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A B S T R A C T   

Dravet Syndrome (DS) is caused by mutations in the Scn1a gene encoding the α1 subunit of the sodium channel 
Nav1.1, which results in febrile seizures that progress to severe tonic-clonic seizures and associated comorbid
ities. Treatment with cannabidiol has been approved for the management of seizures in DS patients, but it ap
pears to be also active against associated comorbidities. In this new study, we have investigated β-caryophyllene 
(BCP), a cannabinoid with terpene structure that appears to also have a broad-spectrum profile, as a useful 
therapy against both seizuring activity and progression of associated comorbidities. This has been studied in 
heterozygous conditional knock-in mice carrying a missense mutation (A1783V) in Scn1a gene expressed 
exclusively in neurons of the Central Nervous System (Syn-Cre/Scn1aWT/A1783V), using two experimental ap
proaches. In the first approach, an acute treatment with BCP was effective against seizuring activity induced by 
pentylenetetrazole (PTZ) in wildtype (Scn1aWT/WT) and also in Syn-Cre/Scn1aWT/A1783V mice, with these last 
animals having a greater susceptibility to PTZ. Such benefits were paralleled by a BCP-induced reduction in PTZ- 
induced reactive astrogliosis (labelled with GFAP) and microgliosis (labelled with Iba-1) in the prefrontal cortex 
and the hippocampal dentate gyrus, which were visible in both wildtype (Scn1aWT/WT) and Syn-Cre/Scn1aWT/ 

A1783V mice. In the second approach, both genotypes were treated repeatedly with BCP to investigate its effects 
on several DS comorbidities. Thus, BCP corrected important behavioural abnormalities of Syn-Cre/Scn1aWT/ 

A1783V mice (e.g. delayed appearance of hindlimb grasp reflex, induction of clasping response, motor hyperac
tivity, altered social interaction and memory impairment), attenuated weight loss, and slightly delayed pre
mature mortality. Again, these benefits were paralleled by a BCP-induced reduction in reactive astrogliosis and 
microgliosis in the prefrontal cortex and the hippocampal dentate gyrus typical of Syn-Cre/Scn1aWT/A1783V mice. 
In conclusion, BCP was active in Syn-Cre/Scn1aWT/A1783V mice against seizuring activity (acute treatment) and 
against several comorbidities (repeated treatment), in both cases in association with its capability to reduce glial 
reactivity in areas related to these behavioural abnormalities. This situates BCP in a promising position for 
further preclinical evaluation towards a close translation to DS patients.   

1. Introduction 

Dravet syndrome (DS) (ORPHA: 33069; OMIM: 607208), also known 
as severe myoclonic epilepsy of infancy (SMEI), is a rare pediatric en
cephalopathy that typically begins in the first year of life in a child with 
prior diagnosis apparently normal, giving rise to a devastating long-term 

outcome (Gataullina and Dulac, 2017). It accounts for 1.4% of children 
with epilepsy, with an average incidence estimated in 1:20,000 births 
(Wu et al., 2015). Nearly 80% of patients carry de novo mutations in the 
gene Scn1a, which encodes the α1 subunit of the voltage-gated sodium 
channel (NaV1.1) (Marini et al., 2011). DS patients usually present 
heterozygous loss-of-function mutations triggering haploinsufficiency, 
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which severely impairs sodium currents and action potential firing in 
GABAergic inhibitory interneurons. This leads to a decreased GABAergic 
neurotransmission and, subsequently, a marked hyperexcitability in 
neuronal circuits which results in the complex DS phenotype (Bender 
et al., 2012). A large body of evidence has demonstrated that DS is 
clinically characterized by multiple treatment-resistant seizure types 
and frequent status epilepticus that contribute, although it is not the 
unique cause in the development of long-term comorbidities (including 
cognitive impairment, hyperactivity and autistic traits), and a higher 
incidence of sudden premature death (Dravet, 2011). 

Defining appropriate therapeutic strategies is pivotal, since it is a 
chronic, progressive and devastating disorder. Just after diagnosis, first- 
line therapies often include valproic acid and clobazam. If needed, 
second-line therapies such as topiramate and stiripentol can be added as 
adjuvants to improve the response (Wirrell et al., 2017). However, 
therapeutic management usually remains inadequate and can be asso
ciated with undesirable side effects, thus making essential the devel
opment of new and effective therapies against epileptic episodes. In 
addition, an effective therapy against long-term comorbidities, beyond 
the control of seizuring activity, is still lacking. In the search of new 
treatments, recent arrivals are fenfluramine (approved in 2020 by the 
US Food and Drug Administration (FDA); Sullivan and Simmons, 2021), 
and, in particular, cannabidiol (CBD), a specific constituent of Cannabis 
Sativa, which may target directly or indirectly the so-called endo
cannabinoid system and/or external pharmacological targets (Rosen
berg et al., 2015). 

The interest of CBD as an antiseizuring treatment for DS children was 
initiated in 2013, when a group of parents of children affected by DS and 
other treatment-resistant pediatric epilepsies reported positive experi
ences after treating their children with artisanal CBD-enriched oral 
products (Porter and Jacobson, 2013). In light of these promising effects, 
an oral CBD formulation was marked as Epidiolex® by the British 
company GW Pharmaceuticals and obtained orphan designation by 
regulatory agencies for developing sponsored clinical trials (Devinsky 
et al., 2016, 2017). Its efficacy and good tolerability led to the recent 
approval of Epidiolex® by the two main regulatory agencies, i.e., the US 
FDA and the European Medicines Agency (EMA), as an anticonvulsant 
agent for the treatment of patients with DS, Lennox-Gastaut and similar 
refractory pediatric epileptic syndromes (Franco et al., 2021). However, 
the underlying mechanisms mediating CBD therapeutic effects (anti
seizuring activity) in these children still remain unknown, with some 
proposals still pending to be confirmed: e.g. targeting TRPV1 receptors 
(Gray et al., 2020). By contrast, it is generally accepted that certain 
benefits could arise from its well-demonstrated anti-inflammatory, 
antioxidant and cytoprotective properties (Fernández-Ruiz et al., 2013), 
which may be particularly useful for long-term comorbidities found in 
DS patients (Villas et al., 2017; Lagae et al., 2018). In fact, in the first 
attempt trying to elucidate this mechanism(s), CBD proved beneficial 
effects (antiseizuring but also attenuating associated comorbidities) in 
Scn1a+/- mice, which appeared to be mediated, at least in part, by 
GPR55, an orphan GPCR that has been related to the endocannabinoid 
system (Kaplan et al., 2017). Follow-up studies confirmed this potential 
of CBD against premature mortality and behavioural comorbidities in 
preclinical models (Patra et al., 2020). 

In recent years, other cannabis constituents have also shown to exert 
antiseizuring properties in experimental epilepsy models including DS 
(Perucca, 2017; Anderson et al., 2019). An example is β-caryophyllene 
(BCP), a sesquiterpene abundantly found in the essential oils (about 
35%) of Cannabis Sativa (da Fonsêca et al., 2019). BCP was first 
described as a full and selective agonist of cannabinoid type-2 (CB2) 
receptors (Gertsch et al., 2008), but further studies have demonstrated 
that it is also able to activate peroxisome proliferator-activated receptor 
(PPAR)-α/γ and μ-opioid receptors, as well as to inhibit homomeric 
nicotinic acetylcholine receptors (α7-nAChRs) and the toll-like receptor 
complex (CD14/TLR4/MD2) (Sharma et al., 2016). This poly
pharmacological nature allows BCP to exert multiple pharmacological 

activities, showing antioxidant, anti-inflammatory, anticonvulsant, 
analgesic and neuroprotective properties, among others (Sharma et al., 
2016). Similarly to CBD, BCP is devoid of the psychoactive side effects 
associated with cannabinoid type-1 (CB1) receptor activation, thus 
making BCP a novel candidate for a wide variety of therapeutic appli
cations (Sharma et al., 2016; Gonçalves et al., 2020). This also includes 
seizures, as BCP has been shown to display antiepileptic effects in 
different animal models of epilepsy, as well as to attenuate inflammatory 
processes which are typically linked to hyperexcitability (Liu et al., 
2015; de Oliveira et al., 2016; Tchekalarova et al., 2018). 

