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Abstract: Refractoriness to antiseizure medications is still a major concern in the pharmacotherapy of epilepsy.
For this reason, we decided to evaluate the combination of levetiracetam and cannabidiol, administered at a
subthreshold dose, to limit the possible adverse effects of this phytocannabinoid. We administered
levetiracetam (300 mg/kg/day, via osmotic minipumps), cannabidiol (120 mg/kg/day, injected once a day
subcutaneously), or their combination for one week in epileptic rats. Saline-treated epileptic rats were the
control group. Animals were monitored with video electroencephalography the week before and after the
treatment. No changes were found in the controls. Levetiracetam did not significantly reduce the total seizure
number or the overall seizure duration. Still, the overall number of seizures (p<0.001, Duncan’s new multiple
range test) and their total duration (p<0.01) increased in the week following treatment withdrawal. Cannabidiol
did not change seizures when administered as a single drug. Instead, levetiracetam combined with cannabidiol
resulted in a significant reduction in the overall number and duration of seizures (p<0.05), when comparing
values measured during treatment with both pre- and post-treatment values. These findings depended on
changes in convulsive seizures, while non-convulsive seizures were stable. These results suggest cannabidiol
determined a remarkable potentiation of levetiracetam antiseizure effects at a subthreshold dose.

Keywords: cannabidiol; epilepsy; kainic acid; levetiracetam

1. Introduction

Cannabidiol is an antiseizure medication (ASM) used as an add-on drug for some types of
pediatric epilepsies, including Dravet syndrome [1,2], Lennox-Gastaut syndrome [3,4], and tuberous
sclerosis complex [5]. Although considered effective and safe, cannabidiol is currently not
recommended for other types of epilepsy in humans. However, cannabidiol is also under
investigation in the field of veterinary medicine, and one recent trial suggested that this ASM is
effective for dogs with idiopathic epilepsy. In these animals, cannabidiol was used as an add-on drug
with positive findings, but with significant adverse events, mainly consisting of reduced food intake
and vomiting [6]. In children, cannabidiol was also associated with adverse events, including
diarrhea, increased seizures, or sedation as the most frequent. Reduced appetite and vomiting were
also noted in the same cohort [7].

Clinical investigations on the effects of cannabidiol in patients with temporal lobe epilepsy (TLE)
are missing, despite the fact that this type of epilepsy is the most prevalent and also poorly responsive
to ASMs in adults with epileptic disorders [8]. It has to be mentioned that cannabidiol has been
investigated in various animal models of TLE, including amygdala [9] and hippocampal kindling
[10], or pilocarpine [11] and kainic acid [12] administration to induce a status epilepticus. These various
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models and our recent experiment [13] documented the antiseizure properties of cannabidiol in the
animals reproducing the human TLE.

The possible interest in the clinical use of cannabidiol in TLE is related to the problem of drug
refractoriness, which is frequently found in this type of epilepsy [8]. First-line drugs such as
levetiracetam were shown to be poorly effective in controlling seizures in as much as 50% of patients
with epilepsy [14]. Consistent with these clinical data, levetiracetam was only partially effective in
epileptic rats that were previously treated with kainic acid [15]. In this experiment, levetiracetam
produced significant effects mainly on seizure duration and not on seizure frequency, at least in non-
responsive rats. Instead, in the same model, cannabidiol reduced not only the seizure duration but
also the overall seizure occurrence, when used at high doses (120 mg/kg bis in die, b.i.d.) [13]. Because
of these partially positive findings obtained with levetiracetam, we hypothesized that there could be
a potentiation of levetiracetam when combined with cannabidiol. Moreover, we also decided to test
a lower cannabidiol dose by performing just one instead of two daily injections of this ASM (at 120
mg/kg/die), so as to evaluate a condition in which the adverse effects of cannabidiol could be less
probable. Here we illustrate an interesting interaction between the two investigated ASMs, at a
cannabidiol dose that resulted in a subthreshold.

