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Editorial on the Research Topic

Challenges and Conundrums in Cannabinoid-Based Treatments for Epilepsy Syndromes and
Associated Neurobehavioral Comorbidities

Epilepsy is the one of most common neurological disorder that affects people of all ages. This
devastating disease presents a very different etiology and a wide variety of symptoms. Although
the hallmark of those symptoms is the recurrent and unprovoked seizures, epilepsy should be
considered a spectrum disorder that can lead to many physiological disturbances accompanied
by a great diversity of behavioral manifestations. Thus, epilepsy syndromes include not only
seizures, but also several comorbid conditions related to behavioral and psychiatric disorders
such as cognitive impairments, depression, and anxiety. Despite the availability of numerous
and different antiseizure treatments, many fail to manage the uncontrolled electrical activity in
the epileptic brain. This becomes a major medical problem, the so-called pharmacoresistant or
refractory epilepsy, as it is often a chronic and lifelong condition for many patients. Uncontrolled
seizures are linked in both cause and consequence to significant risk of severe brain injuries with
irreversible modifications of cerebral organization, which can result in poorly controlled seizures,
despite ongoing antiseizure medications, and can even cause death. Pharmacoresistant epilepsy
further leads to debilitating psychopathic consequences and many antiseizure substances are found
to have a role in exacerbating physical and/or psychiatric symptoms. Thus, it is not uncommon
for epileptic patients with pharmacoresistance to also experience several episodes of significant
depression and/or anxiety. Bearing in mind that the major goal of epilepsy therapy is for patients
to be free of seizures and adverse effects, a reinforced understanding of pharmacoresistance is
considered a hot spot in epilepsy research. The availability of newer anticonvulsant components
and the development of a promising pipeline of future antiseizure medications is becoming a
reality. In this regard, and despite the cannabis usage in ancient times and further criminalization,
it is striking the strong interest developed in recent years for the use of cannabis-derived
compounds to treat epilepsy syndromes and associated neurobehavioral comorbidities. Among all
the phytocannabinoid present in Cannabis sp., it is particularly noteworthy the cannabidiol (CBD)
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FIGURE 1 | Sketch of the Research Topic's main issues. Advances in the knowledge of cannabinoid-based treatments for epilepsy syndromes and associated
neurobehavioral comorbidities should be fostered by greater integration between basic and patient-centered research. This Special Research Topic brings together
scientific studies in experimental models and patients with epilepsy using a broad range of cutting-edge techniques, including molecular, histological,
electrophysiological, pharmacological, and behavioral approaches as well as in silico and in vitro methodologies. In addition, it also contains integrative literature
reviews that generate new frameworks and perspectives on the topic. This Topic collectively provides a comprehensive insight into the anticonvulsant effects of
cannabidiol (CBD), role of the endocannabinoid system, pharmacoresistance mechanisms, potential interactions with classic antiseizure medications, possible side
effects, with a view to tackle the use of cannabinoids in refractory epilepsy as well as comorbid anxiety and depression in epilepsy. Articles shown in the figure were
grouped by methods and experimental approaches. Figure created with Canvas Software and icons based on Biorender.com.

that interacts with therapeutic targets in body and brain and
exerts a well-defined anticonvulsant profile, without adverse
psychoactive effects and abuse liability. The cannabinoid system
is overwhelming as is the complex association of many ligands,
various types of receptors, multi-signal pathways as well as
different ion channels, and furthermore, not all cannabinoids act
through the endocannabinoid system. Although previous studies
have found that cannabinoids improve seizure control and have
benefits on neurobehavioral function, unresolved questions and
controversy persist.

This Research Topic aimed to highlight basic and patient-
centered research focused on the cannabinoid-based treatments
for epilepsy syndromes and associated neurobehavioral
comorbidities (Figure1). This Topic has gathered twelve
articles, including three reviews, one brief research report,

and eight original research contributions from high-profile
scientists in the field. Readers will find high-level information
on the multidisciplinary and cutting-edge techniques, including
molecular, histological, electrophysiological, pharmacological,
and behavioral approaches as well as in silico and in vitro
methodologies. This article collection is meant to provide a
comprehensive insight into the therapeutic use of cannabinoids,
including the anticonvulsant effects, the involvement of the
endocannabinoid system, pharmacoresistance mechanisms,
potential interactions with classic antiseizure medications and
possible side effects, making a wide variety of key information
available to clarify the relevance of cannabinoid-based treatments
in refractory epilepsy as well as comorbid anxiety- and
depression-like behavior (Figure 1). The first article of this Topic
(Auzmendi et al.) reported inhibitory effects of CBD on the
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active efflux of P-glycoprotein-dependent Rhodamine-123 by
using cultures of rat astrocytes and vascular endothelial cells
subjected to hypoxia. The outcome of this in vitro approach
contributes to elucidate how overexpression of P-glycoprotein at
the blood-brain barrier level can limit the access of antiseizure
medications to the brain parenchyma. Additionally, the authors
performed in silico studies to predict a possible direct interaction
between P-glycoprotein and CBD as a substrate/competitive
inhibitor, which supported the use of CBD as an adjuvant
therapy in refractory epilepsy. In this context, three original
research articles deal with the CBD’s mechanism of action
and the role of endocannabinoid system in patients with
drug-resistant mesial temporal lobe epilepsy (DR-MTLE)
and comorbid mood disorders. First, Rocha et al. evaluated
the tissue levels of endocannabinoids and the cell signaling
transduction after the activation of cannabinoid-receptor-1
in the hippocampus (epileptogenic area) and the temporal
neocortex (seizure propagation area) of patients with DR-MTLE,
with and without anxiety and depression. The results indicated
that enhanced endocannabinoid neurotransmission is involved
in the absence of comorbid mood disorders. Consistently,
Martinez-Aguirre et al. focused on evaluating the interaction
between CBD and 5-hydroxytryptamine-1A receptors in cell
membranes obtained from the hippocampus and temporal
neocortex of patients with DR-MTLE. The radioligand
displacement and GTPyS-binding assays showed that CBD
interacts with human 5-hydroxytryptamine-1A receptors, acting
as an inverse agonist that might modify neuronal excitation
and epileptic seizures in DR-MTLE patients. Complementing
these studies, Nufiez-Lumbreras et al. assessed the protein
expression levels and Gai/o protein-induced activation by
cannabinoid-receptors-1 and 2 in the brain microvascular
endothelial cells of patients with DR-MTLE. The results obtained
from the immunofluorescence, Western blot and GTPyS-
binding approaches were compared with those from autopsies
of non-epileptic patients and correlated with the clinical data.
This study revealed differences in the protein expression of
cannabinoid-receptors between the hippocampus and the
temporal neocortex, suggesting that cannabinoid-receptors
with high efficiency represent an important therapeutic target
for maintaining the integrity of the blood-brain barrier in
DR-MTLE patients. The research article by Morales-Chacon et
al. further deals with the impact of CBD on the brain function of
patients with pharmacoresistant epileptic encephalopathy who
received pharmaceutical-grade CBD (Epidiolex®) as adjunctive
antiseizure therapy. The authors used functional connectivity
and network topology derived from electroencephalograms,
and interestingly found that CBD treatment was related to
inhibition of the transition of the interictal to the ictal state as
well as the improvement of electroencephalogram organization
and brain function. They advocated for using this network
analysis approach on electroencephalographic signals to assess
the effects of CBD in clinical practice. Seizure disorders are
common during childhood and the immature brain is highly
susceptible to developing neuronal hyperexcitability under
different pathological conditions. In this Topic, the review by
Vega-Garcia et al. compiles crucial information from pre-clinical

and clinical studies that examine the effects of cannabinoids
on epileptogenesis in early life. The authors spotlight the
beneficial therapeutic effects of cannabinoids and pointed out
methodological limitations such as the small sample size and
the short follow-up period in pediatric studies. The efficacy and
safety of CBD treatment in pediatric epilepsy was also discussed.
In a brief research report, Santos et al. examined the effects
of systemic administration and intracerebral microinfusion of
several cannabinoid-receptor agonists in two rodent models
of epilepsy, the genetically epilepsy-prone rats (GEPR-3) and
the Area Tempestas model. By assessing and comparing seizure
scores and electroencephalograms in baseline, vehicle-treated
and treatment conditions of both experimental models, this
study add to our understanding of potential sites of action of
cannabinoids in the context of putative antiseizure treatment.
Since there are strong indications that the endocannabinoid
system modulates epileptic seizures by regulating neuronal
excitability, it is vital to investigate the expression of cannabinoid
receptors in pre-clinical animal models of epilepsy. In this
respect, this topic contains two original research articles that
determined the protein expression of cannabinoid-receptors-1
in the brain of two well-established genetically audiogenic
rodent strains, in which the generalized tonic-clonic seizures
are triggered by intense sound stimulation. Lazarini-Lopes et al.
used a detailed anatomical analysis to assess the effects of acute
and chronic audiogenic seizures on cannabinoid-receptor-1
expression in the hippocampus and amygdala of the Wistar
Audiogenic Rat (WAR). Similarly, Fuerte-Hortigon et al. used
immunohistochemistry and gene expression analysis to study
the differential distribution of the cannabinoid-receptor-1 in
the brain of the genetically audiogenic seizure-prone hamster
(GASH/Sal). These complementary studies shed light on the
relationship between the cannabinoid-receptor-1 and seizure
susceptibility in both genetic model of audiogenic seizures,
setting it up as a potent regulator of neuronal excitability. In
this context, readers might wonder about the anticonvulsant
effects of cannabinoids and their synergistic interactions with
conventional antiseizure agents in audiogenic seizure models.
The review article by Lazarini-Lopes et al. provides an overview
on the pharmacological modulation of the endocannabinoid
system in audiogenic seizure susceptibility as well as the effects
of Cannabis-derived compounds, with special attention to CBD.
The authors pointed out that the assessment of cannabinoids in
epilepsy related comorbidities is an under-explored research field
and should be further investigated. To delve deeper into these
issues, the article by Cabral-Pereira et al. examined the behavioral
and molecular effects of acute and chronic administrations of
CBD and valproate on the GASH/Sal audiogenic seizures, as well
as the coadministration of both drugs. It was found that CBD
slightly attenuated seizure behaviors without adverse effects,
and the combination of both drugs did not alter the therapeutic
outcome of the valproate monotherapy, which helps prevent
the animals from getting convulsions. The effects on the gene
expression of protein channel and receptors targeted by the CBD
were further explored in the epileptogenic focus. The review
article by Medeiros et al. explores the endocannabinoid system
as a possible pharmacological landmark for mimicking a form of
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“on-demand” desynchronization analogous to those proposed
by deep brain stimulation in the treatment of epilepsy. The
review also discusses the evidence supporting the role of the
endocannabinoid system in modulating the synchronization
and/or coupling of distinct local neural circuitry, which
presents implications on the physiological setting of proper
sensory-motor integration.

To overcome the challenges and conundrums in the
cannabinoid-based treatments for epilepsy syndromes at the
present time, the investigators worldwide are tirelessly designing
and conducting experiments. This Research Topic represents an
excellent example of this collaborative effort and commitment.
The Topic Editors hope that these thoughtful papers would
benefit those researchers to advance in this exciting research field,
inspiring novel bench-to-bedside ventures.
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Despite the constant development of new antiepileptic drugs (AEDs), more than 30% of
patients develop refractory epilepsy (RE) characterized by a multidrug-resistant (MDR)
phenotype. The “transporters hypothesis” indicates that the mechanism of this MDR
phenotype is the overexpression of ABC transporters such as P-glycoprotein (P-gp) in
the neurovascular unit cells, limiting access of the AEDs to the brain. Recent clinical trials
and basic studies have shown encouraging results for the use of cannabinoids in RE,
although its mechanisms of action are still not fully understood. Here, we have employed
astrocytes and vascular endothelial cell cultures subjected to hypoxia, to test the effect
of cannabidiol (CBD) on the P-gp-dependent Rhodamine-123 (Rho-123) efflux. Results
show that during hypoxia, intracellular Rho-123 accumulation after CBD treatment is
similar to that induced by the P-gp inhibitor Tariquidar (Tq). Noteworthy, this inhibition
is like that registered in non-hypoxia conditions. Additionally, docking studies predicted
that CBD could behave as a P-gp substrate by the interaction with several residues in
the a-helix of the P-gp transmembrane domain. Overall, these findings suggest a direct
effect of CBD on the Rho-123 P-gp-dependent efflux activity, which might explain why
the CBD add-on treatment regimen in RE patients results in a significant reduction in
seizure frequency.

Keywords: cannabidiol, P-glycoprotein, hypoxia, endothelial cells, astrocytes

INTRODUCTION

Refractory epilepsies (REs) are characterized by high recurrence of seizures that cannot be
controlled by at least two well-tolerated antiepileptic drugs (AEDs) appropriate for the particular
epilepsy type (Kwan and Brodie, 2010). Whereas the continuous development of new AEDs has
offered important improvements regarding treatment adherence, pharmacokinetics, tolerability,
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and efficacy in certain particular epilepsy types (Loscher
et al, 2013; Hanaya and Arita, 2016; Talevi, 2016), similar
percentage of non-responder patients remains the same as
that observed for the AEDs since two centuries ago (Kwan
and Brodie, 2000). Several hypotheses to explain this common
multidrug-resistant (MDR) phenotype in RE have been
proposed. Among them, the “transporter hypothesis” and the
“pharmacokinetics hypothesis” suggest that ABC transporters
could play a central role in RE (Leandro et al,, 2019). Both
hypotheses could explain the first pioneering description
of a MDR phenotype in an RE with persistent low levels
of AEDs in plasma associated with P-glycoprotein (P-gp)
overexpression (Tishler et al., 1995; Lazarowski et al., 1999,
2004a). P-gp, so far the most studied of these transporters,
is encoded by ABCB1 gene. P-gp expression is regulated
by hypoxia, inflammation, and stress-related transcriptional
factors such as HIF-la, NFkB, STAT3, or PXR (Ho and
Piquette-Miller, 2006; Jain et al., 2014; Zhang Z.-L. et al,
2018). Moreover, upregulation of P-gp was reported in a
wide spectrum of experimental models and clinical studies
of RE (Lazarowski et al., 2004b, 2007b; Hartz et al., 2017;
Deng et al, 2018, Weidner et al., 2018). During hypoxia,
P-gp was overexpressed in different tissues, including brain
and heart (Lazarowski et al., 2007a; Aviles-Reyes et al., 2010;
Merelli et al,, 2011a,b). Remarkably, this overexpression was
also registered in brain and heart after repetitive seizures
and status epilepticus, showing a hypoxic-ischemic scenario
(Auzmendi et al., 2014, 2018).

Some alternative therapies are eligible, before the highly
invasive surgical removal of the epileptic focus, to improve
life quality of patients with RE. Vagal nerve stimulation or
ketogenic diet has been applied with variable outcomes (Johnson
and Wilson, 2018; Liu et al,, 2018; D’Andrea Meira et al.,
2019; Dibué-Adjei et al., 2019; Hwang et al., 2019). More
recently, the use of different Cannabis compounds to treat
seizures has emerged as a potential therapeutic opportunity.
Particularly, Cannabis compounds are employed to control
the so-called catastrophic epilepsies in children (Maa and
Figi, 2014). Several reports and reviews have highlighted the
benefits of a rational and selective use of these compounds
for the treatment of RE (Filloux, 2015; Rosenberg et al., 2015;
Friedman and Devinsky, 2016; Chen et al., 2018). Among the
wide spectrum of Cannabis compounds, cannabidiol (CBD)
has been suggested as a relevant candidate for RE control
because of its no psychoactive effect unlike those produced
by A°-tetrahydrocannabinol (Tasker et al, 2015). Recently,
the Food and Drug Administration (FDA) and the European
Medicines Agency (EMA) have recently approved oral CBD as
an add-on treatment for Dravet and Lennox-Gastaut syndromes
(Devinsky et al., 2019).

Cannabis compounds act through specific endocannabinoid
receptors (CB1, CB2) (du Plessis et al., 2015; Basavarajappa et al.,
2017). In the central nervous system (CNS), the CB1 receptor
is widely expressed in neurons of hippocampus and neocortex,
while glial cells express both CB1 and CB2 (Scotter et al., 2010;
Maccarrone et al.,, 2011). Interestingly, the stimulation of the
endocannabinoid system plays an important role in a variety

of physiological functions and conditions such as neuronal
development and plasticity, food intake, energy balance, and cell
apoptosis (Marzo et al., 2004; Moreno et al., 2005; Pacher et al.,
2006). More recently, it has also been proposed that CBD action
involves non-canonical targets such as the transient receptor
potential (TRP) channel (Hassan et al., 2014; [annotti et al., 2014),
the adenosine receptor A2A (A2AAR) (Ohta and Sitkovsky,
2001), and the orphan receptor (GPR55) (Chiurchit et al., 2015)
in addition to its known activity on CB1. Furthermore, CBD has
also been reported to elicit anti-inflammatory effects (Booz, 2011;
Burstein, 2015) that may decrease the glial response after seizures.
Besides, CBD activates the microglia promoting their phagocytic
activity (Hassan et al., 2014). To date, few studies have assayed
CBD and other Cannabis compounds as blockers, substrates, or
modulators of the expression of P-gp and other ABC transporters
(Holland et al., 2006, 2009; Zhu, 2006; Feinshtein et al., 2013;
Brzozowska et al., 2016). Despite the fact that CB1 activation
by seizure-induced release of endocannabinoids could play a
neuroprotective role (Alger, 2004), its effects on the MDR
phenotype in RE remain to be disclosed. Inhibition of P-gp and
other ABC transporters could facilitate the normal action of
AEDs, bringing new opportunities to improve seizure control
with classical AEDs in patients with RE (Hocht et al., 2007;
Feinshtein et al., 2013; Hisham et al., 2018; Xie et al., 2018; Zhang
H.-L. et al,, 2018). Consequently, these transporters emerge as
potential new pharmacological targets in RE (Robey et al., 2008).

The aim of this study was to evaluate the possible inhibitory
effect of CBD on the active efflux of the fluorescent P-gp-substrate
Rhodamine-123 (Rho-123) by in vitro studies. Taking into
account all above described, P-gp overexpression at the blood-
brain barrier (BBB) level can limit the access of AEDs to the brain
parenchyma. Cultures of both members of neurovascular unit
(NVU) astrocytes and vascular endothelial cells were analyzed
in hypoxia condition. CBD inhibitory effect on P-gp activity
was tested through Rho-123 efflux assay, comparing it with
that of the highly specific P-gp inhibitor Tariquidar (Tq).
Additionally, in silico studies were performed to explore and
predict a possible direct interaction between P-gp and CBD as a
substrate/competitive inhibitor.

MATERIALS AND METHODS
Ethics Statement

All procedures involving animals and their care were conducted
in accordance with our institutional guidelines, which comply
with the NIH guidelines for the Care and Use of Laboratory
Animals and the principles presented in the Guidelines for the
Use of Animals in Neuroscience Research by the Society for
Neuroscience, and were approved by the CICUAL committee
(0092357/2019) of the School of Medicine of the University of
Buenos Aires. All efforts were made to minimize animal suffering
and to reduce the number of animals used.

Reagents
Cell culture reagents were obtained from Invitrogen Life
Technologies (Carlsbad, CA, United States). Fetal calf serum
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(FCS) was purchased from Natocor (Cérdoba, Argentina).
Poly-L-lysine, Rhodamine 123, third-generation P-gp inhibitor
Tq, and other chemicals were obtained from Sigma-Aldrich
(United States). CBD was obtained from Enecta.

Glial Culture

Primary cortical glial cell cultures were obtained from nine 3-
5 postnatal day Wistar rats as described previously (Merelli
et al, 2019). Briefly, rats were decapitated, and brains were
surgically removed from the skull under sterile condition. Using
a fine tip tweezer, meninges were eliminated, and brain cortices
were removed and mechanically disrupted within Dulbecco’s
modified Eagle medium (DMEM). After several centrifugations,
dissociated glial cells were resuspended in DMEM supplemented
with 10% FCS, 2 mM L-glutamine, and 100 pg/ml penicillin-
streptomycin. Then, 1.5 x 10* cells/ml glial cells were plated in
96-multi-well plate, incubated in supplemented DMEM at 37°C,
5% CO,. The medium was exchanged every 48 h until the cells
reached 70-80% confluence.

Vascular Endothelial Cell Culture

Cells derived from polyoma middle T-transformed murine heart
endothelium (H5V) (Calabrese et al., 2011) were grown in
DMEM supplemented with 10% FBS, streptomycin (100 mg/ml),
and penicillin (100 UI/ml) in 5% CO, atmosphere, at 37°C.
The medium was exchanged every 48 h until the cells reached
70-80% confluence.

Chemical Hypoxia Induction

Glial and endothelial cells (1.5 x 10° cells/ml) were depleted of
serum for 4 h before incubating with or without 0.3 mM CoCl, in
medium supplemented with 0.5% FBS for 6 h (final volume 5 ml).
Figure 1 summarizes the experimental scheme and the molecular
mechanisms of chemical hypoxia induction.