With these last ideas in mind, the present study was designed to 
evaluate the possible beneficial effects of BCP in DS. Given the complex 
DS phenotype, we evaluated BCP effects not only against seizuring ac
tivity, but also, and in particular, against associated comorbidities. To 
this end, we used a heterozygous conditional knock-in mouse model 
carrying a missense mutation (A1783V) in the Scn1a gene, which has 
been previously characterized by our group (Satta et al., 2021). We used 
two different experimental paradigms in these mice: (i) an acute 
approach aimed at investigating the anticonvulsant effect of BCP against 
seizuring activity induced by the proconvulsive agent pentylenete
trazole (PTZ); and (ii) a longer treatment aimed at evaluating BCP 
benefits on the disease progression and associated comorbidities. In both 
cases, the behavioural analyses were accompanied by an evaluation, 
using immunostaining, of the potential of BCP against inflammation 
induced by PTZ in the acute paradigm or generated by the progression of 
the pathological phenotype in the conditional knock-in mouse model of 
DS used in this study. 

2. Materials and methods 

2.1. Animals and genotyping 

We used conditional knock-in mutant mice (knock-in mutation 
A1783V in Nav1.1 protein) generated by Cre-loxP technology, in which 
the Scn1a gene is primarily mutated in neuronal cells. With this purpose, 
B6(Cg)-Scn1atm1.1Dsf/J mice (heterozygous for the transgene, JAX 
stock #026133) were crossed with Cre-recombinase linked to synapsin- 
1 promoter mice (CreB6.Cg-Tg(Syn1-cre)671Jxm/J; JAX stock 
#003966), both in C57BL6/J background and acquired from The 
Jackson Laboratory (Bar Harbor, ME, USA), breedings which gave rise to 
offspring in one of the four following experimental groups: the Syn-Cre/ 
Scn1aWT/A1783V mice, which bear the A1783V mutation in Nav1.1 pro
tein exclusively in Central Nervous System (CNS) neurons, showing the 
pathological phenotype, and their three different control mice, Scn1aWT/ 

WT (wild-type not expressing Cre), Syn-Cre/Scn1aWT/WT (wild-type 
expressing Cre) and Scn1aWT/A1783V (A1783V mutant not expressing 
Cre). Since our previous study (Satta et al., 2021) aimed at character
izing this murine model indicated that these three different control mice 
show, in general, a normal phenotype, for this new study, we have 
worked with Scn1aWT/WT mice as the unique control group. Approxi
mately 15 litters were needed to generate the number of animals 
required for the experiments projected in these two genotypes, and, in 
both cases, all animals born in each litter were proportionally distrib
uted for the two genotypes and the 2–3 treatment groups. In addition, 
given that the incidence and severity of this disease is similar in children 
irrespective of the gender (Skluzacek et al., 2011), and that we found 
this also happened in this experimental murine model in our previous 
study (Satta et al., 2021), our experimental groups for this new study 
were formed with equivalent proportions of male and female mice in all 
cases. Genotypes were verified by polymerase chain reaction (PCR) 
using genomic DNA from mouse tail biopsies. Genomic DNA was 
extracted and amplified using REDExtract-N-Amp Tissue PCR kit (Sig
ma-Aldrich, Madrid, Spain), following manufacturer’s instructions and 
as published elsewhere (Satta et al., 2021). 

As aforementioned, mice from both genotypes were used for two 
different experiments: (i) an acute approach aimed at investigating the 
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anticonvulsant effect of BCP against seizuring activity induced by the 
proconvulsive agent PTZ in both Scn1aWT/WT and Syn-Cre/Scn1aWT/ 

A1783V mice; and (ii) a longer treatment aimed at evaluating BCP benefits 
on the disease progression and associated comorbidities in Syn-Cre/ 
Scn1aWT/A1783V mice compared to Scn1aWT/WT animals. During both 
experiments, mice were housed in a climate-controlled room (21 ± 2 ◦C 
and 60% humidity) under a controlled photoperiod of 12 h light/12 h 
dark (08:00–20:00 light). All animals had ad libitum access to standard 
chow and water. All experiments were conducted according to national 
and European guidelines (RD 53/2013 and directive 2010/63/EU, 
respectively), followed the principles of the ARRIVE and 3R guidelines, 
and were approved by the Animal Welfare Committee of the Complu
tense University and the “Comunidad de Madrid” (ref. PROEX 033/17). 
All possible efforts were made to minimize animal pain and discomfort, 
as well as reduce the number of experimental subjects. 

2.2. Experiment #1 (acute): pharmacological treatment, behavioural 
recording and sampling 

Seizuring activity was induced by administration of the pro
convulsant PTZ (Sigma-Aldrich, Madrid, Spain), following a previous 
method (Alachkar et al., 2020), to both Scn1aWT/WT and Syn-
Cre/Scn1aWT/A1783V mice at PND24. To investigate the BCP effect on 
PTZ-induced seizuring activity, mice were individually placed in glass 
boxes and injected with a single dose of BCP (100 mg/kg, i.p.) or its 
vehicle (0.9% NaCl containing 2% Tween 80). 30 min thereafter, mice 
were injected with PTZ (50 mg/kg, i.p.) and were then observed for a 
30-min period. Before administration, PTZ was freshly dissolved in 
sterile saline (0.9% NaCl) to prepare a solution with a concentration of 
10 mg/ml. During this 30-min period, several behavioural parameters 
were recorded: (i) latency to myoclonic jerks, (ii) latency to generalized 
seizures, (iii) the difference between both latencies (calculated as la
tency to generalized seizures minus latency to myoclonic jerks for each 
animal), and (iv) total duration of generalized seizures, following the 
procedure described by Alachkar et al. (2020). PTZ dose and experi
mental schedule were selected based on pilot experiments. Boxes were 
cleaned with 70% alcohol prior to the next session to remove residual 
odors and any olfactory interference. 24 h after PTZ injection (at 
PND25), mice were euthanized by rapid decapitation and brains were 
rapidly removed and fixed for one day at 4 ◦C in fresh 4% para
formaldehyde prepared in 0.1 M phosphate buffered-saline (PBS), pH 
7.4, then cryoprotected by immersion in a 30% sucrose solution for a 
further day, and finally stored at − 80 ◦C for immunofluorescence 
analysis. 

2.3. Experiment #2 (repeated): pharmacological treatment, behavioural 
recording and sampling 

To evaluate the potential of BCP against the disease progression and 
associated comorbidities in Syn1-Cre/Scn1aWT/A1783V mice, animals 
with this genotype and their controls (Scn1aWT/WT mice) were treated 
with BCP at a dose of 10 mg/kg administered i.p. or its vehicle (0.9% 
NaCl containing 2% Tween 80). The treatment started at PND10 and 
injections were given every 48 h (even days) up to PND24. The option of 
a treatment in alternate days was selected given the extreme vulnera
bility of Syn1-Cre/Scn1aWT/A1783V mice due to their immaturity (this 
also applied to Scn1aWT/WT mice) and evident disabilities, which rec
ommended to avoid the stress of daily injections of either BCP or 
vehicle). During this treatment period, body weight was measured daily 
whereas the maturation of several motor reflexes was also recorded on 
alternate days (odd days) from PND9 up to PND25. At the end of the 
treatment period and always just before the last dose or at least 24 h 
after this last BCP injection (in both cases to avoid the acute effects of 
these last doses; see details below), mice were subjected to some 
behavioural tests to detect possible benefits of BCP on motor deficits 
(computer-aided actimeter), cognitive and emotional impairments (Y- 

