
Introduction
Multiple sclerosis (MS) is the most common human
primary demyelinating disease of the CNS and is
thought to be an autoimmune disease mediated by
myelin-specific CD4+ Th1 cells (1). Although current
disease-modifying therapeutic agents, IFN-β and
copaxone, reduce relapses in a portion of relapsing-
remitting MS patients, they are not curative, and their
effectiveness in reducing disability progression in both
relapsing-remitting and primary-progressive MS
patients is unclear (2). Therefore, there is a need for
novel therapeutic agents in the treatment of MS. The
endocannabinoid network is a naturally occurring sys-
tem, wherein endogenous ligands, such as anandamide
(AEA), signal through two known cannabinoid recep-
tors, CB1 and CB2 (3, 4). Both of the cannabinoid
receptors are present on immune cells, including B lym-
phocytes, T lymphocytes, macrophages, and natural
killer cells, suggesting they may play a role in regulation

of immune functions (5). Numerous in vitro studies
have described the immunomodulatory properties of
cannabinoids, particularly ∆9-tetrahydrocannabinol
(∆9-THC), the major psychoactive constituent of mari-
juana (6). Clinical trials to determine the symptomatic
therapeutic potential of ∆9-THC on spasticity, bladder
dysfunction, and mobility in MS patients are underway
(7). Cannabinoid receptor agonists have also been
shown to alleviate both tremor and spasticity, associ-
ated with neurological dysfunction in experimental
allergic encephalomyelitis (EAE), an animal model of
MS (8, 9). No studies to date, however, have determined
the therapeutic immunosuppressive properties of
cannabinoids in viral autoimmune disease models.

MS is thought to have a infectious etiology based
on epidemiological evidence that viral infections may
play a role in the initiation and/or exacerbation of
clinical disease (10, 11). Theiler murine encephalo-
myelitis virus (TMEV) is a single-stranded RNA virus
belonging to the Picornaviridae family (12). TMEV-
induced demyelinating disease (TMEV-IDD) is a nat-
ural chronic-progressive CNS demyelinating disease
of susceptible strains of mice, with similarities to pri-
mary-progressive MS (13, 14). Although TMEV-IDD
is initiated by viral capsid protein-specific CD4+ T
cells targeting virus persisting in CNS microglia,
autoreactive myelin-specific CD4+ Th1 responses
arise by epitope spreading and contribute to chronic
pathology (15, 16). Myelin destruction is mediated
largely by the production of the proinflammatory
cytokines, IFN-γ and TNF-α, secreted from autoreac-
tive T cells and macrophages. Blockade of these
inflammatory mediators with TNF-receptor fusion
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proteins or immunomodulation using anti-inflam-
matory agents such as IL-10 are effective therapies in
EAE (17–19).

We investigated the immunosuppressive potential
of R(+)WIN55,212, a cannabinoid receptor agonist,
as a treatment for the clinical autoimmune disease
associated with TMEV infection. The results show
that R(+)WIN55,212 is an effective therapeutic agent
for ongoing TMEV-IDD and that R(+)WIN55,212
treatment inhibits the differentiation of Th1 effector
cells. The data suggest that the potent immunosup-
pressive properties of R(+)WIN55,212 may have sig-
nificant therapeutic potential in ameliorating dis-
ability progression in MS patients currently
undergoing clinical trials with cannabinoids for the
treatment of spasticity and tremor.

Methods
Infection of SJL mice with TMEV. Five- to six-week-old
female SJL mice were purchased from Harlan Labo-
ratories (Bethesda, Maryland, USA) and housed in
the Northwestern University Center for Comparative
Medicine (Chicago, Illinois, USA). Mice were infect-
ed by intracerebral injection of 3 × 107 PFU of wild-
type TMEV (BeAn 8386 strain) and scored at daily
intervals on a clinical scale of 0–5: 0, no signs of dis-
ease; 1, mild gait abnormalities; 2, severe gait abnor-
malities; 3, paralysis in one limb; 4, more than one
paralyzed limb; 5, moribund.

Peptides. Proteolipid protein (PLP) peptide PLP139-151

(HSLGKWLGHPDKF) and the TMEV peptide VP270-86

(WTTSQEAFSHIRIPLPH) were purchased from Pep-
tides International Inc. (Louisville, Kentucky, USA).
The amino acid composition was verified by mass spec-
trometry, and purity was assessed by HPLC.

Administration of WIN55,212. R(+)WIN55,212 and
S(–)WIN55,212 (Sigma-Aldrich, St. Louis, Missouri,
USA) were dissolved in 10% Tween-80 (Sigma-Aldrich)
and PBS to a final concentration of 4 mg/ml or 1 mg/ml.
The mixture was then vortexed and passed through a 
2-gauge needle. Similar preparations without active
compounds were used as vehicle controls. Mice were
treated with suspensions (0.1 ml) injected intraperi-
toneally. Groups of TMEV-infected mice (n = 5–10) were
treated with either a high (20 mg/kg) or low (5 mg/kg)
dose of WIN55,212 at varying stages of disease.

