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Cannabidiol (CBD) is a phytocannabinoid that has demonstrated anticonvulsant efficacy in several animal models
of seizure. The current experiment validated CBD's anticonvulsant effect using the acute pentylenetetrazol (PTZ)
model. Furthermore, it tested whether CBD reduces seizure activity by interacting with either the serotonergic
5HT1A or 5HT2A receptor. 120 male adolescent Wistar-Kyoto rats were randomly assigned to 8 treatment groups
in two consecutive experiments. In both experiments, subjects received either CBD (100 mg/kg) or vehicle
60 min prior to seizure testing. In Experiment 1, subjects received either WAY-100635 (1 mg/kg), a 5HT1A antag-

lc(?r:vr\::tr)?jiol onist, or saline vehicle injection 80 min prior to seizure testing. In Experiment 2, subjects received either MDL-
Serotonin 100907 (0.3 mg/kg), a specific 5HT2A antagonist, or 40% DMSO vehicle 80 min prior to seizure testing.
Seizure 85 mg/kg of PTZ was administered to induce seizure, and behavior was recorded for 30 min. Seizure behaviors
Anticonvulsant were subsequently coded using a 5-point scale of severity. Across both experiments, subjects in the vehicle con-
SHT1A trol groups exhibited high levels of seizure activity and mortality. In both experiments, CBD treatment signifi-
SHT2A cantly attenuated seizure activity. Pre-treatment with either WAY-100635 or MDL-100907 did not block CBD's
anticonvulsant effect. WAY-100635 administration, by itself, also led to a significant attenuation of seizure activ-
ity. These results do not support the hypothesis that CBD attenuates seizure activity through activation of the
5HT1A or 5HT2A receptor. While this work further confirms the anticonvulsant efficacy of CBD and supports
its application in the treatment of human seizure disorders, additional research on CBD's mechanism of action

must be conducted.
© 2017 Elsevier Inc. All rights reserved.
1. Introduction seizures in children and adolescents. Recently, an open-label trial re-

One-third of the 50 million people with epilepsy experience seizures
that cannot be controlled with available treatments [1]. Current anti-
epileptic drugs (AED's) also cause many negative side effects, including
fatigue, nausea, decreased appetite, dizziness, difficulty concentrating,
memory problems, aggression, and hyperactivity. There is a substantial
need for novel treatments for seizure disorders, and cannabinoids rep-
resent one highly promising option.

Cannabidiol (CBD) is the second-most abundant phytocannabinoid
derived from the Cannabis sativa plant. CBD possesses antipsychotic, an-
xiolytic, and neuroprotective effects, and has also demonstrated anti-
convulsant efficacy in several experimental studies [2,3]. Unlike A9-
tetrahydrocannabinol (THC), the primary psychoactive cannabinoid,
CBD does not induce psychoactive effects and is not reinforcing. As
such, it is an especially attractive drug candidate for the treatment of
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ported that CBD reduced seizure frequency in patients with severe
treatment-resistant epilepsy [4]. CBD's anticonvulsant properties have
also been tested in several different animal models of seizure and epi-
lepsy [5,6]. The proconvulsant compound, pentylenetetrazol (PTZ),
forms the basis of one of the most common animal models of general-
ized seizure and is often used to screen putative anticonvulsants [7].
Jones et al. (2010) reported that a 100 mg/kg dose of CBD was highly ef-
fective at reducing seizure severity in PTZ-treated rats [5]. One goal of
the current experiments was to validate this anticonvulsant effect of
CBD using the PTZ-model.

A second goal was to explore two possible mechanisms by which
CBD may reduce seizure activity. CBD is a pharmacologically complex
compound that targets many different molecules in the central nervous
system and may affect seizure activity through multiple mechanisms
[8]. Intriguingly, CBD has minimal affinity and shows low agonist activ-
ity at central cannabinoid receptors (CB1 and CB2). Among other tar-
gets, CBD binds to several serotonin receptors in the brain, including
the 5SHT1A and 5HT2A [9]. CBD's ability to influence serotonergic activ-
ity is relevant to seizure researchers for several reasons. First, serotonin
and its receptors participate in the pathophysiology of epilepsy [10]. For
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example, PET imaging studies have noted reduced expression of 5SHT1A
receptors in the hippocampus, entorhinal cortex, and parahippocampal
gyrus of patients with temporal lobe epilepsy [11]. Numerous studies
have documented that 5SHT1A agonism attenuates seizure, although
this literature is not entirely consistent [12]. Second, recent work has
suggested that fenfluramine, a potent indirect 5HT agonist, can be an ef-
fective add-on treatment for Dravet's syndrome [13]. Fenfluramine
works through multiple mechanisms to increase synaptic serotonin,
but it is not known what post-synaptic effects are most relevant to its
anticonvulsant efficacy. Third, there is growing awareness that 5SHT2A
receptor dysfunction may underlie comorbidity between major depres-
sive disorder and epilepsy in human patients [14].