maze and T-maze) and autistic-like traits (social interaction test) 
developed by Syn1-Cre/Scn1aWT/A1783V mice (Satta et al., 2021). To this 
end, mice were transferred to the behavior room and acclimated for 1 h 
before testing to prevent that a novel environment can modify the 
behavioural response. Tests were carried out in the following order: 
computer-aided actimeter and T-maze (at PND24 just before the last 
injection), followed by social interaction test and Y-maze (at PND25 just 
24 h after the last injection). All animals were tested during the light 
cycle at the same time of the day (to 9:00 until 12:00 a.m.) in a room 
illuminated by a dimly lamp (~50 lux) and each individual mouse was 
tested no more than twice per day. In all cases, the behavioural equip
ment was cleaned with 70% ethanol before prior to the next task to 
remove residual odors and any olfactory interference. After behavioural 
testing at PND25, all mice were euthanized by rapid decapitation and 
brains were rapidly removed and again fixed for one day at 4 ◦C in fresh 
4% paraformaldehyde prepared in 0.1 M phosphate buffered-saline 
(PBS), pH 7.4, then cryoprotected by immersion in a 30% sucrose so
lution for a further day, and finally stored at − 80 ◦C for immunohisto
chemical analysis. During this experiment, we also recorded animal 
mortality in Syn1-Cre/Scn1aWT/A1783V and Scn1aWT/WT mice treated 
with BCP or vehicle. 

2.3.1. Analysis of hind-limb grasp reflexes 
Hind-limb grasp reflex was measured as an index of grasping ability 

and motor development (Blaney et al., 2013). Mice were held on their 
back and both front- or hind-limbs were touched with a thin rod of 1 mm 
diameter. A score of 1 was assigned if the stimulation caused the 
hind-limb to grasp, whereas a score of 0 was assigned if no response was 
reached. 

2.3.2. Analysis of hind-limbs clasping reflex 
Hind-limbs clasping behavior was recorded to assess dystonia. Mice 

were suspended by their tail facing downward and the extent of hind- 
limb position was observed and quantified for 30 s according to the 
following scale: (i) score = 0 for both hind-limbs consistently splayed 
outward away from the abdomen with splayed toes; (ii) score = 1 for 
both hind-limbs partially retracted; and (iii) score = 2 for both hind- 
limbs entirely retracted and touching the abdomen (adapted from Val
deolivas et al., 2017). Data for each mouse correspond to the average of 
three trials. 

2.3.3. Computer-aided actimeter 
Motor activity was analyzed in a computer-aided actimeter (Acti

track, Panlab, Barcelona, Spain) and as published elsewhere (Pal
omo-Garo et al., 2016). This apparatus consisted of a 45 × 45 cm square 
arena, with infra-red beams all around, spaced 2.5 cm, coupled to a 
computerized control unit that automatically analyzes the following 
parameters: (i) distance run in the actimeter (ambulation); (ii) frequency 
of vertical activity (rearing); (iii) resting time; (iv) mean velocity spent 
in ambulation; and (v) time spent in fast movements (>5 cm/s). Mea
surements were recorded for a period of 15 min. 

2.3.4. T-maze test 
T-maze test was used to assess spatial and working memory in mice, 

based on the capacity of rodents to explore new environments. Partic
ularly, it explores their natural tendency to alternate their choice of goal 
arm and explore new environments (spontaneous alternation, no 
rewarded). The apparatus was a polyvinyl plastic horizontal maze 
formed by three arms giving rise to a T-shaped maze. In each trial, the 
mouse was placed in the start point and allowed to freely choose one 
goal arm (A or B), and then confined in the chosen arm with the door 
down for 30 s. After 30 s, the mouse is placed back in the start point and, 
with doors up, allowed again to freely choose a goal arm. The trial must 
take 1 min and a half maximum. A score of 1 was assigned if mice chose 
the opposite arm, whereas a score of 0 was assigned if the same arm was 
chosen). Normally, 6 trials per mouse were performed, thus data 

C. Alonso et al.                                                                                                                                                                                                                                  



Neuropharmacology 205 (2022) 108914

4

corresponding to the average of all trials (Deacon and Rawlins, 2006). 

2.3.5. Y-maze test 
The Y-maze is a behavioural test used to measure the spatial working 

memory in mice based on the capacity of rodents to explore new envi
ronments. The apparatus is a polyvinyl plastic horizontal maze formed 
by 3 arms (40 × 12 × 3 cm) placed at 120◦ angles to each other and 
designated as A, B and C. Each animal was placed in the centre of the 
maze and was allowed to freely explore the three arms. The sequence (i. 
e., ABCCAB, etc.) and the number of arm entries were recorded during 8 
min. The spontaneous alternation performance (SAP), a score of three 
consecutive different arm entries (ABC, CAB, or BCA), was analyzed. 
Memory impairments are also evaluated by the frequency of same arm 
returns (SAR) or alternate arm return (AAR). The alternation percentage 
was calculated according to the equation follows: % alternation =
[(number of alternations)/(total arm entries)] × 100 (Joshi et al., 2014). 

2.3.6. Social interaction test 
To evaluate social performance, this test was conducted in an open 

field arena (60 × 30 cm) in which each experimental animal was 
allowed to freely explore a novel unfamiliar congener of the same sex 
and of similar weight under dim light. The behavior was recorded for 20 
min, and the total time spent by the experimental mouse in nonag
gressive social interactions such as sniffing, following or grooming the 
partner, was monitored, as well as the number of active (Ricceri et al., 
2017). 

2.4. Immunofluorescence analysis 

Fixed brains were sliced in coronal sections of 30 μm thick (con
taining prefrontal cortex, or hippocampus) in a cryostat (Leica CM3050, 
Leica, Wetzlar, Germany), collected on antifreeze solution (glycerol/ 
ethylene glycol/PBS; 2:3:5) and stored at − 20 ◦C until used. Sections 
were mounted on gelatin-coated slides and, once adhered, washed with 
Tris-buffered saline at pH 7.5. Then, sections were permeabilized with 
Tris-buffered saline containing 0.2% Triton X-100 for 30 min, and 
unspecificities were blocked with Tris-buffered saline containing 0.1% 
Triton X-100 and 2% bovine serum albumin (BSA) for 1 h. After several 
washes with Tris-buffered saline, sections were incubated overnight at 
4 ◦C with the following primary antibodies: (i) polyclonal rabbit anti- 
mouse Iba-1 antibody (Wako Chemicals, Richmond, VA, USA) used at 
1/500 or (ii) polyclonal rabbit anti-mouse GFAP antibody (Dako Cyto
mation, Glostrup, Denmark) used at 1/200. After incubation, sections 
were washed in Tris-buffered saline, followed by incubation for 2 h at 
37 ◦C with the corresponding anti-rabbit secondary antibodies conju
gated with Alexa 488 or 546 (Life Technologies, Bleiswijk, The 
Netherlands) used at 1/200, rendering green or red, respectively, fluo
rescence. Negative control sections were obtained using the same pro
tocol with omission of the primary antibody. A Leica DMRB microscope 
and a DFC300FX camera (Leica, Wetzlar, Germany) were used for the 
observation and photography of the slides, respectively. Immunostain
ing was quantified by measuring the mean density of labelling in the 
selected area using the ImageJ software (U.S. National Institutes of 
Health, Bethesda, Maryland, USA, http://imagej.nih.gov/ij/, 
1997–2012). For quantification, high resolution digital microphoto
graphs were taken with the 10× objective under the same conditions of 
light, brightness and contrast. Data were normalized over the values of 
wild-type mice. 