Delayed-type hypersensitivity response. Delayed-type
hypersensitivity (DTH) responses were elicited by inject-
ing mice subcutaneously with 5 µg of the challenge pep-
tides, PLP139-151 or VP270-86, into alternate ears following
measurement of ear thickness using a Mitutoyo model
7326 engineer’s micrometer (Schlesinger’s Tools, Brook-
lyn, New York, USA). Twenty-four hours after peptide
challenge, the ears were remeasured, and differences in
ear swelling over pre-challenge thickness were expressed
in units of 10–4 inches plus or minus SEM.

T cell proliferation and cytokine analysis. Spleens were
removed from infected mice (n = 2) at various times fol-
lowing infection. T cell proliferation and cytokine

analysis were performed as described previously (20).
Proliferation was determined from triplicate wells for
each peptide concentration and then expressed as ∆
counts per minute. For IFN-γ and IL-4 cytokine analy-
sis, a duplicate set of proliferation wells were used to
collect supernatants at 48 and 72 h, and cytokine con-
centrations were determined by ELISA.

Virus plaque assays. Brains were removed from infected
mice either on day 7 following day 0–5 R(+)WIN55,212
treatment or on day 33 after infection following day
26–31 R(+)WIN55,212 treatment. Organs were
weighed, homogenized, and diluted in serum-free
DMEM media. Virus plaque assays were performed as
described previously (20). Plaques were counted on
each plate and multiplied by the dilution and correct-
ed for the quantity of tissue used to give a value in
plaque forming units per milligram of tissue.

RT-PCR. Following the induction of TMEV-IDD,
mice (n = 2 per time point) were anesthetized and per-
fused with 50 ml of PBS. Spinal cords were extruded by
flushing the vertebral canal with PBS. Isolation of
mRNA from tissue was performed as described previ-
ously (21). First-strand cDNA was generated from 2 µg
total RNA using Advantage-RT Kit (CLONTECH Lab-
oratories Inc., Palo Alto, California, USA) using 20
pmol oligo(dT) primer, per the manufacturer’s provid-
ed protocol, in a total volume of 20 µl. Cytokine PCR
and densitometry was performed as described previ-
ously (21). The sum intensity and band area were deter-
mined for each competitor/wild-type amplicon pair,
and a ratio of wild-type/competitor intensity was deter-
mined for all cytokines and adjusted to each sample’s
housekeeping gene, HPRT. The relative levels of mRNA
present were measured as the percentage of intensity of
the HPRT control for that sample.

FACS analysis of splenic leucocytes. Splenocyte popula-
tions were stained using anti-CD4, anti-CD8, or
anti–B220-APC-conjugated Ab, anti–F4/80-FITC-con-
jugated Ab, or anti–CD4-PerCP-conjugated Ab and
anti–CD25-APC-conjugated Ab (PharMingen, San
Diego, California, USA). Cells were labeled, washed,
resuspended in PBS containing 1% FCS and analyzed
by flow cytometry on a FACStar (Becton Dickinson
Immunocytometry Systems, Mountain View, Califor-
nia, USA). The total number of cells of each popula-
tion was analyzed individually from three mice per
group and then plotted as the mean total number of
cells plus or minus SEM.

Statistics. Clinical severity results were presented as the
mean group clinical score and the statistical difference
calculated by the Mann-Whitney nonparametric rank-
ing test. Analysis of DTH responses, virus titers, prolif-
eration, IFN-γ ELISA, and FACS analysis was per-
formed using the two-tailed Student t test.

Results
Cannabinoid therapy delays the onset and reduces clinical
severity of TMEV-IDD. The intraperitoneal adminis-
tration of R(+)WIN55,212 (20 mg/kg) at the time of
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TMEV infection (day 0–5) significantly delayed the
onset of clinical disease and ameliorated both the
incidence and severity of clinical disease at equivalent
time points up to day 85, compared with either mice
treated with the inactive enantiomer S(–)WIN55,212
or untreated TMEV-infected mice (P < 0.05) (Figure
1a). Treatment with R(+)WIN55,212 between postin-
fection day 26–31, i.e., at the onset of TMEV-induced
clinical disease, also ameliorated the clinical severity
of TMEV-IDD (P < 0.05) (Figure 1b). In addition,
R(+)WIN55,212 treatment during established disease
(postinfection days 50–55) stabilized clinical severity
at grade 1 for over 20 days compared with the con-
tinued increase of clinical severity in control mice
(Figure 1c). Importantly, there was no significant dif-
ference in severity, incidence, or onset of TMEV-
induced disease between untreated TMEV-infected
mice and those treated with the S(–)WIN55,212
enantiomer (Figure 1) or vehicle-treated mice (data
not shown). Treatment of TMEV-infected mice with
a lower dose of R(+)WIN55,212 (5 or 1 mg/kg) at the

time of TMEV infection (postinfection day 0–5) or at
the onset of clinical disease (postinfection day 26–31)
was unsuccessful at reducing either the incidence or
severity of disease compared with control mice (data
not shown), indicating the dose dependency of the
protection. In addition, mice treated on alternative
days (between postinfection day 0–8 or 26–34) also
did not show any significant reduction in disease
severity (data not shown).