Rho-123 Efflux Assay

This approach to test the P-gp activity was performed as described
previously (Merelli et al., 2019). Briefly, following the chemical
hypoxia induction, glial and endothelial cells were incubated in
the presence of increasing concentration CBD for 30 min [5,
50, or 100 wM, prepared from a stock solution of 0.1 mM in
dimethyl sulfoxide (DMSO)].Then, Rho-123 (1 pM in DMEM)
was added for 5 min. Controls were carried out in the absence
of CBD or with Tq (5 wM) used as a specific blocker of P-gp.
All treatments were performed in triplicate. Figure 1 summarizes
the experimental scheme and the molecular mechanisms of Rho-
123 efflux studies.

Computational Studies

In previous investigations, a human P-gp homology model
was constructed based on the structure encoded as 3G61 in
Protein Data Bank, which showed the highest sequence coverage
(92%) and percent of identity (82%) among other alternatives.
Comparison of several docking software and conditions (see
next paragraph) allowed us to conclude that Autodock Vina
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FIGURE 1 | Chemical hypoxia induction. This scheme summarizes the HIF-1 molecular pathway under normoxia and chemical-induced hypoxia; this also shows an
interpretation of Rho-123 efflux assay results. Under normoxia, P-gp is absent and a negative result of Rho-123 efflux assay is shown as an increased fluorescence
(1). Since the chemical hypoxia is induced, a stabilization of HIF-1 leads to a P-gp overexpression; thus, a positive result of Rho-123 efflux assay is related to a
decreased fluorescence (2). The inhibition of P-gp activity (with TQ or CBD—3 and 4, respectively) correlates with an increase in fluorescence.

Frontiers in Behavioral Neuroscience | www.frontiersin.org

1"

March 2020 | Volume 14 | Article 32


https://www.frontiersin.org/journals/behavioral-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/behavioral-neuroscience#articles

Auzmendi et al.

CBD Effect on Rodhamine-123 Efflux

flexible docking was the best choice among the tested options.
As further validation, the model was subsequently used to
find new anticonvulsant compounds that do not interact
with P-gp and might then constitute potential therapeutic
options to treat refractory patients with high expression
levels of such transporter (Jiger et al., 1997; Semenza, 2009;
Parasrampuria and Mehvar, 2010).

To select the best docking protocol, we run different
simulations (by changing the docking software and/or
conditions) to predict the interactions with P-gp of a dataset of
compounds. The dataset comprised small molecules with known
interaction with the transporter (from now on, binders) and
structures with no interaction with the protein (non-binders).
Using the docking score as discriminating variable, we analyzed
the capacity of different docking protocols to classify them
correctly; that is, the non-binders should have higher docking
score than binders. We quantified this information through the
area under the receiver operating characteristic (ROC) curves
(Palestro et al., 2018). This metric also allowed us to decide
the threshold score that can be used to discern between the
classes. Three docking software were tested: Glide (version 5.7,
Schrodinger Suite 2011), Autodock4.2, and Autodock Vina
(The Scripps Research Institute!) (Trott and Olson, 2010). The
“docking active site” was defined through a 24 x 24 x 24 A3
grid, centered on the relative position of the ligand in the
crystallographic structure of mouse P-gp (PDB code 3G61). Such
region comprises the entire transmembrane region, since the
binding subsites for P-gp substrates and inhibitors reside in this
area (Aller et al., 2009).

In terms of flexibility of the target, we run both rigid and
flexible docking simulations. The flexibility of the target was
considered by allowing two different sets of amino acids to
move in the simulations. In one system, we set the binding site
residues Phe-335, Phe-343, Phe-728, Phe-732, and Phe-978 as
flexible (model A), whereas in the other simulation, we selected
as flexible Tyr-307, Tyr-953, Phe-343, and Phe-978 (model B).
The selection of the mobile residues in model A was founded
on the analysis of the amino acids that interact with the ligands
in the experimental mouse complexes (PDB codes 3G60 and
3G61). For model B, we analyzed first the conformation of the
flexible residues in model A after the docking simulations. We
found that Phe-343 and Phe-978 showed different conformations
depending on the ligand, whereas Phe335, Phe732, and Phe728
adopted almost the same conformation in all simulations. Then,
we choose as flexible residues Phe-343, Phe-978, and other amino
acids that interact with the ligands according to the docking
results with model A.

Our results pointed to Autodock Vina as the best solution.
We computed 20 docking runs for each compound using the
default parameters for the rest of the variables, and model B
as target. This system was also able to reproduce the binding
mode of the inhibitor co-crystallized in the mouse experimental
structure (ligand named QZ59, PBD code 3G60). A more detailed
explanation about the selection and validation of the docking
protocol is given in the original research previously published
(Palestro et al., 2014). This same procedure has been used here
to predict the interaction between CBD and P-gp.

Quantification and Statistical Analysis
Microscopic images were taken using an Olympus IX-81
microscope equipped with a DP71 camera (Olympus, Japan).
Morphometrical and densitometric analyses were performed
with Image] (NIH) and statistical analysis was done with
GraphPad Prism software. Glial morphology was evaluated in a
central field of 15 hypoxic and 15 non-hypoxic wells.

The fluorescence intensity was evaluated as a parameter of
Rho-123 retention in cell cultures. After checking the normal
distribution of the data, differences were analyzed by one-way
ANOVA and Student Newman Keuls post-test comparison or by
two-tailed Student ¢-test.

RESULTS

Effect of CBD on Glial and Endothelial

Cells

In vitro Studies

Initially, we tested the effect of different concentrations of
CBD (5, 50, and 100 wM) on glial cells under hypoxia
conditions. Microglia and astrocytes were identified based on
morphological clues established by Giulian and Baker (1986)
and Gebicke-Haerter et al. (1989). While the astrocytes grow at
the bottom of the plate with a large soma and long processes,
the microglial cells grow on top of them, characterized by
a small soma and few prolongations (Figure 2). No changes
in the number of glial cells were registered under hypoxia,
along the experiments (control: microglia/field = 128.6 & 6.05
and astrocytes/field = 82.40 £ 4.675; vs hypoxia treatment:
microglia/field = 116.8 + 7.123 and astrocytes/field = 77.00
=+ 1.51). Besides, the cell ratio between astrocytes and microglia
remained constant during experiments (control = 0.6436 =+ 0.031
vs hypoxia = 0.6724 £ 0.054; p = 0.2982).

On the other hand, when Rho-123 efflux was assayed under
hypoxic conditions, astrocytes showed a decreased Rho-123
retention, while in microglia, it remained unchanged. In this
context, Tq treatment recovered the Rho-123 retention in
astrocytes from mixed glial cultures (Figure 3). Noteworthy,
CBD produced a similar retention of Rho-123 to that achieved
by Tq. Moreover, astrocytes exposed to hypoxia and subsequent
CBD treatment recovered Rho-123 retention in a concentration-
dependent manner (5-100 M) (Figure 3).

When Rho-123 retention was evaluated on H5V endothelial
cell cultures exposed to hypoxia, a similarly low level of the
fluorescent compound retention was observed in both control
and hypoxic conditions (Figure 4A). Nevertheless, when H5V
cells, under hypoxia, were exposed to CBD 5, 50, or 100 puM,
fluorescence was increased in a concentration-dependent manner
(Figure 4B). Additionally, when H5V cells, in normoxia,
were exposed to CBD 100 wM, Rho-123 retention was also
increased (Figure 4C).

In silico Studies

Since CBD blocked the active Rho-123 efflux, and this activity is
a known property of P-gp, we performed in silico studies to test
the possible interaction between CBD and P-gp. In our docking
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FIGURE 2 | Hypoxia effect on glial mixed culture. Representative phase
contrast images showing glial mixed culture. Morphological differences
between microglia and astrocytes are indicated by blue or orange arrows,
respectively. Glial mixed cultures exposed to control conditions (DMEM, upper
image) or chemical CoCl,-induced hypoxia (bottom image). Images were
acquired at total magnification of 40x.

experiment, the lowest energy pose displayed an estimated
binding energy of -9.0 kcal/mol. These data suggest that CBD may
act as a P-gp substrate (thus behaving as a competitive inhibitor).
Figure 5 shows the homology model of human P-gp and the
predicted binding mode of CBD to the docking binding site.
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FIGURE 3 | Effect of CBD on dlial cells. (A) Schematic representation of the
treatments and temporal profile applied on mixed glial cell cultures.

(B) Representative images of the Rho-123 retention by glial culture after each
treatment. (C) Quantification of the Rho-123 retention as fluorescence
intensity for each treatment. At least 20-30 astrocytes were measured in a
central field per well, but microglia were not included. Bars represent the
mean + SEM. The differences were analyzed by one-way ANOVA (p < 0.001)
and Bonferroni post-test. Comparisons with the control were represented by
an asterisk (*) while (&) represents comparisons against hypoxia treatment.

DISCUSSION

Refractory epilepsies have been associated with ABC transporter
overexpression (Loscher and Potschka, 2002; Lazarowski et al.,
2007b; Loscher et al., 2011), in direct relation with the recently
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FIGURE 4 | Effect of CBD on endothelial cells. (A) Fluorescence microscopy
of H5V cells. (B) H5V cells exposed to hypoxia in the presence of CBD (5, 50,
or 100 pM). (C) H5V cells, in normoxia, exposed to CBD (100 wM). Allimages
were obtained with a magnification of 60x.

FIGURE 5 | In silico binding between P-gp and CBD. (A) Homology model of
human P-gp. (B) Predicted binding mode between CBD (light green) and
P-gp amino acid residues in the binding foci. The aromatic residues shown in
the figure correspond to Phe 728 and Tyr 307 (both in light blue), the latter of
which seems to be involved in the most relevant specific interaction through pi
stacking.

proposed pharmacokinetic hypothesis (Tang et al., 2017; Leandro
et al,, 2019). In this scenario, ABC transporter overexpression at
the NVU level could be responsible for sub-therapeutic levels of
AED:s at the brain parenchyma (Figure 6A).

Our present study demonstrates that CBD inhibits the
active efflux of Rho-123, a recognized P-gp substrate, in two
prominent members of the NVU such as astrocytes and
vascular endothelial cells. Furthermore, these results were more
evident under chemically induced hypoxia, a condition in
which P-gp is induced to be overexpressed in vivo, in vascular
endothelial cells, astrocytes, and neurons (Lazarowski et al.,
2007a; Merelli et al.,, 2011a). As shown in Figure 1, CoCl; inhibits
the prolyl hydroxylase, a HEM enzyme that is regulated by
oxygen concentration. Inhibition of prolyl hydroxylase allows
the stabilization of HIF-1a with its concomitant gene expression
to hypoxic response. Furthermore, 50 and 100 wM of CBD
recovered a similar amount of Rho-123 intracellular retention
than the specific P-gp inhibitor Tq, suggesting that these
concentrations of CBD produce an inhibitory effect on ABC
transporter efflux activity, particularly on P-gp, as demonstrated
on trophoblast cell line, mouse embryonic fibroblast, Caco-2, and
LLC-PK1/MDRI1 cells (Holland et al., 2006; Zhu, 2006; Feinshtein
etal., 2013).

Our docking analysis suggests that CBD could act as a
competitive inhibitor of P-gp-mediated transport. Also, we
observed that CBD inhibited the Rho-123 efflux of non-
hypoxic H5V cells, a type of vascular endothelial cells that
normally express ABC transporters (Figure 4). These data
clearly are in accord with the “transporters hypothesis,” where
MDR phenotype is related with P-gp overexpression at this
type cell level.

From these observations, several aspects should be considered.
Despite the fact that different new AEDs have been developed,
some of them involving novel modes of action, 30% of epileptic
patients continue to have seizures, being carriers of the so-
called MDR epilepsy phenotype. The “transporter hypothesis”
suggests that brain overexpression of several ABC transporters
is responsible for the MDR phenotype in patients with RE.
As previously reported by our group and other authors, brain
overexpression of P-gp appears as one of the more common
mechanisms related with RE carriers of this MDR phenotype.
Several reports have also described the potential effects of P-gp
inhibitors as adjuvant therapy next to AEDs, to achieve better
control of seizures in different cases of drug-resistant epilepsies
(Lazarowski et al., 2007b; Robey et al., 2008).

Interestingly, for several thousand years, humanity has
given medicinal use to Cannabis sativa (Marijuana), even
for the treatment of epileptic patients. In addition to their
behavioral and psychotropic effects, cannabinoids have
complex pharmacological effects by binding to two specific
plasma membrane G protein-coupled receptors: the CBI1
receptor expressed mainly in the brain and in some peripheral
tissues and the CB2 receptor expressed mainly outside of
the CNS have been described (Pertwee and Ross, 2002).
Several experimental studies have documented that the
endocannabinoid system is strongly activated by seizures,
and the upregulation of CBIR activity has antiseizure effects;
furthermore, depending on the type of pharmacological action
on CBIR, it can both increase and suppress the seizure-
like discharges in hippocampus (Marsicano et al, 2003;
Deshpande et al., 2007a,b).
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highlights the proposed CBD action on ABC transporters.

The antiepileptic effects of some cannabinoids were revised,
showing that they can act on multiple targets (Friedman
and Devinsky, 2016). Because CBD lacks THC psychotropic
action, it could be an excellent alternative candidate to treat
patients with RE (Cilio et al, 2014); in fact, oral CBD has
recently been approved as an add-on treatment of severe
drug-resistant epilepsies, such as Dravet and Lennox-Gastaut
syndromes (Devinsky et al., 2019). However, due to its complex
pharmacology, its specific mechanism(s) of action in epilepsy is
(are) yet to be described. Whereas the wide spectrum of known
CBD targets are not directly related to the MDR phenotype
observed in RE (Figure 6), the multi-target nature of CBD
could explain its effects on RE, as multi-target drugs are being

actively explored as potential treatment of complex disorders, in
line with a network pharmacology/systems biology perspective
(Margineanu, 2014, 2016).

In previous experimental studies, our group has provided
in vivo evidence that focal brain injection of CoCl, (1 mM)
induces P-gp expression surrounding the lesion site in neurons,
astrocytic end-foot, and their related endothelial cells on blood
vessels, and that higher CoCl, doses (200 mM) resulted in
additional P-gp immunostaining of the whole astrocytic and
neuronal soma (Lazarowski et al., 2007a). Nuclear translocation
of hypoxia-inducible factor 1-alpha (HIF-1a) was also observed
in this experimental paradigm (Caltana et al, 2009) along
with erythropoietin receptor (Epo-R) and P-gp co-expression in
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neurons, astrocytes, and vascular endothelial cells. Interestingly,
both Epo-R and P-gp expression are inducible by HIF-
la (Comerford et al., 2002; Semenza, 2009). On the other
hand, we also demonstrated that repetitive seizures and/or
status epilepticus induce high expression of P-gp in neurons,
astrocytes, and vessels, associated with the MDR phenotype
(Lazarowski et al., 2004b; Hocht et al., 2007; Auzmendi et al.,
2013; Merelli et al, 2019). Furthermore, repetitive seizures
and/or status epilepticus also activate HIF-1a and induce P-gp
overexpression in heart, which appears to be associated with
heart failure and sudden unexpected death in epilepsy (SUDEP)
(Auzmendi et al., 2018).

In our current study, a clear inhibition by CBD of Rho-
123 efflux was observed in hypoxic astrocytes and vascular
endothelial cells. It is known that Rho-123 is a substrate of P-gp;
however, Rho-110, a metabolic product of Rho-123, can also be
transported by other ABC transporters as MRP2 is also expressed
at the BBB (Jager et al., 1997; Semenza, 2009; Parasrampuria and
Mehvar, 2010). According to docking studies presented here, the
estimated binding energy of CBD to P-gp suggests that it may
act as a weak substrate for the transporter. This observation is
in line with the high CBD concentration needed (50-100 wM)
to produce a significant retention of Rho-123 compared to a
potent TQ specific blocker (5 wM). Previous reports using P-gp
knockout mice showed that the lack of P-gp does not limit the
brain uptake of CBD in healthy mice (Brzozowska et al., 2016).
These reports do not necessarily imply that CBD does not interact
with P-gp, especially in the context of high-expression levels of
the transporter, as those observed in RE patients (Loscher et al.,
2011). Consistent with these evidences, Holland et al. reported
that low CBD concentration does not improve uptake of the
Rho-123 in CEM/VLB100 cells expressing high levels of P-gp.
In contrast, high levels of CBD (10 M) sensitize such cells to
vinblastine, another known P-gp substrate (Holland et al., 2006).

It is known that CBD is a multi-target compound, acting
on ionic channels, neurotransmitter receptors, and other
transmembrane transporters, with different effects in each of
them acting such as activator, modulator, agonist, antagonist,
etc. Additionally, not only is CBD metabolized by the enzymatic
cytochrome system, but it can also inhibit some of these enzymes,
inducing a slowdown in the metabolism of more common AEDs,
which is an alternative way of affecting their pharmacokinetics
(Rocha et al., 2020). Therefore, CBD effects on ABC transporters
are only one among multiple mechanisms through which this
drug could have an impact on the MDR phenotype in RE patients.

CONCLUSION

Our results indicate that, in addition to the various
effects previously described by CBD, this drug can also
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Experimental evidence points out that the activation of the endocannabinoid
system induces neuroprotective effects and reduces mood disorders. In the
hippocampus of patients with mesial temporal lobe epilepsy (MTLE), studies indicated
augmented cannabinoid 1 receptor (CB4R) binding, in spite of its low mMRNA and
protein expressions. Although this situation suggests an enhanced CBjR-induced
neurotransmission in patients with MTLE, especially those with pharmacoresistant
seizures, which present important neuronal damage and high comorbid mood disorders.
The present study focused to investigate the status of CB1R and the endocannabinoid
system by obtaining CB{R-induced G-protein signaling efficacy and measuring the
tissue levels of endocannabinoids in the hippocampus and the temporal neocortex
of patients with pharmacoresistant MTLE. Furthermore, the obtained results were
correlated with comorbid anxiety and depression. The experiments revealed that
patients with MTLE present increased CB1R-induced G-protein signaling efficacy (Emax)
as well as an augmented tissue content of anandamide and oleoylethanolamine and
low 2-arachidonoylglycerol. Some of these changes were more evident in patients with
MTLE without mood disorders. The current findings indicate that pharmacoresistant
MTLE is associated with increased CB1R-induced transductional mechanisms as well
as augmented tissue content of specific endocannabinoids in the hippocampus and
the temporal neocortex. The enhanced endocannabinoid neurotransmission may be
involved in the absence of comorbid mood disorders in some patients with MTLE.

Keywords: mesial temporal lobe epilepsy, anandamide, oleoylethanolamine, 2-arachidonoylglycerol, cannabinoid
1 receptor, anxiety, depression
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Rocha et al. Epilepsy and Endocannabinoid System
INTRODUCTION MATERIALS AND METHODS

Endocannabinoids are synthesized “on demand” as a Patients and Tissue Collection

consequence of enhanced neuronal depolarization and Hippocampus and temporal neocortex tissues were
elevated intracellular calcium levels (Stella et al, 1997). obtained from 49 patients (29 females and 20 males) with

According to this notion, it is expected that the augmented
neuronal depolarization produced during a seizure activity
may result in the activation of the endocannabinoid
system. This notion is supported by experimental evidence
indicating that the tissue levels of endocannabinoids
2-arachidonoylglycerol (2-AG) and anandamide (AEA) were
augmented subsequent to the induction of acute seizures
and induce neuroprotective effects through the activation
of cannabinoid 1 receptors (CB;Rs) (Marsicano et al., 2003;
Wallace et al, 2003). However, drug-naive patients with
temporal lobe epilepsy (TLE), a disorder associated with
enhanced glutamatergic neurotransmission during ictal and
interictal periods (During and Spencer, 1993), present reduced
AEA levels in CSE, whereas the 2-AG levels are not modified
(Romigi et al., 2010).

Concerning endocannabinoid receptors, studies revealed
reduced mRNA and protein expression of CBjRs in the
hippocampus of patients with pharmacoresistant TLE, especially
in glutamatergic axon terminals (Ludanyi et al., 2008). In
contrast, positron emission tomography (PET) imaging
experiments using ['F]MK-9470 indicate that patients with
mesial TLE (MTLE) present augmented CB;R availability in
the temporal lobe ipsilateral to the epileptic focus (Goftin
et al., 2011). These studies indicate that, in spite of their low
mRNA and protein expression, CBjR binding is enhanced
in the brain of patients with MTLE. This situation leads to
propose an enhanced CBjR-induced neurotransmission with
subsequent inhibitory and neuroprotective effects in brains
with epilepsy. However, this notion is not supported by the
progressive and severe hippocampal damage found in patients
with pharmacoresistant MTLE that suggests a hypoactive
endocannabinoid neurotransmission (Nearing et al., 2007).

A deficient endocannabinoid neurotransmission is also
associated with anxiety and depression (Boorman et al,
2016; Korem et al, 2016; Kranaster et al., 2017), whereas
the augmentation of endocannabinoids is related with
antidepressant effects (Bortolato et al, 2007). Considering
that pharmacoresistant MTLE frequently coexists with anxiety
and depression (Nogueira et al., 2017), it is possible to suggest
that the hypoactivity of the endocannabinoid system may play a
significant role in their comorbidity. However, no evidence exists
to support this notion.