2.5. Statistical analysis 

All data were first analyzed to confirm that they are normally 
distributed using both the Shapiro-Wilk and the Kolmogorov-Smirnow 
normality tests, and then were assessed by the two-way (with repeated 
measures in some cases) ANOVA followed by the Tukey or the Bonfer
roni test, as required. In those few cases (data in the actimeter and T- 

maze tests), in which the distribution was not normal, the non- 
parametric Kruskal-Wallis test followed by Dunn’s multiple compari
son test was used. All statistical analyses were carried out using 
GraphPad Prism® software (version 8.0; GraphPad Software Inc., San 
Diego, CA, USA). Survival data were assessed using Log-Rank test and 
presented with a Kaplan-Meier analysis. For the two experiments, 
sample sizes were ≥5 (with very few exceptions indicated in the legends 
to figures or visible in the scatter plots), always with higher numbers in 
Scn1aWT/WT mice compared to Syn1-Cre/Scn1aWT/A1783V animals as a 
consequence of lower breeding outcome (due to possible prenatal 
mortality) and greater postnatal mortality in DS genotype. In addition, it 
is important to take into account that, compared to our previous study 
(Satta et al., 2021), Syn1-Cre/Scn1aWT/A1783V mice were distributed 
here in three treatment groups in the first experiment and in two groups 
in the second experiment. This means sample sizes not equivalent to this 
previous study, but within the standard requirements for a correct sta
tistical assessment. 

3. Results 

3.1. BCP as an anticonvulsant agent in Syn1-Cre/Scn1aWT/A1783V and 
Scn1aWT/WT mice 

Previous studies have shown that BCP protects against seizures in 
preclinical models of epilepsy (Liu et al., 2015; de Oliveira et al., 2016; 
Tchekalarova et al., 2018). In our first approach (acute paradigm), we 
addressed the anticonvulsant effect of BCP against PTZ-induced seizures 
in both Syn1-Cre/Scn1aWT/A1783V and Scn1aWT/WT mice. We corrobo
rated that PTZ evokes a more intense seizure-related behavior in 
Syn1-Cre/Scn1aWT/A1783V mice when compared with the response in 
Scn1aWT/WT mice (Satta et al., 2021), as indicated by the latencies to 
myoclonic jerks (genotype: F(1,52) = 2.53, p = 0.117; see Fig. 1A) and 
to generalized seizures (genotype: F(1,50) = 3.36, p = 0.07; see Fig. 1B) 
as well as the difference between both latencies (genotype: F(1,43) =
7.88, p < 0.001; see Fig. 1C), which showed numerical trends towards a 
reduction in Syn1-Cre/Scn1aWT/A1783V mice (treated with vehicle) 
compared to Scn1aWT/WT mice (treated with vehicle), despite the dif
ferences with the post-hoc analysis did not reach statistical significance. 
The same finding was evident when analyzing the time spent in gener
alized seizures, which, in this case, was significantly elevated in 
Syn1-Cre/Scn1aWT/A1783V mice (treated with vehicle) in response to PTZ 
when compared with the value measured in Scn1aWT/WT mice (treated 
with vehicle) also in response to PTZ (genotype: F(1,55) = 3.17, p =
0.08; see Fig. 1D). 

The treatment with BCP had no effect on the latency to myoclonic 
jerks in both Syn1-Cre/Scn1aWT/A1783V and Scn1aWT/WT mice (treat
ment: F(1,52) = 0.13, ns; interaction: F(1,52) = 1.57, ns; see Fig. 1A), 
but tended to elevate the latency to generalized seizures, in particular in 
Scn1aWT/WT mice (treatment: F(1,50) = 3.84, p = 0.056; interaction: F 
(1,50) = 0.35, ns; see Fig. 1B). Such beneficial effect was much more 
evident in the difference between latencies, with the value of time 
measured in Scn1aWT/WT mice treated with BCP being significantly 
higher than the same mice treated with vehicle (treatment: F(1,43) =
4.28, p < 0.05). This was not seen in Syn1-Cre/Scn1aWT/A1783V mice 
(interaction: F(1,43) = 2.72, p = 0.106; Fig. 1C). By contrast, the 
elevated time spent in generalized seizures by Syn1-Cre/Scn1aWT/A1783V 

mice treated with vehicle was significantly reduced by the treatment 
with BCP (treatment: F(1,55) = 14.55, p < 0.0005), a fact also found in 
Scn1aWT/WT mice but to a much lower extent (interaction: F(1,55) =
4.49, p < 0.05; Fig. 1D). 

Given that: (i) seizuring activity is bidirectionally associated with 
brain inflammation (Vezzani et al., 2011, 2019), including the case of 
Syn1-Cre/Scn1aWT/A1783V mice here in which seizures elevated glial 
reactivity (Satta et al., 2021); and (ii) BCP displays positive effects 
against neuroinflammatory events and glial reactivity (Gonçalves et al., 
2020; Sharma et al., 2016), we investigated the association of astroglial 
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and microglial reactivity in the differences in PTZ-induced seizuring 
activity in both Syn1-Cre/Scn1aWT/A1783V and Scn1aWT/WT mice, and, in 
particular, in the benefits provided by the BCP treatment. To this end, 
we measured GFAP immunofluorescence for astroglial reactivity and 
Iba-1 immunofluorescence for microglial reactivity in the prefrontal 
cortex and hippocampal dentate gyrus, the two CNS structures in which 
we had previously reported that gliosis is more prominent in this DS 
mouse model (Satta et al., 2021), including in the analysis two addi
tional groups, Syn1-Cre/Scn1aWT/A1783V and Scn1aWT/WT mice in both 
cases not treated with PTZ, used as controls. 

As published previously (Satta et al., 2021), higher levels of GFAP 
immunostaining were detected in Syn1-Cre/Scn1aWT/A1783V mice 
compared to Scn1aWT/WT in both the prefrontal cortex (genotype: F(1, 
25) = 529.4, p < 0.0001; see Fig. 2A and B) and the hippocampal 
dentate gyrus (genotype: F(1,28) = 15.37, p < 0.0005; see Fig. 2C and 
D). PTZ elevated the levels of GFAP immunoreactivity compared with 
mice not treated with PTZ, indicating that this proconvulsant induced 
reactive astrogliosis (Fig. 2A–D). This induction was apparently equiv
alent in both genotypes in the prefrontal cortex, assuming that GFAP 
values were already elevated in Syn1-Cre/Scn1aWT/A1783V before PTZ 
(Fig. 2A and B). However, a greater PTZ effect was seen in Scn1aWT/WT 

mice in the hippocampal dentate gyrus (Fig. 2C and D). Lastly, the 
treatment with BCP reduced also in all cases the elevated levels of GFAP 
immunostaining, with the greatest reductions in Syn1-
Cre/Scn1aWT/A1783V mice instead Scn1aWT/WT animals in the prefrontal 
cortex (treatment: F(2,25) = 68.12, p < 0.0001; interaction: F(2,25) =
16.17, p < 0.0001; see Fig. 2A and B). By contrast, the reductions in 
GFAP levels caused by BCP in the hippocampal dentate gyrus were more 
intense in Scn1aWT/WT mice compared to those found in Syn1-
Cre/Scn1aWT/A1783V animals (treatment: F(2,28) = 41.03, p < 0.0001; 
interaction: F(2,28) = 4.99, p < 0.05; see Fig. 2C and D). 

As expected, elevation of Iba-1 immunoreactivity in the brain of 
Syn1-Cre/Scn1aWT/A1783V mice compared to Scn1aWT/WT (Satta et al., 
2021) was again seen here in the hippocampal dentate gyrus (genotype: 
F(1,28) = 13.48, p < 0.001; see Fig. 3C and D), but, to a much lower 

extent, in the prefrontal cortex (genotype: F(1,28) = 0.012, ns; see 
Fig. 3A and B). Again, the challenge with PTZ elevated in all cases the 
levels of Iba-1 immunoreactivity compared with mice not treated with 
this proconvulsant, indicating that PTZ induced reactive microgliosis 
(Fig. 3A–D). This induction was, in general, more evident in Scn1aWT/WT 

mice in both the prefrontal cortex and, in particular, in the hippocampal 
dentate gyrus (Fig. 3A–D). Lastly, the treatment with BCP reduced also 
in all cases the elevated levels of Iba-1 immunostaining, with the 
greatest reductions found always in Scn1aWT/WT mice in both the pre
frontal cortex (treatment: F(2,28) = 22.13, p < 0.0001; interaction: F(2, 
28) = 2.61, p = 0.092; see Fig. 3A and B) and the hippocampal dentate 
gyrus (treatment: F(2,28) = 85.59, p < 0.0001; interaction: F(2,28) =
10.71, p < 0.0005; see Fig. 3C and D). 