R(+)WIN55,212 treatment increases the viral load in brain
tissue at early, but not late time points. To determine
whether R(+)WIN55,212 treatment increased the sus-
ceptibility of SJL/J mice to TMEV infection, TMEV
viral titers were measured in the brains of mice 2 days
after the last treatment dose at each of the time points
studied (postinfection day 0–5 and 26–31). The viral
load was found to be significantly increased in mice
treated with R(+)WIN55,212 at the early time point 
(P < 0.05) (Figure 2a), however viral titers following
R(+)WIN55,212 treatment initiated at the onset of
clinical disease were similar to controls (Figure 2b).
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Figure 1
Cannabinoid receptor agonism ameliorates the clinical severity of established TMEV-induced demyelinating disease. Treatment with
R(+)WIN55,212 (filled circles) inhibits TMEV-induced clinical disease when administered, at the time of infection (a), at the onset of clini-
cal disease (b), or during established disease (c). Rx, duration of administration of WIN55,212 to mice. *Significant inhibition (P < 0.05)
of clinical disease score in R(+)WIN55,212-treated mice compared with S(–)WIN55,212 (open circles) or untreated TMEV mice (filled tri-
angles). Data are representative of three separate experiments.

Figure 2
Cannabinoid treatment increases the susceptibility of mice to TMEV infection and is not cytotoxic to splenocytes. R(+)WIN55,212 treat-
ment of mice at the time of infection (a) (black bars) showed a significant increase in CNS virus titers compared with either S(–)WIN55,212
(gray bars) or untreated (white bars) TMEV-infected mice. Virus titers were not different from controls in mice treated with R(+)WIN55,212
at the onset of disease (b). *Significant increase in viral load in R(+)WIN55,212-treated mice compared with either S(–)WIN55,212 or
untreated TMEV mice (P < 0.05). No PFUs were observed in naive mice. R(+)WIN55,212 treatment has no cytotoxic effect, as measured by
FACS analysis of splenic CD4+, CD8+, B220+, and CD4+CD25+ lymphocytes, and F4/80+ macrophage populations compared with
S(–)WIN55,212 or naive mice (c). Results are expressed as the mean total number of cells (n = 3 per group) ± SEM.



In vivo administration of R(+)WIN55,212 is not toxic to
lymphocytes. To determine if the disease ameliorating
effect of R(+)WIN55,212 was due to a cytotoxic effect
on lymphocytes, we examined the effects of the treat-
ment on splenic lymphocyte subpopulations by FACS
analysis (Figure 2c). Groups of naive mice (n = 3) mice
were treated with either 20 mg/kg of R(+)WIN55,212

or S(–)WIN55,212 intraperitoneally for 5 days. Twen-
ty-four hours after the last treatment, the percentages
and numbers of CD4+ T cells, CD8+ T cells, B cells, and
F4/80+ macrophages were determined by FACS analy-
sis. There was no significant changes in the total num-
ber of cells per spleen or the number of cells within
each subpopulation (Figure 2c).

R(+)WIN55,212 treatment inhibits the proliferative
capacity of naive, but not activated T cells. Mice treat-
ed with R(+)WIN55,212 between postinfection day
0–5 demonstrated a significantly reduced T cell pro-
liferative response following rechallenge with the
immunodominant TMEV epitope (VP270-86) com-
pared with controls (P < 0.05) (Figure 3a). There was
no significant effect on VP270-86-specific proliferative
responses, however, in mice with established clinical
disease (postinfection day 32 or 56) treated with
R(+)WIN55,212 (Figure 3, b and c). Following TMEV
infection, peripheral autoreactive PLP139-151–specific
responses can be detected beginning at postinfection
day 40–50. Although early R(+)WIN55,212 treatment
(postinfection day 0–5) inhibited VP270-86 proliferative
responses, there was no effect on the proliferative
responses to PLP139-151 when measured at postinfec-
tion day 40 (Figure 3d). In fact, R(+)WIN55,212 treat-
ment at all three time points was unsuccessful at
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Figure 3
Effects of cannabinoid receptor agonism on T cell proliferation
depends upon the cellular activation state. Early R(+)WIN55,212
treatment (filled circles) (postinfection day 0–5) significantly
inhibited the proliferation of T lymphocytes compared with
S(–)WIN55,212 (open circles) and untreated TMEV-infected mice
(filled triangles) upon rechallenge with the TMEV VP270-86 peptide
(postinfection day 8) (a), but not PLP139-151 (d). When measured
at postinfection day 40, R(+)WIN55,212 treatment did not inhib-
it T lymphocyte proliferation to either VP270-86 or PLP139-151

peptides during established disease (postinfection day 26–31 
or 50–55) (b, c, e, and f). *P < 0.05, compared with either
S(–)WIN55,212 or untreated mice.

