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Abstract
Introduction: Activation of the peripheral immune system and the infiltration of immune cells into the central
nervous system are both key features of the experimental autoimmune encephalomyelitis (EAE) model. By explor-
ing how the endocannabinoid system works to modulate this response, we can better understand how exoge-
nous cannabinoids, such as THC, might be used to modulate the immune responses of multiple sclerosis patients.
Materials and Methods: In this study, we examined the role of the CB1 receptor in IFN-c and IL-17A production
in the EAE model and in vitro stimulations of naive splenocytes using Cnr1�/� mice and wild-type (WT) litter-
mates. We also introduce a novel method of scoring spinal cord histological sections to show the differences
in disease severity between Cnr1�/� and WT mice with EAE.
Results: Clinical scores of Cnr1�/�/EAE and WT/EAE mice showed more severe disease progression in Cnr1�/�

mice, which was confirmed using our new histological scoring method. In the peripheral immune system, IFN-c
production by restimulated splenocytes from Cnr1�/�/EAE mice, compared with WT/EAE mice, was increased
and the primary source of IFN-c was a CD3� cell population; however, IFN-c production by Cnr1�/� splenocytes
was decreased compared with WT splenocytes when the primary source of IFN-c was CD3 + T cells in cultures
from naive mice stimulated by either anti-CD3/anti-CD28 antibodies or Staphylococcal superantigens.
Conclusion: These findings suggest a duality to the CB1 receptor’s effects on the peripheral immune response,
which varies based on the specific cell types stimulated. Knowledge of the complex nature of a receptor is an
important part of determining its potential usefulness as a therapeutic target, and these findings further define
the role of CB1 in IFN-c responses.
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Introduction
Multiple sclerosis (MS) is a neurodegenerative autoim-
mune disease with a complex and incompletely under-
stood etiology that affects millions of people worldwide,
and more commonly affects women than men.1–4 Current
therapeutic measures used to treat MS have shown prom-
ise in reducing the severity of relapsing remitting MS, but
most still fall short of preventing the long-term progres-
sion of disease seen in secondary and primary progressive
MS.2,5 As a result, research continues to be done into po-
tential therapeutic targets for MS treatments.

The cannabinoid receptors, CB1 and CB2, are G
protein-coupled receptors that signal predominantly
via Gi/o. Activation of these receptors influences sev-
eral intracellular pathways, including inhibition of
cyclic AMP by adenylyl cyclase and activation of
mitogen-activated protein kinases.6 The ability of the
cannabinoid receptors to act through these various path-
ways can cause a wide range of effects, including, but not
limited to the following: hyperpolarization of neurons,
inhibition of neurotransmitter release, changes in neuro-
nal structure, modulation of intracellular calcium levels,
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modulation of nitric oxide production, modulation of cy-
tokine production, and increased migration of various
immune cells. With this wide range of potential re-
sponses, it is obvious why the use of cannabinoids as
treatment options is such a complex area of research.6,7

Experimental autoimmune encephalomyelitis (EAE)
is a neuroinflammatory model commonly used to
study the pathophysiology of MS, and although it does
not provide a perfect replica of the clinical progression
in humans, it has been critical for advancing MS thera-
pies.8 Studies that utilize this model often examine the
IFN-c and IL-17A cytokines, among other end-points,
because of their association with Th1 and Th17 cells, re-
spectively, which have been shown to play an important
role in the pathogenesis of EAE and MS.9–15

In the EAE model, CB1 and CB2 receptors have the
potential to be both neuroprotective and anti-
inflammatory16,17; however, it is unclear to what extent
these two receptors are involved in regulation of the pe-
ripheral and neuroimmune responses. Previous studies
of the CB1 receptor have suggested that it is primarily
responsible for the neuroprotective and antispasmodic
affects seen with CB1/CB2 agonists in ABH mice with
EAE, while the CB2 receptor is primarily responsible for
immunosuppressive effect of these compounds.16–18

These results coincide with the fact that the CB1 and
CB2 receptors are expressed predominately in the
brain and peripheral immune system, respectively,
but do not account for the putative effects of the CB1

receptor in the peripheral immune system or CB2 re-
ceptor in the central nervous system.19–22

In this study, we used C57BL/6 Cnr1�/� mice and
wild-type (WT) littermates to examine the effects of
the CB1 receptor in EAE. C57BL/6 mice have been
shown previously to be less susceptible to EAE than
ABH mice, but generally have a more significant re-
sponse to receptor deletions in the endocannabinoid
system compared with ABH mice.23 C57BL/6 mice
have also been shown to be responsive to cannabinoid
therapies in the EAE model.9,24 Moreover, as phytocan-
nabinoids, such as the THC:CBD mixture Sativex�,
show increasing promise in clinical trials with MS pa-
tients as an antispasmodic,25–29 it becomes more im-
portant to fully elucidate the mechanisms of these
compounds and the receptors through which they
act. In addition to exploring the effects of the CB1 re-
ceptor in the peripheral and neuroimmune responses
in EAE using various techniques, we developed a new
histologic scoring system for the EAE model. Finally,
we examined the role of CB1 in naive splenocytes stim-

ulated with anti-CD3/anti-CD28 or superantigen
(SAg). Together, the results from this work represent
an important step in understanding how CB1 receptors
influence IFN-c and IL-17A production during inflam-
matory responses, and provide more insight into how
therapies designed to target CB1 receptors might alter
peripheral and neuroimmune responses.