3.2. BCP as a disease-modifying agent in Syn1-Cre/Scn1aWT/A1783V and 
Scn1aWT/WT mice 

Once confirmed that BCP was active against seizures in Syn1-Cre/ 
Scn1aWT/A1783V and Scn1aWT/WT mice, in a second experimental 
approach (repeated treatment), our objective was to evaluate BCP po
tential as a disease modifier by evaluating its benefits against associated 
comorbidities in Syn1-Cre/Scn1aWT/A1783V mice (Satta et al., 2021). To 
this end, we used a repeated treatment with BCP or vehicle in mice of the 
two genotypes between 10 and 24 days after birth. We first analyzed 
animal survival in all experimental groups during the whole treatment 
period. The survival was 100% in vehicle- or BCP-treated Scn1aWT/WT 

mice at the end of treatment, whereas the survival of vehicle-treated 
Syn1-Cre/Scn1aWT/A1783V mice drop from PND21 to PND23, resulting 
in 71.5% of survivors at the end of the experiment (Fig. 4), as expected 
(Satta et al., 2021). Interestingly, the treatment with BCP slightly 
improved the survival in Syn1-Cre/Scn1aWT/A1783V mice (75% of sur
vivors) and delayed the occurrence of the first death in two days (up to 
PND23) compared with those treated with vehicle (Fig. 4). The statis
tical analysis of these data (progression of survival over the time) indi
cated they resulted statistically significant (χ2 = 5.061, p < 0.05). 

Fig. 1. Effect of an acute treatment with BCP on PTZ-induced seizuring activity in Syn1-Cre/Scn1aWT/A1783V and Scn1aWT/WT mice. 
Latency to myoclonic jerks (A), latency to generalized seizures (B), time between generalized seizures and myoclonic jerks (C), and time spent in generalized seizures 
(D) measured in PTZ-treated Syn1-Cre/Scn1aWT/A1783V and Scn1aWT/WT mice at PND25 and after being acutely administered with BCP (100 mg/kg) or vehicle. 
Values are means ± SEM of ≥5 animals per group (see the exact number per group in the scatter plots). Data were assessed by two-way (genotype x treatment) 
ANOVA followed by the Tukey test (**p < 0.01 versus vehicle-treated Scn1aWT/WT mice and also the remaining groups; ##p < 0.01 versus vehicle-treated Syn1-Cre/ 
Scn1aWT/A1783V mice). 
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Fig. 2. Effect of an acute treatment with BCP on PTZ-induced reactive astrogliosis in Syn1-Cre/Scn1aWT/A1783V and Scn1aWT/WT mice. 
GFAP immunoreactivity in prefrontal cortex (A (representative microphotographs) and B (quantification)) and the hippocampal dentate gyrus (C (representative microphotographs) and D (quantification)) measured in 
PTZ-treated Syn1-Cre/Scn1aWT/A1783V and Scn1aWT/WT mice at PND25 and after being acutely administered with BCP (100 mg/kg) or vehicle. Groups of Syn1-Cre/Scn1aWT/A1783V and Scn1aWT/WT mice treated with 
vehicle instead of PTZ were also included as controls. Values are means ± SEM of ≥4 animals per group (see the exact number per group in the scatter plots). Data were assessed by two-way (genotype x treatment) 
ANOVA followed by the Tukey test (**p < 0.01, ***p < 0.005 versus vehicle-treated Scn1aWT/WT mice in absence of PTZ challenge (all Scn1aWT/WT mice for GFAP in the prefrontal cortex); @@p < 0.01 versus vehicle- 
treated Scn1aWT/WT or Syn1-Cre/Scn1aWT/A1783V mice in absence of PTZ challenge; ##p < 0.01, ###p < 0.005 versus vehicle-treated Scn1aWT/WT or Syn1-Cre/Scn1aWT/A1783V mice after PTZ challenge). Scale bar =
50 μm. 
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Fig. 3. Effect of an acute treatment with BCP on PTZ-induced reactive microgliosis in Syn1-Cre/Scn1aWT/A1783V and Scn1aWT/WT mice. 
Iba-1 immunoreactivity in prefrontal cortex (A (representative microphotographs) and B (quantification)) and the hippocampal dentate gyrus (C (representative microphotographs) and D (quantification)) measured in 
PTZ-treated Syn1-Cre/Scn1aWT/A1783V and Scn1aWT/WT mice at PND25 and after being acutely administered with BCP (100 mg/kg) or vehicle. Groups of Syn1-Cre/Scn1aWT/A1783V and Scn1aWT/WT mice treated with 
vehicle instead of PTZ were also included as controls. Values are means ± SEM of ≥5 animals per group (see the exact number per group in the scatter plots). Data were assessed by two-way (genotype x treatment) 
ANOVA followed by the Tukey test (*p < 0.05, **p < 0.01, ***p < 0.005 versus vehicle-treated Scn1aWT/WT mice in absence of PTZ challenge; @@@p < 0.005 versus vehicle-treated Syn1-Cre/Scn1aWT/A1783V mice in 
absence of PTZ challenge; ###p < 0.005 versus the corresponding vehicle-treated Syn1-Cre/Scn1aWT/A1783V or Scn1aWT/WT mice after PTZ challenge). Scale bar = 50 μm. 
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Weight gain was also recorded in both Syn1-Cre/Scn1aWT/A1783V and 
Scn1aWT/WT mice repeatedly treated with vehicle or BCP. Our data 
indicated that vehicle-treated Syn1-Cre/Scn1aWT/A1783V mice experi
enced a progressive weight loss beginning at PND16 but reaching sta
tistical significance compared to vehicle-treated Scn1aWT/WT mice at 
PND21 (genotype/treatment: F(3,32) = 2.24, p = 0.103; time: F 
(16,512) = 206.3, p < 0.0001; interaction: F(48,512) = 2.78, p <
0.0001; see Fig. 5A). Interestingly, the treatment with BCP was able to 

significantly attenuate this weight loss elevating weight values up to 
values seen in Scn1aWT/WT mice from PND16 up to PND22, even at 
higher levels days earlier (Fig. 5A). However, this effect was reduced, 
losing statistically significance at the last three days analyzed (PND23- 
25) before sacrifice (Fig. 5A). BCP treatment in Scn1aWT/WT mice did not 
produce any effects in weight gain (Fig. 5A). 

We also investigated the occurrence of some neurodevelopmental 
anomalies in vehicle-treated Syn1-Cre/Scn1aWT/A1783V mice (Satta 

Fig. 4. Effect of a chronic treatment with BCP on animal survival in Syn1-Cre/Scn1aWT/A1783V and Scn1aWT/WT mice. 
Kaplan-Meier plot for the analysis of animal survival measured in Syn1-Cre/Scn1aWT/A1783V and Scn1aWT/WT mice chronically treated with BCP (10 mg/kg) or vehicle 
from PND10 to PND24. Data correspond to 12 animals per group and were assessed by Log-Rank test (or Chi-square test). 

