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Abstract

Objective: C57BL/6J mice infected with Theiler’s murine encephalomyelitis virus
(TMEV) develop acute behavioral seizures in the first week of infection and later
develop chronic epilepsy. The TMEV model provides a useful platform to test novel
antiseizure therapeutics. The present study was designed to test the efficacy of can-
nabidiol (CBD) in reducing acute seizures induced by viral infection.

Methods: C57BL/6J mice were infected intracortically with 2 X 10° plaque-forming
units of TMEV. Mice were divided into two treatment groups—1) CBD-treated mice
and 2) vehicle-treated mice. Frequency and severity of acute seizures were evaluated
by video-monitoring the mice four times daily by the experimenter blinded to the
treatment group.

Results: Cannabidiol (180 mg/kg; 360 mg/kg/day) decreased both the frequency and
severity of acute behavioral seizures following TMEV infection, but 150 mg/kg of
CBD did not improve overall seizure outcome. The time to peak effect (TPE) of CBD
in the 6 Hz 32 mA psychomotor seizure test using C57BL/6] mice was observed at
2 hours post-CBD treatment. Interestingly, CBD (150 mg/kg) significantly reduced
frequency and severity of TMEV-induced acute seizures at 2 hours post-CBD treat-
ment. These results suggest that CBD could be effective in decreasing TMEV-in-
duced acute seizures when the seizure test is conducted at the TPE of CBD.
Significance: Cannabinoids are increasingly studied for their potential antiseizure
effects. Several preclinical and clinical studies provide evidence that CBD could
be an effective therapy for intractable epilepsies. The present study corroborates
those previous findings and provides an opportunity to investigate pharmacokinetics,
pharmacodynamics, and mechanism(s) of antiseizure effects of CBD in the TMEV

model, which may help to design future clinical studies more effectively.
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INTRODUCTION

|

Mice infected with the Daniels strain of Theiler’s murine
encephalomyelitis virus (TMEV) represent a novel animal
model of acquired limbic epilepsy caused by CNS infection.
C57BL/6J mice infected intracortically with TMEV develop
acute behavioral seizures between 3 and 7 days postinfec-
tion (dpi). These mice survive the infection, clear the virus by
14 dpi, show no behavioral seizures during the latent period,
and, later on, develop chronic spontaneous seizures after
about 2 months postinfection.'™ The histopathological and
biochemical changes in the hippocampus, notably pyramidal
cell loss in the cornu ammonis 1 (CAl) region and scar for-
mation (while largely sparing the CA3 region and the dentate
gyrus), microgliosis, astrogliosis, inflammation, and oxida-
tive stress, are observed during the acute seizure period.z"‘_8
TMEV-infected mice with seizures also have behavioral co-
morbidities such as impaired cognitive functions and anxi-
ety-like behavior.” Thus, the pattern of acute seizures and
epilepsy development, the pathological changes, and the
inflammatory conditions in the TMEV-infected mouse brain
recapitulate clinical observations from patients suffering
from infection-induced temporal lobe epilepsy (TLE).'*!
Therefore, the TMEV-induced mouse model of TLE pro-
vides a unique opportunity to study the molecular changes
occurring in the brain to better understand epileptogenesis
and to design therapeutic interventions that potentially pre-
vent the development of disease.

Epilepsy remains a serious neurological disorder despite
the availability of many antiseizure drugs (ASDs), as about
30% of epilepsy patients are pharmacoresistant to treatment.
This unmet medical need necessitates research in discover-
ing novel treatment to control seizures. Cannabidiol (CBD),
a nonpsychogenic phytoconstituent of the Cannabis sativa
plant, has attracted clinical interest for the treatment of sev-
eral treatment refractory epilepsies.12 The results from the
phase 3 randomized double-blinded placebo-controlled clin-
ical trials of CBD found significant reduction in convulsive
seizure frequency in the patients with two rare and severe
forms of epilepsy—Dravet syndrome and Lennox-Gastaut
syndrome. 13.14 Based on these results, the US Food and Drug
Administration recently approved Epidiolex® (highly puri-
fied CBD oral solution) for the treatment of seizures asso-
ciated with both of these syndromes. These results warrant
further studies to test the efficacy of CBD in other types of
genetic and acquired epilepsies.