Materials and Methods
Reagents
Myelin oligodendrocyte glycoprotein (MOG) peptide
(MEVGWYRSPFSRVVHLYRNGK) was purchased
from Biosynthesis (Lewisville, TX), heat-killed Myco-
bacterium tuberculosis H37Ra (HKMT) was obtained
from Difco/BD Biosciences (Detroit, MI), and complete
Freund’s adjuvant (CFA) was obtained from Sigma (St.
Louis, MO). All other chemicals/reagents were obtained
from Fisher Scientific unless otherwise noted.

Animals
The experiments performed in this study were approved
by the Mississippi State University Institutional Animal
Care and Use Committee (IACUC numbers 16-364,
17-342, and 19-273). Male and female Cnr1�/� and
WT C57BL/6 littermates used in this study were bred
at the Mississippi State University College of Veterinary
Medicine after initial breeding pairs were obtained from
the National Institutes of Health. EAE was induced in
adult female mice ( ‡ 8 weeks of age) and mice were
housed three to five in a cage at a temperature
(22�C – 1�C)-, humidity (40–60%)-, and light (12-h
light:12-h dark)-controlled room. Food and water were
provided ad libitum, and as disease progressed, access
to food and water was ensured through the use of longer
sipper tubes and by placing food on the floor of the cages.

Induction and assessment of EAE
Female C57BL/6 mice were anesthetized using 3% iso-
flurane and immunized with CFA containing the
MOG35–55 peptide and HKMT. Each mouse was
injected subcutaneously over the shoulders and hips
with a total of 100 lL of CFA containing 100 lg of
MOG35–55 peptide and 500 lg of HKMT divided over
four injection sites. Control mice received 100 lL saline
(SAL) divided over four injection sites. These mice
were then observed for an 18-day time period, and
clinical scores were given based on the following
scale: 0—Healthy; 0.5—Flaccid tail; 1—Hindlimb pare-
sis; 1.5—Waddling gait; 2—Unable to prevent being
placed in dorsal recumbency; 2.5—Hindlimb dragging;
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3—Single hindlimb paralysis; 3.5—Single hindlimb pa-
ralysis with other hindlimb dragging; 4—Complete
hindlimb paralysis; and 5—Moribund/involvement of
forelimbs. Mice were never allowed to progress past
the clinical score of 4 for animal welfare purposes.
The clinical scores presented here represent the com-
bined data of three independently performed studies.

Processing spinal columns
The entire spinal column was first isolated from each
mouse and placed in 10% neutral buffered formalin
for 1–2 weeks. They were then decalcified in 10% ethyl-
enediaminetetraacetic acid (EDTA) for 15 days, with the
EDTA solution being replenished every 5 days. Ten per-
cent EDTA was made by diluting 0.5 M EDTA, pH 8
(Thermo Fisher) with distilled water, and adjusting the
solution to pH 7.4. The spinal columns were cut into
0.5-cm sections beginning at approximately the T7 ver-
tebrae using a razor blade and a premarked clear plastic
culture plate to make sure the cuts were the same for
each mouse. Each 0.5-cm section was then embedded
in a cranial to caudal orientation within a paraffin wax
block to ensure 0.5-cm spacing between adjacent tissue
sections (Fig. 1A, C). This method was developed to en-
sure consistent spacing between sections regardless of
the number of times the block is cut.

Histologic scoring
To analyze neuroinflammation within the spinal cord, a
new scoring system was developed to account for vari-
ations in lesion size, location along the spinal cord, and
location within a section associated with the EAE
model. We first accounted for lesion size by assigning
a number value to each lesion based on the number
of cells within the lesion: 0 = 0 to 10 cells; 1 = 10 to
100 cells; 2 = 100 to 200 cells; and 3 ‡ 200 cells. Next,
we accounted for location of the lesion along the spinal
cord by using the sectioning method described above to
obtain six sections at equal intervals along the spinal
cord. Finally, we accounted for location within a section
by dividing the sections into quadrants: left dorsal, right
dorsal, left ventral, and right ventral (Fig. 1B). In each of
these quadrants, we found the largest lesion and
counted the number of cells within the lesion to obtain
a score for that quadrant, and the four scores for a sec-
tion were totaled to obtain a section score that could
further be totaled with the other section scores to obtain
a histological score for each mouse. Of the six sections
obtained, hematoxylin and eosin (H&E) stains of the
first five sections of spinal cord from each histologic

preparation were used to generate histologic scores for
each mouse, and analysis was performed to compare
section scores between groups. Spinal cords were sec-
tioned at 5 lm for H&E staining. Figure 1D shows an
example of a lesion used to obtain a quadrant score.
Microscopic images were captured using a Lumenera
Digital Camera and Infinity Analyze Software. Scoring
and lesion area measurements were done with ImageJ
software.

Ex vivo restimulation
Splenocytes were isolated 18 days after initiation of dis-
ease by pressing the splenic tissue through a 70 lm fil-
ter, and 20 · 106 cells were seeded into a six-well
plate in 4 mL of 1 · RPMI supplemented with 5% bo-
vine calf serum (HyClone, Logan, UT), 1% penicillin/
streptomycin (Gibco, Gaithersburg, MD), and 50 lM
2-mercaptoethanol (2-ME; Gibco). Cultures were
restimulated with 50 lg/mL of MOG35–55 peptide and
incubated at 37�C for 72 h, at which time the superna-
tants were removed for analysis by enzyme-linked im-
munosorbent assay (ELISA) and cells were analyzed by
flow cytometry.