The present study focused to establish that MTLE is
associated with alterations in the endocannabinoid system
that facilitate the seizure activity and the comorbid anxiety
and depression. Experiments were designed to evaluate the
tissue content of endocannabinoids and the transductional
mechanisms subsequent to the activation of CB;Rs in the
hippocampus and the temporal neocortex of patients with
pharmacoresistant MTLE, with and without anxiety and
depression (A/D).

pharmacoresistant MTLE. Every patient underwent an extensive
presurgical evaluation, including video electroencephalogram
(EEG), magnetic resonance imaging (MRI), and single
photon emission computed tomography (SPECT) within
the Epilepsy Surgery Program of the National Institute of
Neurology and Neurosurgery (Instituto Nacional de Neurologia
y Neurocirugia “Manuel Velasco Suarez,” Mexico). Scalp EEG
played an important role in lateralizing and focalizing interictal
epileptiform activity. Video-EEG was performed, and at least two
complex partial seizures were recorded in each patient. Since we
could not perform ictal SPECT in each patient, interictal SPECT
offered valuable information regarding the hypoperfusion area
(Tae et al., 2005; Huberfeld et al., 2006). MRI performed with
either a 1.5- or 3-T machine demonstrated mesial sclerosis and
the reduced volume of the temporal pole area of epileptic patients
with MTLE, but no significant changes in T2-T3 gyri from all
epileptic patients. In addition, MRI findings showed a clear
matching with the EEG recordings. Patients with focal cortical
dysplasia or neocortical temporal lobe epilepsy were specifically
excluded from the study.

During the neurological evaluation, the prevalence of
depression and anxiety disorders was established using the
Structured Clinical Interview for DSM-IV Axis I (First et al.,
1999). A Spanish version of the Hospital Anxiety and Depression
Scale (HADS), previously validated in a Spanish population
(Herrero et al., 2003; Goémez-Arias et al., 2012), was applied to
all patients to identify symptoms of anxiety and/or depression.
The HADS scale considers symptoms over the previous week and
is not affected by coexisting general medical conditions. Patients
with other psychiatric or somatic disturbances interfering with
mood disorders, such as addiction, were excluded from the
present study. This study was approved by the scientific
committees of the institutions involved in the present research,
and informed consent was obtained from every patient.

The patients had “en block” anterior lobectomy, ipsilateral
to the epileptic focus, at least 48 h after the last seizure.
Intraoperative electrocorticography was performed with grids of
4 x 8 electrodes (Ad-Tech, Racine, WI, United States) in order
to identify spiking neocortex. Samples from both the epileptic
hippocampus and the spiking T2-T3 gyri (from 2.5 to 5 cm
posterior to the temporal pole) were obtained in every patient.
Tissue was collected immediately upon resection, quickly frozen
in pulverized dry ice, and stored at —70°C.

It is known that endocannabinoid AEA and another N-acyl
ethanolamine oleoylethanolamide (OEA) present a progressive
accumulation after death, a condition that correlates with the
postmortem interval (Patel et al., 2005; Schmid et al., 2005). Then,
biopsies from the hippocampus and the temporal neocortex
obtained from seven patients (three males and four females)
who had a cerebral lesion without epilepsy (four with tumor
and three with vascular malformation) were used as control
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condition for endocannabinoid tissue content. These patients had
to have a surgical resection of a portion of these brain areas. As
control condition for the binding experiments, we used autopsy
samples obtained from 11 subjects (seven males and four females)
who died by vehicular accident (n = 6), cardiac arrest (n = 4),
pneumonia (n = 1), and without history of neurological disease.
These autopsy samples were obtained with a postmortem interval
of 14.8 & 0.9 h and immediately stored at —70°C. The fragments
from the neocortex included gray matter only.

Evaluation of Endocannabinoid Tissue

Content

Endocannabinoids AEA, 2-AG, and OEA were quantified in the
brain by liquid chromatography/tandem mass spectrometry as
previously described (Cinar et al., 2014). Briefly, brain tissue
weighing 100-150 mg was homogenized in 0.5 ml of ice-cold
methanol/Tris buffer (50 mM, pH 8.0), 1:1, containing 11.2 ng
[2H4]AEA as internal standard. The homogenates were extracted
three times with CHCl3: MeOH (2:1, vol/vol), dried under
nitrogen flow, and reconstituted with MeOH after precipitating
proteins with ice-cold acetone. The mass spectrometer was
set for electrospray ionization operated in positive ion mode.
The levels of each compound were analyzed by multiple
reactions monitoring. The molecular ion and fragment for
each compound were measured as follows: m/z 348.3—62.1
for AEA, m/z 352.3—66.1 for [?H4]AEA, m/z 326.3—62.1
for OEA, and m/z 379.3—91.1 for 2—AG. The analytes were
quantified using MassHunter Workstation LC/QQQ Acquisition
and MassHunter Workstation Quantitative Analysis software
(Agilent Technologies). The amount of AEA, 2-AG, and OEA
in the samples was determined against standard curves. Values
are expressed as fmol/mg (AEA and OEA) or pmol/mg
(2-AG), respectively.

Analysis of Gi/o Protein Activation by
CB1Rs

Membrane Preparations

Crude membrane fraction from human temporal neocortex and
hippocampus was prepared according to the method previously
described (Benyhe et al., 1997). Briefly, samples (50-100 mg)
were homogenized on ice in centrifugation buffer (50 mM Tris
HCl, 1 mM EGTA, and 3 mM MgCly; pH 7.4) using a Teflon glass
homogenizer. The homogenate was centrifuged at 20,000 x g
for 45 min at 4°C, and the resulting pellet was resuspended in
assay buffer (50 mM Tris HCl, 9 mM MgCl,, 0.2 mM EGTA, and
150 mM NaCl; pH 7.4). The centrifugation step was repeated. The
final pellet was resuspended in assay buffer and homogenized.
Protein levels were determined by the method of Lowry (Lowry
et al, 1951). The sample was diluted to a concentration of
2 pg/ml with assay buffer and stored at —70°C until use in
the binding assays.

[3®S]GTPyS Binding Assay

Receptor-mediated Gi/o protein activation was measured as
described previously (Cinar et al., 2008) with slight modifications.
Cell membrane fractions (10 pg of protein/sample) were

incubated at 30°C for 60 min in assay buffer containing 0.1%
fatty acid-free bovine serum albumin with GDP (100 uM),
[**S]IGTPyS (0.05 nM), and increasing concentrations (102 to
107> M) of WIN 55212-2 in assay tubes with a final volume of
1 ml. Total binding was measured in the absence of the tested
compound. Non-specific binding was determined in the presence
of 100 wM unlabeled GTPyS and subtracted from the total
binding to calculate the specific binding. The reaction was
initiated with incubation at 30°C for 60 min and terminated
by the addition of ice-cold wash buffer (50 mM Tris HCI
and 5 mM MgCl,; pH 7.4), followed by rapid filtration under
vacuum through Whatman GF/B glass-fiber filters. The filters
were washed three times with ice-cold wash buffer using Brandel
M48 Cell Harvester and then dried, and bound radioactivity was
detected in Sigma-Fluor™ Scintillation Cocktail (Sigma) with
Beckman LS6000-SC liquid scintillation counter. Stimulation
was established as percent of the specific [**S]JGTPyS binding
observed in the absence of receptor ligands (basal activity).
[**SIGTPyS binding experiments were performed in triplicates
and repeated at least three times. Data were subjected to
non-linear regression analysis of concentration effect curves
performed by Prism (GraphPad Software, Inc.) to determine the
potency (ECsp) and the maximal stimulation (Emax) values.

Data Analysis

The results were examined statistically by one-way ANOVA and
a post hoc Tukey test to determine significant differences. Pearson
correlation calculations were carried out to identify the influence
of clinical factors (age of patients, age at seizure onset, epilepsy
duration, and seizure frequency) on the results obtained. Data
were expressed as mean = SME.

RESULTS

Clinical Data

Patients with MTLE without A/D (n = 25) had the following
clinical data (mean =+ SE): age of subjects, 30.7 £ 1.8 years; age at
seizure onset, 10.5 & 2 years; epilepsy duration, 19.2 & 2.2 years;
and frequency of seizures, 8.5 & 1.5 per month. Patients with
MTLE and comorbid A/D (n = 24) presented similar clinical
data (age of subjects, 37.9 & 1.7 years; age at seizure onset,
10.9 % 1.4 years; and frequency of seizures, 13.8 £ 4.2 per month)
when compared with patients without A/D, except that they
presented a longer epilepsy duration (27.1 % 2.1 years, p < 0.02).
The age of the patients with cerebral lesion without epilepsy
and the autopsy subjects was not significantly different from that
of the patients with MTLE (35.2 £ 7.7 and 42.9 £ 6.1 years,
respectively; p > 0.05).

Endocannabinoids in the Hippocampus
and the Temporal Neocortex of Patients
With Pharmacoresistant Mesial Temporal
Lobe Epilepsy

The tissue levels of endocannabinoids and OEA in the
hippocampus and the temporal neocortex of control
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FIGURE 1 | Tissue content of anandamide (AEA), 2-arachidonoylglycerol (2-AG), and oleoylethanolamine (OEA) in the hippocampus and the temporal neocortex of
autopsies (A) and patients with mesial temporal lobe epilepsy without (B) and with comorbid anxiety and depression (C). Values are expressed as mean + SE.
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subjects showed the following values: AEA, 26.8 £ 2.1
and 17.8 £ 1.8 fmol/mg, respectively; 2-AG, 4378 £ 941
and 2620 + 423 pmol/mg, respectively; and OEA, 208.9 &+ 29
and 127 % 18 fmol/mg, respectively.

When compared with the control conditions, the
hippocampus of patients with MTLE without mood disorders
showed a high tissue content of OEA (57%, p < 0.04) and low
2-AG tissue levels (51%, p < 0.005) (Figure 1). The temporal
neocortex of these patients presented a high tissue content of
AEA and OEA (175%, p < 0.001 and 63%, p < 0.02, respectively)
and a low tissue content of 2-AG (65%, p < 0.0001).

In contrast with the control condition, the hippocampus of
patients with MTLE plus A/D presented low tissue levels of
2-AG (53%, p < 0.002). In the temporal neocortex, experiments
revealed a high tissue content of AEA and of OEA (118%,
p < 0.008 and 58%, p < 0.04, respectively) and a low tissue
content of 2-AG (62%, p < 0.0001).

In contrast to patients with A/D, the tissue levels of AEA in
the temporal neocortex of patients with MTLE without comorbid
alterations were significantly higher (25%, p < 0.02). No further
significant differences were found between both groups of
patients. In addition, statistical analysis did not reveal significant
correlations between the tissue content of endocannabinoids and
the clinical factors (Table 1).

Gi/o Protein Activation by CB1Rs in
Patients With Mesial Temporal Lobe
Epilepsy

In autopsy samples, the binding assay in the presence of
WIN 55212-2 revealed a maximal incorporation of [3>S]IGTPyS

(Emax) of 25.5 and 29.6% (hippocampus and neocortex,
respectively), with ECsg values of 704 £ 127 and 378 £ 64 nM

(hippocampus and temporal neocortex, respectively). When
compared with the autopsy samples, the tissue from patients with
MTLE showed higher Emax values in both the hippocampus
(14%, p < 0.01) and the temporal neocortex (17%, p < 0.01),
whereas the ECs( values were similar (511 & 110 and 637 & 80
nM, respectively) (Figure 2).

A comparison of Emax and ECsy values according to the
presence or the absence of comorbid A/D maintained these
significant differences with the autopsies. However, this analysis
revealed a higher Emax value in the temporal neocortex of
patients with MTLE without A/D. No significant differences were
detected between both groups of patients with MTLE (Figure 3).
In addition, no significant correlations were detected between the
Emax values and the clinical factors (Table 1).

These results indicate that WIN 55212-2, an agonist for
CB;R and CBR (Eissenstat et al., 1995), induces a higher
Gi/o protein activation in the tissue obtained from patients
with MTLE. In order to identify the contribution of CB;R
and/or CB,R in this effect, Emax values were obtained in the
presence of AM251 and AM630 (antagonists of CB;R and CB;,R,
respectively) at 100 pwM. The results obtained revealed that
AM251 attenuated the WIN 55212-2-induced efficacy (Emax) in
both the hippocampus and the temporal neocortex of patients
with MTLE. This effect was not evident with AM630 (Figure 2).
These findings support that the higher Gi/o protein activation
induced by WIN 55212-2 in the tissue of patients with MTLE was
mediated by CB;Rs.

DISCUSSION

The present study revealed a higher CBR-induced Gi/o protein
activation and significant changes in the tissue content of

TABLE 1 | Correlations between clinical data and parameters evaluated in hippocampus and temporal neocortex of patients with mesial temporal lobe epilepsy with and

without mood disorders.

Parameters Patients Brain area Age of patient Seizure onset age Duration of epilepsy Frequency of seizures
AEA A/D Hipp —0.1500 0.1356 —0.2140 —0.0404
Cx -0.1104 0.1527 —0.1988 —0.0009
No A/D Hipp —0.0375 0.1084 —0.2451 —0.1648
Cx —0.0560 0.1175 —0.2515 —0.1510
2-AG A/D Hipp 0.3291 —0.1964 0.4300 —0.0041
Cx 0.3405 —0.0656 0.3212 —0.2224
No A/D Hipp —0.0819 0.0909 -0.1177 —0.1361
Cx 0.2408 —0.1382 0.3074 —0.0203
OEA A/D Hipp —0.10382 0.0891 —0.1426 —0.0823
Cx —0.0595 0.0931 —0.1181 0.0135
No A/D Hipp —0.0661 —0.0222 —0.0961 —0.0664
Cx —0.0544 0.0300 —0.1926 —0.0635
Emax CB{Rs A/D Hipp 0.3659 0.0233 0.2367 0.0191
Cx 0.0305 0.5300 —0.4265 0.0474
No A/D Hipp —0.4980 —0.3488 —0.0406 —0.0726
Cx —0.0362 0.4122 —0.5234 —0.2319

Values represent the Pearson Correlation Coefficients. A/D, patients with mesial temporal lobe epilepsy with anxiety and/or depression; AEA, anandamide; CB1Rs,
cannabinoid 1 receptor; Cx, neocortex; Emax, G-protein signaling efficacy; Hipp, hippocampus, No A/D, patients with mesial temporal lobe epilepsy without anxiety

and/or depression; OFA, oleoylethanolamine; 2-AG, 2-arachidonoylglycerol.
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AEA, OEA, and 2-AG in the epileptic hippocampus and
the temporal neocortex of patients with pharmacoresistant
MTLE. Some of these changes were more evident in patients
without comorbid A/D.

CB;Rs are involved in the modulation of glutamatergic and
GABAergic transmission in the hippocampus and the neocortex
(Hoffman et al., 2003; Domenici et al., 2006; Kawamura et al.,
2006; Hill et al, 2007). The effects of CBjRs depend on
their location, i.e., increased CB;R signaling on glutamatergic
terminals induces inhibition and neuroprotective effects, while
those located on GABAergic terminals induce excitatory effects
(Chiarlone et al., 2014; Guggenhuber et al, 2015). Studies
support that the endocannabinoid system induces protective
effects in several neurological disorders (Kaur et al, 2016).
In neuropathic pain, CB;Rs along with endocannabinoids are
augmented, a situation explained as a compensatory condition
(Mitrirattanakul et al., 2006).

In the present study, we found that WIN 55,212-2, a potent
agonist for both CB;R and CB;R (Eissenstat et al., 1995), induced
an overactivation of Gi/o proteins in both the hippocampus
and the temporal neocortex of patients with pharmacoresistant
MTLE. According to the obtained results, it is possible that
the WIN 55,212-2-induced overactivation of Gi/o protein was
mediated by CB;R activation. The increased CB;R-induced Gi/o
protein activation found in the present study correlates with the
high CB;R binding detected by PET in the temporal lobe of
patients with MTLE (Goffin et al., 2011). This suggests an increase
of neurotransmission mediated by CB;Rs in these brain areas,
in spite of the lower mRNA and protein expressions of CBjR
(Ludényi et al., 2008).

The functional consequence of the increased CBjRs-
induced Gi/o protein activation in the present study is that
endocannabinoid neurotransmission is augmented at brain
areas involved in MTLE. This notion was supported by previous
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studies in which cannabinoid agonists were more effective in
suppressing recurrent excitation in the dentate gyrus of animals
with augmented expression of CB;Rs subsequent to epileptic
activity rather than in the controls (Bhaskaran and Smith, 2010).

Epilepsy induces a significant reorganization of the CB;Rs
(Falenski et al,, 2007). In the hippocampus of patients with
pharmacoresistant MTLE, there is a reduction in the number of
excitatory synapses, an effect associated with a low expression
of CBjRs (Luddnyi et al, 2008), whereas the inhibitory
presynaptic terminals present a high expression of CBjRs
(Magloczky et al, 2010). In addition, the hippocampus of
patients with MTLE presents reactive astrogliosis, a condition
in which endocannabinoid neurotransmission can augment
the glutamate release and then promote the seizure activity
(Navarrete and Araque, 2010; Coiret et al., 2012). In the
neocortex of patients with pharmacoresistant epilepsy, the
activation of CB;Rs inhibits GABA4 receptor-mediated synaptic
transmission (Kovacs et al, 2012). Then, it is possible to
suggest that the increased CB;R-induced Gi/o protein activation
found in the hippocampus and the temporal neocortex of
patients with MTLE reduces the seizure threshold and induces
proconvulsant effects.

The blockage or genetic disruption of CB;Rs induces
depression and anxiogenic effects (Navarro et al., 1997; Haller
et al., 2004; Christensen et al., 2007; Mikics et al., 2009). An
important finding from the present study was that the enhanced
CB;R-induced Gi/o protein activation was similar in patients
with MTLE with and without comorbid A/D. These results
support that the augmentation in CBjR-induced transductional
mechanisms in the hippocampus and the temporal neocortex of
patients with MTLE is not involved in comorbid A/D. However,
additional studies are necessary to support this hypothesis.

Concerning endocannabinoid tissue levels, the results of the
present study revealed that patients with MTLE present opposite
changes, i.e., high levels of AEA and OEA and decreased levels
of 2-AG. This condition was more evident in the temporal
neocortex. Changes in the opposite direction have been found
in the brain areas of patients with schizophrenia (Muguruza
et al., 2013). They can be explained as a consequence of the
distinct metabolism and the catabolism of each endocannabinoid
(Di Marzo and Maccarrone, 2008). In addition, studies support
that the augmentation of AEA reduces the levels, metabolism,
and effects of 2-AG, an effect mediated by TRPV1 channels
(Maccarrone et al., 2008).
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AEA and 2-AG are endogenous ligands for CBRs (Hillard,
2000) with anticonvulsant and neuroprotective effects (Wallace
et al., 2002; Marsicano et al., 2003; Vilela et al., 2013; Mounsey
et al,, 2015; Sugaya et al,, 2016). The low tissue levels of 2-AG
detected in the hippocampus and the temporal neocortex of
patients with MTLE can be the consequence of the low expression
of the enzyme responsible for its synthesis (diacylglycerol lipase)
as found in these subjects (Luddnyi et al,, 2008). Regarding
the AEA, a previous study indicated that the hippocampus of
patients with MTLE do not present alterations in the tissue
content of this endocannabinoid, a condition associated with the
absence of changes in its synthesis and metabolism (Ludanyi
etal,, 2008). The present study supports the absence of alterations
in the tissue levels of AEA in the epileptic hippocampus.
In contrast, our results revealed an increase of AEA tissue
content in the temporal neocortex, a condition that can be
associated to the excessive glutamatergic neurotransmission
related with epileptic activity (During and Spencer, 1993;
Hansen et al., 2001).

It is important to notice that the changes in OEA tissue
levels found in the present study were similar to those
detected for AEA. This finding can be explained because
OEA is a structural analog of AEA. Their synthesis and
degradation are controlled by the same enzymes such as N-acyl
phosphatidylethanoplamine specific phospholipase D and fatty
acid amide hydrolase, respectively. It is known that OEA induces
anti-inflammatory, neuroprotective, and anti-depressant effects
(Anton et al,, 2017). Then, the increased tissue content of OEA
in both the hippocampus and the temporal neocortex of patients
with pharmacoresistant MTLE may represent a mechanism to
reduce cell damage.