The present studies were aimed to test the efficacy of
CBD in preventing acute behavioral seizures in the TMEV
model. CBD (180 mg/kg twice daily; 360 mg/kg/day) sig-
nificantly reduced frequency and severity of TMEV-induced
acute seizures. Although a lower dose of CBD (150 mg/
kg) had no effect on acute seizures overall, it decreased

Key Points

e High dose (180 mg/kg) of cannabidiol (CBD) is
effective in reducing acute behavioral seizures in-
duced by TMEYV infection in C57BL/6J mice.

e The time to peak effect of CBD is at 2 hours post-
treatment in C57BL/6] mice based on the 6 Hz
32 mA psychomotor seizure test.

e Lower dose of CBD (150 mg/kg) does not affect
overall TMEV-induced acute seizures; but de-
creases frequency and severity of seizures when
evaluated at 2 hours post-CBD treatment.

e The TMEV model of infection-induced epilepsy
is a useful tool to test the efficacy of novel antisei-
zure treatments

frequency and severity of seizures at 2 hours following
CBD treatment, but not at 9 hours posttreatment. The time
to peak effect (TPE) of CBD in the 6 Hz 32 mA psychomo-
tor seizure test was observed at 2 hours post-CBD treatment,
which may explain the effectiveness of CBD (150 mg/kg) in
suppressing acute seizures at 2 hours post-CBD treatment.
The results reported herein suggest that CBD may prove to
be efficacious in this model of infection-induced seizures.

2 | METHODS

2.1 |

Male C57BL/6J mice (#006460) aged 5-6 weeks were pur-
chased from Jackson Laboratory. After arrival, mice were
allowed to acclimatize for at least 3 days prior to the ex-
periment. Mice were housed in groups, provided food and
water ad libitum, and kept in a facility providing a 12 hours
light/dark cycle starting at 6 am. All the procedures per-
formed were in accordance with the guidelines provided
and approved by the Institutional Animal Care and Use
Committee of the University of Utah. The University of
Utah is registered with the United States Department of
Agriculture and the United States Public Health Service.
In addition, the University of Utah animal care and use
programs and facilities are accredited by Association for
Assessment and Accreditation of Laboratory Animal Care
International (AAALAC).

Animals

2.2 | Method of TMEYV infection and
seizure monitoring

Mice are briefly anesthetized with isoflurane and injected
with 20 pL of either phosphate-buffered saline (PBS) or
2 x 10° PFU (plaque-forming units) DA-TMEV solution



PATEL Et AL.

intracortically in the right hemisphere by inserting the needle
at a 90° angle to the skull. The injection region is located
slightly medial to the equidistant point on the imaginary line
connecting the eye and the ear. A sterilized syringe contain-
ing a plastic jacket on the needle exposing 2.5 mm of needle
is used for infection to restrict the injection site to the soma-
tosensory cortex.

Acute behavioral seizures were induced by briefly ag-
itating the mice by shaking their cages, and the seizures
were video-monitored four times daily between 2 and
8 days postinfection (dpi). Seizure intensity was graded
using modified Racine scale as follows: Stage 1—mouth
and facial movements; Stage 2—head nodding; Stage 3—
forelimb clonus; Stage 4—forelimb clonus, rearing; Stage
5—forelimb clonus, rearing, and falling; and Stage 6—in-
tense running, jumping, repeated falling, and severe clo-
nus.'> Seizure scores were assigned after verifying seizure
video recordings by an investigator blinded to the treatment
groups. Seizure frequency was reported as the average
number of seizures during the entire acute seizure period,
whereas seizure severity/intensity was represented as the
average cumulative seizure burden at each dpi during the
acute seizure period. Cumulative seizure burden at each dpi
for a mouse was calculated by summing all of the seizure
scores up to that dpi.

23 |

Cannabidiol was received from the National Institute on
Drug Abuse (NIDA). Since CBD does not dissolve in aque-
ous solvents, it was formulated as an oil-in-water emulsion
using a mixture of 100% Ethanol, Kolliphor®, and 0.9% sa-
line (1:1:18). CBD was first dissolved in 100% ethanol, and
equal amount of Kolliphor® (polyoxyl castor oil, BASF)
was added. The mixture was vortexed, and a small amount
of 0.9% saline was added gradually while vortexing the mix-
ture vigorously after every addition to make an emulsion.
The mixture of CBD in 100% ethanol and Kolliphor® ap-
pears transparent, and after the addition of small amount of
0.9% saline, the emulsion appears milky. The emulsion was
made fresh just before each treatment time point, kept on ice,
and used within 20 minutes of preparation. It was vortexed
immediately before injecting each mouse i.p. at 10 mL/kg.
Mice in the control group were treated with a vehicle solution
prepared similarly by mixing 100% Ethanol, Kolliphor®, and
0.9% saline (1:1:18).