In vitro anti-CD3/anti-CD28 and Staphylococcus
aureus SAg stimulation
Plates (48-well) were precoated with 200 lL of anti-CD3
antibody (BioLegend Clone 145-2C11) diluted in sterile
phosphate-buffered saline (PBS) at 1 lg/mL (1:1000) or
0.5 lg/mL (1:2000) for 1 h at 37�C before culture. Next,
the wells were rinsed 3 · with PBS, and the anti-CD28
antibody (BioLegend Clone 37.51) was added to the
wells immediately before seeding 1 · 106 naive spleno-
cytes isolated from male and female WT or Cnr1�/�

mice in 1 mL of RPMI supplemented with 5% bovine
calf serum, 1% penicillin/streptomycin, and 50 lM 2-
ME. The final concentrations of anti-CD28 antibody
were 1 lg/mL (1:1000) or 0.5 lg/mL (1:2000). Other
wells were treated with 1 lg of staphylococcal entero-
toxin M (SEM), 5 lg of SEM, or received no treatment.
SEM was chosen for these experiments based on prelim-
inary experiments, which showed consistent stimulation
of T cells from C57BL/6 mice. These cultures were then
incubated at 37�C for 2 or 3 days, and stained for flow
cytometry as described below. Supernatants from these
cultures were taken for IFN-c ELISA.

Enzyme-linked immunosorbent assay
Immulon 4 HBX flat-bottomed plates were coated with
purified mouse IL-17A (BioLegend Clone TC11-
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FIG. 1. Histologic scoring system. The spinal column for each mouse was sectioned into six-0.5 cm
sections and placed in paraffin wax blocks so that the cranial aspect of each section would be cut first
(A). Then each quadrant of the first five sections was given a score based on the number of cells found
within the largest lesion in each quarter of the spinal cord (B). Representative 40 · magnification
hematoxylin and eosin images of the first five sections from a WT/SAL mouse and a Cnr1�/�/EAE mouse are
shown (C). A 100 · magnification of section 4 in the EAE mouse from (C) is depicted to show a typical
lesion (arrow) in the right ventral quadrant of the spinal cord (D). EAE, experimental autoimmune
encephalomyelitis; SAL, saline; WT, wild type. Color images are available online.
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18H10.1) or IFN-c (BioLegend Clone AN-18) antibod-
ies by adding 100 lL of coating buffer (4.2 g of
NaHCO3 in 500 mL of DI water) containing the desired
antibody at a 1:500 dilution, and incubating the plate
overnight at 4�C. The next day the plates were rinsed
with PBS containing 0.05% Tween 20 (PBST), blocked
with 3% bovine serum albumin (BSA)-PBS for 1 h at
room temperature (RT), and rinsed again with PBST.
Serial dilutions of recombinant IL-17A (BioLegend)
or IFN-c (BioLegend) standards (8000–7.8 pg/mL)
and samples were pipetted into their designated
wells. These included supernatants from the ex vivo
MOG35-55 restimulation of splenocytes from EAE
mice, serum from EAE mice, or supernatants from
the in vitro anti-CD3/anti-CD28 and SEM stimula-
tions. Various dilutions (1:10, 1:100, and 1:500) of
each sample were also placed in ELISA plates and 3%
BSA-PBS was used as a blank control. These were
allowed to incubate in the ELISA plates for 1 h at RT,
and the plates were rinsed with PBST. One hundred
microliters of biotinylated IL-17A (BioLegend Clone
TC11-8H4) or biotinylated IFN-c (BioLegend Clone
R4-6A2) antibodies in 3% BSA-PBS at a 1:500 dilution
was added to their respective plates and incubated for
1 h at RT, and the plates were rinsed with PBST. After in-
cubation with the biotinylated antibodies, the plates were
rinsed with PBST and 100 lL of horseradish peroxidase
(HRP)-Avidin in 3% BSA-PBS at a 1:500 dilution was
added to each well and incubated for 1 h at RT. The
plates were rinsed again with PBST and the tetramethyl-
benzidine substrate (BioLegend) was added and allowed
to incubate in the dark at RT until a color change was
seen in the lowest standard (7.8 pg/mL). At that time,
100 lL of 2 N H2SO4 was added to stop the reaction,
and optical density was measured at 450 nm.

Flow cytometry
Cells from an ex vivo MOG35–55 restimulation of
splenocytes from EAE mice and an in vitro anti-CD3/
anti-CD28 and SEM stimulation were analyzed by flow
cytometry in addition to ELISA performed on super-
natants from these cultures. During the last 4 h of cul-
ture, cells were treated with brefeldin A to prevent
further excretion of cytokines. Cells were then rinsed
two times with PBS before staining with 0.1 lL of Zom-
bie Near Infrared Fixable Viability Dye (NIR FVD; BioL-
egend) in 50 lL of PBS for 30 min at 4�C. NIR FVD was
removed by rinsing twice with PBS, and 0.5 lL of Fc
Block (purified mouse CD16/CD32; BD Biosciences, Bill-
erica, MA) was added in 50 lL of flow cytometry media