CBD's affinity for central 5SHT1A receptors has been demonstrated
through its ability to displace 8-OH-DPAT, and its efficacy has been ob-
served through measurement of in vitro signal transduction [9]. Fur-
thermore, antagonism of 5HT1A receptors blocks several of the
physiological and behavioral effects of CBD administration. For instance,
CBD's anti-depressant effects in mice were reversed following adminis-
tration of the 5SHT1A antagonist, WAY-100635 [15]. Similarly, CBD in-
duced an anxiolytic effect in Wistar rats when injected directly into
the bed nucleus of the stria terminalis (BNST) - an effect blocked by pre-
treatment with WAY-100635 [16]. Perhaps most pertinent to its anti-
convulsant potential, Ledgerwood et al. (2011) noted that CBD inhibits
basal synaptic transmission in acute hippocampal slices, and this effect
was terminated by administration of WAY-100135, a non-selective
5HT1A antagonist [17]. Russo et al. (2005) also demonstrated that
CBD is active at the 5SHT2A receptor, albeit less so than at the 5HT1A
[9]. It is unknown whether any of CBD's physiological or behavioral ef-
fects are caused by activity at the 5HT2A receptor.

The current studies were designed to further assess CBD's anticon-
vulsant efficacy and to specifically determine whether CBD is working
through the serotonergic 5HT1A or 5HT2A receptor. Our study is the
first attempt to explore these hypotheses and serves as a critical step
in isolating CBD's mechanism of action. In two separate experiments,
adolescent Wistar Kyoto rats were given PTZ to induce severe seizure.
Half were given 100 mg/kg CBD, which has previously been shown to
significantly reduce seizure severity [5]. In Experiment 1, we tested
whether administration of the specific 5HT1A antagonist, WAY-
100635, attenuates CBD's anticonvulsant effect. In Experiment 2, we
conducted a similar experiment using MDL-100907, a specific 5SHT2A
antagonist. If CBD reduces seizure activity by serving as an agonist at ei-
ther of these receptors, then pre-treatment with a suitable antagonist
should block its anticonvulsant properties.

2. Material & methods
2.1. Subjects

120 male, Wistar Kyoto rats (Charles River Laboratories, Wilming-
ton, MA) were used in two successive experiments. They were tested
in two separate cohorts: 60 subjects in Experiment 1 and 60 in Experi-
ment 2. Subjects arrived at 21 days of age and were pair-housed in plas-
tic cages with corncob bedding within a temperature-controlled (23 +
2 °C) vivarium. The vivarium was programmed with a 12:12 light-dark
schedule (lights on 6:00-18:00 h). Food and water were available ad
libitum, and all subjects' cages were environmentally enriched with a
Nylabone® and a short length of PVC pipe. All experimental protocols
were approved by the campus Institutional Animal Care and Use Com-
mittee in compliance with the National Institutes of Health Guide for
the Care and Use of Laboratory Animals.

2.2. Procedure

Subjects were handled for several days prior to any experimental
procedures. For four days leading up to the seizure tests, subjects were

habituated to the seizure testing room and apparatus; each subject
was placed in a seizure observation chamber for 15 min per day.

In Experiment 1, we tested whether the 5HT1A receptor is implicat-
ed in CBD's anticonvulsant activity. 60 subjects were randomly assigned
to one of the four treatment conditions (n = 15 each), usinga 2 (CBD vs.
vehicle) x 2 (WAY-100635 vs. vehicle) design. The four groups were:
1) vehicle + vehicle, 2) CBD + vehicle, 3) CBD + WAY-100635, and
4) vehicle + WAY-100635. CBD was administered via intraperitoneal
(IP) injection at a dose of 100 mg/kg, 60 min prior to seizure induction
[18]. CBD was dissolved in a vehicle of 2:1:17 ethanol: Kolliphor: phys-
iological saline. CBD was generously donated from GW Pharmaceuticals
(Cambridge, UK). WAY-100635 (Sigma-Aldrich, St. Louis, MO) was ad-
ministered via subcutaneous (SC) injection at a dose of 1 mg/kg,
20 min prior to CBD administration [19]. Vehicle was physiological sa-
line. WAY-100635 was chosen because it is one of the most commonly
used, selective 5HT1A antagonists used in behavioral pharmacology
[20] and has been used previously to test the mechanism of action for
other behavioral effects of CBD [15,16]. Dosage was based on previous
research, including Lopez-Meraz et al. (2005), who used 1 mg/kg in
male Wistar rats to assess the effects of various 5HT1A agonists on epi-
leptic seizures in several different models [21]. Notably, 1 mg/kg of
WAY-100635 did not significantly affect seizure incidence or intensity
on its own.