Experimental evidence indicates that enhanced levels of
endocannabinoids induce antidepressive and anxiolytic effects
(Kathuria et al., 2003; Hill and Gorzalka, 2005; Yu et al.,
2015; Brellenthin et al., 2017; Kranaster et al., 2017; Meyer
et al.,, 2019). Subjects with major depression show low serum
levels of endocannabinoids (Hill et al., 2008, 2009), whereas
impaired 2-AG signaling in the hippocampus facilitates an
anxiety-like behavior (Guggenhuber et al., 2015). In contrast,
other studies suggest that the increased endocannabinoid
neurotransmission is associated with mood disorders (Vinod
et al, 2005). Our results revealed that patients with MTLE
without A/D present higher tissue content of OEA in the
hippocampus, whereas AEA is augmented in the temporal
neocortex, when compared with patients with MTLE and
comorbid A/D. The high tissue content of OEA in the
hippocampus is in agreement with a previous study indicating
that its oral administration induces antidepressant effects
associated with the regulation of brain-derived neurotrophic
factor levels in the hippocampus (Jin et al., 2015). On the other
hand, decreased levels of AEA are associated with depression
(Vinod et al., 2012) and anxiogenic effects (Rubino et al., 2008),
whereas its augmentation reverses depressive-like responses
through the activation of CBjRs (de Morais et al, 2016). It
is possible that the higher levels of AEA in the temporal
neocortex and OEA in the hippocampus of patients with MTLE

avoid the comorbid A/D. Additional studies are essential to
support this notion.

An important limitation of the present study is the lack
of correlation between the results obtained and the conditions
that may modify the endocannabinoid system in both autopsies
and patients with MTLE. Concerning this issue, it is known
that the endocannabinoid system is modified by antiseizure
drugs, diets rich in fats and sugars, weight changes, herbal
remedies, chronic stress, exercise, and cannabis consumption,
among other conditions (McPartland et al., 2014). Unfortunately,
these conditions are not considered as criteria for diagnosing and
they are not rigorously investigated in autopsies and patients with
epilepsy. Further clinical trials are essential to determine if the
changes found in the present study are mediated by conditions
different from epileptic activity.
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The understanding that hyper-excitability and hyper-synchronism in epilepsy are
indissociably bound by a cause-consequence relation has only recently been
challenged. Thus, therapeutic strategies for seizure suppression have often aimed
at inhibiting excitatory circuits and/or activating inhibitory ones. However, new
approaches that aim to desynchronize networks or compromise abnormal coupling
between adjacent neural circuitry have been proven effective, even at the cost of
enhancing local neuronal activation. Although most of these novel perspectives targeting
circuitry desynchronization and network coupling have been implemented by non-
pharmacological devices, we argue that there may be endogenous neurochemical
systems that act primarily in the desynchronization component of network behavior
rather than dampening excitability of individual neurons. This review explores the
endocannabinoid system as one such possible pharmacological landmark for mimicking
a form of “on-demand” desynchronization analogous to those proposed by deep brain
stimulation in the treatment of epilepsy. This essay discusses the evidence supporting
the role of the endocannabinoid system in modulating the synchronization and/or
coupling of distinct local neural circuitry; which presents obvious implications on the
physiological setting of proper sensory-motor integration. Accordingly, the process of
ictogenesis involves pathological circuit coupling that could be avoided, or at least have
its spread throughout the containment of other areas, if such endogenous mechanisms
of control could be activated or potentiated by pharmacological intervention. In addition,
we will discuss evidence that supports not only a weaker role played on neuronal
excitability but the potential of the endocannabinoid system strengthening its modulatory
effect, only when circuitry coupling surpasses a level of activation.

Keywords: epilepsy, cannabinoid system, neural synchrony oscillations, deep brain electrical stimulation,
network decoupling, pharmacological treatment
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INTRODUCTION

Epilepsy is a severe brain disorder intimately associated
with excessive neural excitability and synchrony whose
treatment is still limited to a few pharmacological and non-
pharmacological approaches (ketogenic diets, surgery; Devinsky
et al.,, 2018; Loscher, 2020). The antiepileptic drugs primarily
aim to reduce epileptic seizure occurrence by restraining
the neuronal activity (reducing the excitatory or increasing
the inhibitory transmission); thus, somehow, considering
that network desynchronization would follow as a natural
consequence of diminished excitability. Nevertheless, even
with the substantial pharmacological arsenal available, drug
treatment is still insufficient to ameliorate the symptoms
and the course of the disease in some patients (refractory
epilepsies; Perucca and Gilliam, 2012). Thus, new paradigms
and strategies should be considered when approaching the
neurobiology of epilepsy and developing new therapeutic
interventions. This review will focus on the hypothesis that
the endocannabinoid system can mediate epileptic seizure
suppression by desynchronizing the neural networks rather than
acting only at the excitation/inhibition balance.

Cannabinoids and the Endocannabinoid
System

The use of the herb Cannabis sativa (“marijuana”) for the
treatment of epilepsy has been suggested for centuries
(Zuardi, 2006). However, its clinical application was
limited by its psychotropic effects, abuse liability, and the
fact that its chemical composition remained unidentified
until recently. Only in the second half of the twentieth
century were its constituents, termed phytocannabinoids,
finally characterized. Cannabiss primary active substance
is delta-9-tetrahydrocannabinol (THC; Mechoulam, 1970).
However, various other compounds are interesting from a
pharmacological standpoint, including cannabidiol (CBD),
delta-9-tetrahydrocannabivarin, cannabidivarin, among others
(Hill et al., 2013; Patra et al., 2019).

The chemical characterization of cannabis and THC isolation
and synthesis has made it possible to obtain numerous synthetic
derivatives (i.e., synthetic cannabinoids). The pharmacological
studies with phytocannabinoids and synthetic cannabinoids
finally led to the identification of their mechanisms of action
and to the description of a new signaling mechanism in
the brain, the endocannabinoid system (Pertwee et al., 2010;
Figure 1). The endocannabinoid system comprises the Gi-
coupled cannabinoid receptors CB; and CB; (the molecular
targets of THC), the endogenous ligands (endocannabinoids)
arachidonoyl ethanolamide (AEA, also anandamide) and 2-
arachidonoylglycerol (2-AG), and the enzymes responsible for
their metabolism. Endocannabinoids are proposed to function
as a retrograde neurotransmission system, being produced from
lipid membranes in postsynaptic neurons. Their actions are
terminated after they are removed from the synaptic cleft by
a membrane transporter and hydrolyzed in the intracellular
medium (Pertwee et al., 2010; Mechoulam et al., 2014). The

main enzymes responsible for metabolizing anandamide and 2-
AG are fatty acid amide hydrolase (FAAH) and monoacylglycerol
lipase (MAGL), respectively. Other enzymes also contribute
to the biotransformation of endocannabinoids in the brain,
such as cyclo-oxygenase 2 (COX-2), and alpha/beta-Hydrolase
domain containing 6 (ABHD6). Additional receptors have also
been described for endocannabinoids, among them the transient
receptor potential vanilloid-1 channel (TRPV1), which can be
activated by endogenous anandamide (Mechoulam et al., 2014).
In terms of clinical applications, THC and synthetic
cannabinoids are of limited use as they can induce psychosis,
abuse liability, amnesia, hyperphagia, and motor impairment.
In fact, direct CB; receptor agonists may even induce or
aggravate epileptic seizures, depending on the dose (Asth et al.,
2019). CBD, on the other hand, has been demonstrated to be
efficacious in reducing epileptic seizures in both experimental
and clinical settings (Billakota et al., 2019). Contrary to THC,
CBD does not act as a CB; receptor agonist; instead, its
antiepileptic activity seems to occur by inhibiting anandamide
reuptake and hydrolysis, increasing the brain levels of this
endocannabinoid and thereby activating CB, receptor signaling
(Vilela et al., 2013). Accordingly, CBD antiepileptic effects
depend on the PI3K/mTOR intracellular pathway, a signal
transduction mechanism coupled to the CB; receptor (Gobira
et al., 2015; Lima et al., 2020). Other phytocannabinoids have
been reported as potential antiepileptic drugs, among them,
cannabidivarin, and delta-9-cannabivarin (Hill et al., 2010, 2013).

Cannabinoid on-Demand and Circuit Breaker
Functions

The detailed understanding of the physiological aspects of the
endocannabinoid system has offered new pharmacological
possibilities  beyond the phytocannabinoids. Evidence
converging from various experimental approaches suggest
that endocannabinoid synthesis can be triggered by post-
synaptic neurons in response to calcium influx after excessive
glutamate release and neuronal excitability. Once in the synaptic
cleft, they bind to presynaptic CB; receptors whose activation
restrains hyperexcitability and attenuate neurotransmitter
release, therefore working as a negative feedback mechanism
modulating synaptic transmission (Maejima et al, 2001;
Wilson and Nicoll, 2001). Remarkably, seizure-inducing
substances increase anandamide levels in the hippocampus
and have their effect magnified by CB; receptor blockade
(Marsicano et al., 2003; Wallace et al., 2003). Based on
these observations, endocannabinoids have been proposed to
function as an on-demand mechanism protecting the brain
against hyperexcitability and activity-dependent excitotoxicity
(Marsicano et al.,, 2003). The molecular mechanisms at the
synaptic levels possibly entail presynaptic glutamate release
followed by calcium-triggered endocannabinoid synthesis and
release from the post-synaptic terminal; endocannabinoids
activate presynaptic CB; receptor, which activates a Gi-protein
and triggers an intracellular cascade whose consequence is a
reduction in calcium influx and glutamate release. Altogether,
this mechanism would work as a synaptic circuit breaker (Katona
and Freund, 2008; Katona, 2015; Soltesz et al., 2015).
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FIGURE 1 | A simplified view of the endocannabinoid system and its main components. Endocannabinoids: Arachidonoylethanolamide (AEA, anandamide) and
2-arachidonoylglicerol (2-AG). Synthesizing enzymes: Diacylglycerol lipase (DAGL) and phospholipase-D (PLD). Membrane transporter (T). Cannabidiol (CBD) as
inhibitor of anandamide reuptake and hydrolysis. Hydrolyzing enzymes: Monoacylglycerol lipase (MAGL), alpha/beta-Hydrolase domain containing 6 (ABHDE), and
fatty acid amide hydrolase (FAAH). Enzymes inhibitors: JZLL184 irreversible inhibitor for MAGL, URB597 relatively selective inhibitor of FAAH, WWL123 inhibitor of
ABHDB6. Receptors: cannabinoid type-1 (CB1), cannabinoid type-2 (CB2), and transient receptor potential vanilloid-1 (TRPV1). AEA metabolites: arachidonic acid
(AA) and ethanolamide (EtNH). 2-AG metabolites: arachidonic acid (AA) and glicerol.

CBD? URB597 - CBD?

Postsynaptic Neuron

These unique characteristics point to the endocannabinoid
system as an attractive target for pharmacological intervention
for the treatment of epilepsies. Theoretically, the selective
inhibition of endocannabinoid-hydrolyzing enzymes could work
with anatomical and temporal resolution, restraining synaptic
activity only under circumstances in which excessive activity
(excitotoxicity) would occur. In line with this hypothesis,
synthetic compounds that inhibit the enzymes responsible
for degrading anandamide and 2-AG yields favorable results
in experimental models of seizure and epilepsy. Concerning
anandamide hydrolysis, the selective FAAH inhibitor AM374
inhibits kainic acid-induced seizure and neurotoxicity (Karanian
et al., 2007). Moreover, the FAAH inhibitor URB597 increases
the threshold of pentylenetetrazole-induced behavioral and
electroencephalographic seizures (Vilela et al., 2013). As for
the 2-AG-related enzymes, ABHD-6 inhibition also reduces
PTZ-induced seizures (Naydenov et al., 2014), whereas MAGL
inhibition delays the consequences of kindling induced by
electrical stimulation (ES) of the amygdala (von Riiden et al,,
2015). Importantly, endocannabinoid hydrolysis inhibitors tend
to have a safer pharmacological profile as compared to
direct CB; agonists, as they seem less prone to induce
psychosis, motor impairment, and addiction, which can be
attributed to the on-demand functioning of endocannabinoids
(Asth et al., 2019).

Therefore, the endocannabinoid receptors and molecules
deal with the brain hyperexcitability, one crucial aspect of
epilepsy, by modulating the synaptic transmission in a neural
activity-dependent manner. Nevertheless, recent studies have
demonstrated that the cannabinoid system also modifies the
neural synchrony, in some cases with a marginal effect on

overall excitability, which is intimately associated with complex
brain functions (e.g., sensation, perception, and cognition) and
neurological disorders as schizophrenia, Alzheimer’s disease, and
epilepsy (Uhlhaas and Singer, 2006).

Epilepsy as a Network Dysfunction and
Hypersynchronous Disease

Although synchronization and hypersynchronization are largely
used to describe neural phenomena in general and epilepsy
in particular, these terms are somehow loosely defined in the
literature. In a system containing multiple oscillating subsystems
such as the brain, synchronism can be described as a driving
influence of an oscillator toward another one (Jensen and Colgin,
2007). This means that objective dynamical descriptors (e.g.,
amplitude, phase, and frequency, etc.) will display a mathematical
relation of the kind y = f(x) between oscillations if they are
synchronized. Given the timescale of neural events of interest
(in the order of milliseconds), electrographic recordings such
as scalp electroencephalogram (EEG) in humans or intracranial
local field potentials (LFP) in experimental animals are the main
choice for objectively assessing neurodynamical synchronism
underlying brain function and disease. Myriad approaches have
been used to perform such investigation of EEG and LFP
signals, ranging from assessment of occurrence and temporal
coincidence of meaningful electrographic signatures by visual
inspection to advanced computerized mathematical analyses
such as cross-correlation, coherence, partial directed coherence,
Granger causality, mutual information, phase lock value, and
cross-frequency phase-amplitude coupling (CFC; Quian Quiroga
et al., 2002; Kreuz et al., 2007).
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In this perspective, while normal levels of synchronism
between neural structures underlie brain function (Schnitzler
and Gross, 2005; Womelsdorf et al., 2007), aberrations lead
to dysfunction (Uhlhaas and Singer, 2006). For instance, it is
now well-established that consolidation of declarative memory
largely relies on triple phase-amplitude coupling between
cortico-cortical slow oscillations, thalamocortical spindles, and
hippocampal ripples across the sleep-wake cycle (Klinzing
et al, 2019). In contrast, epilepsy is understood as a disease
of hypersynchronization; a rationale supported by an ever-
increasing number of experimental observations. Starting from
the occurrence of highly-synchronous paroxysms such as
epileptiform polyspikes (Wu et al., 2013), hypersynchronization
can also be evidenced by the temporal and spatial pattern of
spread of aberrant activity across nodes of ictogenic networks
involving the hippocampus, amygdala, and parahippocampal
areas in Temporal Lobe Epilepsy (TLE) and also midbrain
and hindbrain structures in generalized tonic-clonic seizures
(de Curtis and Avanzini, 2001; Avoli et al., 2002; de Guzman
et al, 2004; Moraes et al., 2005a; Bertram, 2013). In the
same vein, modifications in the expression of electrographic
activity induced by manipulations of neural circuitry (lesions and
transections) are additional proof of network synchronization
underlying epileptic phenomena (Imamura et al., 2001; Moraes
etal., 2005b). Finally, increases in phase-amplitude CFC between
different pairs of band frequencies (Nariai et al., 2011; Guirgis
et al., 2013; Edakawa et al., 2016) and in silico findings from
non-linear dynamics analysis (Kalitzin et al., 2019) further
corroborate this view. It is important to highlight, though, that
hypersynchronization is not ubiquitous during ictogenesis, and
there has also been evidence of desynchronization, at least in
specific areas, frequencies, and time points of the process (Netoft
and Schiff, 2002; Jiruska et al., 2013).

Not only epileptic phenomena have been quantitatively
studied by this measure, but also novel therapeutic interventions
(pharmacological or not) are screened according to their effects
on synchronization levels of brain signals. For instance, different
modalities of Deep Brain Stimulation (DBS) have been found,
among other effects, to suppress aberrant oscillations while
inducing beneficial rhythms (Udupa and Chen, 2015). In fact,
the DBS delivered by a responsive neurostimulation system
(RNS™ System, NeuroPace, Inc.) to patients with epilepsy
acutely suppressed gamma frequency (35-100 Hz) phase-locking
(Sohal and Sun, 2011). Using eigenvalue dynamics computed
over cross-correlation matrices, Schindler and colleagues (2007)
have also found that EEG synchronization levels depend on
parameter settings of low-frequency stimulation of the seizure
onset zone in humans (Schindler et al., 2007).

Of particular interest here, some ES approaches have been
tailored to specifically tackle synchronization as a means to treat
epilepsy in further corroboration of the notion of anticonvulsant
effects of desynchronization. A non-standard form of low-
frequency stimulation (four pulses per second in average)
with randomized intervals between pulses, termed non-periodic
stimulation (NPS) and devised by our group, has been shown
to effectively suppress acute seizures induced by PTZ (Cota
et al,, 2009) and in chronic seizures induced in the late phase

of the pilocarpine model of TLE (de Oliveira et al., 2014).
Electrographically, NPS has been shown to rectify spectral
signatures (de Souza Silva et al., 2019) and possibly to decrease the
duration of epileptiform activity, the number and the frequency
of epileptiform spikes (de Oliveira et al., 2019). An approach
very similar to NPS termed Temporally Irregular DBS (TiDBS)
has been used to effectively impair epileptogenesis induced by
amygdalar kindling, shortening daily afterdischarge duration,
and interfering with propagation patterns of epileptiform activity
(Santos-Valencia et al., 2019). Other forms of desynchronizing
ES have been used to suppress seizures or decrease cortical
excitability, with correlated electrographical findings (Quinkert
et al., 2010; Wyckhuys et al, 2010). In fact, the temporal
pattern of ES is now considered to have a central role in the
modulation of neuronal activity (Zheng et al., 2020) and to
suppress aberrant synchronization in epilepsy and many other
neurological disorders (Grill, 2018).

From this set of findings, one can conclude that assessing
complex epileptic phenomena in the network level alongside its
emerging properties such as synchronization (Garcia-Cairasco,
2009) may represent not only a fruitful approach to understand
the pathophysiology of epilepsy, but also to develop novel
treatment (pharmacological or not) in an engineered and
thus efficacious way (Sunderam et al,, 2010). This is exactly
the venue this review explores, associating the on-demand
endocannabinoid system and pharmacological targets to its
ability to modulate coupling among distinct network oscillators
without necessarily dampening individual neuronal activity itself.
This framework is further explored in the following sections.

Endocannabinoid System Diminishes the

Neural Organization
Fluctuations in the electrical field potential (LFP) are
permanently present at the cerebral extracellular medium,
reflecting the alternating pockets of higher/lower recruitment
probability of localized population of neurons (Buzséki et al.,
2012). The pace activity offers a temporal-organized framework
for neural communication (Fries, 2005; Buzsaki, 2010), and
both local and distant neuronal ensembles (task-demanding
cells that fire in a constricted window) transiently synchronize
the oscillatory activity during information processing (O’'Keefe
and Recce, 1993; Varela et al., 2001; Bosman et al., 2012).
Disturbance in the fine-tuning of the network time-coupling
[mainly regulated by inhibitory synapses (Buzsdki and Chrobak,
1995; Whittington et al., 2000)] is associated with cognitive
disorders and neurological pathologies (Uhlhaas and Singer,
2012). Important to note that the cannabinoid receptors are the
most abundant G protein-coupled receptor in the brain and
present at GABAergic and glutamatergic axon terminals (Devane
et al., 1988), but up to ten times more prevalent at the former
(Kawamura et al., 2006). Hence, alterations at the cannabinoid
system may potentially perturb the neural connections and,
consequently, the coupling and generation of oscillatory patterns
related to physiological functions.

The LFP brain oscillations range from very slow (<0.01 Hz)
to ultrafast frequencies (200-600 Hz), and distinct band rhythms
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become prominent when cerebral structures engage in specific
tasks (Buzsdki and Draguhn, 2004). Perceptual functions are
closely related to gamma oscillations (30-80 Hz) and involve
timed interaction of distributed neural groups (Fries, 2005,
2009). Even though gamma rhythm typically emerges from
local networks, its remote synchronization can be performed
by long-distant neurons and by the interaction with slower
frequencies that modulate activity over extensive spatial regions
(Buzsaki et al., 2013), i.e., phase coding. Gamma synchrony is
considered an essential mechanism for binding sensory features
in sparse structures, an element present in consciousness,
and modifications in this rhythm may underline perceptual
disturbances seen in psychosis (Fries, 2005, 2009; Uhlhaas
and Singer, 2006; Wang, 2010). Schizophrenic subjects present
deficits in the perceptual organization, correlated with the
reduction of gamma power and synchrony over distributed areas
(Uhlhaas et al., 2006). Similarly, healthy humans administered
with CBIR agonist (THC) exhibit psychosis-relevant effects
associated with gamma oscillation disorder (coherence reduction
during auditory evoked response test; Cortes-Briones et al,
2015). In vitro and in vivo animal investigations additionally
demonstrated that CB1-agonist disturbs gamma rhythm in limbic
system areas (reduction synchrony and power, respectively) and
impair auditory processing (sensory gating), acting mainly in
GABAergic synapses (Hdjos et al., 2000, Hajos et al., 2008).
Nonetheless, the disturbance induced by cannabinoids expands
beyond gamma and perceptual functions, also affecting low
frequency generation, phase-coding and other cognitive faculties.