Figure 4
Cannabinoid treatment inhibits both virus and myelin autoimmune inflammatory DTH responses. Treatment of mice with
R(+)WIN55,212 (black bars) at the time of TMEV infection (a), at the onset of clinical disease (b), or during established disease (c), sig-
nificantly reduces DTH responses to rechallenge with either the immunodominant TMEV peptide VP270-86 or the autoreactive myelin
PLP139-151 peptide. *Significant reduced DTH responses compared with either S(–)WIN55,212 (dark gray bars) or untreated TMEV-infect-
ed (white bars) mice (P < 0.05). Naive mice (light gray bars) show a low background response to either peptide.



inhibiting the proliferative capacity of activated
PLP139-151–specific T lymphocytes compared with con-
trols (Figure 3, d–f).

DTH responses are transiently inhibited by R(+)WIN55,212
treatment. DTH measures the in vivo release of Th1-type
cytokines such as IFN-γ, and other mediators of tissue
injury and inflammation, from recruited inflammatory
Th1 cells. Following treatment with R(+)WIN55,212 or
appropriate controls, mice were rechallenged with either
the immunodominant TMEV VP270-86 epitope or the
myelin PLP139-151 epitope (Figure 4). DTH recall respons-
es were measured at postinfection day 38 for the day 0–5
treatment groups and 3 days after R(+)WIN55,212 treat-
ment at the other time points. The DTH responses to
VP270-86 and PLP139-151 were significantly reduced com-
pared with controls (P < 0.05) (Figure 4, a–c) at all time
points. In most cases, the R(+)WIN55,212-treated mice
exhibited a total lack of DTH responses. In addition,
S(–)WIN55,212-treated and untreated TMEV-infected
mice exhibited similar DTH responses at all time points
suggesting no inhibitory effect of either the S(–) enan-
tiomer of WIN55,212 or the vehicle (Figure 4, a–c).

R(+)WIN55,212 treatment inhibits Th1-type cytokine secre-
tion from both virus-specific and autoreactive PLP139-151–spe-
cific T cells. The ability of R(+)WIN55,212-treated mice
to mount Th1-type cytokine responses was measured
in vitro by IFN-γ ELISA. Splenocyte cultures from
TMEV-infected mice were rechallenged with either
VP270-86 or PLP139-151. R(+)WIN55,212 treatment of
mice either at the time of infection (postinfection day
0–5) or at the onset of clinical disease (postinfection
day 26–31), significantly reduced the capacity of T 
lymphocytes to secrete IFN-γ in response to either 
PLP139-151 or VP270-86 (P < 0.05) (Figure 5, a and b).
R(+)WIN55,212 treatment during established disease,
however, did not significantly inhibit IFN-γ secretion
of peripheral T cells in response to either PLP139-151 or
VP270-86 (Figure 5c). In all experiments S(–)WIN55,212
had little effect upon IFN-γ secretion compared with
untreated TMEV-infected mice (Figure 5, a–c).

R(+)WIN55,212 treatment results in reduction of mRNA
expression for proinflammatory and antiviral mediators in the
spinal cord. Following R(+)WIN55,212 treatment at the
onset of infection (postinfection day 0–5), spinal cords
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Figure 5
Cannabinoid receptor agonism inhibits Th1-mediated IFN-γ cell secretion. Treatment with R(+)WIN55,212 at the time of infection (a) or
at the onset of clinical disease (b) significantly inhibited IFN-γ secretion from T lymphocytes rechallenged with either VP270-86 or PLP139-151

compared with either S(–)WIN55,212 (gray bars) or untreated TMEV-infected mice (white bars). R(+)WIN55,212 treatment during estab-
lished disease (c) had no significant effect on IFN-γ secretion. *Cytokine response was significantly inhibited compared with either
S(–)WIN55,212 or untreated TMEV-infected mice. P < 0.05.