In Experiment 2, we tested whether the 5SHT2A receptor is implicat-
ed in CBD's anticonvulsant effects. 60 subjects were randomly assigned
to one of four treatment conditions (n = 15 each), using a 2 (CBD vs. ve-
hicle) x 2 (MDL-100907 vs. vehicle) design. These four groups were:
1) vehicle + vehicle, 2) vehicle + CBD, 3) MDL-100907 + vehicle,
and 4) MDL-100907 + CBD. MDL-100907 (Sigma-Aldrich, St. Louis,
MO) was administered via subcutaneous (SC) injection at a dose of
0.3 mg/kg, 80 min prior to seizure induction [22]. MDL-100907 was cho-
sen because it is considered to be one of the most selective SHT2A re-
ceptor antagonists available for preclinical studies [23-25]. With
regard to dose, 0.3 mg/kg falls within the range used by previous re-
searchers to successfully examine the functionality of the 5SHT2A recep-
tor in a variety of behavioral domains [25-27]. MDL-100907 was
dissolved in a vehicle of 40% DMSO in physiological saline. CBD, as be-
fore, was administered via intraperitoneal (IP) injection at a dose of
100 mg/kg, 60 min prior to seizure induction.

The following procedures were identical for both Experiment 1 and
Experiment 2. Between post-natal day (PND) 29-33, subjects were test-
ed for seizure susceptibility. Seizure testing took place in a separate
room under normal light conditions, beginning around 10:00 h. To in-
duce seizure, subjects were administered a single intraperitoneal (IP)
injection of 85 mg/kg of pentylenetetrazol (PTZ). Immediately after
PTZ administration, each subject was transferred to a transparent plastic
cage (27 x 16.5 x 12 cm) for observation. Four subjects — one from each
treatment group — were tested simultaneously. A wooden divider was
placed between cages so that subjects being tested simultaneously
were not visible to each other. The seizure test lasted for 30 min. Tests
were video-recorded using a tripod-mounted digital camera (NTSE
SONY XC-EI50). Video was digitized at 60 Hz in 640 x 840 resolution
onto a Macintosh computer. Video was processed using unpublished
software (RatCam) using a frame-by-frame accurate timecode.

Seizure videos were subsequently coded by experimenters blind to
the treatment condition of each subject. Individual seizures were scored
on a 5-point severity scale appropriate for generalized seizures with
forebrain origin [28,29]: 1, isolated myoclonic jerks; 2, atypical clonic
seizure; 3, fully developed bilateral forelimb clonus; 3.5, forelimb clonus
with tonic component and body twist; 4, tonic-clonic seizure with sup-
pressed tonic phase, loss of righting; 5, fully developed tonic-clonic sei-
zure with loss of righting. For each subject, latency to first sign of seizure
and maximum seizure severity achieved were coded. The following
group variables were then calculated: 1) mean latency to first seizure
event, 2) median maximum seizure severity, 3) percentage of subjects
that displayed any seizure activity (1 or greater), 4) percentage that
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achieved tonic-clonic seizure (4 or 5), and 5) percentage mortality.
Mortality was defined by the subject ceasing all respiratory and cardiac
function at some point during the 30-min test. The group variables were
based upon those described in Jones et al. [5].

2.3. Statistical analyses

Latencies were analyzed with a 2 x 2 analysis of variance (ANOVA).
Median maximum seizure severities were analyzed with both a
Kruskal-Wallis test and a median test, following by post-hoc Mann-
Whitney tests. Group percentages were analyzed using multiple non-
parametric binomial tests (as in Jones et al.), using the Holm-
Bonferroni method to adjust alpha for multiple comparisons [5].

3. Results
3.1. Experiment 1

Table 1 summarizes the results of Experiment 1.