CBD treatment

2.4 | 6 Hz psychomotor seizure test

6 Hz psychomotor seizure test was conducted as described
before'® to determine the TPE of CBD. C57BL/6J mice were
treated with CBD (50 mg/kg, i.p.), and corneal stimula-
tion was applied at 0.5, 1, 2, and 4 hours posttreatment in
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a different group of mice. An electrolyte solution contain-
ing 0.5% tetracaine as topical anesthetic agent was applied to
the eyes before corneal stimulation (6 Hz, 0.2 ms rectangular
pulse width, 3 seconds duration) at 32 mA current intensity
(1.5% of current intensity that elicits convulsive seizures in
97% of mice). The seizure was characterized by an initial
momentary stun followed immediately by forelimb clonus,
twitching of the vibrissae, and Straub tail. Mice without sei-
zure were counted as “protected” mice, and the time point
post-CBD treatment where maximum number of mice was
found to be “protected” was considered the TPE of CBD.

2.5 | Statistics

The dataset involving continuous variables is represented
by mean and the standard error of the mean (SEM), and the
dataset with ordinal variables is presented as a frequency dis-
tribution. Seizure frequency data are represented as box and
whisker plots. The central lines and plus signs within the box
and whisker plot represent medians and means, respectively;
the two ends of the rectangles represent first and third quar-
tiles. The upper and lower whiskers extend to the highest and
lowest values in the dataset, respectively. Each filled circle
in the box and whisker plot represents an individual mouse.
Experimental design involving two groups with one continu-
ous dependent variable was analyzed by unpaired two-tailed ¢
test or Welch’s ¢ test, whereas design involving two categori-
cal independent variables and one continuous dependent var-
iable was analyzed by repeated measures two-way ANOVA.
Cumulative seizure burden, which was calculated from a
ranked dataset, was analyzed by the Scheirer-Ray-Hare test,
which is an extension of Kruskal-Wallis test for two rand-
omized factorial designs.17 The statistical calculations were
conducted using GraphPad Prism® 7 and Microsoft Excel.

3 | RESULTS

3.1 | CBD (180 mg/kg) effectively reduces
TMEV-induced acute seizure frequency and
intensity

Previously published work from our group has demonstrated
that the ED5;, (95% confidence interval) for CBD in prevent-
ing 6 Hz psychomotor seizures induced at the 44 mA intensity
in male CF1 mice was 164 mg/kg (124-200)."® Therefore, we
chose a slightly higher initial dose (180 mg/kg twice daily;
360 mg/kg/day) to determine the antiseizure potential of
CBD in the TMEV infection—-induced model of epilepsy.
We started to test whether CBD is efficacious in reduc-
ing TMEV-induced seizures using a prophylactic approach.
Male C57BL6/J mice were treated with 180 mg/kg CBD i.p.
every 12 hours (7 am and 7 pM; 360 mg/kg/day) starting two
days prior to TMEYV infection for a total of 10 days (Figure
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FIGURE 1 Prophylactic treatment with 180 mg/kg cannabidiol (CBD) reduces average frequency and severity of TMEV-induced acute
seizures. A, Outline of prophylactic CBD treatment regimen. B, Acute seizures were induced by handling the mice four times a day—during CBD/
vehicle injections (7 AM, 7 M) and during seizure monitoring (11 am, 4 pm). Seizure severity was video-monitored with the experimenter blinded to
the treatment groups, scored based on a modified Racine scale ranging from stage 3 to 6, and depicted as a heat map (DI—during injection, dpi—
days postinfection). C-E, Prophylactic CBD treatment significantly reduces seizure frequency plotted as total numbers of seizures per mouse (upper
panel) and seizure severity as measured by average cumulative seizure burden (lower panel) of all seizures observed during acute seizure period
(3-8 dpi) (C). Antiseizure effect of CBD was observed at 4 h (D) and also at 9 h (E) post-CBD treatment. F, Development of the first acute seizure
is significantly delayed in CBD-treated mice compared to vehicle-treated mice. Statistics: unpaired ¢ test (seizure frequency), Scheirer-Ray-Hare