Figure 6
Cannabinoid treatment inhibits mRNA coding for both antiviral and Th1- and Th2-type inflammatory mediators in the CNS. R(+)WIN55,212
treatment at the time of infection (day 0–5) inhibited spinal cord mRNA coding for the innate antiviral mediators, IFN-α, and IFN-β (a).
R(+)WIN55,212 treatment at the onset of disease inhibited spinal cord mRNA coding for the proinflammatory Th1 mediators, IL-1β, IL-6,
TNF-α, and IFN-γ, but not the IL-12 p40 subunit (b). Treatment at disease onset also inhibited mRNA coding for the Th2 cytokine IL-4, but
not IL-10 (c). The mRNA levels are presented as the percentage of intensity of the HPRT control for that sample.



were removed on postinfection day 7 and analyzed by
RT-PCR for the presence of cytokine mRNA.
R(+)WIN55,212 treatment led to a significant reduc-
tion in the spinal cord expression of mRNA for the
innate antiviral mediators, IFN-α and IFN-β, compared
with either control mice, as measured by semiquanti-
tative RT-PCR (Figure 6a). R(+)WIN55,212 treatment
at the onset of clinical disease (postinfection day
26–31) resulted in a significant reduction in spinal cord
mRNA expression of the proinflammatory mediators,
IL-1β, IL-6, TNF-α, IFN-γ (Figure 6b), and IL-4 
(Figure 6c) compared with controls. Interestingly,
R(+)WIN55,212 treatment had no effect on mRNA lev-
els in the CNS coding for the IL-12 p40 subunit (Fig-
ure 6b) or for IL-10 (Figure 6c).

Discussion
Based on the numerous reports of the in vitro
immunomodulatory effects of cannabinoids, we
investigated the immunotherapeutic effects of
R(+)WIN55,212 in TMEV-IDD, a chronic-progressive
autoimmune model of MS. SJL mice were treated with
R(+)WIN55,212 at three different time points: (a) con-
comitant with TMEV infection to study effects on virus
infection/persistence of the CNS and the associated
innate (type 1 IFN) and adaptive (CD4+ T cell) antiviral
immune responses; (b) at the onset of clinical disease
to determine the immunosuppressive effect upon
antiviral and autoreactive anti-myelin T cell responses;
(c) during established disease, which has clinical rele-
vance for the treatment of MS. We found that intraperi-
toneal treatment with R(+)WIN55,212 at all times sig-
nificantly inhibited progression of clinical disease. The
short course of R(+)WIN55,212 treatment (6 consecu-
tive days) appeared to be effective for at least 30 days
after treatment. After 30 days, treated mice began to
show signs of increasing clinical severity, although
still significantly less severe than controls. Interest-
ingly, administration of R(+)WIN55,212 every other
day (6 total injections) had little effect on the disease
course of TMEV-IDD (data not shown), suggesting
R(+)WIN55,212 has a short active half-life in vivo.
Importantly, R(+)WIN55,212 is not toxic to lympho-
cytes as the total number of CD4+, CD8+, CD4+CD25+,
and B220+ lymphocytes, and F4/80+ macrophages in

the spleen, were unchanged following treatment. In
addition, there was no indication of toxicity in treated
versus control groups as measured by a lactose dehy-
drogenase cytotoxicity assay (data not shown). In con-
trast to existing treatments for MS, side-effects of
R(+)WIN55,212 treatment were mild, consisting of psy-
choactive effects, primarily ataxia, between 1 and 30
minutes after administration of 20 mg/kg. Similar
adverse events were reported in a double-blind study on
the safety and efficacy of oral ∆9-THC for the sympto-
matic treatment of MS (22).

The therapeutic effect of R(+)WIN55,212 was asso-
ciated with a reduced capacity of CD4+ T cells to dif-
ferentiate to Th1 effector cells. The Th1 cytokines 
IFN-γ and TNF-α promote the activation of the im-
mune system. R(+)WIN55,212 treatment significantly
reduced the ability of mice to mount DTH responses
to either VP270-86 or PLP139-151 following treatment at
all three time points. In addition, IFN-γ secretion from
CD4+ T lymphocytes from R(+)WIN55,212-treated
mice was reduced compared with untreated or
S(–)WIN55,212-treated mice. R(+)WIN55,212 treat-
ment at the onset of clinical disease (postinfection day
26–31) also significantly inhibited levels of spinal cord
mRNA coding for a number of inflammatory media-
tors (IL-1β, IL-6, TNF-α, and IFN-γ) important in the
induction and progression of TMEV-IDD, EAE, and
presumably MS (18, 23–26). Previous studies from our
group have demonstrated that mRNA coding for the
proinflammatory cytokines IFN-γ and TNF-α, are
expressed at equivalent levels during the onset of dis-
ease (postinfection day 33) and late stage disease
(postinfection day 103) (21).