Compared with faster frequencies, slow oscillatory rhythms
are associated with a more extensive brain volume alteration,
longer time-window discharging probability and, the integration
of a significant higher number of neurons (von Stein and
Sarnthein, 2000; Quilichini et al., 2010; Buzsaki and Wang,
2012). Of particular interest to phenomena involving the
function/dysfunction of the hippocampus (i.e., memory/TLE,
respectively), the slow frequency theta rhythm (4-12 Hz) is
related to the temporal organization of faster frequencies (e.g.,
gamma-band by cross-frequency coupling) and the coordination
of local and distant unit-firing (Mizuseki et al., 2009; Quilichini
etal.,, 2010; Lisman and Jensen, 2013). Human and animal studies
have shown the effect of potentiating the cannabinoid system in
theta oscillations disruption and memory impairment. Morrison
et al. demonstrated that healthy patients administered with CB1
agonist (THC) performed poorly at working-memory tests and
presented a reduction of theta power and coherence in frontal
lobe electrodes. Importantly, the disrupting of network dynamics,
revealed by coherence diminishing, correlated with positive
psychotic symptoms (Morrison et al, 2011). CBIR activation
(CP55940-potent agonist) also disturbed the synchrony of the
rats’ neural oscillations at the medial prefrontal cortex (mPFC)
and hippocampus during end-to-end T-maze spatial working
memory task. In addition, animals presented power reduction
in the gamma-band at the mPFC and in the theta-band
at the hippocampus, decreasing the theta coherence between
hippocampus-mPFC. This work also showed a substantial
compromise of the prefrontal unit phase-locking activity to
the hippocampus theta rhythm, which correlates to reduced

cognitive performance (Kucewicz et al, 2011). Robe et al.
also demonstrated that the CB1 agonist CP55940 decreased
hippocampal theta power (in freely moving rats) associated
with memory impairment. Interestingly, the activation of
CBIR occasioned a severe disruption of cell assembly time
coordination. However, there was no spatial remap of the
place cells and only a marginal reduction in fire rate and no
correlation with LFP power change. The authors argued that
the CB1 dyssynchrony-effect might be the origin of theta power
reduction, since the excitatory/inhibitory firing rate balance was
minimally affected (Robbe et al., 2006; Robbe and Buzsaki,
2009). If this claim is valid, the CB1-induced disruption of the
time organization may play a far more important role at the
network synchrony than on overall network excitability - which
would explain behavioral disturbances and cognitive impairment.
Additionally, it could contribute to the LFP power decrease seen
in several structures, as described previously.

Despite the rhythm disordering in healthy subjects, the CB
activation may be beneficial to neural networks prone to develop
hypersynchronous state. The synchrony reduction caused by
CBR1 could balance the abnormal coupling among microcircuits
present in epileptic brains, decreasing the pathological oscillatory
attractor-effect, and, consequently, the occurrence of the seizures.
Important to note, the endocannabinoid system offers an “on-
demand” approach, with a major effect in excessively active
neural ensembles [higher coupling probability (Kudela et al,
2003)], which is quite suitable for long-term treatments.

Cannabinoid Activity on Inhibitory Cells
as a Mechanism for Neural Network

Desynchrony and Seizure Suppression
Although pertaining to the same neurochemical system, targeting
directly CB1 receptors or the anabolic/catabolic pathways of
endocannabinoid metabolism are fundamentally very different
approaches. The most noticeable particularity of this specific
neurochemical system, as shown in previous sections of this
review, is its ability to promote homeostatic modulation of
synaptic activity by targeting the presynaptic neuron, through a
feedback mechanism. And, such backward modulation is mostly
triggered by “abnormal” or excessive postsynaptic activation,
that, consequently, promotes increased endocannabinoid release
aimed at presynaptic receptors (Figure 2). It should be clear
that such “on-demand” recruitment of synaptic homeostatic
modulation would be lost if pharmacological agents were to target
the receptors directly [for review see Katona and Freund (2008)].
The quasi-specific co-expression of CB1 receptors in CCK
GABAergic interneurons may help explain the endocannabinoid
system’s prominent role in regulating coupling-strength between
neuronal oscillators rather than on the hippocampal network
excitability itself (Katona et al., 1999). Evidence shows that
parvalbumin-positive GABAergic interneurons (PV'T) are
fast-spiking, create time-delimited pockets of oscillations -
sometimes referred to as the hippocampal “clocks,” but are
also involved in very strong lateral inhibition modulation of
similar feedforward/feedback microcircuit motifs within the
hippocampus. Altogether, PVt seems to promote an efficient
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FIGURE 2 | The schematic model depicts the endocannabinoid system'’s hypothetical effect on network synchrony at different functional connectogram levels. The
on-demand endocannabinoid system activity would suppress the pathological excessive neural synchrony (seizure) and maintain the brain in physiological conditions
even in functional connectogram fluctuations. (A) brain in the physiological resting state; (B) brain in the physiological state of a hard mental workload (increasing of
neural network synchronization compared with A); (C) brain at anesthetized/comatose state (severe decrease in circuits communication — hypo-synchronization); (D)
disordered/excessive neural synchrony at a distinct brain area (focal seizure — hypersynchronization); and (E) extensive and unspecific pathological synchronization

(generalized seizure — hypersynchronization).
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mechanism of pattern separation with these circuit motifs
that are consistent with engram formation and discrimination
associated with different memory traces (Espinoza et al.,, 2018).
On the other hand, the role of CCK positive interneurons seems
much less specific - as well as less known. The CCK™ are slower
firing interneurons (Klausberger et al., 2005), with a lesser strict
set of connectivity rules within the hippocampus and have been
suggested to modulate much more complex behavior traits (e.g.,
mood regulation), that are certainly dependent on the temporal
and spatial organization of multiple engrams (Freund, 2003).
Thus, the endocannabinoid system may play an important part
in how spatial pockets of hippocampal microcircuit patterns
interact with each other in time, a hypothesis that can extend for
other neural areas (Iball and Ali, 2011). In fact, if such a claim
were true, one would expect the pharmacological manipulation
of the cannabinoidergic system to affect slower oscillations,
associated with the temporal arrangement of hippocampal
microcircuit motifs (Robbe et al., 2006; Robbe and Buzsaki,
2009), to a much greater degree than the faster oscillators
(associated to a more local or specific circuit motifs - e.g., fast
gamma oscillations).

The loss or “silencing” of GABAergic interneurons are known
to play an important role in TLE (McNamara, 1994; Zhang and
Buckmaster, 2009). In fact, it has been suggested that the circuit
rearrangement promotes the sustained epileptiform activity
by compromising inhibitory feedback/feedforward microcircuits
in hippocampal networks (Paz and Huguenard, 2015). Even
under physiological conditions, considering the untampered
hippocampal circuitry, rhythm generation is known to be
highly dependent on GABAergic interneurons (Cobb et al,
1995; Buzsaki and Wang, 2012). The Medial Septal (MS)
neurons projecting to hippocampal GABAergic interneurons
and its ability to coordinate the firing patterns of specific
circuit motifs generating GAMA activity has been proven
essential to produce theta wave oscillations (Dragoi et al., 1999;
Hangya et al., 2009). In addition, the temporal and spatial
organization of multiple engrams has a strict phase correlation
with the overall theta oscillation, rather than with fixed time
delays between the local oscillators themselves (Petersen and
Buzsaki, 2020). Thus, if one interprets the ictogenic process
as several microcircuits being coupled together, throughout
massive amounts of neural tissue, with complete disregard to
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a specific patterns associated to a memory trace, or traces
presented in sequence; the pathophysiological counterpart would
be that the system responsible for circuit discrimination and
organization must have been compromised. Indeed, there is a
selective loss of CCK™ interneurons in TLE (Wyeth et al., 2010),
theta oscillations are much more compromised than gamma
oscillations (Inostroza et al., 2013), MS GABAergic interneurons
project to CCK™ interneurons (although not exclusively; Freund
and Antal, 1988; Unal et al, 2015), and, as mentioned
before, express endocannabinoid receptors. Altogether, CCK™
interneurons seem to play an important role in synchronizing
and differentiating the microcircuits composed of localized
groups of hippocampal pyramidal cells and, when compromised,
unleash PV + interneurons to synchronize the entire network.

Therefore, some of the same mechanisms associated with
the behavioral manifestations after the recreational use of
Cannabis sativa, might explain its success in treating patients with
epilepsy. The same synchrony disturbance, or disorganization
of microcircuit synchronous recruitment, that would make a
subject under the influence to express disconnected phrases and
ideas, would be very beneficial to disrupt an “abnormal attractor”
coupling a massive group of pyramidal cell discharges that exist
in epilepsy. In point of fact, it would be even better if such a
disruption would occur only when absolutely needed, i.e., “on-
demand.” That is obviously the case of asynchronous electrical
stimulation triggered by abnormal ictal activity and (closed-
loop), and, as suggested by this review, the potentiation of the
endocannabinoid system could render the same effect as an
independent pharmacological treatment.

CONCLUSION

The NPS - DBS and the endocannabinoid pharmacological
therapeutic approaches are obviously quite different treatment
strategies for epilepsy, with no evidence in the literature of
reciprocal modulation. Nevertheless, as proposed by this review,
both strategies may share the common goal of focusing on
desynchronizing network activity without necessarily affecting
excitation/inhibition balance (Medeiros and Moraes, 2014). It
is quite important to clarify the fact that the strategies are not
mutually exclusive and may very well have a synergetic effect
if considered as a form of polytherapy. In addition, NPS -
DBS could also benefit from exploratory probing stimulation,
to test for abnormal network coupling, conferring an “on-
demand” characteristic to its presentation (Medeiros et al., 2014).
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Cannabinoid (CB) receptor agonists are of growing interest as targets for anti-seizure
therapies. Here we examined the effect of systemic administration of the CB receptor
agonist WIN 55,212-2 (WIN) against audiogenic seizures (AGSs) in the Genetically
Epilepsy Prone Rat (GEPR)-3 strain, and against seizures evoked focally from the Area
Tempestas (AT). We compared these results to the effect of focal administration of
the CB1/2 receptor agonist CP 55940 into the deep layers of the superior colliculus
(DLSC), a brain site expressing CB1 receptors. While systemic administration of
WIN dose-dependently decreased AGS in GEPR-3s, it was without effect in the AT
model. By contrast, intra-DLSC infusion of CP 55940 decreased seizures in both
models. To determine if the effects of systemic WIN were dependent upon activation
of CB1 receptors in the DSLC, we next microinjected the CB1 receptor antagonist
SR141716, before WIN systemic treatment, and tested animals for AGS susceptibility.
The pretreatment of the DLSC with SR141716 was without effect on its own and did not
alter the anti-convulsant action of WIN systemic administration. Thus, while CB receptors
in the DLSC are a potential site of anticonvulsant action, they are not necessary for the
effects of systemically administered CB agonists.

Keywords: cannabinoid, superior colliculus (SC), area tempestas, piriform cortex, genetically epilepsy prone rat
(GEPR)

INTRODUCTION

The epilepsies, as a group, are one of the most common neurological disorders and are associated
with substantial morbidity, mortality, and economic burden. Identifying therapies to treat
epilepsies can be a challenge due to the diversity of the condition. Epileptic seizures can arise in
a variety of brain networks, resulting in differing semiology, pharmacosensitivity, and degree of
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impairment—a drug that works for one type of seizure may
be ineffective or exacerbate another. Studies suggested that the
deep layers of the superior colliculus (DLSC) are part of the
network that generates audiogenic seizures (AGSs), a form of
reflex seizures triggered by intense sounds (Faingold and Randall,
1999b). While AGSs are uncommon in humans, they can serve
as a model for brainstem seizure activity. In rats and mice,
bilateral lesions of the superior colliculus, microinjection of
GABA antagonist (Depaulis et al., 1990), N-methyl-D-aspartate
(NMDA) antagonist (Faingold and Casebeer, 1999a; Raisinghani
and Faingold, 2003) or alphal-noradrenergic agonist (Faingold
and Casebeer, 1999a) markedly attenuated AGS severity (Merrill
et al., 2003). In a different approach, optogenetic activation of
DLSC also attenuates seizures in Genetically Epilepsy-Prone Rat
(GEPR) 3 substrain (Soper et al., 2016; Wicker et al., 2019).
Activation of the DLSC also potently suppresses seizures in
other models of epilepsy, including the maximal electroshock
model (Redgrave et al, 1992; Gale et al., 1993), evoked and
genetic absence seizure models (Nail-Boucherie et al., 2002,
2005; Soper et al., 2016); the Area Tempestas (AT) model of
forebrain seizures (Soper et al., 2016), and the pentylenetetrazole
model of generalized seizures (Weng and Rosenberg, 1992;
Soper et al, 2016). Further elucidating the neurotransmitter
systems in the networks for brainstem and forebrain seizures
may offer novel therapeutic targets for the treatment of
generalized seizures.

The endocannabinoid system has shown promise as a target
for seizure control, but there are conflicting reports about the
efficacy of cannabinoid (CB) receptor targeting compounds in
suppressing seizures (Rosenberg et al., 2017). One of the most
promising candidates are CB1 receptor agonists, which exert
anticonvulsant effects against generalized tonic seizures in the
maximal electroshock test (Luszczki et al., 2006; Florek-Luszczki
etal,, 2014b; Tutka et al., 2018), but produce mixed effects against
generalized seizures evoked by pentylenetetrazole (Bahremand
et al., 2008a; Andres-Mach et al., 2012; Vilela et al., 2013; Aghaei
et al., 2015; Huizenga et al., 2017) and limbic seizures in the
kainic acid model (Bojnik et al., 2012; Shubina et al., 2015). These
models are characterized by different types of seizures: the former
by tonic seizures that critically rely on brainstem networks
(Merrill et al., 2003, 2005), and the later by limbic seizures that
critically rely on forebrain networks (Browning et al., 1993).

The CB1 receptor is the major CB receptor found in
the central nervous system, and is coupled to Gi signaling
cascades; its activation is typically associated with decreased
transmitter release. Endocannabinoid signaling mediated
through presynaptic CB1 receptors reduces both glutamate and
GABA release (Kathmann et al,, 1999; Sullivan, 1999; Hajos
et al., 2000), and therefore is a potent regulator of neuronal
excitability. Somewhat paradoxically, in the context of seizure
suppression, the CB1 receptor co-localizes with GABA neurons
in many brain regions it has been suggested that the primary
cell type that expresses CB1 receptor is inhibitory (Katona et al.,
1999, 2001). This is of particular interest in the context of the
DLSC, as disinhibition of the DLSC by silencing GABAergic
inputs from the substantia nigra pars reticulata (SNpr) is also
potently anticonvulsant (Wicker et al., 2019). Both the DLSC

and the SNpr express CBI1 receptors, with the SNpr displaying
some of the highest receptor density in the brain (Herkenham
et al,, 1991). Thus, here, we sought to determine the effect of
CB1 receptor agonists on brainstem seizures in GEPR-3 rats and
forebrain seizures in the Area Tempestas model while comparing
the effects of systemic and intra-DLSC delivery of CB1 agonist.

MATERIALS AND METHODS

Animals

Experiments were performed on male Sprague-Dawley (SD)
purchased from Envigo (Frederick, MD, USA) rats and GEPR-3s
obtained from a colony maintained at Georgetown University.
Animals weighed 270-285 g at the time of surgery and were
housed two per cage in the Georgetown University Division
of Comparative Medicine under environmentally controlled
conditions (12 h light/dark cycle, lights on between 6:00 AM and
6:00 PM; ambient temperature 23°C =% 1°C; controlled humidity)
with food (Lab Diet, #5001) and water provided ad libitum.
All the procedures and experiments were conducted following
the Association for Assessment and Accreditation of Laboratory
Animal Care standards, the Guide for the Care and Use of
Laboratory Animals (Rowan, 1979), and were approved by the
Georgetown University Care and Use Committee.

Surgery

Surgeries were performed as previously described (Santos et al.,
2018). Briefly, rats were anesthetized with equithesin (2.8 mg/kg,
i.p.) and placed into a stereotaxic frame (David Kopf, Tujunga,
CA, USA). Surgery was conducted with the incisor bar at
+5.0 mm above the interaural line according to the atlas
of Pellegrino and Cushman (1967). For all microinjection
experiments, a 22 g guide cannula (Plastics One, Roanoke, VA,
USA) was paired with a 28 g internal cannula with the internal
cannula extended 2 mm deeper than the guide. A screw cap
was placed on the guide cannula to keep cannula tracks clean.
Cannulae were implanted unilaterally into the AT (Piredda and
Gale, 1985; 4.0 mm anterior to Bregma, 3.5 mm lateral to the
midline, 5.5 mm ventral to the dura) and/or into the DLSC
(5.0 mm posterior to Bregma, 2.5 mm lateral to the midline, and
4.5 mm ventral to the dura; Pellegrino and Cushman, 1967). Atlas
panels shown in the Figures are reproduced in modified form
from the Brain Maps 4.0 atlas (Swanson, 2018). Cannulae were
fixed in place with jeweler’s screws and dental acrylic. Following
surgery, all animals were given at least 1 week to recover before
behavioral testing.

Systemic Drug Administration

The CB1 receptor agonist, WIN [WIN 55212-2 mesylate (R(+)-
[2,3-dihydro-5-methyl-3-[(morpholinyl)  methyl]pyrrolol[1,2,
3 de]-1,4-benzoxazinyl]-(1-naphthalenyl) methanone)], was
obtained from Tocris Biosciences (Bristol, UK) and dissolved
in 50% of DMSO and 0.9% saline. Solutions were prepared at a
concentration of 2 mg/ml and drug or vehicle was administered
by intraperitoneal (i.p.) injection at a volume of 1 ml/kg. The
drug was administered 20 min before seizure testing.
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CB Drug Microinfusion

The CB1/2 receptor agonist CP 55940 (CP) was dissolved in 50%
DMSO-50% saline, and 26.5 nmol (in 0.5 1) was microinfused
bilaterally into the DLSC. We selected CP 55940 over WIN
for microinjection, because it has a higher affinity for the
CBI1 receptor than does WIN. By contrast, we selected WIN
for systemic administration because its anticonvulsant profile
has been better characterized than that of systemic CP. The
CB1 receptor antagonist SR 141716A (SR, rimonabant) was
dissolved in 50% DMSO-50% saline, and 1 jLg (4.3 nmol) in 0.5 p.l
was infused into the DLSC. These drug doses were chosen based
on published reports (Sanudo-Pena et al., 2000; Citraro et al.,
2013; Florek-Luszczki et al., 2014a). Drug microinfusions were
performed essentially as we have previously described (Wicker
and Forcelli, 2016; Wicker et al., 2019). In brief, rats were gently
restrained and a 28-gauge internal cannula was inserted. Drug
infusion was controlled by a syringe pump driving a Hamilton
syringe programmed to deliver the drug at a rate of 0.2 pl/min.
After the completion of the infusion, the internal cannula was left
in place for at least 1 min to reduce drug reflux up the cannula
track and then removed. Drug microinfusion was performed
5 min before seizure testing.

Piriform Cortex (Area Tempestas) Seizures
Twelve SD rats were used for these experiments. A stainless-
steel guide cannula was stereotaxically implanted above the
left AT as described above. Bicuculline methiodide (BMI;
Sigma-Aldrich) was dissolved in 0.9% saline at a concentration
of 1 mM, and a dose of 100-280 pmols (0.2 pl/min) was
used to induce seizures. Bicuculline was injected immediately
following intra-DLSC injections or 20 min following systemic
WIN. Initially, a 100 pmol dose of bicuculine was microinjected
into the AT; in the absence of seizure activity, the amount
of bicuculline injected was increased (increments of 20 pmol)
on a subsequent day until a seizure with the score of 3-5 on
the modified Racine scale (see below) was reached. After
AT injections were completed, SD rats were monitored for
60 min in a transparent plastic box, and behaviors were
documented by an observer in real-time. In some SD rats,
electroencephalogram (EEG) was used to monitor electrical
activity correlated with behavioral seizures. During stereotaxic
surgery, six holes were made in the skull so that six EEG screw
wire electrodes could be screwed in for dura-mater contact.
Placement of these screws was bilateral as follows: frontal
lobe, parietal lobe, and cerebellum. These EEG wire electrodes
were routed into an EEG pedestal (Plastics One, Roanoke,
VA, USA) that was secured to the skull with dental acrylic.
EEG recordings were performed in awake animals with the
EEG pedestal coupled to an EEG preamplifier and amplifier
(Pinnacle Technologies, Lawrence, KS, USA). The raw signal was
routed to a PowerLab analog-to-digital converted and data were
recorded with LabChart software (AD Instruments, Colorado
Springs, CO, USA) with a 60 Hz low pass filter. After each
experimental session, rats were returned to their home cage and
given at least 48 h in between sessions. We used a modified
Racine scale for seizure severity described as follows: 0.5 = jaw
clonus, 1 = myoclonic jerks, 2 = single-arm forelimb clonus,

3 = bilateral forelimb clonus and facial clonus, 4 = bilateral
forelimb and facial clonus with rearing, 5 = loss of balance after
rearing with forelimb and facial clonus (Piredda and Gale, 1985;
Cassidy and Gale, 1998).