setorst

test and Sidak’s multiple comparison test (seizure severity), log-rank test (% seizure-free), P <0.01, P <0.0001, n = 10 mice per group.
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1A). Acute seizures were video-monitored four times daily
(twice during CBD treatment, and at 4 and 9 hours post-CBD
treatment), and the severity of seizures was assessed using a
modified Racine seizure scale from stage 3 to 6 as described
in Methods and represented as a heat map in Figure 1B. All
TMEV-infected mice in the vehicle treatment group devel-
oped acute seizures, whereas 3 mice in the CBD group did not
have seizures. CBD-treated mice had a dramatic reduction in
the average number of seizures that occurred over the acute
seizure period (Figure 1C, upper panel; CBD: 1.5 + 0.40,
Vehicle: 8.3 +0.73, n = 10, p < 0.0001) and seizure severity
between 4 and 8 dpi compared to vehicle-treated mice (Figure
1C, lower panel). Antiseizure effects of CBD were observed
both at 4 hours (Figure 1D) and at 9 hours post-CBD treat-
ment (Figure 1E). Although 70% of CBD-treated mice had at
least one behavioral seizure, CBD treatment delayed the de-
velopment of seizures and significantly prolonged the seizure
freedom period (P < 0.0001, log-rank test; Figure 1F).

After observing antiseizure effects of CBD under the pro-
phylactic treatment regimen, we tested the efficacy of CBD in
suppressing TMEV-induced acute seizures under therapeutic
treatment regimen. Since a significant portion of TMEV-in-
fected mice begins to develop acute seizures on 3 dpi, we
started CBD treatment on 3 dpi and continued through 7 dpi
(Figure 2A). As in the prophylactic study, CBD (180 mg/kg)
was administered at 7 am and 7 pM and seizures were evalu-
ated at 4 and 9 hours post-CBD treatment in the morning. The
seizure scores for all the mice are presented in the heat map
(Figure 2B). In both treatment groups, mice had similar num-
bers of seizures on 3 dpi. However, the seizure frequency and
severity were dramatically reduced in the CBD group at 4 dpi
and these effects were continued during the remaining period
of CBD treatment. Average number of seizures was reduced
by 63% in CBD-treated mice compared to vehicle-treated
mice (Figure 2C, upper panel; CBD: 2.5 + 0.60, Vehicle:
6.7 + 0.82, n = 10, P = 0.0006). In addition, seizure sever-
ity was also significantly decreased in the CBD-treated mice
between 5 and 8 dpi (Figure 2C, lower panel). Antiseizure ef-
fects of CBD were observed both at 4 hours (Figure 2D) and
at 9 hours post-CBD treatment (Figure 2E). In contrast to the
prophylactic treatment regimen, analysis of seizure freedom
over time postinfection found no difference between both the
groups in this treatment regimen (P = 0.3751, log-rank test)
since the majority of the mice in both the groups developed
seizures within 3-4 dpi (Figure 2F).

Although CBD (180 mg/kg) was efficacious in reducing
TMEV-induced seizures, mice treated with this dose of CBD
experienced significant loss of weight starting from 4 dpi
through 9 dpi compared to TMEV-infected mice that received
vehicle treatment (Figure 3A). The weight of TMEV-in-
fected mice during the acute seizure period is often signifi-
cantly lower than the noninfected mice' as also observed in
this study (Figure 3A). However, CBD (180 mg/kg)-treated
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mice lost a greater amount of weight than vehicle-treated
infected mice and the weight loss was coincident with the
CBD treatment period, as mice started to recover after 8 dpi.
CBD (180 mg/kg)-treated mice were also observed to have
hunched posture, hypolocomotion, piloerection, and ruffled
fur, which may suggest a hypothermic effect of the treatment.
Hypothermia can contribute to the reduction in seizures and
has been used clinically to control seizures associated with
refractory status epilepticus.19 CBD at high doses may cause
hypothermia, and it is possible that CBD indirectly reduced
TMEV-induced seizures by causing hypothermia in mice.
To test this idea, we measured body temperature of CBD
(180 mg/kg)-treated mice (same dosing regimen as used in
Figures 1 and 2) up to 4 hours post-CBD treatment in the
morning from 3 to 7 dpi by a rectal temperature probe. As
shown in Figure 3B, average body temperature measured im-
mediately before CBD treatment (0 hour) ranged from 37.5 to
38.3°C. On 3 dpi, the average body temperature was reduced
by 3.4°C from the baseline at 1 and 2 hours post-CBD treat-
ment (Figure 3C) and that could be considered mildly hy-
pothermic; however, the body temperature quickly recovered
partially by 4 hours post-CBD treatment. While a reduction
in average body temperature of 1.2-2.1°C occurred at 2 hours
post-CBD treatment every day from 4 to 7 dpi (Figure 3C), it
is not generally considered to be hypothermic.?’ In contrast,
seizure frequency and severity were similar between CBD
(180 mg/kg)-treated and vehicle-treated mice on 3 dpi, but
significantly reduced during 4-7 dpi (Figure 2B). Thus, no
obvious correlation between core body temperature and sei-
zures in CBD-treated mice was found, suggesting that mild
hypothermia after the first dose of 180 mg/kg CBD may not
be a major factor that likely contributed to the observed de-
crease in acute seizures.