Fig. 5. Effect of a chronic treatment with BCP on the progression of different developmental parameters in Syn1-Cre/Scn1aWT/A1783V and Scn1aWT/WT 

mice. 
Body weight (A), hindlimb grasp reflex (B) and hindlimb clasping (C) measured in Syn1-Cre/Scn1aWT/A1783V and Scn1aWT/WT mice chronically treated with BCP (10 
mg/kg) or vehicle from PND10 to PND24. Values are means ± SEM of 12 animals per each Scn1aWT/WT group and 6 per each Syn1-Cre/Scn1aWT/A1783V group. Data 
were assessed by two-way (genotype/treatment x time) ANOVA for repeated measures followed by the Bonferroni test (*p < 0.05, **p < 0.01, ***p < 0.005 versus 
vehicle-treated Scn1aWT/WT mice; #p < 0.05, ##p < 0.01, ###p < 0.005 versus vehicle-treated Syn1-Cre/Scn1aWT/A1783V mice). 
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et al., 2021), in particular the delay in the appearance of hindlimb 
grasping, which was completely acquired at PND19, so 6 days later 
compared to Scn1aWT/WT mice, which acquired this reflex at PND13 
(genotype/treatment: F(3,32) = 2.77, p = 0.057; time: F(8,256) =
31.99, p < 0.0001; interaction: F(24,256) = 1.28, p = 0.178; see 
Fig. 5B). Interestingly, the treatment with BCP, which had no effect in 
Scn1aWT/WT mice, did produce a significant anticipation in the 
acquirement of this reflex in Syn1-Cre/Scn1aWT/A1783V mice, which 
occurred at PND15 (Fig. 5B). 

Similar results were observed in relation with the hindlimb clasping 
response, which did not exist (except marginally at PND9) in Scn1aWT/ 

WT mice, but proved a significant elevation at all ages analyzed (from 
PND9 to PND25) in Syn1-Cre/Scn1aWT/A1783V mice (genotype/treat
ment: F(3,32) = 59.10, p < 0.0001; time: F(8,256) = 6.51, p < 0.0001; 
interaction: F(24,256) = 1.67, p < 0.05; see Fig. 5C). The repeated 
treatment with BCP, which had no effect in Scn1aWT/WT mice, did pro
duce a significant attenuation of this response in Syn1-Cre/Scn1aWT/ 

A1783V mice, which was already visible at PND13 but prolonged for the 
whole period analyzed, in some cases reaching values similar to 
Scn1aWT/WT mice (Fig. 5C). 

Due to the immaturity of mice, the above parameters were the only 
that could be recorded during the treatment window (PND10-24). 
However, the last days of this window, animals were sufficiently mature 
to be investigated in additional behavioural tests just before being 
euthanized for analysis of histopathological markers. Thus, we first 
investigated the response of the two genotypes and the two treatments in 
a computer-aided actimeter useful to detect motor abnormalities. Our 
data corroborated, at least in part, the motor hyperactivity described in 
our previous study in Syn1-Cre/Scn1aWT/A1783V mice (Satta et al., 2021). 
This was reflected in their longer distance travelled (Kruskal-Wallis: H 
(4) = 7.16, p = 0.067), shorter resting time (Kruskal-Wallis: H(4) = 7.16, 
p = 0.067), increased average velocity (Kruskal-Wallis: H(4) = 7.80, p =
0.05), elevated time moving fast (Kruskal-Wallis: H(4) = 6.65, p =
0.084), and, to a lower extent, more frequent rears (Kruskal-Wallis: H 

(4) = 6.65, p = 0.09). However, only the values of resting time and mean 
velocity were confirmed with the post-hoc test as statistically significant 
respect Scn1aWT/WT mice treated with vehicle, with the changes in the 
rest of parameters remaining as mere numerical trends (see Fig. 6A–E). 
Such increased motor activity was also appreciated in the track plots 
automatically generated by the Actitrack software (Fig. 6F). The treat
ment with BCP did not produce any statistically significant effect in both 
Syn1-Cre/Scn1aWT/A1783V and Scn1aWT/WT mice, but showed a clear 
trend towards attenuating the hyperactivity found in Syn1-
Cre/Scn1aWT/A1783V mice, which was reflected in the loss of statistical 
significance (or the numerical trends) of Syn1-Cre/Scn1aWT/A1783V mice 
versus Scn1aWT/WT animals (Fig. 6A–E). 

Next, we studied the effect of BCP on autism-related behavioural 
deficits observed in Syn1-Cre/Scn1aWT/A1783V mice in comparison to 
Scn1aWT/WT animals in the social interaction test (Satta et al., 2021). As 
expected, Syn1-Cre/Scn1aWT/A1783V mice exhibited a significant 
decrease in the time spent in active interaction (genotype: F(1,29) =
16.36, p < 0.0005), as well as in the total number of active interactions 
(genotype: F(1,31) = 16.32, p < 0.0005) with a novel unfamiliar part
ner, in comparison with Scn1aWT/WT mice (Fig. 7A and B). Both deficits 
were attenuated by BCP administration (Fig. 7A and B), in this case, to a 
greater extent than in actimeter parameters, despite the differences 
between BCP- and vehicle-treated Syn1-Cre/Scn1aWT/A1783V mice only 
reached statistical significance for the total number of active in
teractions (treatment: F(1,31) = 5.66, p < 0.05; interaction: F(1,31) =
6.79, p < 0.05), remaining as a mere numerical trend for the time spent 
in active interaction (treatment: F(1,29) = 3.11, p = 0.088; interaction: 
F(1,29) = 1.52, ns). The treatment with BCP in Scn1aWT/WT mice was 
inactive (Fig. 7A and B). 

Lastly, we also explored the effects of BCP against spatial working 
memory deficits detected in Syn1-Cre/Scn1aWT/A1783V mice (Satta et al., 
2021), using both Y-Maze and T-Maze tests. As expected, Syn1-
Cre/Scn1aWT/A1783V mice exhibited an impaired performance in the 
Y-Maze test compared to Scn1aWT/WT mice, with a marked decrease in 

Fig. 6. Effect of a chronic treatment with BCP on the motor activity in Syn1-Cre/Scn1aWT/A1783V and Scn1aWT/WT mice. 
Ambulatory activity (A), frequency of rearing behavior (B), resting time (C), mean velocity (D), and time in fast movements (E) measured in a computer-aided 
actimeter in Syn1-Cre/Scn1aWT/A1783V and Scn1aWT/WT mice at PND25 and after being chronically treated with BCP (10 mg/kg) or vehicle from PND10 to 
PND24. Panel F shows some representative track plots generated from the Actitrack software. Values are means ± SEM of ≥5 animals per group (see the exact number 
per group in the scatter plots). Data were assessed by Krukal-Wallis test followed by the Dunn’s multiple comparison test (*p < 0.05 versus vehicle-treated Scn1aWT/ 

WT mice). 
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the spontaneous alternation performance (genotype: F(1,31) = 11.75, p 
< 0.005; treatment: F(1,31) = 0.42, ns; interaction: F(1,31) = 4.73, p <
0.05; see Fig. 8B) and small trends towards an increase in the % of 
alternate arm returns (genotype: F(1,31) = 8.74, p < 0.01; treatment: F 
(1,31) = 0.002, ns; interaction: F(1,31) = 0.17, ns; see Fig. 8C) and in the 
% of same arm returns (genotype: F(1,29) = 2.06, p = 0.162; treatment: 
F(1,29) = 2.18, p = 0.150; interaction: F(1,29) = 0.12, ns; see Fig. 8D). 
No differences were seen in the number of total entries in the maze arms 
(genotype: F(1,30) = 0.24, ns; treatment: F(1,30) = 0.20, ns; interaction: 
F(1,30) = 1.75, ns; see Fig. 8A). The memory impairment exhibited by 
Syn1-Cre/Scn1aWT/A1783V mice in the Y-Maze test was also evident in 
the T-Maze task with a significant reduction in the score of these mice in 
comparison with Scn1aWT/WT animals (Kruskal-Wallis: H(4) = 12.81, p 
< 0.01; see Fig. 8E). The treatment with BCP only showed a trend 

towards an attenuation in Y-Maze deficits, in particular in the sponta
neous alternation performance (Fig. 8B) and, to a lower extent, in the 
number of total entries (Fig. 8A; this effect indirectly supports the effi
cacy of BCP on motor hyperactivity as shown in the computer-aided 
actimeter). By contrast, BCP did improve task performance in T-Maze 
in Syn1-Cre/Scn1aWT/A1783V mice, with no effect in Scn1aWT/WT mice 
(Fig. 8E). 