Fig. 1 displays the mean (4 SEM) latency to first seizure event (for
those subjects that experienced a seizure) for the four treatment groups.
A 2 (CBD treatment) x 2 (WAY-100635 treatment) ANOVA on these
data revealed no significant main effect of CBD (F(1,36) = 3.27,p =
0.08), no main effect of WAY-100635 (F(1,36) = 0.58, p = 0.45), and
no interaction (F(1,36) = 0.004, p = 0.95).

Fig. 2 shows the percentage of subjects within each group that
achieved each Racine stage (1-5). Fig. 3 displays the median maximum
seizure severity for the four treatment groups. A non-parametric
Kruskal-Wallis test revealed a significant difference in medians
among all 4 groups (Chi-Square (3, N = 60) = 8.72, p = 0.033). A me-
dian test also revealed a significant difference between groups (Chi-
Square (3, N = 60) = 8.80, p = .032). Post-hoc analysis consisted of
three one-tailed Mann-Whitney tests, in which each experimental
group was compared to the Veh + Veh control. An additional two-
tailed Mann-Whitney test compared the Veh + CBD group to the
WAY + CBD group to specifically assess whether WAY-100635 admin-
istration impacted the effects of CBD. The Holm-Bonferroni method was
used to adjust alpha for 4 multiple comparisons (using an omnibus
alpha of 0.05). The median maximum seizure in the Veh + Veh control
group (median = 5) was significantly higher than the median value of
each other experimental group. There was no significant difference be-
tween the Veh + CBD group and the WAY + CBD group.

Fig. 4 displays the percentage of subjects within each treatment
group that a) showed any seizure activity, b) attained tonic—clonic sei-
zure, and c) died during seizure testing. A non-parametric binomial
test was utilized for each dependent variable, comparing the control
(vehicle-vehicle) proportion to each other group's proportion. In addi-
tion, the Veh + CBD group was compared to the WAY + CBD group to
specifically assess whether WAY-100635 administration impacted the
effects of CBD. The Holm-Bonferroni method was again used to adjust
alpha for 4 multiple comparisons (using an omnibus alpha of 0.05).
For percentage showing any seizure activity (Fig. 4A), the Veh + CBD
group (53.3%) and WAY + Veh group (60.0%) expressed significantly
lower proportions than the control (86.7%). For the percentage showing
tonic—clonic seizure (Fig. 4B), the control group percentage (53.3%) was
significantly higher than that of the Veh + CBD group (20.0%), the WAY

Table 1
The Effects of WAY-100635 on CBD's anticonvulsant efficacy.
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Fig. 1. The mean (4 SEM) latency to the first seizure event for the four treatment groups in
Experiment 1. Veh = Vehicle; CBD = cannabidiol; WAY = WAY-100635.

+ Veh group (13.3%), and the WAY + CBD group (13.3%). For percent-
age mortality (Fig. 4C), the control group percentage (26.7%) was signif-
icantly higher than that of the WAY + Veh group (0.0%) and the WAY
+ CBD group (0.0%).

3.2. Experiment 2

Data from three subjects were lost due to corrupted video files.
Table 2 summarizes the results of the MDL-100907 experiment.

Fig. 5 displays the mean (4 SEM) latency to first seizure event (for
those subjects that experienced a seizure) for the four treatment groups.
A2 (MDL treatment) x 2 (CBD treatment) ANOVA on these data re-
vealed a significant main effect of CBD treatment (F(1,43) = 5.84,p =
0.02). The estimated marginal mean for vehicle-treated subjects was
79.7 s, while that for CBD-treated subjects was 99.3 s. There was no sig-
nificant interaction between MDL and CBD treatment (F(1,43) = 1.15,p
= 0.29).

Fig. 6 shows the percentage of subjects within each group that
achieved each Racine stage (1-5). Fig. 7 shows the median maximum
seizure severity for the four treatment groups. A non-parametric
Kruskal-Wallis test revealed a significant difference in medians
among all 4 groups (Chi-Square (3, N = 57) = 8.89, p = 0.03). A medi-
an test also revealed a significant difference between groups (Chi-
Square (3, N = 57) = 11.84, p = 0.008). Post-hoc analysis consisted
of three one-tailed Mann-Whitney tests, in which each experimental
group was compared to the Veh + Veh control. In addition, a two-
tailed test compared the Veh + CBD group to the MDL + CBD group
to specifically assess whether MDL administration impacted the effects
of CBD. The Holm-Bonferroni method was used to adjust alpha for 4
multiple comparisons (using an omnibus alpha of 0.05). These tests re-
vealed no significant differences between individual groups.