3.2 | CBD (150 mg/kg) reduces TMEV-
induced acute seizures at 2 and 4 hours, but not
at 9 hours, posttreatment

Although CBD (180 mg/kg) was efficacious in reducing
TMEV-induced acute seizures, it caused significant weight
loss and other adverse effects (hunched posture, hypoloco-
motion, piloerection, and ruffled fur), which may suggest
that mice were overdosed by 180 mg/kg of CBD. This was
unexpected because these adverse effects were not observed
previously where CBD was tested at over 200 mg/kg dose ef-
fectively.18 However, that study screened efficacy of CBD in
CF1 mice and Sprague Dawley rats in several other models of
epilepsy and, importantly, only treated animals acutely. Also,
the efficacy of CBD varied widely with median EDs, rang-
ing from 83 to 164 mg/kg in the models tested. Therefore,
it is quite possible that maximum tolerable dose of CBD in
the TMEV model is lower than that in the other models. We
tested lower doses of CBD (45-150 mg/kg) in a pilot study
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FIGURE 2 Therapeutic treatment with cannabidiol (CBD) (180 mg/kg) reduces average frequency and severity of TMEV-induced acute
seizures. A, Outline of therapeutic CBD treatment regimen. B, Acute seizures were induced by handling the mice four times a day—during CBD/
vehicle injections (7 aM, 7 M) and during seizure monitoring (11 am, 4 pm). Seizure severity was video-monitored with the experimenter blinded

to the treatment groups, categorized based on modified Racine scale ranging from stage 3 to 6, and depicted as a heat map (DI—during injection,
dpi—days postinfection). C-E, Therapeutic CBD treatment significantly reduces seizure frequency plotted as total numbers of seizures per mouse
(upper panel) and seizure severity as measured by average cumulative seizure burden (lower panel) of all seizures observed during acute seizure
period (3-8 dpi) (C). Antiseizure effect of CBD was observed both at 4 h (D) and at 9 h (E) post-CBD treatment. F, Development of the first seizure
is not significantly different between treatment groups. Statistics: unpaired ¢ test (seizure frequency), Scheirer-Ray-Hare test and Sidak’s multiple

sl

comparison test (seizure severity), log-rank test (% seizure-free), P <0.05, P <0.001, P < 0.0001, n = 10 mice per group.
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noninfected group and to vehicle group, respectively, in (A), whereas in (B) and (C), asterisk signs indicate comparisons between 3 dpi and 4-7 dpi,

and the number signs indicate comparisons between 4 dpi and 5-7 dpi.

to find the highest dose of CBD without adverse effects and
150 mg/kg of CBD was identified to be well tolerated by
TMEV-infected mice. It was surprising that lowering the
dose only by 30 mg/kg avoided adverse effects associated
with 180 mg/kg dose in this model. However, it is impor-
tant to note that the percentage of protected mice increased
from 50% to 100% in 6 Hz 44 mA seizure model in CF1 mice
by only 20 mg/kg increase in CBD (from 180 to 200 mg/
kg)."® This shows that many factors mainly strain of mice and
type of animal model have significant impact on the dose-re-
sponse of CBD. When we tested the efficacy of 150 mg/kg
of CBD in the TMEV model, average seizure frequency and
severity were found to be similar between the CBD and vehi-
cle groups (Figure 4A). However, mice treated with 150 mg/
kg CBD had a significant reduction in the average number
of seizures at 4 hours post-CBD treatment during the acute
seizure period (Figure 4B, upper panel; CBD: 0.5 + 0.15,
Vehicle: 1.45 +0.31, n =20, P =0.0108). In contrast to what

was observed with the 180 mg/kg dose, 150 mg/kg did not
affect average number of seizures evaluated at 9 hours post-
CBD treatment (Figure 4C, upper panel; CBD: 1.15 + 0.25,
Vehicle: 1.55 + 0.26, n = 20, P = 0.2747). Likewise, the
average cumulative seizure burden measured by analyzing
seizures observed only at 4 hours post-CBD time point was
significantly reduced in 150 mg/kg CBD group at 6 and 7 dpi
(Figure 4B, lower panel).