Most of the aforementioned behavioural abnormalities exhibited by 
vehicle-treated Syn1-Cre/Scn1aWT/A1783V mice were accompanied by 
glial reactivity in specific CNS structures. Thus, our data indicated 
elevated GFAP immunoreactivity both in the prefrontal cortex (geno
type: F(1,20) = 20.37, p < 0.0005; treatment: F(1,20) = 2.65, p = 0.119; 
interaction: F(1,20) = 5.34, p < 0.05; see Fig. 9A and B) and in the 
hippocampal dentate gyrus (genotype: F(1,18) = 5.81, p < 0.05; 

Fig. 7. Effect of a chronic treatment 
with BCP on the social interaction 
behavior in Syn1-Cre/Scn1aWT/A1783V 

and Scn1aWT/WT mice. 
Time in active interaction (A) and num
ber of active interactions (B) measured in 
the social interaction test in Syn1-Cre/ 
Scn1aWT/A1783V and Scn1aWT/WT mice at 
PND25 and after being chronically 
treated with BCP (10 mg/kg) or vehicle 
from PND10 to PND24. Values are 
means ± SEM of ≥5 animals per group 
(see the exact number per group in the 
scatter plots). Data were assessed by two- 
way (genotype x treatment) ANOVA fol
lowed by the Tukey test (**p < 0.01, 
***p < 0.005 versus vehicle-treated 

Scn1aWT/WT mice).   

Fig. 8. Effect of a chronic treatment with BCP on the spatial working memory in Syn1-Cre/Scn1aWT/A1783V and Scn1aWT/WT mice. 
Number of total entries (A), spontaneous alternation performance (B), alternate arm returns (C) and same arm returns (D) measure in the Y-Maze test, and score (E) 
measured in the T-Maze test in Syn1-Cre/Scn1aWT/A1783V and Scn1aWT/WT mice at PND25 and after being chronically treated with BCP (10 mg/kg) or vehicle from 
PND10 to PND24. Values are means ± SEM of ≥5 animals per group (see the exact number per group in the scatter plots). Y-maze data were assessed by two-way 
(genotype x treatment) ANOVA followed by the Tukey test, whereas T-maze data were assessed by Krukal-Wallis test followed by the Dunn’s multiple comparison test 
(*p < 0.05, **p < 0.01 versus vehicle- and BCP-treated Scn1aWT/WT mice; #p < 0.05 versus vehicle-treated Syn1-Cre/Scn1aWT/A1783V mice). 
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Fig. 9. Effect of a chronic treatment with BCP on reactive astrogliosis in Syn1-Cre/Scn1aWT/A1783V and Scn1aWT/WT mice. 
GFAP immunoreactivity in prefrontal cortex (A (representative microphotographs) and B (quantification)) and the hippocampal dentate gyrus (C (representative 
microphotographs) and D (quantification)) measured in Syn1-Cre/Scn1aWT/A1783V and Scn1aWT/WT mice at PND25 and after being chronically treated with BCP (10 
mg/kg) or vehicle from PND10 to PND24. Values are means ± SEM of ≥5 animals per group (see the exact number per group in the scatter plots). Data were assessed 
by two-way (genotype x treatment) ANOVA followed by the Tukey test (*p < 0.05, ***p < 0.005 versus Scn1aWT/WT mice; #p < 0.05 versus vehicle-treated Syn1-Cre/ 
Scn1aWT/A1783V mice). Scale bar = 50 μm. 

Fig. 10. Effect of a chronic treatment with BCP on reactive microgliosis in Syn1-Cre/Scn1aWT/A1783V and Scn1aWT/WT mice. 
Iba-1 immunoreactivity in prefrontal cortex (A (representative microphotographs) and B (quantification)) and the hippocampal dentate gyrus (C (representative 
microphotographs) and D (quantification)) measured in Syn1-Cre/Scn1aWT/A1783V and Scn1aWT/WT mice at PND25 and after being chronically treated with BCP (10 
mg/kg) or vehicle from PND10 to PND24. Values are means ± SEM of ≥5 animals per group (see the exact number per group in the scatter plots). Data were assessed 
by two-way (genotype x treatment) ANOVA followed by the Tukey test (*p < 0.05, ***p < 0.005 versus Scn1aWT/WT mice; #p < 0.05 versus vehicle-treated Syn1-Cre/ 
Scn1aWT/A1783V mice). Scale bar = 50 μm. 
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treatment: F(1,18) = 5.29, p < 0.05; interaction: F(1,18) = 3.12, p =
0.09; Fig. 9C and D) in Syn1-Cre/Scn1aWT/A1783V mice in comparison 
with Scn1aWT/WT mice. A similar elevation was also evident for Iba-1 
immunoreactivity again in the prefrontal cortex (genotype: F(1,20) =
35.02, p < 0.0001; treatment: F(1,20) = 13.70, p < 0.005; interaction: F 
(1,20) = 16.53, p < 0.001; see Fig. 10A and B) and, to a lesser extent, in 
the hippocampal dentate gyrus (genotype: F(1,20) = 8.01, p < 0.05; 
treatment: F(1,20) = 0.78, ns; interaction: F(1,20) = 4.06, p = 0.058; see 
Fig. 10C and D). The repeated administration of BCP was highly active in 
Syn1-Cre/Scn1aWT/A1783V mice against these astroglial and microglial 
reactivities with effects that strongly attenuated the elevated GFAP 
(Fig. 9A–D) or Iba-1 (Fig. 10A–D) immunoreactivities in both CNS 
structures, reaching, in general, statistical significance respect the 
vehicle-treated Syn1-Cre/Scn1aWT/A1783V mice, except in the case of Iba- 
1 in the hippocampal dentate gyrus which remains as a potent trend 
(Fig. 10B). 

4. Discussion 

Recent experimental evidence obtained in preclinical and clinical 
studies have situated cannabinoids, in particular CBD, as a promising 
agent for the treatment of DS and other related infantile refractory 
epileptic syndromes (Devinsky et al., 2017, 2019, 2019; Kaplan et al., 
2017; Thiele et al., 2018, 2019; Miller et al., 2020; Patra et al., 2020). 
Such potential may be also evident for cannabinoids other than CBD, 
which may have a similar broad-spectrum profile. This may be the case 
of BCP, a sesquiterpene abundantly found in different plants including 
Cannabis Sativa (Sharma et al., 2016; Gonçalves et al., 2020). As 
mentioned in the Introduction, BCP was first described as a full and 
selective agonist of CB2 receptors (Gertsch et al., 2008), but further 
studies have demonstrated that it is also able to act on numerous re
ceptors and other pharmacological targets (Sharma et al., 2016). Such 
multitarget profile allows BCP, as happens with CBD, to exert numerous 
pharmacological effects, including antioxidant, anti-inflammatory, 
anticonvulsant, antinociceptive and neuroprotective properties, among 
others (Sharma et al., 2016; Hashiesh et al., 2021). In addition, as 
happens with CBD, BCP is non-psychoactive as it has no activity at the 
CB1 receptor (Hashiesh et al., 2021). This situates BCP as a promising 
cannabinoid candidate for a wide variety of therapeutic applications 
(Sharma et al., 2016; Gonçalves et al., 2020; Hashiesh et al., 2021), 
including cerebral ischemia, neurodegenerative pathologies, neuro
pathic pain and other CNS-related pathological conditions, but also liver 
fibrosis, atherosclerosis, nephrotoxicity and other peripheral pathol
ogies (Hashiesh et al., 2021). 