Veh + Veh (n = 15)

Veh + CBD (n = 15)

WAY + Veh (n = 15) WAY + CBD (n = 15)

Mean (4 SEM) latency to 1st seizure (sec) 82.7 (£5.9)
Median (+1QR) max seizure severity 5.0 (+1.5)
% showing any seizure 86.7

% showing tonic—clonic seizure 533

% mortality 26.7

105.3 (+£12.5) 91.7 (+£14.7) 115.8 (+£17.6)
3.0 (+£3.5) 3.5 (+3.5) 1.0 (£3.5)
533 60.0 66.7
20.0 133 133

0.0 0.0

Veh = Vehicle; CBD = cannabidiol; WAY = WAY-100635.
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Fig. 2. The percentage of subjects within each treatment group in Experiment 1 that achieved each stage of the Racine seizure severity scale. Veh = Vehicle; CBD = cannabidiol; WAY =

WAY-100635.

Fig. 8 displays the percentage of subjects within each treatment
group that a) showed any seizure activity, b) attained tonic—clonic sei-
zure, and ¢) died during seizure testing. A non-parametric binomial
test was utilized for each of these dependent variables, comparing the
control (Veh-Veh) proportion to each other group's proportion. In addi-
tion, the Veh + CBD group was compared to the MDL + CBD group to
specifically assess whether MDL administration impacted the effects of
CBD. The Holm-Bonferroni method was used to adjust alpha for 4 mul-
tiple comparisons (using an omnibus alpha of 0.05). For percentage
showing any seizure activity (Fig. 8A), there were no significant group
differences. For percentage showing tonic-clonic seizure (Fig. 8B), the
Veh + CBD group (40%) and MDL + CBD group (7.1%) had significantly
lower percentages than the Veh + Veh control (71.4%). In addition, the
MDL + CBD group expressed a significantly lower percentage than the
Veh + CBD group. For percentage mortality (Fig. 8C), the Veh + CBD
group (6.7%) and MDL + CBD group (0.0%) had significantly lower per-
centages than the Veh + Veh control (57.1%).

4. Discussion

We had two goals in conducting this research: 1) to independently
replicate and validate the anticonvulsant effects of CBD in a common an-
imal model of generalized seizure, and 2) explore CBD's anticonvulsant
mechanism of action. With regard to goal 1, both experiments demon-
strated that 100 mg/kg CBD significantly attenuated PTZ-induced

Median Maximum Seizure Severity

o- & ]

Veh+Veh Veh+CBD WAY+Veh WAY+CBD

Fig. 3. Box & whisker plots for the median maximum seizure severities of the four
treatment groups in Experiment 1. Medians are thick black lines, with boxes showing
25th and 75th percentiles; whiskers denote 5th and 95th percentiles. Individual (semi-
transparent) data points are overlaid with slight jitter. Veh = Vehicle; CBD =
cannabidiol; WAY = WAY-100635. A non-parametric Kruskal-Wallis test revealed an
overall significant difference in medians. Post-hoc Mann-Whitney tests (with alpha
adjusted via the Holm-Bonferroni method) indicated that the median maximum seizure
of the Veh + Veh control group was significantly higher than the median value of each

other experimental group.

seizure in adolescent Wistar-Kyoto rats. In Experiment 1, CBD signifi-
cantly reduced the 1) median maximum seizure severity, 2) the per-
centage of subjects experiencing any seizure activity, and 3) the
percentage of subjects achieving tonic-clonic seizure. There was a
strong, but non-significant, trend for CBD to also reduce mortality rate.
In Experiment 2, CBD treatment significantly 1) increased the latency
to first seizure event in those subjects that displayed seizure activity,
2) reduced the percentage of subjects showing tonic-clonic seizure,
and 3) reduced mortality. There was a strong, but non-significant,
trend for CBD to reduce maximum seizure severity.

The slight variation in CBD results observed between the experi-
ments may have been caused by using different cohorts of animals or
different lot numbers of PTZ. For example, in Experiment 2, we observed
more intense seizure activity overall in our Veh + Veh controls com-
pared to the Veh + Veh controls in Experiment 1. This included a higher
rate of tonic—clonic seizure (71.4% in Experiment 2 vs. 53.3% in Experi-
ment 1) and mortality (57.1% in Experiment 2 vs. 26.7% in Experiment
1). Importantly, however, in both experiments the mortality rate of sub-
jects given CBD was strikingly low and consistent (6.7% in each case).
Furthermore, while there was some variation in which dependent vari-
ables were impacted most strongly by CBD across experiments, the
overall pattern of results between them was quite similar.