2. Results

Twenty-two rats injected with kainic acid (15 mg/kg, intraperitoneally, i.p.) were available (four
additional rats were non-responders; all of them survived to the kainic acid administration). After
having induced the status epilepticus, epileptic activity was continuously recorded using video
electrocorticography (VECoG) until the animals were implanted with osmotic minipumps releasing
either saline or levetiracetam [13]. This recording continued for one week following the treatment
period. Subgroups of these rats were also treated with a single daily injection of cannabidiol (120
mg/kg, subcutaneously, s.c.) for 7 days, matching the full-time infusion interval by the minipumps.
This protocol resulted in four sets of animals (saline released by minipumps, n=6; levetiracetam (by
minipumps), n=7; saline (by minipumps)+cannabidiol (s.c.), n=4; cannabidiol (s.c.)+levetiracetam (by
minipumps), n=5). Seizure occurrence and duration were analyzed starting one week before and
continuing during and after treatment administration.

2.1. Characterization of the Overall Number of Spontaneous Recurrent Seizures (SRSs)

All rats were nonresponsive to ASMs administered in this study, meaning that SRSs did not
disappear during treatment in nobody of the animals. Following the Shapiro-Wilk test, a two-way
(treatment x interval time) repeated measures analysis of variance (ANOVA) was performed. As
shown in Figure la-d, we initially evaluated all the seizures that occurred during the different
treatment conditions (i.e., preceding the minipump implantation, during saline or drug delivery for
one week (implanted minipumps), and after the removal of minipumps (treatment withdrawal).
Total SRSs decreased significantly (p<0.01) within treatment groups. Notably, SRSs showed a
significant reduction (-75%) in comparison to the pretreatment period only when levetiracetam was
combined with cannabidiol (°p<0.05 according to Duncan’s new multiple range test, MRT). No
significant changes were observed in the other treatment groups by comparing pretreatment and
treatment values. However, the comparison of posttreatment and treatment values revealed
significant differences in both the levetiracetam (**p<0.01) and cannabidiol+levetiracetam (*p<0.05)
groups, thus suggesting an effect due to drug withdrawal in both groups receiving the ASMs.
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Figure 1. Weekly occurrence of spontaneous recurrent seizures (SRSs) in epileptic rats treated with
saline subcutaneously (s.c., via osmotic minipumps [15]) (a), saline (s.c.) and levetiracetam (LEV, s.c.
via osmotic minipump [15]) (b), saline (s.c., via osmotic minipumps) and cannabidiol (CBD, 120
mg/kg s.c. [13]) (c), and cannabidiol + levetiracetam (CBD+LEV; CBD s.c, LEV s.c. via osmotic
minipump) (d). In (a), the overall number of seizures in rats receiving saline treatment did not change
across treatment conditions. In (b), after the removal of minipumps, rats treated with LEV presented
a significant increase (**p<0.01) in the occurrence of all SRSs. Conversely, CBD treatment (c) did not
affect the total number during the different treatment conditions. In (d), the combined treatment of
LEV and CBD significantly reduced (°p<0.05) the number of total SRSs in comparison to the pre-
treatment period. Subsequently, the rapid stop-removal of the treatment led to a significant increase
(*p<0.05) in the weekly frequency of SRSs in the post-treatment phase. **p<0.01, Duncan method, LEV
vs. POST-LEV; °p<0.05 pre-CBD+LEV vs. CBD+LEV, *p<0.05 CBD+LEV vs post-CBD+LEV, Duncan’s
new multiple range test.