(FCM; 1 · Hank’s buffered saline solution/1% BSA)
10 min before the addition of extracellular antibodies.
A total of 0.3 lL each of CD4-PE (BioLegend Clone
RM4-4), CD8a-PE/Cy7 (BioLegend Clone 53-6.7), and
CD3-FITC (BD Bioscience Clone 145-2C11) antibodies
in 50 lL was added to each sample and allowed to incu-
bate for 30 min at RT. Cells were rinsed twice with FCM
and fixed with BD Cytofix (BD Biosciences) for 15 min at
RT. Cells were then rinsed once with FCM and once with
BD perm/wash buffer (BD Biosciences) before the addi-
tion of 0.5 lL of IFN-c-antigen presenting cell (APC;
BioLegend Clone XMG1.2) in 50 lL of BD perm/wash
buffer. The cells were incubated overnight at 4�C, rinsed
with FCM, resuspended in 200 lL of FCM, and ana-
lyzed using an ACEA Novocyte flow cytometer
(ACEA Biosciences, San Diego, CA).

Statistical analyses
All statistical analyses were done with GraphPad Prism
7 software. Histologic scores for each spinal cord sec-
tion were analyzed using the Mann–Whitney U-test
to compare between groups. ELISAs and area under
the curve (AUC) for clinical progression were analyzed
using two-way analysis of variance (ANOVA). Trans-
formed percentages obtained from flow cytometry anal-
ysis were also analyzed using two-way ANOVA. Sidak’s
post hoc test was used to identify differences between
groups following the two-way ANOVA. Graphical rere-
sentations of results are mean – SD.

Results
EAE was more severe in Cnr1�/� mice
By analyzing average AUC for each group of mice, we
found that Cnr1�/�mice with EAE (n = 12) had signif-
icantly higher levels of disease over the 18-day time-
course compared with their WT littermates (n = 14)
(Fig. 2A). SAL-treated Cnr1�/� (n = 13) and WT
(n = 13) mice had no clinical disease. Figure 2B shows
the progression of clinical disease during the 18-day
timecourse.

Immune cell infiltration into spinal cords
was higher in Cnr1�/� mice
Using our novel histologic scoring system as described
in the Materials and Methods, histologic scores were
totaled and analyzed for each of the five sections of spi-
nal cord from each mouse. This analysis revealed that
Cnr1�/� mice with EAE had significantly higher levels
of cellular infiltration compared with their WT litter-
mates in sections 2–4, while the first and fifth spinal
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cord section showed only a modest difference between
these two groups (Fig. 3A). No infiltration was seen in
any of the SAL mice examined. To validate this new
scoring system, a total histological score was obtained
for each mouse by adding the five section scores to-

gether, and the correlation between total histologic
score and clinical score on day 18 was analyzed
(Fig. 3B). Total lesion area was also tabulated for
each mouse over the five sections, and then correlated
to the clinical score to determine if lesion area would
be a more representative measurement than our histo-
logic scoring system (Fig. 3C). When section scores
were totaled for each mouse and compared with clinical
score at the day 18 time point, the histologic scores
showed a high level of correlation to clinical scores
(r2 = 0.7171) (Fig. 3B). A similar level of correlation
was found between the total lesion area and clinical
score for each mouse (r2 = 0.7563) (Fig. 3C).

IFN-c production is differentially regulated
in Cnr1�/� splenocytes depending on the method
of stimulation

MOG35–55 ex vivo restimulation. Analysis of IFN-c
and IL-17A in serum taken on day 18 and supernatants
from ex vivo restimulated splenocytes showed that pro-
duction of IFN-c was significantly higher in restimu-
lated cells from Cnr1�/�/EAE mice compared with
WT/EAE mice (Fig. 4A). However, no difference was
seen with serum IFN-c, serum IL-17A, or supernatant
IL-17A (Fig. 4B–D).

Anti-CD3/anti-CD28 and SEM in vitro stimulation. To
further investigate the T cell IFN-c response of the
Cnr1�/� mice, naive splenocytes were cultured for 2
or 3 days in the presence of anti-CD3/anti-CD28
antibodies or SEM, and IFN-c was measured in the su-
pernatants of these cultures by ELISA. In these experi-
ments, both male and female mice were used to
examine potential sex differences in the effects of CB1

receptor deletion on IFN-c production. For both male
and female mice, the IFN-c response in WT spleno-
cytes stimulated with anti-CD3/anti-CD28 antibodies
was significantly higher than that from Cnr1�/� mice
at two different concentrations. Interestingly, while
SEM-treated splenocytes showed a similar trend to
the anti-CD3/anti-CD28-treated splenocytes, the dif-
ferences observed between WT and Cnr1�/� mice did
not reach the same level of significance seen with
anti-CD3/anti-CD28 stimulation (Fig. 5A–D).