In the present study, we have investigated BCP as a useful thera
peutic agent in DS, using an experimental model of this disease which 
we have recently characterized for studies with cannabinoid compounds 
(Satta et al., 2021). The study was concentrated on two therapeutic 
benefits, on one hand, the capability of BCP to have antiseizuring ac
tivity in DS. This capability has been previously investigated in different 
animal models of epilepsy (e.g., models based on PTZ- or 
kainate-induced seizures), but not in DS, and has been related to its 
ability to attenuate inflammatory events which are typically linked to 
hyperexcitability (Liu et al., 2015; de Oliveira et al., 2016; Tchekalarova 
et al., 2018). Our data have corroborated the antiseizuring potential of 
BCP which attenuated the proconvulsant action of PTZ, with this po
tential being found in Syn1-Cre/Scn1aWT/A1783V mice but also in their 
controls (Scn1aWT/WT) mice. Our data also corroborates that these 
beneficial effects against PTZ-induced seizuring responses were paral
leled by a reduction in astroglial (labelled with GFAP) and microglial 
(labelled with Iba-1) reactivities induced by the PTZ challenge in both 
genotypes (analyzed in the medial prefrontal cortex and the hippo
campal dentate gyrus). It is important to remark that these benefits, at 
both behavioural (against proconvulsant activity) and inflammatory 
(against glial reactivity) levels, caused by BCP occurred always in both 
genotypes and were, in general, of relatively equivalent magnitude, 

although we confirmed the existence of some important differences 
between Syn1-Cre/Scn1aWT/A1783V and Scn1aWT/WT mice (e.g. elevated 
glial reactivity in DS mice), already described (Satta et al., 2021), but 
that affect, in general, to the values in absence of PTZ challenge. 

We were also interested in investigating, as a second approach, 
whether BCP, in a longer treatment (from PND10 up to PND24), may be 
also active against several long-term comorbidities associated with DS, 
which have been identified in patients (Dravet, 2011) and also in this 
(Satta et al., 2021) and other experimental models of this disease 
(reviewed in Griffin et al., 2018). BCP corrected important behavioural 
abnormalities found in Syn-Cre/Scn1aWT/A1783V mice, such as the delay 
in the appearance of hindlimb grasp reflex, the induction of clasping 
response, a certain motor hyperactivity, the altered social interaction, 
and the memory impairment, which represent important comorbidities 
found in experimental DS (reviewed in Griffin et al., 2018). The treat
ment with BCP also attenuated the loss of weight experienced by Syn-
Cre/Scn1aWT/A1783V mice, and had a small but relevant effect in 
delaying the premature mortality (before PND25) detected for these 
mice. We assume that these behavioural effects (and also those on 
attenuating glial reactivity that will be described below) are not a 
transient and reversible effect caused acutely by the dose administered 
prior to behavioural testing, as this injection was carried out 24 h before, 
time sufficient for an important clearance of BCP according to previous 
pharmacokinetic studies with this compound (Liu et al., 2013). We 
believe that these effects are more related to the disease-modifying 
properties of BCP exerted in repeated treatments and that allow this 
compound, as happens with CBD, to prevent or to attenuate the occur
rence of long-term comorbidities, based on its antioxidant, 
anti-inflammatory, anticonvulsant, antinociceptive and neuroprotective 
properties (Sharma et al., 2016; Gonçalves et al., 2020; Hashiesh et al., 
2021). 

We were also interested in exploring whether effects of BCP in 
attenuating glial reactivity and associated inflammatory events occur
ring in the CNS, in particular in those structures more involved in the 
behavioural abnormalities detected in these mice, such as the medial 
prefrontal cortex and the hippocampal dentate gyrus, may be associated 
with its behavioural benefits. This hypothesis was based on previous 
results described in other epileptic conditions (Liu et al., 2015), as well 
as in normal brain aging (Chávez-Hurtado et al., 2020) and in different 
neurodegenerative disorders, e.g., Alzheimer’s disease (Cheng et al., 
2014), Parkinson’s disease (Viveros-Paredes et al., 2017), stroke (Tian 
et al., 2019). Our data point in this direction as the repeated treatment 
with BCP in Syn-Cre/Scn1aWT/A1783V mice strongly reduced the reactive 
astrogliosis (labelled with GFAP) and microgliosis (labelled with Iba-1) 
in the two areas under investigation, without having any effect in 
Scn1aWT/WT mice, in which BCP had not altered any of the behavioural 
parameters analyzed. Anyway, to establish definitively a cause-effect 
relationship between the anti-inflammatory effects of BCP and its 
behavioural improvements will require further research. 

A curious aspect of the data generated in these two experimental 
approaches is that a high dose of BCP (100 mg/kg) is required to protect 
against seizures, whereas a much lower dose (10 mg/kg) is enough to 
improve behavioural disturbances. Although we did not perform in vivo 
dose-response curves, these dosages were defined according to previous 
studies using BCP (de Oliveira et al., 2016; Viveros-Paredes et al., 2017; 
Hernández-León et al., 2020). This discrepancy between a high dose 
required for seizure prevention and a lower dose necessary for improved 
behavioural outcome is similarly found in studies using CBD (Kaplan 
et al., 2017) or clonazepam (Han et al., 2012, 2014) in other DS mouse 
models. This fact could represent a conundrum for defining an appro
priate pharmacological approach that both attenuates seizures and 
long-term outcome. However, in the case of BCP, this issue would be less 
relevant, since safety of BCP at high doses appears to be 
well-demonstrated (Sharma et al., 2016). We plan to explore doses 
higher than 10 mg/kg against long-term comorbidities in future studies 
with the purpose to get more powerful effects, although it is important to 
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take into account that using different doses could involve different 
mechanisms of action. Such optimization could be also reached by 
exploring possible synergies between BCP and CBD, given that both 
cannabinoids likely modulate different molecular targets but sharing 
common effects (e.g. anti-inflammatory, antioxidant) (Russo, 2011). We 
have preliminary data that this combination is highly effective (Alonso 
et al., unpublished results). 

Although we have not investigated the specific molecular targets that 
may explain BCP effects in this DS mouse model, it is well established 
that BCP elicits a full agonist action over CB2 receptor (Gertsch et al., 
2008). In fact, available data suggest that BCP exerts is 
anti-inflammatory and antioxidant effects through multiple mechanisms 
normally initiated by the activation of this receptor (Sharma et al., 2016; 
Machado et al., 2018). Importantly, the lack of psychoactivity associated 
with CB2 receptor activation offers BCP a great suitability for pharma
ceutical development. Given that protein levels of CB2 receptor are 
enhanced in the hippocampus of our DS mice (Satta et al., 2021), we 
hypothesize that CB2 receptor may mediate BCP therapeutic action. In 
agreement with this possibility, CB2 receptor is also upregulated in 
lymphocytes from DS patients (Rubio et al., 2016), which further sup
ports the role of this receptor in this disorder. In addition, some studies 
have demonstrated BCP activation of PPARs (Sharma et al., 2016). 
However, direct binding of BCP has been reported only for PPAR-α (Wu 
et al., 2014), whereas PPAR-γ activation depends on the binding of BCP 
to CB2 receptors (O’Sullivan, 2016). Particularly, stimulation of CB2 
receptor by BCP promotes an intracellular signalling cascade, which 
augments MAP kinase activity that further activates PPAR-γ via direct 
phosphorylation (O’Sullivan, 2016). In this way, the cross-talk between 
CB2 and PPAR-γ receptors may also contribute to activate 
anti-inflammatory signals (Youssef et al., 2019; Picciolo et al., 2020). 

Therefore, our data support that BCP was active in Syn-Cre/ 
Scn1aWT/A1783V mice against seizuring activity in an acute treatment and 
against several comorbidities after a repeated treatment, in both cases in 
association with its capability to reduce glial reactivity in areas related 
to these behavioural abnormalities. This situates BCP in a promising 
position for further preclinical evaluation towards a close translation to 
DS patients. In addition, these beneficial effects add to the previous 
evidence collected for other phytocannabinoid, CBD, which is already 
approved for the treatment of seizures in DS (Franco et al., 2021) and is 
being investigated at the preclinical level as a disease modifier (Kaplan 
et al., 2017; Patra et al., 2020). Our data add BCP as an additional 
strategy, for which there is also evidence supporting that, under certain 
circumstances, BCP can act synergistically with CBD and potentiate its 
effects as a consequence of the so-called ‘‘entourage effect’’ (Russo, 
2011). If confirmed, the combination of both compounds could repre
sent a promising strategy in order to improve the therapeutic manage
ment of DS patients. 
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