We further analyzed changes in the overall seizure occurrence found in the treatment groups
that received levetiracetam and its combination with cannabidiol, by separately analyzing
nonconvulsive (stages, st. 0-3 in Figure 2) and convulsive (tonic-clonic, st. 4-5) seizures (Figure 2a-d).
The combination treatment primarily affected the number of convulsive seizures (Figure 2d), as the
MRT only revealed a significant reduction in the number of tonic-clonic SRSs during the treatment
(°p<0.05 vs. pretreatment values in the same group). Additionally, we observed a significant increase
in the occurrence of convulsive SRSs after the removal of minipumps loaded with levetiracetam
(***p<0.001, MRT), with no changes for non-convulsive SRSs (Figure 2 a,b). No changes at all were
found for cannabidiol or saline treatments for both nonconvulsive and convulsive seizures (not
shown).
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Figure 2. Weekly occurrence of non-convulsive (stages, st. 0-3 of the Racine’s scale [16]) and
convulsive (st. 4-5) spontaneous recurrent seizures (SRSs) in epileptic rats treated with levetiracetam
(LEV s.c., via osmotic minipumps) (a-b) and cannabidiol + levetiracetam (CBD+LEV; CBD s.c.,, LEV
s.c. via osmotic minipump) (c-d). As shown in (a) and (b), levetiracetam did not significantly reduce
the number of both nonconvulsive and convulsive seizures. The removal of minipumps (b) results in
a significant increase (***p<0.01) in the occurrence of convulsive tonic-clonic seizures in comparison
to the treatment period. In (d), the combined administration of cannabidiol and levetiracetam
significantly affected (°p<0.05) the number of convulsive seizures, in comparison to the pre-treatment
period. Moreover, the weekly frequency of tonic-clonic SRSs increased significantly (*p<0.05) in the
post-treatment phase as a result of the treatment's quick stop-removal. The number of nonconvulsive
seizures remained unchanged. ***p<0.01, Duncan’s new multiple range test (MRT), LEV vs. POST-
LEV; °p<0.05 pre-CBD+LEV vs. CBD+LEV, *p<0.05 CBD+LEV vs post-CBD+LEV, MRT.

2.2. Characterization of the Total Duration of SRSs

Visual inspection revealed that the duration of SRSs observed in the week before minipump
implantation, and the week following the treatments, differed from that characterized during the
treatment period (Figure 3).
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Figure 3. Spontaneous recurrent seizures (SRSs) after induction of status epilepticus in epileptic rats
treated with cannabidiol (CBD, 120 mg/kg/day, s.c.) combined with levetiracetam (LEV, 300
mg/kg/day, via minipumps). (b) The combined treatment (CBD+LEV) significantly reduced the SRS
duration, when compared to the pre-treatment period (a). During the post-treatment phase (c), the
cessation of the combined treatment led to an increase in the SRS duration. The ECoG traces were
obtained from the left frontal (LF) and left occipital (LO) cortical electrodes (d). RF: right frontal, RO:
right occipital, Ref: reference, Al: anchor 1, A2: anchor 2. Arrowheads represent the onset and
termination of SRSs.

Changes under different treatment conditions were evaluated through a two-way (treatment x
interval time) repeated measures ANOVA. This analysis revealed significant variations (p<0.001) in
the total duration of SRSs (Figure 4a-d). According to MRT, the SRSs” overall duration considerably
decreased (-82%) during the combined treatment with cannabidiol and levetiracetam (°p<0.05),
compared to the pretreatment period (Figure 4d). Then, the prompt cessation of combined treatment
led to a significant increase (+520%, *p<0.05) in the overall duration of the SRS (Figure 4d).
Additionally, the rapid discontinuation of levetiracetam administration induced an abrupt increase
in the overall duration of SRSs, up to 600% of values measured during the treatment (**p<0.01, Figure
4b). In contrast, cannabidiol administration or its withdrawal did not significantly modify the overall
seizure duration (Figure 4c). No differences were found in the saline group at all the considered time
intervals (Figure 4a).
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Figure 4. Overall duration of spontaneous recurrent seizures (SRSs) in epileptic rats treated with
saline subcutaneously (s.c., via osmotic minipumps [14]) (a), saline (s.c.) and levetiracetam (LEV, s.c.
via osmotic minipump [14]) (b), saline (s.c., via osmotic minipumps) and cannabidiol (CBD, 120
mg/kg s.c. [12]) (c), and cannabidiol + levetiracetam (CBD+LEV; CBD s.c., LEV s.c. via osmotic
minipumps) (d). In (a), note that the total seizure duration in rats receiving saline treatment did not
change across treatment conditions. In (b), the rapid discontinuation of levetiracetam administration
induced a significant increase (**p<0.01) in the overall duration of SRSs, measured during the week.
Cannabidiol treatment (c) reduced the total seizure duration without reaching a statistical difference.
In (d), the cannabidiol and levetiracetam combination resulted in a beneficial effect on the total
duration of SRSs, when compared to the pretreatment period (°p<0.05). The cessation of the combined
treatment subsequently led to a significant increase (*p<0.05) in the overall duration of the SRSs.
*p<0.01, Duncan’s new multiple range test (MRT), LEV vs. POST-LEV; °p<0.05 pre-CBD+LEV vs.
CBD+LEV, *p<0.05 CBD+LEV vs post-CBD+LEV, MRT.