Identification of cell types producing IFN-c
in response to different stimuli
We used flow cytometry to identify whether the differ-
ential regulation of IFN-c in the absence of CB1 in

FIG. 2. Differences in clinical EAE between
Cnr1�/� and WT littermates. Clinical scores for
WT/SAL (n = 13), WT/EAE (n = 14), Cnr1�/�/SAL
(n = 13), and Cnr1�/�/EAE (n = 12) mice were
recorded over the 18-day timecourse of disease.
Average AUC was then calculated for each
experimental group and analyzed using a two-
way ANOVA followed by Sidak’s post hoc test
(A). The clinical scores were also graphed over
time to show clinical progression for each group
(B). Analysis of the average AUC for disease
progression of each group showed a statistically
significant difference between the Cnr1�/�/EAE
mice and WT mice. Error bars represent the SD
for each group (only top error bars are shown).
*p < 0.05 difference between WT and Cnr1�/� in
EAE. ANOVA, analysis of variance; AUC, area
under the curve.
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ex vivo restimulated cells from EAE mice or in vitro
stimulated cells from naive mice was due to distinct
cell populations. For these analyses, we utilized only
the 3-day anti-CD3/anti-CD28-stimulated cells from
female splenocytes to allow a direct comparison with
the MOG35-55-restimulated cells in female splenocytes
from EAE mice, which were also stimulated for 3
days. For both ex vivo restimulations and in vitro stim-
ulations, live lymphocytes were gated first based on the
NIR FVD stain, and then on the forward scatter (FSC)

and side scatter (SSC) characteristics, which are com-
monly used to approximate size and granularity of
lymphocytes, respectively. IFN-c producing cells were
then separated based on CD4 and/or CD8 expression.
Cells that were negative for both CD4 and CD8 were
analyzed further for CD3 expression (Figs. 6A and 7A).

MOG35–55 ex vivo restimulation. Analysis of the per-
centage of IFN-c producing cells within the ex vivo
restimulated splenocytes from EAE mice by flow

FIG. 3. Histologic scoring. Histologic scores using our novel scoring system were determined on spinal
cords for WT/SAL (n = 13), WT/EAE (n = 14), Cnr1�/�/SAL (n = 13), and Cnr1�/�/EAE (n = 12) mice (A). No
infiltration was seen in any of the SAL mice examined, so scores for Cnr1�/�/SAL and WT/SAL are all 0.
Histologic scores for each spinal cord section were analyzed using the Mann–Whitney U-test to compare
between groups. To validate this method of scoring, the histologic scores were correlated to the clinical
scores for each mouse (B). Lesion area for each mouse was also tabulated by finding the lesion area for
each of the five spinal cord sections and adding them together, and then, this area was correlated to the
clinical score for each mouse to determine if the lesion area was more representative of clinical disease
(C). Error bars represent the SD for each group. *p < 0.05 difference between WT and Cnr1�/� in EAE.
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cytometry revealed no significant differences be-
tween the Cnr1�/�mice and WT littermates. However,
it did show the primary source of IFN-c to be a
CD3�CD4�CD8� cell population (Fig. 6B).

Anti-CD3/anti-CD28 and SEM in vitro stimula-
tion. Analysis of the percentage of IFN-c producing
cells within the in vitro stimulated splenocytes by
flow cytometry revealed a significantly higher percent-
age of CD8 + IFN-c+ T cells in the anti-CD3/anti-
CD28-stimulated WT cells compared with the Cnr1�/�

cells. In contrast to the ex vivo restimulated spleno-
cytes from EAE mice, the CD3 + population played a
large role in IFN-c production in vitro (Fig. 7B).

Discussion
The purpose of this study was to examine the role of
the CB1 receptor in the EAE model, with a focus on dif-
ferences in the peripheral immune and neuroimmune
responses between Cnr1�/� mice and WT littermates.
Our results showed that Cnr1�/� C57BL/6 mice had
higher levels of clinical disease compared with their
WT littermates. These results are slightly different
than those previously reported by other laboratories
using ABH Cnr1�/� mice. In one previous study, the
authors found that ABH Cnr1�/�mice had similar lev-
els of disease onset, incidence, and severity, but
exhibited less of an ability to recover from paralytic ep-
isodes compared with WT mice, which suggested more

FIG. 4. IFN-c and IL-17A in serum and MOG35–55 restimulation cultures. Splenocytes were harvested from
EAE and SAL control mice restimulated with MOG35–55 peptide for 3 days. The supernatants from these
cultures were then tested by ELISA for concentrations of IFN-c (WT/SAL [n = 11], WT/EAE [n = 11], Cnr1�/�/
SAL [n = 11], and Cnr1�/�/EAE [n = 12]), (A) and IL-17A (WT/SAL [n = 11], WT/EAE [n = 14], Cnr1�/�/SAL
[n = 11], and Cnr1�/�/EAE [n = 12]) (B). Serum was also taken from each mouse at the time of necropsy and
tested by ELISA for concentrations of IFN-c (WT/SAL [n = 13], WT/EAE [n = 13], Cnr1�/�/SAL [n = 12], and
Cnr1�/�/EAE [n = 10]), (C) and IL-17A (WT/SAL [n = 10], WT/EAE [n = 14], Cnr1�/�/SAL [n = 11], and Cnr1�/�/
EAE [n = 12]) (D). Statistical analysis was performed using two-way ANOVA followed by Sidak’s post hoc test.
Bars represent the mean – SD for each group. *p < 0.05 difference between WT and Cnr1�/� in EAE. ELISA,
enzyme-linked immunosorbent assay; MOG, myelin oligodendrocyte glycoprotein.
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axonal degradation in the Cnr1�/� mice.16 In another
study, CB1-deficient mice only showed a higher level
of disease when THC was used to treat the mice. The
assumption in this latter study was that the CB1 recep-
tor did not play a role in suppressing disease in the
steady state, but was important in cannabinoid thera-
pies.17 The differences seen between our results and
those seen in the ABH mice might be due to a strain
difference in the endocannabinoid system. More spe-
cifically, since neither of the previous studies in ABH
mice showed the higher level of disease severity in
Cnr1�/� mice that we show here, and the latter study
showed differences in clinical disease only upon activa-