R(+)WIN55,212 mediates its effects through CB1
and CB2 receptors. Therefore, some downregulatory
effects of R(+)WIN55,212 on CNS cytokine mRNA
transcription levels may be directed toward resident
CNS cells such as astrocytes, microglial, and endothe-
lial cells. We are currently investigating the effects of
R(+)WIN55,212 on cytokine secretion of TMEV-infect-
ed glial cells. In addition, recent studies have shown
that human dendritic cells express both CB1 and CB2
receptors and fatty acid amide hydrolase, which
hydrolyzes endocannabinoids (27). In addition, 
∆9-THC can inhibit in vitro T cell proliferation and Th1
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Table 1
Differential inhibition of immune response parameters following R(+)WIN55,212 treatment of TMEV-IDD is dependent on the stage of disease

Inhibition of DTH Inhibition of T cell proliferation Inhibition of IFN-γ secretion

Stage of disease Inhibition of clinical disease VP270-86 PLP139-151 VP270-86 PLP139-151 VP270-86 PLP139-151

Initiation
(postinfection day 0–5) + + + +A –A + +
Onset
(postinfection day 26–31) + + + – – + +
Late
(postinfection day 50–55) + + + – – – –

AVP270-86 proliferation determined at postinfection day 6 and PLP139-151 proliferation at postinfection day 36.



polarization in dendritic/T cell cocultures (28). This
indirectly supports the findings in this study, whereby
cannabinoids can downregulate the immune response
by inhibiting Th1 polarization and therefore effector
function during TMEV infection and autoimmune dis-
ease. We are currently investigating potential direct
immunomodulatory effects of cannabinoids on den-
dritic cells during TMEV-IDD. Although the endoge-
nous cannabinoid, AEA, can inhibit TMEV-induced
TNF-α secretion from astrocytes, IL-6 is upregulated
(29, 30). Differences in IL-6 production may be due to
the effects of AEA versus R(+)WIN55,212 or the differ-
ences between in vitro versus in vivo experiments. Sur-
prisingly, R(+)WIN55,212 had no effect on the levels of
mRNA coding for the IL-12 p40 subunit, which is
involved in Th1 induction. Although IL-1β, IL-6, IL-12
p40, and TNF-α are all regulated by NF-κB/Rel tran-
scription factors, the IL-12 p40 subunit may require 
c-Rel, a transcription factor not required for transcrip-
tion of the other cytokines (31). This suggests that
R(+)WIN55,212 may affect different transcription fac-
tors, which in turn modulate the expression of
cytokines produced. Cannabinoid treatment may also
induce the expression of Th2 cytokines, such as IL-4
and IL-10 (32), which have therapeutic effects in EAE
(17, 19). Treatment with ∆9-THC for BALB/c mice
infected with Legionella pneumophila suppressed IFN-γ
secretion and induced IL-4 expression (32). In this
study we found no evidence of Th2 cytokine induction,
either IL-4 or IL-10, by ELISA or ELISPOT from
splenocyte cultures from R(+)WIN55,212-treated mice
at all treatment times (data not shown). This may
reflect the reduced capacity of SJL mice to produce 
IL-4 (33). In contrast, mRNA analysis of the spinal cord
at the onset of clinical disease showed a decrease in 
IL-4, but not IL-10, mRNA. Since IL-4 is predominant-
ly derived from Th2 cells, the effects of R(+)WIN55,212
are apparently directed predominantly toward the reg-
ulation of Th1 responses. IL-10 is expressed by a num-
ber of cell types apart from T lymphocytes and is
expressed constitutively by resident CNS cells (19, 34),
which may account for its relatively unchanged level in
the CNS. Further elucidation of the mechanisms of
cannabinoid modulation of both Th1 and Th2
cytokine expression is required to resolve these ques-
tions. Both AEA and ∆9-THC, and potentially
R(+)WIN55,212, can also modulate the immune sys-
tem by regulating the hypothalamo-pituitary axis via
CB1 receptors expressed in the hippocampus (35).

The mechanisms underlying the antiproliferative
effects of cannabinoids on T cell responses both in vitro
and in vivo are still unclear, but appear to be dependent
upon timing, dose, and the agonist used (36, 37). Here
we report that R(+)WIN55,212 treatment at the time of
infection can inhibit the proliferation of VP270-86–spe-
cific T lymphocytes. R(+)WIN55,212-treatment at the
onset of clinical disease or during established disease,
however, had little effect on the proliferative capacity of
either VP270-86– or PLP139-151–specific T cells. This may

reflect differences in cannabinoid efficacy, dependent
upon the activation state of the target T cell. The
mRNA coding for CB receptors on T cells has been
shown to be either increased or decreased depending
on the activating stimuli, and this may account for
some of the differences seen between the early and late
treatments (38). Therefore, it appears that activated T
cells may be more refractory to the inhibitory effect of
R(+)WIN55,212 than naive T cells. This may also
explain the lack of inhibitory effect of R(+)WIN55,212
on IFN-γ secretion during the late stage of TMEV-IDD.
To determine whether R(+)WIN55,212 could also inhib-
it clinical disease by blockade of Th1 homing to the
CNS, we characterized CNS inflammatory infiltrates.
Despite the inhibition of Th1 differentiation,
immunohistochemical analysis of the CNS following
R(+)WIN55,212 treatment suggested that CD4+,
CD8+, F4/80, and B220+ cells were present in numbers
equivalent to that of untreated or S(–)WIN55,212-
treated mice, despite no evidence of increasing severi-
ty of clinical disease (Figure 1) and decreased levels of
mRNA encoding proinflammatory cytokines in the
CNS (Figure 6). At the time of disease onset or during
late-stage disease, the CNS will already contain
inflammatory infiltrate because disease is ongoing
before treatment begins. Therefore, R(+)WIN55,212
may be inhibiting (a) the further polarization of virus
and/or myelin epitope-specific Th1 cells in the periph-
eral lymphoid organs and/or (b) the Th1 cytokine
responses in the target organ, i.e., the CNS, either
directly at the T cell level or by affecting infiltrating or
resident CNS APCs, or both. This observation indicates
that the primary effect of the therapy in ongoing dis-
ease is at the effector stages of the inflammatory cas-
cade. Collectively, R(+)WIN55,212 influences clinical
disease by inhibiting peripheral Th1 differentiation,
but not by preventing proliferative or homing capabil-
ities of activated Th1 cells.