3. Discussion

Our study resulted in two major findings: i) cannabidiol is ineffective when administered as a
single, although high dose in rats developing epilepsy after a status epilepticus induced by i.p. kainic
acid. This finding contrasts sharply with our previous study, which showed a beneficial effect of
cannabidiol administered b.i.d. at 120 mg/kg [13]; ii) although at a subthreshold dose, cannabidiol
potentiated the effects of levetiracetam, which we previously found to be incompletely effective in
epileptic nonresponsive rats [15]. This finding is of interest because it shows that an ASM could be
therapeutically useful even at a subthreshold dose when combined with a first-line drug toward
which is present refractoriness. This allows the use of a dose regimen that could prevent the most
serious adverse effects of an additional ASM.

This observation raises the question of the possible basis for the potentiation of levetiracetam by
cannabidiol. While we do not have an answer, a suggestive hypothesis could be based on our
previous results [15]. We previously noticed that levetiracetam significantly increases the tissue levels
of allopregnanolone in the cerebral neocortex of epileptic rats. Allopregnanolone is the major
representative of a class of molecules, known as neurosteroids, that act as modulators of neuronal
excitability [17]. Interestingly, allopregnanolone has been recognized as an anticonvulsant in TLE
[18], and it was exploited to develop an ASM, ganaxolone, actually in use for a particular type of
pediatric epilepsy [19], specifically for seizures associated with the cyclin-dependent kinase-like 5
deficiency disorder [20,21].

Since cannabidiol can interact with a variety of proteins in the brain [22], there could be multiple
mechanisms for the hypothesized interaction of cannabidiol and allopregnanolone. Recently,
cannabidiol was found to modulate the y-aminobutyric type A (GABAA) receptor-mediated currents
[23] generated in Xenopus laevis oocytes transplanted with GABAa receptors, obtained from the
neocortex of patients with TLE. GABAa receptors are well-known targets for allopregnanolone,
which provokes a positive allosteric modulation of these channel-linked receptors [24], thus
potentiating inhibition in the brain. Interestingly, cannabidiol mainly modifies currents produced by
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al-63y2 receptors, in the low micromolar range. The a2-containing GABAAa receptors appeared to be
those more sensitive to cannabidiol, leading to a 4-fold increase of the current. A (3-subunit selectivity
was also reported by the same investigators, with a prevalence of 32/33 over 31 subunits [22]. Several
binding sites have been identified in the GABAx receptor for allopregnanolone, both in a and 3
subunits [25], suggesting the possibility that the modulation of these subunits could underpin the
reported synergism between cannabidiol and the allopregnanolone analog ganaxolone [26].

4. Materials and Methods

4.1. Animals

The study protocol was authorized by the Italian Ministry of Health (729/2021-PR), after
approval by the university Animal Welfare Body. All experiments were performed by the European
Directive 2010/63/EU and the consequent Italian act (DM 26/2014). Twenty-six adult Sprague-Dawley
male rats (Charles River, Calco, Italy) were housed in a pathogen-free facility with a controlled
environment and unlimited access to food and water. A total of 22 rats, with an initial weight of 175-
200 g, were used in this study. Every effort was made to refine procedures, improve animal welfare,
and minimize the number of animals utilized in experiments.