tion of the CB1 receptor with THC, there may be higher
levels of endocannabinoids or higher sensitivity of the
CB1 receptor to endocannabinoids in C57BL/6 mice
compared with ABH mice. This would explain why
we saw differences in disease severity without the use
of exogenous cannabinoids. This is supported by a pre-
vious study using C57BL/6 mice in the EAE model,
which found that mice treated with SR141716, a CB1

receptor antagonist, developed EAE more rapidly
than vehicle-treated mice, which resembles the differ-
ences in EAE that we found in our studies.30 Additional
work done by Sisay et al. has shown that there are
differences in the immune responses between the

FIG. 5. Anti-CD3/anti-CD28 and SEM stimulation of naive T cells. Splenocytes were harvested from naive
female and male WT and Cnr1�/� mice and stimulated with either anti-CD3/anti-CD28 antibodies or SEM
superantigen for 2 or 3 days before IFN-c concentrations within the supernatants were analyzed by ELISA
(A–D). Bars represent the mean – SD from quadruplicate cultures. Statistical analysis was performed using
two-way ANOVA followed by Sidak’s post hoc test *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 differences
between WT and Cnr1�/�. Experiments are representative of two separate experiments performed in both
female and male mice (no sex differences were noted). SEM, staphylococcal enterotoxin M.
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responses of C57BL6 mice and ABH mice when the
endocannabinoid system is modified within the context
of the EAE model. This study examined the effects of
multiple components of the endocannabinoid system,
including the GPR55, TRPV1, CB1, and CB2 receptors,

and their findings suggest that in ABH mice, these re-
ceptors played less of a role in immunomodulation
than in C57BL6 mice.23

To confirm the results of our clinical scoring, a new
histologic scoring system was developed to determine

FIG. 6. Analysis of IFN-c production in MOG35–55-restimulated splenocytes by flow cytometry. IFN-c
production was analyzed by flow cytometry in the ex vivo MOG35–55-restimulated splenocytes of WT/SAL
(n = 5), WT/EAE (n = 6), Cnr1�/�/SAL (n = 5), and Cnr1�/�/EAE (n = 5) mice. IFN-c producing cells were
subdivided based on their CD4, CD8, and CD3 expression by first isolating IFN-c producing lymphocytes,
then determining the expression of CD4 and CD8 on these cells, and finally determining the expression of
CD3 within the T cell subpopulations (A). Analysis of various cell types revealed no significant differences
between Cnr1�/�/EAE and WT/EAE mice. A significantly higher percentage of CD3 + CD4 + CD8� cells was
seen in Cnr1�/�/SAL mice compared with WT/SAL mice. In addition, in these experiments, CD3� cells
appear to be the predominant source of IFN-c (B). Statistical analysis was performed using two-way ANOVA
followed by Sidak’s post hoc test. Bars represent the mean – SD for each group of mice. *p < 0.05 difference
between WT and Cnr1�/�. Color images are available online.
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FIG. 7. Analysis of IFN-c production in anti-CD3/anti-CD28- and SEM-stimulated splenocytes by flow
cytometry. IFN-c production was analyzed by flow cytometry after anti-CD3/anti-CD28 antibody or SEM
stimulation of splenocytes from female Cnr1�/� and WT mice. IFN-c producing cells were subdivided based
on their CD4, CD8, and CD3 expression by first isolating IFN-c producing lymphocytes, then determining the
expression of CD4 and CD8 on these cells, and finally determining the expression of CD3 within these
subpopulations (A). Graph (B) represents the percentages of IFN-c producing cells obtained after an in vitro
3-day stimulation of naive splenocytes from a female mouse (this can be used for comparison with the
ex vivo 3-day restimulation of splenocytes from the female EAE mice in Fig. 6B). Analysis of various cell
types from these stimulations revealed a significantly lower percentage of CD3 + CD4�CD8 + IFN-c + cells in
Cnr1�/� compared with WT mice when splenocytes were stimulated with anti-CD3/anti-CD28 antibodies. In
addition, in these experiments, CD3 + cells appear to be the predominant source of IFN-c. Statistical analysis
was performed using two-way ANOVA followed by Sidak’s post hoc test. Bars are mean – SD from
quadruplicate wells of one female experiment. *p < 0.05, **p < 0.01 differences between WT and Cnr1�/�.
Color images are available online.
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which regions within the lumbosacral spinal cord dif-
fered between Cnr1�/� mice and their WT littermates.
Differences seen in sections 2, 3, and 4 are important
since these sections represent the lumbosacral intumes-
cence, the region of the spinal cord where the nerves for
the hindlimbs branch off. Higher histologic scores for
these sections could reasonably result in an increase
in dysfunction in the hindlimbs and worse clinical dis-
ease. We also found that our histologic scoring system
was more sensitive for detecting disease than clinical
scores. This is shown in Figure 3B, in which some of
the mice with a clinical score of 0 received a histologic
score > 0. One of the major challenges associated with
the EAE model is finding a consistent method to corre-
late the commonly used clinical scoring systems with
histologic disease.10,15,16 This new scoring system is
designed to specifically account for the complex distri-
bution of lesions found in the spinal cords of EAE mice,
and simplifies the quantification of these lesions into a
scoring system that can be easily analyzed using a
Mann–Whittney U test and correlated to clinical dis-
ease. Compared with the previously reported methods
of scoring histologic disease, our method requires less
expertise to use, implements less complex staining
techniques, and preserves the tissues for later use; how-
ever, it should be noted that the other scoring methods
do account for more pathologic features, such as pial
versus parenchymal distribution of cells, compared
with our method.31,32 To validate the scoring system,
we generated both a total histologic score and a total le-
sion area for each spinal cord, and correlated these to
the clinical score for each mouse. Analysis of the lesion
area showed only a slight increase in the r2 value com-
pared with the histologic scoring system, which shows
that either method would be reasonable for confirming
clinical disease. These results show that our method of
histologic scoring is a relatively simple way to validate
clinical scores in EAE mice.

