VP274-86 specific IFN-γ producing cells in their spleens than I/NR mice at
day 16 p.i. All samples were run in duplicate. Background spots were determined for each
sample using NS peptide as a stimulus and were subtracted from results obtained with
stimulation of viral peptides. Results are combined means ± SEM of 2–3 separate experiments,
and are representative of 5–7 mice per group. * P < .05, ** P < .01, *** P < .001.
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Figure 2.
Restraint stress decreases virus-specific proinflammatory responses occurring in the CNS at
day 8 p.i. with TMEV. CNS-IL were extracted from mice at day 8 p.i. CNS-IL (5.0 × 104) were
combined with 1.0 × 106 sygeneic irradiated feeders and cultured with plate-bound α-CD3
(10μg/ml) and α-CD28 (2μg/ml), purified UV-inactivated BeAn, or media for 72 h.
Supernatants were used to measure cytokine production by luminex or ELISA. (A–C). I/NR
mice produced increased amounts of the pro-inflammatory cytokines IFN-γ (A), IL-17A (B)
and IL-2 (C) when re-stimulated with whole UV-BeAn compared to media controls. I/R mice
produced significantly less of these cytokines than infected/non-stressed mice. Significant
effects are shown. Results are combined means ± SEM of 3 separate experiments, and are
representative of 4–6 mice per group. * P < 0.05, ** P < 0.01, *** P < 0.001.
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Figure 3.
Restraint stress decreases both virus specific pro-inflammatory and anti-inflammatory
responses occurring in the spleen at day 8 p.i. with TMEV. Splenocytes (1.0 × 106) were
isolated from I/NR, I/R, NI/NR, NI/R mice at day 8 p.i. and cultured with plate-bound α-CD3
(10μg/ml) and α-CD28 (2μg/ml), purified UV-inactivated BeAn (1.0 μg), or media for 72 h at
37 C and 5.0% CO2. Supernatants were used to measure cytokine production by luminex or
ELISA. (A–D). Splenocytes from infected mice produced increased amounts of the pro-
inflammatory cytokines IFN-γ (A), IL-17A (C) and IL-4 (B) and IL-10 (D) when re-stimulated
with whole UV-BeAn compared to media controls.
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Figure 4.
Restraint stress decreased T-bet, and causes decreased virus-specific IFN-γ secretion from
stimulated splenocytes isolated at day 8 p.i. (A) Total RNA isolated from splenocytes (1.0 ×
107) of I/NR, I/R, NI/NR, NI/R mice at day 8 p.i. was reversed transcribed into cDNA using
random primers, and mRNA expression of T-bet (top) and GATA-3 (bottom) tested by RT-
PCR. Data are indicative of fold induction relative to β-actin and normalize to NI/NR group.
(B) In separate experiments splenocytes (1.0 × 106) were cultured with plate-bound α-CD3
(10μg/ml) and α-CD28 (2μg/ml), VP274-86 (2.0 μM), VP3159-166 (2.0 μM), or non-specific
peptide (NS; 2.0 μM) for 5 (upper portion) or 24 (lower portion) h at 37°C and 5.0% CO2.
Nuclear extracts were subjected to immunoblots specific for T-bet (B; top row); or GATA-3
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(B; middle row) or β-actin (B; bottom row). (C) Densitometric analysis at of T-bet relative to
β-actin was normalized to the NI/NR group at 5 h stimulation is shown. (D) Supernatants from
the above experiment were used to measure IFN-γ production by ELISA. Both (A) and (D)
results are representative means ± SEM of 3 separate experiments comprising 5–7 mice per
group. Results in (B) represent pooled samples from 2 mice per group; this experiment was
repeated with similar results (not shown). Results in (C) are mean densitometric analysis of
results obtained of both experiments in (B) at 5 h stimulation and represent 4 mice per group.
* P < .05.

Steelman et al. Page 24

Brain Behav Immun. Author manuscript; available in PMC 2010 August 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 5.
Restraint stress differentially alters CD4+ and CD8+ T cell percentages at days 8 and 16 p.i.
Female SJL mice aged 4–5 weeks were assigned to either infected/non-restrained (I/NR), or
infected/restrained (I/R), groups. Beginning at day -1 post infection (p.i.) mice in the restrained
groups were subjected to 8 h nightly restraint sessions which lasted until day 8 p.i. At day 8 or
16 p.i. percentages of CD4+ (A) and CD8+ (B) T cells from isolated splenocytes (1.0 × 106)
was determined by flow cytometry. For each time point n = 7 per group.
Results are means ± SEM. **P < 0.01, ***P < 0.001.
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Figure 6.
Restraint stress induced weight loss is mediated by the actions of glucocorticoids. Female SJL
mice aged 4–5 weeks were assigned to either infected/non-restrained PBS treated (I/NR-PBS),
infected/non-restrained DEX treated (I/NR-DEX), infected/restrained PEG treated (I/R-PEG),
or infected/restrained RU486 treated (I/R-RU486). Beginning at day -1 post infection (p.i.)
mice in the restrained groups were subjected to 8 h nightly restraint sessions which lasted until
day 8 p.i. Treatments with DEX (1.0 mg/kg) and RU486 (25mg/kg) or vehicle control (PBS
or PEG400 respectively) were administered nightly 1 h prior to each stress session by i.p. or
s.c. injection in a total volume of 100 μl. (A) Effects of DEX on body weight. (B) Effects of
RS and RU486 on body weight. Results are combined means ± SEM, of at least 2 separate
experiments representing 5–10 mice per group. * All Ps < 0.05.

Steelman et al. Page 26

Brain Behav Immun. Author manuscript; available in PMC 2010 August 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 7.
Effects of RS on T cell number and virus-specific effector function are partly due to the actions
of glucocorticoids. Female SJL mice aged 4–5 weeks were assigned to either infected/non-
restrained PBS treated (I/NR-PBS), infected/non-restrained DEX treated (I/NR-DEX),
infected/restrained PEG treated (I/R-PEG), or infected/restrained RU486 treated (I/R-RU486).
Beginning at day -1 post infection (p.i.), mice in the restrained groups were subjected to 8 h
nightly restraint sessions which lasted until day 8 p.i. Treatments with DEX (1.0 mg/kg) and
RU486 (25mg/kg) or vehicle control (PBS or PEG400 respectively) were administered nightly
1 h prior to each stress session by i.p. or s.c. injection in a total volume of 100 μl. (A–D) Effects
of glucocorticoids on percentage of CD4+ (A–B) and CD8+ (C–D) T cells in the spleens of
infected mice. (E–H) The effects of DEX, RS and RU486 on the number of IFN-γ producing
CD4+ restricted (VP274-86) cells (E–F) and CD8+ restricted (VP3159-166) cells (G-H) in the
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spleens. (I-L) The effects of DEX, RS and RU486 treatment on the number of IFN-γ producing
CD4+ restricted (VP274-86) cells (I–J) and CD8+ restricted (VP3159-166) IFN-γ producing cells
(K–L) in the CNS. Results are combined means ± SEM of 2–5 independent experiments with
8 mice per group.
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