4.2. Experimental Design

Status epilepticus was induced by an i.p. injection of kainic acid (15 mg/kg, in saline; Cayman
Chemical, Ann Arbor, MI, US) one week after electrode implantation. To minimize discomfort caused
by the status epilepticus, a s.c. injection of Ringer’s lactate solution (3-5 mL) along with softened rat
chow was administered. Six weeks after kainic acid administration, rats were randomly divided into
four groups: i) saline (n=6), ii) levetiracetam (Cayman Chemical) (n=7), iii) cannabidiol (Farmabios,
Gropello Cairoli, Italy) (n=4), and iv) cannabidiol+levetiracetam (n=5). All rats were anesthetized and
implanted subcutaneously with a minipump delivering continuous dosing over one week (2ML1
ALZET, flow rate: 10 pL/h, DURECT Corporation, Cupertino, CA, US) of saline (i, iii) and
levetiracetam at 300 mg/kg/day [15] (ii, iv). Since this study aimed to evaluate the combination of
levetiracetam with a subthreshold dose of cannabidiol, group (iv) was treated at the same time with
cannabidiol (120 mg/kg, s.c.) dissolved in MCT oil (USP pharmaceutical grade MCT Lean; provided
by MCT Foods, Glencoe, IL, USA). The last group (iii) consisted of epileptic rats (n=4) treated with
cannabidiol dissolved in MCT oil (120 mg/kg, s.c) once a day for 7 days, and implanted with a
minipump loaded with saline. In all animals, SRSs were continuously video-ECoG monitored.

4.3. Electrode Implantation and Video-Electrocorticography Analysis

As previously described [13,15], rats were implanted with epidural electrodes in the frontal
(bregma 0 mm, 3.5 mm lateral from midline) and occipital cortices (bregma —6.5 mm, 3.5 mm lateral
from midline). One electrode was implanted below the lambda in the midline and used as a reference.
The ECoG data were recorded via a cable connection between the headset and preamplifiers.
Electrical activity was digitally filtered (0.3 Hz high-pass, 500 Hz low-pass) and acquired a 1 kHz per
channel. All data was stored on a personal computer after the mathematical subtraction of traces of
recording electrodes from the trace of reference electrodes by using a PowerLab8/30 amplifier
connected to 4 BioAmp preamplifiers (ADInstruments; Dunedin, Otago, New Zealand). Videos were
digitally recorded through a camera connected to the dedicated computer and synchronized to the
ECoG traces through the LabChart 8 PRO internal trigger.

Using LabChart 8 PRO (ADInstruments), offline ECoG signals were digitally filtered (band-pass:
high, 50 Hz; low, 1 Hz) and manually examined. The ECoG traces were used to identify seizures, and
the synchronized video recordings were used to evaluate the animal behaviors. As regards seizures,
they were scored as follows: stage 0 if a clear epileptiform ECoG signal was observed without
behavioral changes in the video; stage 1-2 in the presence of absence-like immobility, “wet-dog
shakes,” facial automatisms, and head nodding; stage 3 when presenting with forelimb clonus and
lordosis; stage 4 corresponding to generalized seizures and rearing; and stage 5 when seizures
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consisted of rearing with the loss of posture and/or wild running, followed by generalized
convulsions [16].

4.4. Statistical Analysis

We compared the data for all groups using repeated-measures two-way ANOVA, followed by
MRT. Specifically, after having tested the normality distribution (Shapiro-Wilk), data on the total
number and the duration of SRSs were analyzed by considering treatments and time intervals as the
main factors. To evaluate the differences in the type of seizure (nonconvulsive or convulsive), a three-
way analysis of variance considered as factors treatments, time intervals, and the seizure type,
followed by the MRT. All statistical analyses were carried out using SigmaPlot 11 (Systat Software,
San Jose, CA, U.S.A.). Data are presented as mean * standard error of the mean (SEM) and were
regarded as significantly different at p<0.05.
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