Another method commonly used for analyzing
neuroinflammation in the EAE model is by flow cy-
tometry of cells obtained from homogenizing the spinal
cord.33,34 While this is an undeniably valid way to an-
alyze immune infiltrates, our model does have some
advantages over this method. One of the major advan-
tages is that our scoring system allows for analysis of
lesion distribution along the spinal cord, and preserves
the tissues for future histologic stains. When flow cy-
tometry is used to analyze neuroinflammation, the
entire spinal cord is used, which does not show distri-
bution over the spinal cord, and if further information

is required, the entire study must be repeated. It is our
hope that this method will provide researchers who uti-
lize the EAE model with another tool to validate clinical
differences seen in the model, without needing access
to anything more than a microscope and the reagents
for an H&E stain. Moreover, the preservation of tissues
will allow researchers to revisit previous studies with
more immunohistochemical techniques to collect
more data without the need to perform additional stud-
ies. One final note that should be made about this new
scoring system is that it might also be able to detect dif-
ferences in cell function within the spinal cord. For ex-
ample, if it is used in a study in which the treatment
disrupts the function of cells within the spinal cord le-
sions, but does not alter the migration of cells to the spi-
nal cord, the correlation between histological score and
clinical score might be lower in the treated group.

In addition to our examination of neuroinflamma-
tion, we also measured IFN-c and IL-17A in the pe-
ripheral immune response. These two cytokines are
commonly used end-points in the EAE model because
Th1 and Th17 cells have been shown to be important in
the pathogenesis of EAE and MS.9–14 Analysis of IFN-c
and IL-17A concentrations within the supernatants of
MOG35-55-restimulated splenocytes and serum obtained
from our EAE mice showed increased levels of IFN-c
in the supernatants of restimulated splenocytes from
Cnr1�/� mice compared with their WT littermates.
These results are consistent with those found in another
study, which showed that treatment of EAE mice with
SR141716A increased IFN-c production in MOG35-55-
restimulated splenocytes, along with other proinflam-
matory cytokines such as IL-17A, IL-1b, IL-6, and
TNF-a.35 It is unclear why we did not see an increase
in IL-17A; however, their use of the CB1 receptor antag-
onist SR141716A versus our use of the CB1 knockout
mice might have caused this inconsistency.

Since the restimulation method used in these EAE
studies relies on the uptake of MOG35–55 by APCs and
presentation to T cells, we further tested the T cell-
specific IFN-c responses of Cnr1�/� and WT mice
with naive splenocytes in response to two methods of
T cell stimulation in vitro: anti-CD3/anti-CD28 anti-
bodies and the S. aureus SAg SEM. Anti-CD3/anti-
CD28 antibodies act directly on the T cell receptor
(TCR) CD3e subunit and on the CD28 costimulatory
molecule to invoke a strong T cell-specific response,
which includes increased IFN-c production. Conversely,
the stimulation of T cells with SEM, a pyrogenic toxin
SAg, is dependent on cross bridging of the TCR to
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MHC class II molecules on APC.36 Thus, by including
both methods, we were first able to assess the ability
of T cells alone to produce IFN-c and then assess their
ability to produce IFN-c in an APC-dependent manner.
In addition, since there are differences in the number of
women and men affected by MS,3,4 we included both
female and male mice in these stimulations to identify
potential sex-specific differences associated with canna-
binoid receptor deletion, although we did not detect any
notable differences in the IFN-c responses of splenocytes
obtained from female and male mice. Interestingly,
when anti-CD3/anti-CD28 antibodies were used, a
very robust IFN-c response was seen in WT and
Cnr1�/� mice, but the WT mice had nearly a twofold
higher level of IFN-c in the supernatants compared
with the Cnr1�/� mice. In contrast, when SEM was
used to stimulate the splenocytes, lower concentrations
of IFN-c were observed compared with the anti-CD3/
anti-CD28 stimulations, and although WT mice gener-
ally had higher levels of IFN-c production compared
with the CB1-deficient mice, the difference was less sig-
nificant than observed with anti-CD3/anti-CD28 stim-
ulations. The reason for this discrepancy is unclear,
although it may be due to the relative strength of the
stimulation caused by the anti-CD3/anti-CD28 anti-
bodies compared with SEM. If this is true, then it
could mean that the inability of Cnr1�/� splenocytes
to produce IFN-c becomes more pronounced at higher
levels of stimulation. Since the results from the in vitro
stimulations contradicted the results found from the
ex vivo restimulation of splenocytes in our EAE studies,
we used flow cytometry to determine the sources of
IFN-c under both conditions.