These results suggest that the time to peak effect (TPE)
of CBD is within 9 hours post-CBD treatment. Since body
temperature of CBD-treated mice reached a minimum level
at 2 hours post-CBD (180 mg/kg) treatment and then partially
recovered by 4 hours posttreatment, it was suspected that the
time to peak effect (TPE) of CBD would be less than 4 hours
in this model and CBD (150 mg/kg) would have been more
effective if the seizures were evaluated at a time point less
than 4 hours posttreatment. Therefore, we first investigated
the TPE of CBD in male C57BL6/J mice using the 6 Hz
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FIGURE 4 Cannabidiol (CBD) (150 mg/kg) administration decreases TMEV-induced seizures observed at 4 h post-CBD treatment but not
at 9 h post-CBD treatment. A, CBD (150 mg/kg) treatment (i.p. every 12 h for 5 d starting at 3 dpi) does not affect frequency (upper panel) and

severity (lower panel) of all the behavioral seizures observed during 3-7 dpi. B, Analysis of seizures observed at 4 h post-CBD treatment shows

a significant reduction in the average number of seizures (upper panel) and the average cumulative seizure burden at 6 and 7 dpi (lower panel)

compared to the vehicle group. C, CBD (150 mg/kg) treatment does not affect seizure endpoints observed at 9 h posttreatment. Statistics: unpaired

t test (upper panels in (A) and (C)), Welch’s ¢ test (upper panel in (B)), Scheirer-Ray-Hare test and Sidak’s multiple comparison test (all lower

sk

panels), P < 0.05, P < 0.001, n = 20 mice per group.
psychomotor seizure test as described previous.ly.16 The TPE
for CBD was found to be 2 hours post-CBD treatment, with a
diminished efficacy at 4 hours (Table 1). To corroborate this
finding, we tested the TMEV-induced seizure activity at the
TPE of CBD (150 mg/kg). The score of all the seizures ob-
served during acute seizure period is shown as a heat map in
Figure 5A. There was no difference in seizures immediately
before CBD treatment everyday in the morning during acute
seizure period (Figure 5B, upper panel; CBD: 1.6 + 0.24,
Vehicle: 1.6 + 0.28, n = 20, P > 0.9999). However, mice
treated with CBD had a significant reduction in the average
number of acute seizures monitored at 2 hours posttreat-
ment (Figure 5C, upper panel; CBD: 0.45 + 0.14, Vehicle:
1.50 + 0.29, n = 20, P = 0.0032), but not at 9 hours (Figure
5D, upper panel; CBD: 1.75 + 0.35, Vehicle: 2.30 + 0.42,
n =20, P = 0.3215). The average cumulative seizure burden
at 2 hour post-CBD treatment was also significantly reduced
in 150 mg/kg CBD group at 5, 6, and 7 dpi (Figure 5C, lower
panel). These results suggest that CBD could be effective in
decreasing TMEV-induced acute seizures when the seizure
test is conducted at the TPE of CBD, and more frequent dos-
ing regimen (for example, three times per day) could be more
effective for a sustained therapeutic effect in this model.

TABLE 1 The time to peak effect (TPE) of cannabidiol (CBD)
(50 mg/kg, i.p.) in the 6 Hz 32 mA model was determined to be 2 h
posttreatment in adult C57BL/6J male mice.

n (mice protected)/n

Time post-CBD treatment (h) (mice tested)

0.25 0/4
0.5 4/8
1 712
2 8/12
4 4/8

Seizures were induced by 6 Hz 32 mA corneal stimulation at various time points
following CBD treatment, and the number of mice protected from seizures was
determined to measure the TPE of CBD.