Taken as a whole, these results provide compelling evidence that
CBD is capable of calming neurological seizure activity and preventing
the most severe consequences of seizure (e.g., progression to full-
body, tonic-clonic activity and death). Recent years have witnessed
burgeoning interest among scientists, clinicians, and patients in the po-
tential therapeutic application of CBD for treatment of severe epilepsy
disorders, including Dravet's syndrome [30]. Animal work has largely
been consistent in showing an anticonvulsant effect of CBD via many
different seizure models, including maximal electroshock, cobalt, pilo-
carpine, penicillin, and numerous GABA antagonists [2,3]. Clinical trials
testing CBD's effectiveness are currently ongoing; one recent report in-
dicated that CBD has an adequate safety profile in children and young
adults with severe epilepsy and may significantly reduce seizure [4].
However, large randomized controlled trials are needed to confirm
these hypotheses.

The second goal of the current experiment was to test whether CBD's
anticonvulsant effects are mediated through either the serotonergic
5HT1A or 5HT2A receptor. As such, we hypothesized that pre-
treatment with appropriate antagonists (WAY-100635 or MDL-100907,
respectively) 20 min prior to CBD administration would significantly at-
tenuate CBD's anticonvulsant effects. Our results did not support these
hypotheses. Within Experiment 1, there were no significant differences
between the Veh + CBD group and the WAY + CBD group on any sei-
zure variable, including: median seizure severity, percentage experienc-
ing any seizure (53.3% vs. 66.7%), percentage displaying tonic-clonic
seizure (20.0% vs. 13.3%), and percentage mortality (6.7% vs. 0.0%).

Contrary to expectation, subjects given just WAY-100635 (without
CBD) displayed a significant reduction in seizure activity compared to
vehicle controls. Furthermore, there was little identifiable difference in
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Fig. 4. The percentage of subjects within each group of Experiment 1 that A) displayed any seizure activity, B) displayed tonic—clonic seizure, and C) expired during testing. Veh = Vehicle;
CBD = cannabidiol; WAY = WAY-100635. * indicates a significant difference from the Veh + Veh control, as assessed by a non-parametric binomial test (adjusted via the Holm-

Bonferroni method for multiple comparisons).

the behavior of these subjects compared to either the CBD-treated
group or the CBD 4+ WAY group. This was unexpected, given previous
evidence that 5SHT1A receptor agonists are often anticonvulsant [12].
However, the literature in this area has been inconsistent. For example,
Lopez-Meraz et al. (2005) tested the effects of two 5SHT1A agonists (8-
OH-DPAT and Indorenate) and one antagonist (WAY-100635) on PTZ-
induced (60 mg/kg) seizures in male Wistar rats [21]. 8-OH-DPAT treat-
ment dose-dependently reduced the percentage of rats with tonic ex-
tension and the mortality rate. Conversely, 1 mg/kg 8-OH-DPAT
significantly increased the number of clonic seizures (an effect which
was blocked by WAY-100635). Indorenate dose-dependently increased
seizure latencies and reduced the percentage of subjects presenting
clonic seizure, tonic extension, and death. WAY-100635 (1 mg/kg, SC)
by itself had no significant effect on seizure activity.

There are additional findings that other 5SHT1A antagonists may pos-
sess anticonvulsant efficacy under certain experimental conditions. For
example, Moreau at el. reported that (S)-UH-301, a selective 5SHT1A an-
tagonist, exhibited dose-dependent anticonvulsant activity in two dif-
ferent mouse models of acute seizure (audiogenic seizures and ICV
administration of NMDA in DBA/2] mice) [31]. Graf et al. (2004) noted
an anticonvulsant effect of WAY-100635 in WAG/Rij rats, which exhibit
spontaneously occurring spike-wave discharges (SWDs) and behavior-
al symptoms similar to those seen in human absence epilepsy [32]. Sub-
jects were given 0.2 mg/kg of WAY-100635 (IP) prior to 5 h of EEG and
EMG recordings. Interestingly, WAY-100635 caused an initial increase
in SWDs and paroxysms (30-60 min after administration), but then sig-
nificantly reduced seizure activity in the following 4 h. These results
suggest that there may be biphasic effects of 5SHT1A antagonism on sei-
zure activity.