The results from our flow cytometry did not show a
difference in the percentage of IFN-c producing cells
between Cnr1�/� and WT mice under most conditions,
with the one exception being the anti-CD3/anti-CD28-
stimulated CD3 + CD8 + cells; however, it did reveal
that the major source of the IFN-c in our EAE studies
was a CD3�CD4�CD8� cell population, and the major
source of IFN-c from the T cell-specific stimulations
was the CD3 + CD4 + and CD3 + CD8 + populations.
Based on these results, it is clear that IFN-c production
in the EAE model was enhanced in the peripheral
immune system of Cnr1�/� mice compared with WT
mice, however, the increased IFN-c production
ex vivo is not explained by an increase in IFN-c produc-
tion by T cells specifically. Furthermore, since our flow
cytometry analysis showed this cell population to be a
CD3� population, we can rule out NKT cells and cd T

cells as the source of IFN-c. These results suggest that
NK cells or APCs could be sources of IFN-c since
they are both CD3�. Given the fact that only
MOG35–55 peptide was added to the cultures to stimu-
late an antigen-specific response, the data suggest that
the major source of IFN-c in the ex vivo cultures was
likely either a macrophage or dendritic cell population,
which would further suggest that the inflammatory po-
tential of these APCs are enhanced in the Cnr1�/�

mice. This is supported by the study by Lou et al., in
which they examined the effects of SR141716A on
IFN-c production in T cells from EAE mice and BV-
2 microglia. When this group examined the effects of
SR141716A on T cells from EAE mice, they did so by
flow cytometry, much like the present study, and
while they did find a significant increase in the overall
percentage of CD4 + IFN-c + cells with SR141716A
treatment, the total percentage of CD4 + IFN-c + cells
was less than 5% with the difference found between
groups only being about 1% of cells.30 These numbers
are very similar to those found in the present study for
percentages of CD4 + IFN-c+ cells, despite the fact that
they specifically isolated CD4+ T cells and cocultured
them with BV-2 microglial cells before flow cytometry.
In addition, when this group examined IFN-c produc-
tion by BV-2 microglial cells by ELISA of supernatants
from culture, they found that SR141716A-treated micro-
glia had significantly more IFN-c production compared
with those not treated with SR141716A.30 While further
studies need to be done to confirm the source of IFN-c
in our study, the similarities between microglial cells and
macrophages strongly support macrophages as a major
source of IFN-c within the peripheral immune response
of the EAE model and that CB1-deficient mice may have
a higher level of IFN-c production in these cells. It
should also be noted that when mononuclear cells
from the spleens of EAE mice were cultured in the pres-
ence of MOG35–55 and MBP68–86, an increase in IFN-c
production was also noted by Lou et al., however, in
that study no determination of cell types was made.30

Conclusion
In this study, we examined differences in the peripheral
and neuroimmune response of WT and Cnr1�/� mice
in the EAE model. The disease progression of EAE seen
in this study resembled those seen in previous studies
with Cnr1�/� mice developing more severe disease
compared with WT littermates, although there are
some key differences between our work and that
done in ABH mice as noted above.16,17,30 In addition,
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we introduced a novel method of scoring histologic dis-
ease that confirmed the differences seen in the clinical
progression between these two groups of mice.
Through our examination of IFN-c production in
Cnr1�/� and WT mice under various experimental
conditions, we found that CB1-deficient mice had
both increased and decreased production of IFN-c,
which was highly dependent on which cells are stimu-
lated. More specifically, when the CD3� populations
dominated IFN-c production in our EAE studies,
Cnr1�/� mice produced higher levels of IFN-c and
when T cells dominated IFN-c production in our T
cell-specific stimulation cultures, WT mice had higher
levels of IFN-c. Further studies must be done to better
understand which cells in the CD3� population are con-
tributing to the increased production of IFN-c during
EAE, however, as we have noted, it is likely that den-
dritic cells or macrophages are responsible for the in-
crease. These results represent an important step in
understanding the complex mechanism of the CB1 re-
ceptor in different cell types, and under different stimu-
lation conditions. Moreover, these results show that the
effects elicited by the therapeutic targeting of the endo-
cannabinoid system, and more specifically the CB1 re-
ceptor, may be dependent on the status of the immune
system at the time of treatment.
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Abbreviations Used
2-ME¼ 2-mercaptoethanol

ANOVA¼ analysis of variance
APC¼ antigen presenting cell
AUC¼ area under the curve
BSA¼ bovine serum albumin
CBD¼ cannabidiol
CFA¼ complete Freund’s adjuvant
EAE¼ experimental autoimmune encephalomyelitis

EDTA¼ ethylenediaminetetraacetic acid
ELISA¼ enzyme-linked immunosorbent assay

FCM¼ flow cytometry media
H&E¼ hematoxylin and eosin

HKMT¼ heat-killed Mycobacterium tuberculosis
HRP¼ horseradish peroxidase

MOG¼myelin oligodendrocyte glycoprotein
MS¼multiple sclerosis

NIR FVD¼Near Infrared Fixable Viability Dye
PBS¼ phosphate-buffered saline

PBST¼ PBS containing 0.05% Tween 20
RT¼ room temperature

SAL¼ saline
SEM¼ staphylococcal enterotoxin M
TCR¼ T cell receptor
THC¼D9-tetrahydrocannabinol
WT¼wild type
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