Viral infection is thought to play a role in both the
initiation and exacerbation/relapse of MS (10, 11).
Our results show that R(+)WIN55,212 inhibits the
immune response to the immunodominant TMEV
peptide, VP270-86; therefore, we determined the effect
of R(+)WIN55,212 on the susceptibility of mice to
TMEV infection. Following early R(+)WIN55,212
treatment (day 0), there was a marked increase in CNS
TMEV titers that may be explained by the downregula-
tion of antiviral Th1 responses (Figures 4 and 5). In
addition, CNS levels of spinal cord mRNA coding for
the antiviral molecules, IFN-α and IFN-β, were signifi-
cantly decreased in R(+)WIN55,212-treated mice (Fig-
ure 6a). This is similar to the suppression of IFN-α/β
seen in ∆9-THC–treated mice infected with herpes sim-
plex virus (39). Interestingly, despite the increased CNS
viral load in R(+)WIN55,212-treated mice, there was
decreased clinical disease, confirming our previous
data showing the immune response to TMEV initiates
CNS damage, not the cytotoxic capacity of the virus
itself (15, 16). Infectious CNS TMEV titers reach a 
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maximum 10–12 days after infection and then dimin-
ish to a persistent low level by day 30 after infection
(40), which may explain the lack of difference in viral
titers between the R(+)WIN55,212 and controls in mice
following treatment at the onset of clinical disease
(postinfection day 26–31). Therefore, viral titers at later
time points are unaffected by the R(+)WIN55,212-
induced inhibition of antiviral immunity.

Previous studies have investigated the immunosup-
pressive potential of cannabinoids in animal disease
models. Dexanabinol (HU-211), ∆8- and ∆9-THC have
been shown to be effective at inhibiting EAE (41–43).
Although histological examination showed reduced
CNS inflammation, no immunological parameters or
mechanisms of action were elucidated. Cannabinoids
have also been shown to inhibit tremor and spasticity
symptoms in EAE (8, 9). In addition, oral administra-
tion of cannabidiol, a nonpsychoactive constituent of
cannabis, inhibited murine collagen–induced arthritis
by inhibiting T cell proliferation and Th1 (IFN-γ and
TNF-α) cytokine secretion (44).

Further studies are underway to fully determine the
mechanisms of therapeutic action of R(+)WIN55,212
in the TMEV model. In addition to the inhibitory
effects on the immune system, the therapeutic effect of
R(+)WIN55,212 at the late time point (postinfection
day 50–55) may also involve other protective mecha-
nisms. During late-stage EAE, caspase-3 is upregulated
and is thought to play an important role in the apop-
tosis of axons, which leads to the severe hindlimb paral-
ysis seen in that model (45). Caspase-3 is also implicat-
ed in the apoptosis of oligodendrocytes (46). It has
been shown recently that cannabinoids, including
R(+)WIN55,212, can inhibit caspase-3 activity and may
protect mice from severe clinical disability (45). In
addition to the anti-inflammatory and neuroprotec-
tive properties of cannabinoids, they have also recent-
ly been shown to promote oligodendrocyte survival
(47) and inhibit glutamate release (48) in the CNS,
which has been implicated in neurotoxicity (49).
Therefore, although the T cell component of the
TMEV-induced disease may be refractory to the effects
of R(+)WIN55,212 at the late time point, cannabinoid
therapy may well affect other ongoing disease process-
es induced during the chronic stages of TMEV-IDD.
We are currently undertaking studies in the TMEV
model to determine whether caspase-3 plays a similar
role in pathology as was shown in the EAE model.