Brain 5HT1A receptors can be either pre-synaptic, inhibitory
autoreceptors (within the raphe nuclei, for instance), or post-synaptic
(within forebrain/limbic terminal regions). Dose-dependent and bi-
phasic effects of 5SHT1A antagonists may, therefore, result from differen-
tial activation of pre- vs. post-synaptic receptors and potentially
distinctive roles of these receptor categories in regulating seizure

Table 2
The Effects of MDL-100907 on CBD's anticonvulsant efficacy.

activity. For example, if a particular dose of WAY-100635 preferentially
blocks autoreceptors within the raphe nuclei, terminal regions like the
hippocampus may experience a boost of 5HT transmission that has an
anti-seizure effect. Complex 5HT1A-mediated effects like these have
been noted in the preclinical anxiety literature; 5HT1A antagonists can
both block the anxiolytic effects of other drugs, and induce anxiolytic ef-
fects on their own following systemic administration [16,33].

One final factor to consider is that WAY-100635 may not be as selec-
tive an antagonist as many pharmacologists have previously assumed;
specifically, it appears to act as a potent agonist at the dopaminergic
D4 receptor [34]. While there is no conclusive evidence that D4 agonists
possess anticonvulsant efficacy, D4 receptors (like other members of
the D2 family) may help inhibit neuronal hyperexcitability in limbic re-
gions [35].

In Experiment 2, we found no evidence that antagonism of 5SHT2A
receptors attenuated CBD's anticonvulsant effects. The Veh + CBD
group and MDL + CBD group did not differ on: 1) median seizure sever-
ity, percentage experiencing any seizure (93.3% vs. 92.9%), or percent-
age mortality (6.7% vs. 0.0%). However, our analysis of tonic-clonic
seizure revealed that the Veh + CBD group expressed a higher percent-
age compared to the MDL + CBD group (40.0% vs. 7.1%). The direction of
this effect suggests that MDL pre-treatment may have boosted CBD's
ability to prevent tonic-clonic seizure. However, given that MDL did
not have a similar effect on any other seizure variable, we must be cau-
tious in our interpretation. Notably, MDL treatment by itself did not af-
fect seizure severity; there were no significant differences between the
Veh + Veh control and the MDL + Veh group on any dependent
variable.

The most likely interpretation of the data from both Experiment 1
and Experiment 2 is that CBD is not working through the 5HT1A or
5HT2A receptor to block or reduce seizure activity. While serotonergic
signaling is implicated in seizure susceptibility [12] and CBD shows
binding affinity for both 5SHT1A and 5HT2A [9], these signaling systems
may not mediate CBD's anticonvulsant effects. However, a limitation of
the current experiments was utilization of only a single dose of both

Veh + Veh (n = 14)

Veh + CBD (n = 15)

MDL + Veh (n = 14) MDL + CBD (n = 14)

Mean (4 SEM) latency to 1st seizure (sec) 823 (£11.7)
Median (+IQR) max seizure severity 5.0 (£3.0)

% showing any seizure 78.6

% showing tonic—clonic seizure 714

% mortality 57.1

93.2 (+£6.2) 76.6 (+£4.6) 104.8 (+10.1)
3.5 (+£1.5) 50 (+1.5) 3.25 (£2.0)
933 100.0 929
40.0 57.1 7.1

35.7 0.0

Veh = Vehicle; CBD = cannabidiol; MDL = MDL-100907.
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Fig. 5. The mean (4 SEM) latency to the first seizure event for the four treatment groups in
Experiment 2. Veh = Vehicle; CBD = cannabidiol; MDL = MDL-100907. There was a
significant main effect of CBD treatment (F(1,43) = 5.84, p = 0.02), such that the CBD-
treated subjects expressed a higher mean latency to first seizure (estimated marginal
mean = 99.3 s) compared to vehicle-treated subjects (estimated marginal mean =
79.7 s).

CBD and the selected 5HT antagonist. One implication of this is that we
cannot be absolutely certain that a 100 mg/kg dose of CBD produces a
brain concentration that allows for activation of 5SHT1A/5HT2A recep-
tors. In vitro evidence of CBD's activity at SHT1A receptors, for instance,
is based upon relatively high concentrations: 16 and 32 uM in Russo
etal. and 10 pM in Ledgerwood et al. [9,17]. A pharmacokinetic profile
of CBD revealed that an IP dose of 120 mg/kg in rats led to substantial
brain concentrations following rapid absorption (brain Cy.x = 6.8 pg/
ml; Tax = 120 min), but no laboratory has measured specific concen-
trations of CBD within regions of interest, such as the hippocampus, fol-
lowing systemic administration [18]. However, we note that Resstel
etal.[36] found that a 0.1 mg/kg systemic dose of WAY-100635 blocked
the anxiolytic effect of 10 mg/kg CBD (administered intraperitoneally to
male Wistar rats). Thus, there is behavioral evidence that systemic
doses of CBD lower than 100 mg/kg act upon 5HT1A receptors involved
in emotion and behavior [36].