Audiogenic Seizure Testing

GEPR-3 rats were first tested for response to AGSs by challenging
them with 105-110 dB pure tones (Med Associates, St. Albans,
VT, USA) for 60 s. In the cases of no seizure activity, the
animals were given a 120 dB mixed sounds produced by an
electrical bell. Following the establishment of baseline AGS
score, the animals were given 60 min to recover and then
tested again under a given experimental condition. The animals
were then tested a final time for AGSs after an additional
20 min. Only GEPR-3s that exhibited AGSs with a score of
2 or greater were used in the pharmacological experiments.
AGS seizure severity was classified into four stages as follows:
0 = no seizures, 1 = one episode of wild running seizures
(WRS), 2 = two or more episodes of WRS, 3 = one episode
of WRS followed by tonic-clonic seizures. Behavioral outcomes
assessed included maximum seizure severity score reached,
latency to seizure onset, and duration of the seizure. Seizure
severity was scored by two observers in real-time and recorded
with a video monitoring system (Med Associates, St. Albans,
VT, USA).

Statistics and Data Analysis

Statistical analyses were performed in GraphPad Prism version
6 (GraphPad Software, Inc., La Jolla, CA, USA) and SPSS
version 25 (IBM). Non-parametric data and data that failed
tests of normality (e.g., seizure severity, seizure frequency, and
seizure count) were analyzed using the Wilcoxon Matched Pairs
test for paired data or Friedman’s test with Dunn’s multiple
comparison test.

RESULTS

We first evaluated the ability of systemic administration of WIN
to attenuate AGSs in GEPR-3s; the testing strategy is shown
in Figure 1A. GEPR-3s were first tested for a baseline AGS
susceptibility. Thirty minutes later, GEPR-3s were injected with
either vehicle or WIN (1, 1.5, or 2 mg/kg) and re-tested for AGS
30 min after injection. As shown in Figure 1B, the 1 mg/kg dose
of WIN did not alter AGS responses (Friedman’s test, Q = 0.625,
p =0.94). In all cases (Baseline 1, Vehicle, Baseline 2, and 1 mg/kg
of WIN) the median seizure score was 3. We found a similar lack
of effect following the 1.5 mg/kg dose of WIN (Figure 1C); the
median seizure score for each group was 3, and thus did not differ
as a function of treatment (Friedman’s test, Q = 5.0, p = 0.24).
Unlike the lower doses, 2 mg/kg of WIN produced a robust
suppression of seizure activity (median seizure = 0), concurrent
with mild sedation. This significant reduction in seizure severity
(Q = 2497, p = 0.000016, Friedman’s test) was driven by the
difference between the second baseline session and the 2 mg/kg
treated post-test (p = 0.0021, Dunn’s multiple comparison test).
The 2 mg/kg dose also differed significantly from the vehicle
(p =0.0073). Importantly, the two baseline sessions did not differ
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FIGURE 1 | Systemic administration of the CB1/2 receptor agonist, WIN
55,212-2 (WIN) attenuates audiogenic seizures in genetically epilepsy-prone
rats (GEPRs). (A) Schematic of the testing scheme; animals were tested with
a baseline test session before a vehicle-treated session. On a separate day,
animals were tested on a baseline session and then with one of three doses
of WIN. The testing order was counterbalanced across subjects. (B) Against
audiogenic seizures (AGS) scores showing baseline sessions and comparing
vehicle (left) and 1 mg/kg WIN (right). (C) AGS scores showing baseline
sessions and comparing vehicle (left) and 1.5 mg/kg WIN (right). (D) AGS
scores showing baseline sessions and comparing vehicle (left) and 2 mg/kg
(right). Bars indicate median and interquartile range, symbols show individual
subjects. *p < 0.05, according to Friedman test followed by Dunn’s

post hoc test.

from one another (p > 0.999), nor did the vehicle treatment differ
from the baseline (p > 0.999).

We next sought to determine if focal activation of
CBI receptors in the DLSC would impair the effect of systemic
drug administration; the testing scheme for these experiments
is shown in Figure 2A. GEPR-3s were tested for baseline
AGS susceptibility and then injected with vehicle or CP in a
counterbalanced manner. During the un-injected (baseline)
audiogenic susceptibility test and the vehicle injection test, the
median seizure score was a 3. However, CP injection produced
a significant suppression of seizure responses (median = 0;
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FIGURE 2 | Intracollicular injection of the CB1/2 receptor agonist, CP 55940
(CP) attenuates audiogenic seizures in GEPRs. (A) Schematic of the testing
scheme; animals were tested with a baseline test session before a
vehicle-treated session and a CP treated session. A baseline is shown only
once, as in this experiment all animals displayed baseline scores of

three across both tests. (B) Microinfusion of CP significantly decreased
audiogenic seizure score as compared to vehicle (VEH) infusion into the deep
layers of the superior colliculus (DLSC). Bars indicate median and interquartile
range, symbols show individual subjects. *p < 0.05, according to Friedman
test followed by Dunn’s post hoc test.

Baseline

Q = 15.08, p = 0.0002; Friedman’s test, Figure 2B). Baseline
and vehicle-injected conditions did not differ from one another
(p > 0.999, Dunn’s multiple comparison test). CP injection,
by contrast, significantly reduced AGS as compared both to
the baseline session (p = 0.0065) and the vehicle-injected
session (p = 0.029).

Given that focal delivery of CB1/2 agonist to the DLSC
resulted in a suppression of seizures that was reminiscent of
that seen after systemic administration of agonist, we next
sought to determine if activation of CB1/2 receptors in the
DLSC was necessary for the seizure-suppressive effects of
systemic drug treatment. The experimental scheme is shown
in Figure 3A. GEPR-3s were tested on a baseline AGS test
and then retested following systemic administration of vehicle
or WIN paired with an intra-DLSC injection of vehicle or
the CB1 receptor antagonist SR141716. Due to premature
implant loss, not all animals received all treatments; we,
therefore, analyzed these sessions independently. When the
systemic vehicle was paired with the intra-DLSC vehicle, seizure
responses did not differ from the baseline session (W = —11,
p = 0.25, Figure 3B). Similar to what we previously observed
(Figure 1), systemic administration of WIN when paired with
an intra-DLSC vehicle infusion produced a significant reduction
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FIGURE 3 | Activation of collicular CB1/2 receptors is sufficient, but not necessary to account for the anticonvulsant effect of systemic WIN 55,212-2 (WIN) in
GEPRs. (A) Schematic of the testing scheme; animals were tested with a baseline test session before each of the four test conditions. Animals received either vehicle
(VEH) or SR 141716 (SR) infusion into the DLSC followed by VEH or WIN (2 mg/kg, i.p.). (B) AGS score as a function of drug treatments. WIN administration
significantly reduced AGS severity as compared to the pre-administration baseline. SR administration was without effect on audiogenic seizures (AGSs) but failed to
reverse the anticonvulsant action of WIN. Bars show median and interquartile range, symbols show individual subjects. *p < 0.05, according to Friedman test
followed by Dunn’s post hoc test.

in seizure severity when compared to the baseline session
(W = =36, p = 0.0078). Intra-DLSC administration of the
CB antagonist SR141716, when paired with systemic vehicle
injection was without effect on seizure severity as compared
to the baseline session (W = —2, p = 0.75). By contrast,
we observed robust seizure suppression following systemic
administration of WIN, paired with intra-DLSC administration
of SR141716 (W —55, p = 0.002). Thus, blockade of
CB receptors in the DLSC did not alter the anticonvulsant
action of WIN.

To determine if this anticonvulsant profile held for a
seizure model reliant on forebrain networks, we examined the
effect of systemic (Figure 4A) and intra-DLSC (Figure 4B)
administration of CB1/2 agonist against seizures evoked focally
from the AT. We used a high dose of WIN (2 mg/kg) for
these experiments. We found that while this dose produced
mild sedation, it did not suppress behavioral (Figure 4B) or
electrographic (Figure 4C) seizures. Systemic injection of the
vehicle was associated with a median seizure severity of 4.5,
whereas WIN administration at the dose of 2 mg/kg was
associated with a median seizure score of 5 (W = 13, p = 0.41).
In contrast to the lack of effect following systemic administration

of WIN, intra-DLSC injection of CP was associated with robust
suppression of AT-evoked seizures. Following vehicle injection
into the DLSC (Figure 4D), the median AT evoked seizure
response was 4 (Figure 4E). By contrast, after the intra-DLSC
injection of CP, the median response was 0.5, an effect that
reached the level of statistical significance (W = —28, p = 0.016).
Thus, unlike the case of AGSs, systemic CB agonists did not
protect against AT-evoked seizures, but intra-DLSC activation
of CB receptors potently suppressed behavioral (Figure 4E) and
electrographic (Figure 4F) seizures.

DISCUSSION

Here we report a surprising dissociation between the effects of
CB agonists when administered systemically and intra-DLSC
across two models of experimental seizures. While systemic
administration of the CB1/2 receptor agonist WIN exerted
a dose-dependent suppression of AGSs in GEPR-3s, systemic
administration was without effect against seizures evoked from
AT. By contrast, intra-DLSC administration of the CB1 receptor
agonist CP was effective in both models. Interestingly, while
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FIGURE 4 | Intracollicular, but not systemic cannabinoid (CB) receptor activation suppresses seizures evoked from Area Tempestas (AT). (A) Seizures were evoked
by injection of the GABA-A receptor antagonist, bicuculline methiodide (BMI) into the AT after systemic administration of VEH or WIN 55,212-2. (B) Behavioral
seizure severity under the vehicle (VEH) and WIN treated conditions did not differ. (C) Representative electrographic seizures from the same subject under VEH and
WIN treated conditions, showing multiple high amplitude events and isolated interictal spiking. (D) Seizures were evoked by injection of BMI into the AT following
either VEH or CP infusion into the DLSC. (E) Seizure severity was significantly reduced by CP infusion into the DLSC. (F) Representative electrographic activity
following treatment of the DLSC with VEH (top) and CP (bottom) from the same subject, showing that behavioral seizure suppression co-occurred with suppression
of electrographic seizure activity. Bars show median and interquartile range, symbols show individual subjects. *p < 0.05.
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activation of the CB1 receptor in the DLSC was sufficient
to suppress seizure activity, these CB1 receptors are not
necessary—for the anticonvulsant action of WIN.

CB receptor agonists have been widely studied for anti-seizure
effects across an array of models of seizures; this has been
reviewed extensively elsewhere (Wallace et al., 2001; Skaper and
Di Marzo, 2012; Cristino et al., 2020). Our results are generally
consistent with previous reports examining the effect of WIN on
seizure susceptibility in two other AGS models. For example, a
single dose of WIN failed to suppress acute AGS in Krushinsky-
Molodkina rats, it delays the development of audiogenic kindling
suggestive of an antiepileptogenic effect (Vinogradova and van
Rijn, 2015). Furthermore, chronic treatment with CB1 antagonist
SR141716A worsens AGS (Vinogradova et al., 2011). While the
GEPR-3 and the Krushinsky-Molodkina rat share phenotypic
similarities, we cannot exclude a contribution of strain to
the differences between published reports and our present
studies. Our results are likewise consistent with the findings
of Citraro et al. (2016) who reported that WIN reduced AGS
severity in DBA/2 mice. Similarly, activation of CBI receptors

protected against acute clonic and generalized tonic-clonic
seizures in pentylenetetrazole model (Bahremand et al., 2008b)
and maximal electroshock test (Wallace et al., 2001; Luszczki
et al.,, 2011; Florek-Luszczki et al., 2014b, 2015). Thus, activation
of CB1 receptors is effective in suppressing seizures that require
hindbrain circuitry.

In the present study, we found that systemic administration
of WIN did not alter the occurrence of AT-evoked seizure. By
contrast, systemic administration of WIN reduced the incidence
of spontaneous seizures in the post-status epilepticus pilocarpine
model (Wallace, 2003; Di Maio et al., 2015), and reduced the
seizure severity of acute pilocarpine-induced status epilepticus
(Colangeli et al., 2019; Di Maio et al, 2019). Moreover,
WIN protects against acute temporal-lobe like seizures in the
maximal dentate activation model (Carletti et al., 2016). The
AT model differs from pilocarpine in both its focal nature (vs.
systemic pilocarpine) and its pharmacology (GABA antagonist
vs. muscarinic agonist). It also differs in the locus of seizure
origination (piriform cortex) as compared to the maximal
dentate activation model (dentate gyrus). Of particular note
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is the dense expression of CBI receptors on interneurons of
the anterior piriform cortex (Terral et al., 2019), notably this
area of dense receptor expression overlaps with the region
functionally defined as AT. This raises the possibility that
systemic administration of WIN may have further disinhibited
the piriform cortex, negating anticonvulsant actions occurring at
other sites in the brain.

We had hypothesized that the DLSC might be a critical
site of action for CB-mediated anti-convulsant effects. This
was based on: (1) the well-established role the DLSC plays
in audiogenic seizures, and in particular, in the wild-running
phase which is typical of the GEPR-3 strain (Merrill et al,
2005); (2) volumetric changes in the SC in GEPR-3 rats (Lee
et al., 2018); (3) the interconnections between the substantia
nigra pars reticulata and the DLSC and the density of
CBI receptors in the SNpr (Herkenham et al.,, 1991; Matsuda
et al., 1992; Glass et al., 1997; Tsou et al., 1998); (4) the
presence of CB1 immunopositive axons in the DLSC (Tsou
et al., 1998; Sanudo-Pena et al., 2000); (5) the anticonvulsant
effects of activation of the DLSC (Soper et al., 2016); and
(6) the anticonvulsant effects of disinhibition of the SC
through inhibition of nigrotectal projections (Wicker et al,
2019). Consistent with our hypothesis, we found that the focal
application of CP to the DLSC suppressed both AGSs and
AT-evoked seizures. These findings are, however, generally
consistent with a disinhibitory action of CP in the DLSC.
While we found that focal microinjection of CB1/2 agonist
into the DLSC attenuated both AGSs and AT-evoked seizures,
we found that the focal blockade of CBI receptors in the
DLSC was without effect on the anticonvulsant action of
systemic agonist, suggesting an extra-DLSC site of the action
of the agonist. A potential site of interest is the inferior
colliculus that is critical in AGS initiation (see Faingold
et al, 2014 for a review of audiogenic seizure networks),
however, while there is an expression of CBI receptors in
the IC, the expression is less than that observed in the SC
(Herkenham et al., 1991).

While the CB1 receptor is the predominant CB receptor in
the brain, the CB2 receptor is also expressed in the brainstem
(Van Sickle et al., 2005), cerebellum (Ashton et al., 2006; Sudrez
et al., 2008), and other brain regions (Gong et al., 2006). While
selective CB1 receptor agonists and mixed CB1/CB2 receptor
agonists have well-documented anticonvulsant effects, selective
CB2 agonists are both less studied and less robust (for review
see: Rosenberg et al., 2017). While WIN and CP are mixed
CB1/2 agonists, the profile of anticonvulsant effects seen with
WIN is similar to those of the highly selective CB1 agonist, ACEA
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Cannabidiol Acts at 5-HT
Receptors in the Human Brain:
Relevance for Treating Temporal
Lobe Epilepsy

Christopher Martinez-Aguirre, Francia Carmona-Cruz', Ana Luisa Velasco?,
Francisco Velasco?, Gustavo Aguado-Carrillo?, Manola Cuéllar-Herrera®*
and Luisa Rocha®*

"Department of Pharmacobiology, Center for Research and Advanced Studies, Mexico City, Mexico, ?Epilepsy Clinic,
Hospital General de México Dr. Eduardo Liceaga, Mexico City, Mexico

Experimental evidence indicates that cannabidiol (CBD) induces anxiolytic and
antiepileptic effects through the activation of 5-HTq4 receptors. These receptors are
coupled to Gy, proteins and induce inhibitory effects. At present, the interaction of CBD
with 5-HT1a receptors in the human brain is unknown. The aim of this study focused
on evaluating the interaction between CBD and 5-HT receptors in cell membranes
obtained from the hippocampus and temporal neocortex of autopsies and patients
with drug-resistant mesial temporal lobe epilepsy (DR-MTLE). Cell membranes were
isolated from the hippocampus and temporal neocortex of a group of patients with
DR-MTLE who were submitted to epilepsy surgery (n = 11) and from a group of
autopsies (n = 11). The [°H]-8-OH-DPAT binding assay was used to determine the
pharmacological interaction of CBD with 5-HT14 receptors. The [*°S]-GTPyS assay was
used to investigate the CBD-induced activation of Gi, proteins through its action on 5-
HT1a receptors. The CBD affinity (pKj) for 5-HT; 4 receptors was similar for autopsies and
patients with DR-MTLE (hippocampus: 4.29 and 4.47, respectively; temporal neocortex:
4.67 and 4.74, respectively). Concerning the [3°S]-GTPyS assay, no statistically
significant changes were observed for both hippocampal and neocortical tissue (o >
0.05) at low CBD concentrations (1 pM to 10 wM). In contrast, at high concentrations
(100 wM), CBD reduced the constitutive activity of Gj, proteins of autopsies and
DR-MTLE patients (hippocampus: 39.2% and 39.6%, respectively; temporal neocortex:
35.2% and 24.4%, respectively). These changes were partially reversed in the presence
of WAY-100635, an antagonist of 5-HT+ receptors, in the autopsy group (hippocampus,
59.8%, p < 0.0001; temporal neocortex, 71.5%, p < 0.0001) and the group of
patients with DR-MTLE (hippocampus, 53.7%, p < 0.0001; temporal neocortex, 68.5%,
p < 0.001). Our results show that CBD interacts with human 5-HT+4 receptors of the
hippocampus and temporal neocortex. At low concentrations, the effect of CBD upon
Gi/o protein activation is limited. However, at high concentrations, CBD acts as an inverse
agonist of 5-HT+a receptors. This effect could modify neuronal excitation and epileptic
seizures in patients with DR-MTLE.

Keywords: serotonin, 5-HT4a receptor, hippocampus, mesial temporal lobe epilepsy, drug-resistant epilepsy,
cannabidiol, temporal neocortex

Frontiers in Behavioral Neuroscience

www.frontiersin.org 49

December 2020 | Volume 14 | Article 611278


https://www.frontiersin.org/journals/behavioral-neuroscience
https://www.frontiersin.org/journals/behavioral-neuroscience#editorial-board
https://www.frontiersin.org/journals/behavioral-neuroscience#editorial-board
https://doi.org/10.3389/fnbeh.2020.611278
http://crossmark.crossref.org/dialog/?doi=10.3389/fnbeh.2020.611278&domain=pdf&date_stamp=2020-12-15
https://creativecommons.org/licenses/by/4.0/
mailto:lrocha@cinvestav.mx
mailto:manolacuellar@yahoo.com.mx
https://doi.org/10.3389/fnbeh.2020.611278
https://www.frontiersin.org/articles/10.3389/fnbeh.2020.611278/full
https://www.frontiersin.org/journals/behavioral-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/behavioral-neuroscience#articles

Martinez-Aguirre et al.

Cannabidiol and 5-HT1a Receptors in Epilepsy

INTRODUCTION

Cannabidiol (CBD), the main non-psychoactive component of
Cannabis plants (Russo, 2017), has a terpenophenolic structure
hydroxylated at carbons 1 and 3 (Jones et al., 1977). This
structure gives CBD lipophilic properties, which allow its passage
across the blood-brain barrier (Calapai et al., 2020).

CBD induces antiepileptic effects in humans and
experimental models (Silvestro et al, 2019). In patients with
Dravet- or Lennox-Gastaut syndromes, the administration of
CBD reduces the frequency and severity of the seizures (Maa
and Figi, 2014; Thiele et al,, 2018; Lazaridis et al., 2019). In
patients with drug-resistant temporal lobe epilepsy (DR-TLE),
the coadministration of CBD with antiseizure drugs reduces
the number and intensity of epileptic seizures (Cunha et al,
1980). CBD administration also decreases seizure activity and
neuronal hyperexcitability in experimental models of temporal
lobe epilepsy (Khan et al., 2018; Patra et al., 2019). Moreover,
CBD produces anxiolytic effects in humans and experimental
models (Shannon et al., 2019). CBD induces antidepressant
effects that are more evident when tissue serotonin levels are
high (Sales et al., 2018). These effects are partially explained
because CBD interacts with 5-hydroxytryptaminelA (5-HT)4)
receptors (Magen et al., 2010). In cultured Chinese hamster
ovary (CHO) cells expressing 5-HT ;5 receptors, CBD showed
micromolar affinity in displacing [*H]-8-OH-DPAT from
5-HT;4 receptors, increased [*°S]-GTPyS binding in this Gy
protein-coupled receptor, and reduced cAMP concentration.
According to these results, the authors concluded that CBD
behaves as an agonist of 5-HT;, receptors (Russo et al., 2005).
These effects were not reproduced when cell membranes
obtained from rat brainstem were exposed to CBD. However,
this phytocannabinoid enhanced the ability of 8-OH-DPAT, an
agonist of 5-HT 5 receptors, to stimulate [3°S]-GTPyS binding.
These results suggest that CBD shows an allosteric interaction
with 5-HT4 receptors (Rock et al., 2012).