4 | DISCUSSION

The experiments conducted here demonstrate that CBD
(180 mg/kg) consistently reduced both the frequency and
severity of TMEV-induced acute behavioral seizures.
Although the lower dose of CBD (150 mg/kg; 300 mg/kg/
day) did not improve the acute seizure condition overall
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FIGURE 5 Cannabidiol (CBD)
(150 mg/kg) treatment decreases TMEV-
induced acute seizures at the time to peak
effect of CBD treatment (2 h). A, Mice
were treated with either 150 mg/kg CBD
(i.p. every 12 h for 5 d starting at 3 d
post-TMEYV infection) or vehicle and the
seizures were monitored as described in the
methods just before CBD treatment in the
morning (0 h post-CBD) and at 2 and 9 h
post-CBD treatment. The heat map shows
the seizure severity based on a modified
Racine seizure scale ranging from stage

3 to 6. B, Both CBD and vehicle-treated
mice have similar seizure frequency and

burden measured at 0 h post-CBD treatment.

C, Analysis of seizures monitored at 2 h
post-CBD treatment shows a significant
reduction in the average number of seizures
(upper panel) and the average cumulative
seizure burden at 5, 6, and 7 dpi (lower
panel) compared to the vehicle group.

D, CBD (150 mg/kg) treatment does not
affect seizure endpoints measured at 9 h
posttreatment. Statistics: unpaired 7 test
(upper panels in (B) and (D)), Welch’s 7 test
(upper panel in (C)), Scheirer-Ray-Hare test
and Sidak’s multiple comparison test (lower
panels in (B-D)), P < 0.05, “p < 0.01,

P <0.001, P <0.001, n =20 mice per
group.
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using this treatment regimen, it significantly reduced fre-
quency and severity of acute seizures monitored at either
2 or 4 hours post-CBD treatment. Indeed, the beneficial
effects of treatment were not observed when the seizures
were monitored at 9 hours post-CBD treatment. The TPE of
CBD was 2 hours in the 6 Hz 32 mA psychomotor seizure
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test using C57BL/6J mice. These results suggest that CBD
could be effective in decreasing TMEV-induced acute
seizures when the seizure test is conducted at the TPE of
CBD. Future studies should conduct dose-response study
of CBD in this model by evaluating seizures at 2 hours
post-CBD treatment. In addition, more frequent dosing,
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perhaps in chow, may also confer greater protection at this
lower dose. Finally, pharmacokinetic studies would aid in
the understanding of the efficacy time course.

A majority of animal studies in various seizure mod-
els have reported antiseizure effects of CBD, whereas a
few did not find any significant reduction in seizures.”!
Importantly, CBD suppressed hind limb extension, an indi-
cator of antiseizure effect, in maximum electroshock model
of acute generalized seizures in CF1 mice when the sei-
zure test was conducted 2 hours posttreatment (ie, the time
of peak effect).” Rats treated with 1-100 mg/kg of CBD
one hour prior to seizure evaluation significantly reduced
seizure severity and mortality in the model of generalized
seizures induced by pentylenetetrazole and in the model of
limbic seizures induced by pilocarpine and penicillin.23’24
Recently, a study conducted by the National Institute
of Neurological Disorders and Stroke funded Epilepsy
Therapy Screening Program found that CBD provided pro-
tection against seizures in several acute as well as chronic
seizure models in rodents with the ED5, ranging from 83
to 164 mg/kg.18 TMEV infection—induced seizures repre-
sent an etiologically relevant model of acquired epilepsy
that captures many pathophysiological changes occurring
in the patients of TLE acquired following CNS infection
and encephalitis. Therefore, the present study was aimed at
testing efficacy of CBD in the TMEV model. Since many
factors such as the dose of CBD (1-400 mg/kg), dosing
regimen, animal species, and model specific characteristics
differ widely among previous animal studies testing effec-
tiveness of CBD in epilepsy, it was difficult to design phar-
macological studies of CBD in the TMEV model based on
prior work. We determined to test the effects of 180 mg/
kg of CBD on TMEV-induced acute seizures based on a
published study from our group in which the ED5, of CBD
was calculated as 164 mg/kg in the 6 Hz 44 mA psychomo-
tor seizure test using CF1 mice.'® Other pharmacokinetic
parameters such as half-life and bioavailability of CBD in
TMEV-infected mice are still unknown, and the detailed
understanding of these parameters will be helpful in deter-
mining an optimum dosing paradigm of CBD in this model.