As such, future studies should continue to explore the role of seroto-
nergic receptors in mediating CBD's anticonvulsant activity using other
pharmacological and non-pharmacological tools. In particular, it would
be extraordinarily valuable for researchers to assess CBD's antiseizure
effects in genetic models characterized by reduced 5SHT1A/5HT2A func-
tionality: e.g., in vitro effects in tissue with 5HT receptor targeted
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Fig. 7. Box & whisker plots for the median maximum seizure severities of the four
treatment groups in Experiment 2. Medians are thick black lines, with boxes showing
25th and 75th percentiles; whiskers denote 5th and 95th percentiles. Individual (semi-
transparent) data points are overlaid with slight jitter. Veh = Vehicle; CBD =
cannabidiol; MDL = MDL-100907. A non-parametric Kruskal-Wallis test revealed an
overall significant difference in medians between the 4 groups, although post-hoc
comparisons revealed no significant group by group differences.

knockdown or in vivo effects in 5HT receptor KO mice. Lack of CBD's ef-
ficacy in such models would give us increased confidence in rejecting
5HT1A and 5HT2A as putative molecular targets.

While the current data do not support the hypothesis that 5SHT1A re-
ceptors are implicated in CBD's anticonvulsant mechanism of action, it is
still possible that CBD acts through this receptor for other physiological
and behavioral effects. The strongest evidence for this may lie within the
domain of anxiety. Systemic CBD administration has demonstrated an-
xiolytic effects in a number of animal models [e.g., [36-38]], and 5SHT1A
receptor antagonism reliably attenuates these anxiolytic effects [16,36,
39,40].

As noted in the Introduction section, CBD is a pharmacologically
complex molecule that may rely upon several biochemical mechanisms
to attenuate seizure activity [2,3,8]. There is evidence, largely based on
in vitro experimentation, that CBD can affect dozens of different recep-
tors, enzymes, ion channels, and transporters. However, a primary focus
of current researchers is to identify those molecular targets which are
most plausibly linked to CBD's therapeutic effects — a valid concern,
given CBD's limited bioavailability and the utilization of
supraphysiological concentrations in many in vitro experiments [8].
Two of the more likely mechanisms are blockade of voltage-gated calci-
um channels and blockade of the orphan receptor, GPR55; both involve
regulation of intracellular calcium. In addition, there is significant inter-
est in CBD's ability to enhance adenosine activity via uptake inhibition.
This may be linked to neuronal hyperpolarization and reduced

Percentage of Animals to Reach Each Racine Stage
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Fig. 6. The percentage of subjects within each treatment group in Experiment 2 that achieved each stage of the Racine seizure severity scale. Veh = Vehicle; CBD = cannabidiol; MDL =

MDL-100907.
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Fig. 8. The percentage of subjects within each group of Experiment 2 that A) displayed any seizure activity, B) displayed tonic-clonic seizure, and C) expired during testing. Veh = Vehicle;
CBD = cannabidiol; MDL = MDL-100907. * indicates a significant difference from the Veh + Veh control, as assessed by a non-parametric binomial test (adjusted via the Holm-Bonferroni
method for multiple comparisons). + indicates a significant difference between the Veh + CBD group and the MDL + CBD group.

exocytosis, as well as neuroprotection against damage occurring during
seizure [8,41]. We must not be thwarted by the complexity of CBD, but
continue exploring the various mechanisms by which it exerts its clini-
cal effects, if CBD and other cannabinoids are to gain traction within the
biomedical community as viable treatment options for neurological
disorders.

5. Conclusion

Further validating previous preclinical studies [5,6], we found that
100 mg/kg of CBD significantly attenuated the most severe aspects of
acute seizure induced by PTZ in male Wistar Kyoto rats. Many re-
searchers have speculated that CBD's anticonvulsant properties may,
in part, be linked to agonism at either the serotonergic 5SHT1A or
5HT2A receptor [2,8]. Our study is the first to explore these specific hy-
potheses regarding CBD's mechanism of action. We found no evidence
that CBD worked through 5HT1A or 5HT2A to reduce seizure activity
in this model.
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