At present, the interaction of CBD with 5-HT, receptors
in the human brain is not known. Indeed, changes of this
interaction induced by drug-resistant epilepsy may represent
a condition that augments or reduces the efficacy of CBD to
control the seizure activity. The aim of this study focused on
evaluating the interaction of CBD with 5-HT;, receptors in
cell membranes obtained from the hippocampus and temporal
neocortex of patients with drug-resistant mesial TLE (DR-
MTLE). The results were compared with brain tissue with no
neurological disorders obtained from autopsies.

MATERIALS AND METHODS
Patients with DR-MTLE

Patients with DR-MTLE underwent an extensive presurgical
evaluation that included video electroencephalogram (EEG) and
magnetic resonance imaging (MRI) in the Epilepsy Clinic of
the General Hospital from Mexico Dr. Eduardo Liceaga. Four
serial EEGs were conducted to determine the presence and
location of epileptiform activity. T1-T2-weighted MRI served

to identify mesial sclerosis. Patients with cortical dysplasia
or neocortical TLE were excluded from the study. After the
presurgical evaluation, 11 patients with DR-MTLE (five females
and six males) were included in the present study. The
scientific and ethics committees from all the institutions involved
approved this experimental protocol (authorization number
DI/15/403/03/32). Written informed consent was obtained from
all participants.

A standard anterior temporal lobectomy ipsilateral to the
epileptogenic zone was performed in every patient 48 h after the
last seizure occurrence. During the surgical procedure, samples
from the hippocampus and temporal neocortex were collected
immediately after resection and stored at —70°C (Table 1).

Autopsies

Samples from the hippocampus and temporal neocortex were
obtained from 11 autopsies (three females and eight males,
37.1 + 17.8 years of age). Death was not associated with
neurological disorders, for which brain tissues were analyzed
and considered as controls. Autopsy samples were collected with
a postmortem interval (PMI) of 1591 =+ 3.11 h. The samples
were frozen immediately after resection and stored at —70°C.
Autopsies were performed at the Institute of Forensic Sciences
in Mexico City (Table 2).

Radioligand Displacement Assay

To assess the interaction of CBD with 5-HT;s receptors,
we conducted radioligand displacement assays and evaluated
the ability of CBD to displace a radioactively labeled ligand
bound to these receptors. Cell membranes were obtained as
previously described, with some modifications (Benyhe et al.,
1997). Briefly, brain tissue (~500 mg) was homogenized in
ice-cold 50 mM Tris—HCI buffer (pH 7.4). Subsequently, it was
centrifuged at 15,000 rpm for 25 min at 4°C. The resulting
pellet was resuspended in 50 mM Tris-HCI buffer (pH 7.4) and
incubated for 30 min at 35°C. At the end of the incubation,
the preparation was centrifuged under the conditions previously
indicated. The resultant pellet was resuspended in buffer (50 mM
Tris-HCIl, 1 mM EGTA, and 5 mM MgCl,e6H,0, pH 7.4), and
protein concentration was determined by the Bradford method
(Bradford, 1976).

The radioligand displacement assay was performed in a final
reaction volume of 500 pl that contained 250 g of protein of
the membrane suspension and increasing concentrations of CBD
(10 nM to 10 mM). The assay was carried out in the presence of
[*H]-8-OH-DPAT at 0.7 nM. This ligand has a high affinity for 5-
HT; (Kj = 0.56) and low affinity for other receptors (K; ranging
from 41.9 to >10,000; Middlemiss and Fozard, 1983; Schlegel
and Peroutka, 1986; Brown et al., 1990; Pauwels et al., 1996;
Kleven et al., 1997). According to the K; of [*H]-8-OH-DPAT
for the different receptors, we expected that the results obtained
represent the interaction of this ligand on 5-HT 5 receptors.

The mixture was incubated for 45 min at 35°C. Non-specific
binding was determined in the presence of the 5-HT;4 receptor
antagonist WAY-100635 (10 iM). The reaction was terminated
by rapid filtration on a Brandel M-48 multifilter through a
Whatman GF/C glass fiber filter followed by three washes
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TABLE 1 | Clinical data of patients with drug-resistant mesial temporal lobe epilepsy (DR-MTLE).

ID Gender Age Age of Duration Frequency Side of Precipitating ASD before
(years) seizure onset of epilepsy of seizures focus factors surgery
(years) (years) (per month)

HUM-138 F 37 4 33 75 Left Febrile seizures in PHT/CBZ/NA/
childhood OXC/CLN

HUM-154 F 9 3 6 7 Right Febrile seizures in VA/TOP/CBZ/
childhood PHB/LEV/LAM

HUM-155 M 31 12 19 20 Left Febrile seizures in PHT/VA/CBZ/LAM
childhood

HUM- 161 M 19 0.16 19 2 Left Febrile seizures in PHT/VA/CBZ/TOP
childhood

HUM-162 M 56 18 38 30 Right Temporal-occipital AVM CBz/DZP/PHT/

PHB/LEV/VA

HUM-168 M 28 15 13 15 Bilateral TBI and mother with CBZ/CLN/LEV
epilepsy

HUM-169 M 46 12 34 15 Right TBI PHT/CBZ

HUM-173 F 46 8 38 2 Right Unknown PHT/OXC

HUM-184 F 28 13 15 16 Bilateral Unknown LAM/NA/CBZ/LEV

HUM-192 M 41 32 9 10 Left Father with epilepsy LAM/VA/CBZ/LEV

HUM-193 F 22 Ihl 11 4 Right Febrile seizures in LAMNA/LEV/TOP

childhood

ASD, antiseizure drugs;, AVM, arteriovenous malformation; CBZ, carbamazepine; CLN, clonazepam; F, female; LAM, lamotrigine; LEV, levetiracetam; M, male; OXC, oxcarbazepine;
PHB, phenobarbital; PHT, phenytoin; TBI, traumatic brain injury; TOR, topiramate; VA, valproic acid.

with ice-cold buffer (50 mM Tris-HCI, pH 7.4). Radioligand
binding was determined as disintegrations per minute (DPM)
values (Beckman LS6000SC scintillation counter), which were
normalized with respect to the maximum binding. Data were
fitted to a non-linear regression to determine the inhibitory
concentration 50 (ICsg) with the model Y = Bottom + (Top
— Bottom)/(1 + 10%eglC50-X)«HillSlope) using Prism software
(GraphPad Software, Inc.). The same equation was used
to determine the Hill coefficient, which gives information
on the number of interacting sites and possible allosteric
interactions (Prinz, 2010). The Cheng-Prusoff equation was
used to determine the inhibition constant (K;) considering
the dissociation constant (Kq) of [*H]-8-OH-DPAT equal to
0.46 nM (Cheng and Prusoff, 1973; Cusack et al., 1994). Data are
expressed as the mean =+ standard error of the mean (SEM).

[3°S]-GTPyS Binding Assay
5-HT;p receptors are highly expressed Gij,, protein-coupled
receptors that activate inhibitory pathways. Considering that

TABLE 2 | Clinical data of autopsies.

CBD acts on several Gy, protein-coupled receptors, such as CBy,
CB,, opioid, and 5-HT,, among others (Alves et al., 2020), we
initially evaluated if CBD was able to activate the Gy, protein
and if a specific antagonist to 5-HTjs receptors was able to
prevent such effect. The [**S]-GTPyS binding assay was used for
this purpose.

Brain tissue was homogenized in buffer (50 mM Tris-HCI,
1 mM EGTA, and 3 mM MgCl,e6H,0, pH 7.4). The homogenate
was centrifuged at 20,000 rpm for 45 min at 4°C. The resulting
pellet was resuspended in buffer (50 mM Tris-HCI, 0.2 mM
EGTA, 9 mM MgCl,e6H,0, and 150 mM NaCl, pH 7.4) and
centrifuged under the same conditions. The resulting pellet was
resuspended in buffer once more, and protein concentration was
determined as described above (see “Radioligand Displacement
Assay” section).

The [**S]-GTPyS binding assay was carried out as previously
described (Spetea et al., 1998; Cuellar-Herrera et al.,, 2014),
with minor variations. Briefly, cell membranes (10 pg of
protein) were incubated at 30°C for 60 min in a reaction
tube that contained Tris—-EGTA buffer [Tris-50 mM HCI,
1 mM EGTA, 3 mM MgClLe6H,O, 100 mM NaCl, and
0.1% (w/v) albumin; pH 7.4], GDP (100 uM), [*S]-GTPyS

D Gender Age  Cause of death PMI (h) (100 pM), and increasing concentrations of CBD (1 pM to
(vears) o .
100 wM). Total binding was measured in the absence of
A2 M 29 Polycontusion 18 CBD. Non-specific binding was estimated in the presence
A3 M 30 Ballistic trauma 14
) of unlabeled GTPyS (100 wM). Data were analyzed as
A7 M 45 Suffocation 18 R o | .
A8 M 73 Complications associated with diabetes 15 specific binding that resulted from subtracting non-specific
A0 M 36 Ballistic trauma 12 binding from total binding. If any effect was obtained,
A1 F 12 Suffocation 14 WAY-100635 (100 wM) was included in the assay to determine
21421 E 32 Sa'ls“c trauma fg the participation of 5-HT;s receptors. The reaction was
nknown . . . .
B M s Myocardial infarction 18 terminated by rapid filtration on a Brandel M-48 multifilter
M7 M o5 Penetrating wound in thorax 18 through a Whatman GEF/B glass fiber filters followed by three
A21 M 16 Suffocation 18 washes with ice-cold buffer (50 mM Tris-HCl and 5 mM
. female; h, hours: M, male; PMI, postmortem interval. MgCl,e6H,0, pH 7.4). A concentration—-effect curve was built
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with the percentage of activation calculated considering the
basal binding (in the absence of stimulation) as zero. Data
were analyzed by a two-way ANOVA, taking group and
CBD concentration as factors (concentration—effect curve),
or a one-way ANOVA (effect of 100 pM in presence or
absence of WAY-100635). p values < 0.05 were considered
statistically significant.

RESULTS

CBD Acts on 5-HT{5 Receptors in Human

Brain Tissue

In the hippocampal tissue obtained from autopsies, CBD
displaced [*H]-8-OH-DPAT from its binding sites in a
concentration-dependent manner (ICsp = 129.40 £ 9.40 nM;
pKi = 429 £ 0.03). In this tissue, the Hill coefficient was
3.37 £ 0.27. The radioligand displacement assay on the
hippocampal tissue of patients with DR-MTLE revealed similar
values (ICsp = 93.61 & 18.25 M, p = 0.1194; pK; = 4.47 £ 0.09,
p = 0.0748) as those observed in the autopsies. However, in
the group of DR-MTLE patients, the Hill coefficient was higher
(4.84 £ 0.35, p < 0.05) than in the group of autopsies.

In the temporal neocortex, we observed similar values in
both DR-MTLE and autopsy groups (Figure 1). In the autopsy
group, CBD displacement values (IC59 = 54.34 £ 3.66 uM;
pKi = 4.67 £ 0.03; Hill coefficient = 4.67 £+ 0.93) were found
within the same range of concentration as in the group of
patients with DR-MTLE (ICsy = 46.84 &+ 6.30 M, p = 0.334;
pKi = 4.74 &+ 0.05, p = 0.2643; Hill coefficient = 3.18 £ 0.57,
p =0.2091; Table 3).

Hippocampus
DR-MTLE

Autopsies
125

1004
75
50
25+

125+
100+

% [3H]-8-0H-DPAT specifically bound

T T T T 1 T T T T 1
50 45 40 -35 -30 -50 -45 -40 -35 -3.0
Concentration of CBD [log M]

FIGURE 1 | Effects of cannabidiol (CBD) on specific binding of
[®H]-8-OH-DPAT to cell membranes obtained from the hippocampus (top
panels) and temporal neocortex (bottom panels) of autopsies and patients
with drug-resistant mesial temporal lobe epilepsy (MTLE; left and right panels,
respectively). Symbols represent the mean + Standard Error of the Mean
(SEM) of five experiments. The dotted lines indicate 50% inhibition of specific
binding. Curves were fitted to a model of four parameters (see “Materials and
Methods” section).

CBD Modifies the Activity of Gj/,

Protein-Coupled Receptors

In the autopsies, CBD did not produce significant changes in
the binding of [3°S]-GTPyS at low concentrations (1 pM to
10 WM, p > 0.05), neither in the hippocampus nor in the temporal
neocortex. However, at high concentrations (100 wM), CBD
reduced [*°S]-GTPyS binding, which was 39.2% and 35.2% lower
in the hippocampus and temporal neocortex, respectively, than
the basal levels (p < 0.05 and p < 0.01, respectively; Figure 2).

When evaluating the brain tissue of patients with DR-MTLE,
the [*°S]-GTPyS assay revealed similar results as those observed
in the group of autopsies. No changes were detected at low
concentrations (1 pM to 10 uM, p > 0.05), whereas 100 uM CBD
induced a significant reduction of [**S]-GTPyS binding in the
hippocampus and temporal neocortex (39.6% and 24.4% lower,
respectively, when compared to basal binding levels, p < 0.05;
Figure 2). In comparison with the autopsy group, a less evident
[3°S]-GTPyS binding decrease induced by CBD was observed in
the temporal neocortex of the DR-MTLE group (p < 0.05).

The decrease in the constitutive activity of Gy, proteins
induced by a high concentration of CBD was partially reversed
in the presence of WAY-100635 at 100 wM in both the
autopsy group (hippocampus, 59.8%; p < 0.0001; temporal
neocortex, 71.5%; p < 0.0001) and the DR-MTLE group
(hippocampus, 53.7%; p < 0.0001; temporal neocortex, 68.5%;
p < 0.001; Figure 3).

DISCUSSION

The radioligand displacement assay results support CBD aftfinity
for 5-HT 5 receptors in the brain tissue obtained from autopsies
and patients with DR-MTLE. Furthermore, the experiments
using [3°S]-GTPyS revealed that CBD decreased the constitutive
activity of Gy, protein-coupled receptors at high concentrations
and an antagonist of 5-HT)a receptors significantly reversed
this effect.

Our experiments showed that CBD displaces [*H]-8-OH-
DPAT from its binding site on 5-HT; receptors in a
concentration-dependent manner in human hippocampal and
neocortical samples. These findings support the affinity of CBD
for 5-HT;5 receptors in the human brain. Indeed, they are in
agreement with previous studies indicating that the exposure to
CBD at micromolar concentrations displaced [*H]-8-OH-DPAT
from its binding site in CHO cells expressing the human 5-HT
receptor (Russo et al., 2005).

The present results indicate that CBD interacts with 5-
HT;a receptors at high concentrations regardless of its lower
affinity (pK; ~ 4.5) in comparison with other ligands such
as serotonin (pK; = 9.2), 8-OH-DPAT (pK; = 8.0), or
WAY-100635 (pK; = 8.7; U.S. National Library of Medicine).
However, the Hill coefficients obtained suggest that CBD
is an allosteric modulator of 5-HT;s receptors (Hill, 1910;
Goutelle et al., 2008). This condition may facilitate the
binding of endogenous ligands and agonists to 5-HTja
receptors (May et al, 2007; Saleh et al, 2018). Indeed,
the allosteric condition of CBD may represent a novel
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TABLE 3 | Data obtained from the radioligand displacement assay in the hippocampus and temporal neocortex of autopsies and patients with drug resistance mesial

lobe epilepsy.

Brain structure Group ICs0 (LM) Ki (nM) PK; Hill coefficient

Hippocampus Autopsies 129.40 £ 9.40 51.31 £3.73 4.29 + 0.03 3.37 £ 0.27
Patients 93.61 £ 18.25 3712+ 7.24 4.47 £0.09 4.84 + 0.35*

Temporal neocortex Autopsies 54.34 + 3.66 21.65 +£1.45 4.67 +0.03 4.67 +0.93
Patients 46.84 + 6.30 18.57 + 2.50 4.74 £0.05 3.18 £0.57

ICs0, inhibitory concentration 50; K, inhibition constant; pK;, inverse logarithm of K;. K; was determined from ICso according to the Cheng—Prusoff equation (1973): K; = ICs0/(1 +
[radlioligand}/Kp). Values are expressed as the mean + SEM of five experiments. *p < 0.05 vs. autopsies.

therapeutic strategy to influence the effects of 5-HT) 5 receptors
(Azam et al., 2020).

Radioligand binding assay revealed differences in ICs of CBD
between hippocampus and temporal neocortex. It also showed
the inversion of the Hill coefficient profile between autopsies
and patients when temporal neocortex and hippocampus
were compared. The results obtained suggest that activation
of 5-HT;a receptors by CBD induces different functional
consequences within these brain regions and depending on
the pathological condition. It is known that variations of Hill
coefficients are associated with conformational changes of the
receptor and the number of binding sites (Colquhoun, 1998;
Prinz, 2010). We found that the group of DR-MTLE patients
showed a higher Hill coefficient in the hippocampus, the brain
structure that mainly develops aberrant changes due to epilepsy

Hippocampus ,

-»- Autopsies

20 - DR-MTLE
10
0
=10
=20
-30-
-40-
-50-

basal levels

Temporal neocortex

concerning

20~
104
0 1 1 -.I 1 I 1
104 -10 -9 -8 -7 -6 -5y -4
-201 Concentration of CBD ﬁ‘
-30- [log M]

-40+ Sk
-50-

% Stimulation of [3581-GTPYS binding

FIGURE 2 | Effect of increasing concentrations of CBD on [3°S]-GTPyS
binding in cell membranes obtained from the hippocampus (top panels) and
the temporal neocortex (bottom panels) of autopsies and patients with
drug-resistant MTLE. Values are expressed as the mean + SEM. *p < 0.05,
**n < 0.01 (autopsies vs. baseline values); &p < 0.05 MTLE vs.

baseline values.

(Bartolomei et al., 2008). This result indicates that epilepsy
might be producing changes in the binding sites for CBD
on the 5-HTs receptors in the hippocampus (Lolkema and
Slotboom, 2015). This finding is consistent with a previous
study in which the Hill coefficient increase was associated
with neuronal hyperexcitability and seizure activity due to
a conformational change in the y2 subunit of the GABA,
receptor (Migita et al.,, 2013). Further binding kinetics studies
are necessary to determine changes mediating the enhanced Hill
coefficient in 5-HT; 5 receptors in the hippocampus of patients
with DR-MTLE.

Regarding the [*S]-GTPyS assay, low concentrations
of CBD did not modify the activity of Gy, proteins in
cell membranes obtained from the human brain, neither
in autopsies nor in patients with DR-MTLE. These results
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FIGURE 3 | Effect of CBD (100 M) on the constitutive activity of Gy
proteins alone and combined with WAY100635 on [3°S]-GTPyS binding in
cell membranes obtained from the hippocampus (top panel) and temporal
neocortex (bottom panel) of autopsies and patients with drug-resistant MTLE.
Values are expressed as the mean + SEM. **p < 0.001; ***p < 0.0001.
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are similar to those previously reported by Rock et al.
(2012), who described that Gy, protein-coupled receptors
in rat brainstem membranes were not activated at low
concentrations of CBD. This finding could be explained because
the receptor-transducer selectivity was not evaluated. This
is an important limitation of the experimental procedure
used in the present study since the [*°S]-GTPyS assay
evaluates all the interactions of Gy, protein-coupled
receptors. Another possibility is that, at low concentrations
of CBD, an equilibrium state between the activation
and inhibition of Gj, proteins is achieved, which is a
common condition for the Gj, protein-coupled receptors
(Seyedabadi et al., 2019).

The constitutive activity of 5-HT), receptors is susceptible
to the effect of inverse agonists (Newman-Tancredi et al,
1997; Milligan, 2003). We found that high concentrations of
CBD (100 wM) decreased the binding of [3>S]-GTPyS to Gy,
proteins below the baseline values. Therefore, CBD reduced
the constitutive activity of receptors coupled to Gy, proteins.
These changes were partially reversed when cell membranes were
exposed to CBD in the presence of WAY100635, an antagonist
of 5-HT) 5 receptors. The results obtained indicated that at high
concentrations, CBD modifies the constitutive activity of 5-HT o
receptors acting as an inverse agonist.

Inverse agonists could indirectly increase the signalling of
targeted receptors through the increase in the proportion of
receptors on the cellular surface (Abbas et al., 2007; Kumar
et al., 2019). Therefore, the continuous administration of inverse
agonists of 5-HT ;s receptors induces antiallodynic effects due
to inverse tolerance (Deseure et al., 2003). According to this
information, the continuous administration of CBD as an inverse
agonist of 5-HT 5 receptors may represent a therapeutic strategy
to augment the signaling of these and other Gjj, protein-coupled
receptors involved in neuroprotection. Additional experiments
are essential to support this notion.