The use of specific CB receptor antagonists may help
elucidate whether the therapeutic effect seen is CB1
and/or CB2 receptor mediated. The current CB recep-
tor antagonists, however, are thought to be “inverse
agonists” and capable of delivering a “biological sig-
nal” (50, 51); thus, it may be difficult to interpret
results seen with these reagents. Furthermore, it is
currently unknown what effect TMEV-IDD has on the
expression of the cannabinoid receptors on the
numerous cell types that express them. In EAE,
mRNA coding for CB1 receptors is reduced in certain

areas of the brain during disease, although the effi-
ciency of WIN55,212 binding to CB1 is increased (52).
Therefore, the effects of exogenous cannabinoids
administered during late disease will likely induce dif-
ferent effects because signaling may be occurring only
in specific areas of the brain. Furthermore, the expres-
sion of CB receptors in the spinal cord during either
EAE or TMEV disease is unknown. The spinal cord is
the major target for demyelination, and most lesions
are located in the white matter. Therefore, it is possible
that cannabinoid signaling will be different between
the early, onset, and late phases of disease. Finally, stud-
ies have determined that endocannabinoid release is
upregulated in the brain, and more significantly in the
spinal cord, during chronic spastic EAE (8). Therefore,
this may also play a role in inducing differential exoge-
nous cannabinoid signaling in the TMEV-IDD model.
The presence of additional CB-like receptors may fur-
ther confuse the issue (53). Therefore, the use of CB-
receptor knockout mice and CB receptor–specific lig-
ands should provide important clues as to further
mechanisms and the cell types involved.

A recent, small, randomized, double-blind study on
the efficacy and safety of orally administered cannabi-
noids in MS patients found that Marinol (∆9-THC)
was safe, although a number of mild side effects were
reported (22). Little relief of spasticity after treatment
was reported, however. This may be due to the oral
route of administration employed since it has been
shown that the bioavailability of ∆9-THC is signifi-
cantly higher following intravenous administration
due to “first pass” effects of the gut and liver following
oral ingestion (54). Our study and others suggest that
other routes of administration, such as intravenous or
intraperitoneal, may increase the bioavailability and
therefore the efficacy of cannabinoids in treatment
regimens (8, 9). Indeed, a recent phase III clinical trial
has shown that administration of whole-plant medic-
inal cannabis extract containing THC and cannabidi-
ol as its principal components into the lungs of MS
patients by an inhaler significantly increased the effi-
cacy in the symptomatic treatment of spasticity and
neuropathic pain (http://www.gwpharm.com/). Cor-
relation of serum levels of R(+)WIN55,212 between
mice and humans is difficult. R(+)WIN55,212 has not
been tested in humans, and correlation to existing
data for the levels of ∆9-THC in humans is confound-
ed by the fact that drug concentrations in biological
fluids are affected by the size of the dose, route of
administration, the long-term pattern of drug use, and
the individuals’ metabolism and excretion rate. In
addition, correlation is difficult due to the different
structural properties of ∆9-THC and R(+)WIN55,212,
and the affinity and therefore the efficacy of ∆9-THC
and R(+)WIN55,212 for either CB1 or CB2 receptors.
Furthermore, other compounds in cannabis may syn-
ergize with ∆9-THC in vivo, or may actually be metab-
olized to ∆9-THC (55). Therefore, the quantity of THC
present in cannabis extracts used for human clinical
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trials may not give an accurate indication of the actu-
al bioactive quantity of ∆9-THC. Finally, the meta-
bolic rate of the mouse is higher than that of
humans. Therefore, a direct comparison of serum lev-
els again may not give an accurate correlation. One
way to indirectly compare ∆9-THC levels in humans
to R(+)WIN55,212 in mice would be to determine the
quantity of compound needed to induce psychoactive
effects in the subjects. In this study we observed psy-
choactive effects with 20 mg/kg R(+)WIN55,212, but
not with 5 or 1 mg/kg. In correlation, reported side
effects of cannabinoid treatment in humans (60
mg/kg/day orally of nabilone, synthetic ∆9-THC)
include dizziness and euphoria, both psychoactive
effects, therefore indirectly implying that 20 mg/kg
R(+)WIN55,212 in mice is within the range used for
human clinical trials (56).

In summary, treatment with the cannabinoid
R(+)WIN55,212 effectively ameliorates progression of
established TMEV-IDD, in part by inhibiting the Th1
differentiation as measured by suppressed antigen-spe-
cific DTH, IFN-γ secretion, and by inhibiting the pro-
duction of the proinflammatory cytokines TNF-α,
IFN-γ, IL-1β, and IL-6, in the CNS, which are necessary
for the induction and progression of clinical disease
(summarized in Table 1). In addition, R(+)WIN55,212
may inhibit clinical disease at multiple levels depend-
ing upon the stage of disease. During late-stage disease,
R(+)WIN55,212 has no inhibitory effect upon T cell
proliferation but may limit effector damage of axons in
the CNS. This study provides preclinical evidence sug-
gesting that cannabinoids may be promising thera-
peutic agents for treating autoimmune disorders such
as MS by exerting potent immunoregulatory effects, in
addition to providing symptomatic relief of spasticity,
neuropathic pain, and bladder dysfunction.
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