The mechanisms of how TMEV infection in the brain
causes seizures in C57BL/6J mice are not completely un-
derstood. Excessive inflammation, oxidative stress, and
parenchymal damage may contribute to the development
of acute seizures.>>?° Microgliosis, astrogliosis, and infil-
tration of peripheral macrophages occur in the hippocam-
pus of TMEV-infected mice during acute seizures and
may contribute to excessive inflammatory response and
oxidative stress.?’ Indeed, protein levels of several cyto-
kines, chemokines, and oxidative stress markers are sig-
nificantly increased in the hippocampus of TMEV-infected
mice during the acute seizure period.(’_&27 Mice deficient
in TNFR1, TNFa, or IL-6 are much less susceptible to

developing TMEV-induced acute seizures compared to
wild-type mice.”® Inhibiting infiltration of macrophages
and microgliosis by minocycline or wogonin treatment has
been shown to decrease the number of TMEV-infected mice
that developed acute seizures.””?® Taken together, these
data support the hypothesis that inflammation likely plays a
significant role in driving seizures in TMEV-infected mice
and antiinflammatory therapies, either as monotherapy and/
or in combination with antiseizure drugs (ASDs), could be
effective in reducing acute seizures or perhaps even pre-
vent the development of epilepsy in TMEV-infected mice.
CBD exerts antioxidant and antiinflammatory effects.?!"?
CBD decreases the release of TNFa in lipopolysaccharide-
treated rats”’, and CBD is also known to decrease the levels
of other proinflammatory cytokines including IL-2, IFN-y,
IL-6, IL-12 (p-40), and IL-17 in mice.>' In addition, CBD
can ameliorate behavioral symptoms in an experimental
autoimmune encephalomyelitis mouse model of multiple
sclerosis potentially by suppressing T-cell proliferation
and microglial activity in the spinal cord.”> CBD treatment
also provides long-term improvement in motor deficits in
TMEV-induced demyelinating disease, a model of multiple
sclerosis in SJL/J mice, by decreasing infiltration of leuko-
cytes, microglial activation, and proinflammatory cytokines
IL-1p and TNFa.* Therefore, it is likely that CBD may pro-
vide antiseizure effects by controlling inflammation in the
brain following TMEV infection. The changes in the lev-
els of the proinflammatory cytokines and oxidative stress
markers, coincident with the changes in acute seizures due
to CBD treatment, should be measured in future studies to
test this hypothesis. Additionally, CBD imparts antiseizure
effects in several animal models through variety of other
mechanisms.?! For example, CBD may modulate neuronal
excitability by decreasing presynaptic release of glutamate
by inhibiting G-protein-coupled receptor 55 (GRP55)-medi-
ated release of intracellular Ca>*.3* Furthermore, CBD can
enhance adenosine signaling by inhibiting adenosine uptake
mechanisms.’™*> Adenosine is known to function as an en-
dogenous immunosuppressant36 and can also directly inhibit
seizures and confer neuroprotective effects.’’” Further stud-
ies are required to elucidate the mechanisms by which CBD
may confer antiseizure effects in the TMEV-infected mice.
The present study highlights the importance of the TMEV
model of limbic epilepsy as a drug screening tool for the de-
velopment of novel therapeutic approaches for the treatment
of acute seizures as well as for the prevention of epileptogen-
esis. The efficacy of carbamazepine and valproate has been
assessed in this model.*® Valproate (200 mg/kg) and carba-
mazepine (20 mg/kg) given twice daily during the first week
of TMEV infection did not decrease numbers of TMEV-in-
fected mice developing acute seizures; however, valproate
reduced the seizure severity.38 In contrast, carbamazepine
treatment increased the numbers of mice developing seizures
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and the concomitant seizure burden, and decreased the la-
tency to first seizure.®® Thus, this model is refractory to at
least one commonly used ASD. Given intense scientific and
public interest in cannabinoid-based therapies for intractable
epilepsies, thorough animal studies are required to evaluate
the safety and efficacy of CBD either alone or, even more
importantly, in combination with available antiseizure drugs
(ASDs) in a battery of epilepsy models.

In conclusion, CBD (180 mg/kg) given twice daily intra-
peritoneally consistently reduces acute behavioral seizures in-
duced by TMEYV infection. CBD (150 mg/kg) also decreased
the incidence and severity of seizures when the seizure test
was conducted at 2 hours post-CBD treatment. The dose-re-
sponse study should be conducted by testing the seizures at
2 hours post-CBD treatment to measure the EDs, of CBD in
the TMEV model. Acute seizures due to CNS infection greatly
increase the probability for the development of chronic spon-
taneous seizures.**** Whether suppression of TMEV-induced
acute seizures by CBD treatment prevents the development of
epilepsy in this model is an area of future investigation.
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