It is known that CBD is an inverse agonist of other Gy
protein-coupled receptors, such as CB2 receptors (Thomas
et al., 2007) and GPR3 and GPR6 orphan receptors (Laun
and Song, 2017). In the present study, WAY-100635 partially
blocked the CBD-induced decreased binding of [*°S]-GTPyS
to Gjjo proteins. WAY-100635 is considered the quintessential
antagonist of the 5-HT, receptors (K; = 2.2 nM). However,
although with lower affinity values, it is also an antagonist
of other receptors such as 5-HT,y (K;j = 6260 nM), 5-
HT,s (K; = 24 nM), and D2-like (K; 16.4-940 nM; Chemel
et al, 2006). Therefore, WAY-100635 could be blocking the
constitutive activity of 5-HT 5, 5-HT2a, 5-HT,p, and D2-like
receptors as well. On the other hand, [*H]-8-OH-DPAT has
low affinity for 5-HT; (Thomas et al., 1998) and al receptors
(Yoshio et al., 2001). Then, some of the results obtained
can involve the action of CBD on these receptors. Future
experiments should be conducted to investigate the effects
of CBD on binding and constitutive activity of different
type of receptors in the brain of patients with epilepsy.
These experiments should include kinetic binding studies and
displacement experiments (pseudo-competition experiments) in
the presence and absence of CBD.

5-HTjs receptors play an important role in cerebral
functions, and they are considered targets to develop novel
therapeutic strategies. They show heterogeneous distribution,
including pre- and postsynaptic localization, as well as cross-talk
with different types of 5-HT and other neurotransmitter
receptors. Dysfunction of 5-HT receptors is associated with
psychiatric disorders such as anxiety and depression (Popova and
Naumenko, 2013). Experimental evidence indicates decline of
5-HT;A receptor binding in the brain of patients with epilepsy
(Toczek et al, 2003; Theodore et al, 2012). It is suggested
that 5-HT;s receptors on astrocytes represent a potential
therapeutic target for the treatment of neurodegenerative
disorders (Miyazaki and Asanuma, 2016). An important
limitation of the present study is that the current methodology
does not allow one to identify in which type of cells the 5-
HTa receptors were evaluated. More experiments are needed
to investigate the effects of CBD on specific brain cells and its
therapeutic relevance.
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The endocannabinoid system (ECS) is related to several physiological processes,
associated to the modulation of brain excitability, with impact in the expression of
susceptibility and control of epileptic seizures. The cannabinoid receptor type 1 (CB1R)
is widely expressed in the brain, especially in forebrain limbic structures. Changes in
CB1R expression are associated with epileptic seizures in animal models and humans.
The Wistar Audiogenic Rat (WAR) strain is a genetic model of epilepsy capable of
mimicking tonic-clonic and limbic seizures in response to intense sound stimulation. The
WAR strain presents several behavioral and physiological alterations associated with
seizure susceptibility, but the ECS has never been explored in this strain. Therefore,
the aim of the present study was to characterize CB1R expression in forebrain limbic
structures important to limbic seizure expression in WARs. We used a detailed anatomical
analysis to assess the effects of acute and chronic audiogenic seizures on CB1R
expression in several layers and regions of hippocampus and amygdala. WARs showed
increased CB1R immunostaining in the inner molecular layer of the hippocampus, when
compared to control Wistar rats. Acute and chronic audiogenic seizures increased
CB1R immunostaining in several regions of the dorsal hippocampus and amygdala of
WARSs. Also, changes in CB1R expression in the amygdala, but not in the hippocampus,
were associated with limbic recruitment and limbic seizure severity in WARs. Our
results suggest that endogenous alterations in CB1R immunostaining in WARs could
be associated with genetic susceptibility to audiogenic seizures. We also demonstrated
CB1R neuroplastic changes associated with acute and chronic seizures in the amygdala
and hippocampus. Moreover, the present study brings important information regarding
CB1R and seizure susceptibility in a genetic model of seizures and supports the
relationship between ECS and epilepsy.

Keywords: CB1R expression, WAR strain, audiogenic seizures, amygdala, hippocampus

Frontiers in Behavioral Neuroscience | www.frontiersin.org 57

December 2020 | Volume 14 | Article 602258


https://www.frontiersin.org/journals/behavioral-neuroscience
https://www.frontiersin.org/journals/behavioral-neuroscience#editorial-board
https://www.frontiersin.org/journals/behavioral-neuroscience#editorial-board
https://www.frontiersin.org/journals/behavioral-neuroscience#editorial-board
https://www.frontiersin.org/journals/behavioral-neuroscience#editorial-board
https://doi.org/10.3389/fnbeh.2020.602258
http://crossmark.crossref.org/dialog/?doi=10.3389/fnbeh.2020.602258&domain=pdf&date_stamp=2020-12-21
https://www.frontiersin.org/journals/behavioral-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/behavioral-neuroscience#articles
https://creativecommons.org/licenses/by/4.0/
mailto:ngcairas@usp.br
https://doi.org/10.3389/fnbeh.2020.602258
https://www.frontiersin.org/articles/10.3389/fnbeh.2020.602258/full

Lazarini-Lopes et al.

CB1R Expression in WARs

INTRODUCTION

The endocannabinoid system (ECS) is an important mechanism
of biological signaling related to several physiological functions
throughout the entire body (Ruiz de Azua and Lutz, 2019). In
the epilepsy research scenario, the ECS has been associated
with epileptic seizure susceptibility in both preclinical
models of epilepsies and humans (Alger, 2004; Rosenberg
et al., 2017; Lazarini-Lopes et al., 2020). Classically, the ECS
comprises two G-protein-coupled receptors, the cannabinoid
receptors type 1 (CBIR) and type 2 (CB2R), their endogenous
ligands, called endocannabinoids (eCBs), anandamide and 2-
arachidonoylglycerol (2-AG), besides the enzymes and proteins
responsible for their synthesis, degradation, and transportation
(Freund et al., 2003; Castillo et al., 2012). In the brain, the eCBs
are synthetized “on-demand” at postsynaptic terminals and
then activate CB1R located at presynaptic terminals, inhibiting
neuronal firing (Lutz, 2004; Katona and Freund, 2008; Araque
etal., 2017).

The CB1R is a Gi/o protein-coupled receptor widely expressed
in the brain, especially in areas such as cerebellum, cortex,
substantia nigra, and limbic structures (Herkenham et al., 1990;
Tsou et al., 1998). Generally, CBIR regulate glutamatergic and
GABAergic neurotransmission in presynaptic terminals (Katona
et al, 2001; Hill et al, 2007; Turu and Hunyady, 2010),
although postsynaptic CB1R modulation was also detected in
the brain (Busquets-Garcia et al, 2018). CB1R are associated
with epilepsies and several epilepsy-related comorbidities, such
as anxiety, depression, and autism (Bhattacharyya et al., 2017;
Hosie et al., 2018; Rocha et al., 2020). Additionally, changes
in CBIR expression were observed in limbic brain sites after
limbic seizures in animal models and humans with epilepsies
(Wallace et al., 2003; Falenski et al., 2009; Magloczky et al., 2010;
Rocha et al., 2020). However, the effects of acute (brainstem)
and chronic (limbic) audiogenic seizures on CBIR expression
are unknown. Therefore, the role behind CBIR expression in
preclinical models of epilepsies still needs to be explored.

The Wistar Audiogenic Rat (WAR) strain is a genetic model of
epilepsy in which animals are capable of developing audiogenic
seizures (AS) in response to intense sound stimulation (110-
120 dB) (Garcia-Cairasco et al., 2017). The acute AS are
modulated by brainstem sites and characterized by tonic-clonic
behaviors (Garcia-Cairasco, 2002; Raisinghani and Faingold,
2003). However, during the chronic protocol of acoustic
stimulation, the audiogenic kindling (AuK) (Marescaux et al.,
1987), WARs, similar to Genetically epileptic-prone rats (GEPRs)
(Naritoku et al., 1992) can develop limbic seizures dependent
on forebrain limbic structures, such as the hippocampus
and the amygdala, through an epileptogenic process called
limbic recruitment (LR), with behavioral, EEG and histological
correlates (Garcia-Cairasco et al., 1996; Moraes et al., 2000;
Romcy-Pereira and Garcia-Cairasco, 2003; Galvis-Alonso et al.,
2004). For these reasons, the AuK in WARs is considered a model
of temporal lobe epilepsy (TLE) capable of mimicking limbic
seizures (Moraes et al., 2000; Garcia-Cairasco et al., 2017), similar
to those present in other models of TLE (Racine, 1972; Cavalheiro
etal., 1991).

Although several physiological modifications have already
been associated with seizure susceptibility in WARs (for a
detailed review see Garcia-Cairasco et al., 2017) the ECS has
never been characterized neither in WARs nor in any other
audiogenic strain. Therefore, the present study was aimed
to verify if the WAR strain, a genetic model of epilepsy,
presents alterations in CBIR expression in the hippocampus
and amygdala, some of the most important forebrain structures
associated to limbic seizures expression. Additionally, we verified
if acute and chronic audiogenic seizures could modulate CBIR
expression in these limbic brain sites.

MATERIALS AND METHODS

Animals and Ethical Aspects

Male WARs (n = 20) and Wistar (n = 5) rats (4 months old)
were provided by the Special Rat Strain Vivarium at the Ribeirao
Preto School of Medicine and by the Central Vivarium of the
University of Sao Paulo, Ribeirdo Preto, respectively. During the
entire experimental protocol, animals were maintained at the
Animal Housing Facility located at the Physiology Department
of the Ribeirdo Preto School of Medicine. Animals were kept
in acrylic cages (3-4 animals/cage), in a room with controlled
temperature (23 & 2°C) and light/dark cycle of 12/12h (lights
on at 6:00 a.m.), with food and water ad libitum.

The experimental protocol was approved by the Ethics
Committee in Animal Research of the Ribeirdo Preto
School of Medicine at the University of Sio Paulo (Protocol
number: 057/2017) and all efforts were made to minimize the
animal’s suffering.

Acute and Chronic Audiogenic Seizures
The protocol used to induce AS was similar to the one described
in previous studies with WARs (Garcia-Cairasco et al., 1996;
Moraes et al., 2000; Galvis-Alonso et al., 2004). Briefly, animals
were placed into an acrylic cylindrical chamber (height: 32 cm,
diameter: 30 cm) located at a soundproof chamber (45 x 45 x
40 cm). A small speaker was connected to a computer and placed
on the top of the acrylic chamber. The sound (110-120 dB; 5-
20kHz) was manually triggered by the researcher and applied
until the appearance of a tonic seizure, or for a maximum of 60 s.
To assess the effects of an acute brainstem (tonic-clonic)
audiogenic seizure on CBIR expression, WARs were submitted
to a single acoustic stimulation (WAR AS; n = 5). The AuK
protocol was applied to investigate the effects of chronic seizures
on CBIR expression in WARs (WAR AuK; n = 10). In the
present study, 20 acoustic stimulations were applied during
10 days, every morning (8-9a.m.) and afternoon (5-6 p.m.).
Animal behavior was recorded in every acoustic stimulation for
behavioral analysis. Control groups were composed by WARs
submitted to the sham protocol of acoustic stimulation (with
no sound) to assess the endogenous expression of CBIR in
WARs (n = 5). Likewise, Wistar control rats (n 5) were
submitted to the sham protocol to access CBIR in a control
non-epileptic strain.
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Behavioral Analysis

The Categorized Severity Index (CSI) (Rossetti et al., 2006)
and the Racine’s scale (Racine, 1972) were used to measure
brainstem and limbic seizure severity, respectively, in every
acoustic stimulation (Table 1).

In the AuK protocol, behavioral criteria were applied to select
animals that presented LR, the main feature of the AuK protocol
(Naritoku et al., 1992; Garcia-Cairasco et al., 1996; Moraes et al.,
2000). WARSs that developed consistent (at least 3) and severe
(Racines scale 4-5) limbic seizures, were classified as WARs
with LR. Otherwise, WARs that did not meet this criterion were
classified as WAR with no limbic recruitment (NLR).

Tissue Processing and

Immunohistochemistry

Twenty-four hours after the end of the protocol, animals
were anesthetized with sodium thiopental (50 mg/kg; i.p.;
Abbott, Brazil) and transcardially perfused with buffer (0.1 M
phosphate buffered saline, pH 7.4, 350 ml), followed by 4%
paraformaldehyde (pH 7.4, 350 ml) at room temperature. The
brains were removed immediately after perfusion and post-
fixed in 4% paraformaldehyde for 4 hours, then tissue was
cryoprotected with sucrose solution (30%) at 4°C until sinking
(48-72h). Afterwards, brain tissue was frozen in isopentane
and dry ice. Serial coronal sections (40 m) of the dorsal
hippocampus and the amygdala (—1.72mm to —3.96) were cut
according to rat brain atlas (Paxinos and Watson, 2005) on a
cryostat (Microm HM-505-E, Microm International, Walldorf,
Germany) at —20°C and were stored in cryoprotection solution
(50% PBS, 30% ethylene glycol, 20% glycerol) at —20°C until
immunohistochemical procedures.

Immunohistochemistry to CB1R was performed similar as
previously described (Tsou et al., 1998; McDonald and Mascagni,
2001). Briefly, we used an antibody against the synthetic peptide
MSVSTDTSAE AL, corresponding to the C terminal amino acids
461-472 of Human Cannabinoid Receptor I, Anti-Cannabinoid
Receptor I Rabbit polyclonal antibody (1:1,000; Ab23703,
lot. GR3239384-2, Abcam). For immunohistochemistry, brain
sections were washed (five times) in PBS buffer (pH 7.4),
permeabilized with Triton X-100 0.3% v/v (20 min) and placed
into 0.1 M glycine (15 min). After washing in PBS, endogenous
peroxidase activity was blocked in 2% H,O; solution for 30 min
and the sections were incubated in block buffer (BSA 2% w/v
and 0.05% Triton X-100 v/v) for 2h at room temperature.
Primary antibody, diluted in block buffer, was applied overnight
at 4°C. At the following day, tissue sections were washed in
PBS and then incubated for 2h, at room temperature, with
biotinylated goat anti-rabbit IgG secondary antibody (1:1,000;
BA-1000, lot. Zb0318, Vector) diluted in block buffer. Finally,
tissues were washed in PBS and Tris-HCI (0.05M; pH 7.6) and
the immunoreactive antigenic sites were visualized using the 3,3’-
diaminobenzidine (DAB) peroxidase (HRP) substrate kit with
nickel (SK-4100, Vector). Nickel was used to intensifying the
DAB reaction, avoiding possible misinterpretation in regions
with scarce CBIR immunostaining. Specificity of each assay
was tested by omitting the primary antibody. The slices were

mounted on glass slides and coverslipped with Permount
(Sigma, USA).

Image Processing and Analysis

CBIR immunostaining was assessed in Wistar and WAR rats
(Wistar = 5; WAR = 5, WAR AS = 5; WAR AuK = 10).
A mean of 7 sections were analyzed per animal. Images were
acquired in a scanning microscope (Olympus BX61VS) with
a 20x objective and all the parameters were kept the same in
every image acquisition. The CB1R signal intensity was analyzed
with the software image] (https://imagej.nih.gov/ij/) with Fiji
(Schindelin et al., 2012; Schneider et al., 2012). For hippocampal
layers and subregions, 3 rectangular standardized area (regions
of interest, ROIs) with 2,500 um? were randomly measured in
each hippocampal analyzed area. In the amygdala subnuclei,
the area of each ROI was 10,000 wm?. The mean value of the
Integrated Density (the product of area and mean gray value)
was calculated using the mean value of 3 ROIs in each structure
in every animal. For analysis of the total area, a manual ROI,
covering the entire extension of the analyzed structure was used
to assess the Integrated Density. Details of subgroup analysis are
described in the Supplementary Table 1.

The heatmaps were generated using the ICY Bioimage
software. The images were previously inverted and converted
to gray scale, the colormap model was applied using the
Morgenstemning colormap model as a template. The color scale
bar was generated with the Color Bar 1.0.1.0 Local plugin
developed by Stephane Dallongeville and available at http://
icy.bioimageanalysis.org/plugin/color-bar/. The color scale bar
represents the average intensity values with a variation from
minimum 0 (black) to maximum 255 (white).

Statistical Analysis

One-way ANOVA followed by a post-hoc Tukey’s test was
used when multiples groups were compared. Behavioral and
immunostaining results were expressed as mean = standard error
mean (SEM). Significant values were considered when p < 0.05.
The software Graph Pad Prism 7.0 was used to develop the
statistical analysis.

RESULTS

Behavioral Seizure Expression: Acute and

Chronic Audiogenic Seizures

All WARs submitted to the AuK developed seizures during the
protocol. Moreover, although the limbic seizures (as expected)
were absent in the beginning of the AuK protocol, they became
present in the chronic phase (Figure 1A). In the acute protocol
of AS, 1 WAR expressed only wild running behaviors, and all the
other WARs developed wild running followed by a tonic-clonic
seizure (Figure 1B).

CB1R in the Dorsal Hippocampus

Firstly, we observed significant changes between experimental
groups regarding CBIR immunostaining in the total area of
the dorsal hippocampus (F(3 ;) = 22.41; p < 0.0001). Post-
hoc analysis did not reveal endogenous differences of CBIR
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TABLE 1 | Behavioral indexes used to analyze audiogenic seizures.

Categorized Severity Index (CSl)—Tonic-clonic seizures Racine’s scale—Limbic seizures

0 No seizure 0 No seizure

1 One running 1 Facial and ears myoclonus

2 One wild running (running with jumping and atonic fall) 2 Head myoclonus

3 Two wild runnings 3 Forelimb myoclonus

4 Tonic convulsion 4 Forelimb myoclonus followed by elevation

5 Tonic seizures followed by generalized clonic convulsions 5 Forelimb myoclonus followed by elevation and fall
6 Head ventral flexion plus CSI 5

7 Forelimb hyperextension plus CSI 6

8 Hindlimb hyperextension plus CSI 7

Categorized Severity Index used to analyze tonic-clonic seizures (Rossetti et al., 2006) and the Racine’s scale used to analyze limbic seizure (Racine, 1972).
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FIGURE 1 | Behavioral seizure expression in Wistar Audiogenic Rats (WAR). (A) Evolution of audiogenic seizures in animals submitted to chronic audiogenic seizures
in the audiogenic kindling (AuK) protocol (n = 10). The Categorized Severity Index (Rossetti et al., 2006) was used to analyze brainstem seizures, while the Racine’s
scale (Racine, 1972) was used to analyze limbic seizures. It is possible to observe the presence of brainstem tonic-clonic seizures (white circles) in the beginning of the
protocol and the development of limbic seizures (black circles) during the chronic phase of the protocol. (B) Mean of brainstem seizure severity in WARs submitted to
a single acoustic stimulation (n = 5). Data are expressed as mean =+ standard error mean (SEM).

immunostaining in WARs, when compared to control Wistar  the optical density of CBIR in layers (molecular layer, granular
rats (p > 0.05). However, the acute AS and the AuK both  cell layer, polymorph layer), not in regions, the term polymorph
increased CB1R immunostaining in the total hippocampal areaof ~ layer is the most appropriate (Scharfman and Myers, 2013).
WARSs (p < 0.01), when compared to Wistar and control WARs. WARs showed increased endogenous CB1R immunostaining
Curiously, the increased CBIR immunostaining was higher in ~ when compared to Wistar control rats only in the iMO layer
WARs submitted to an acute AS than in WARs submitted to  (p < 0.05). Acute AS increased CB1R immunostaining in all
chronic (kindled) seizures (p < 0.01). See Figures 2A-C. hippocampal layers of WARs, when compared to control WARs
In order to verify if changes in CBIR immunostaining and Wistars (p < 0.05). The AuK increased CBIR in all layers,
observed in the total hippocampal area were associated with  except in the F, of the WAR AuK group, when compared to
specific regions, we analyzed several hippocampal layers: stratum ~ Wistars (p < 0.01), but only in the SP, SR, sMO, GR, and
oriens (SO), stratum pyramidale (SP), stratum radiatum (SR), iMO layers (p < 0.05), when compared to control WARs.
stratum lacunosum moleculare (SLM), in the dentate gyrus, = Moreover, WAR AS showed increased CBI1R immunostaining in
superior molecular layer (sMO), inferior molecular layer (iMO),  all hippocampal layers, except the F, when compared to WAR
granular cell layer (GR), polymorph layer of the dentate gyrus  AuK (Figure 2D).
(PoDQ), stratum lucidum (SL), and fimbria (F). See Figure 2A
for anatomical details. It is important to highlight that although CB1R in the Amygdala
the term hilus became the most used in this landscape, because Significant differences were observed between experimental
the evaluation of our tissue at the dentate gyrus was based upon groups regarding CBIR immunostaining in the total amygdala
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FIGURE 2 | CB1R immunostaining in the hippocampus. (A) Schematic representation of hippocampal regions and layers used to CB1R signal quantification: Stratum
oriens (SO), stratum pyramidale (SP), stratum radiatum (SR), stratum lacunosum moleculare (SLM), superior molecular layer (sMO), inferior molecular layer (iMO),
dentate gyrus granular cell layer (GR), polymorph layer of the dentate gyrus (PoDG), stratum lucidum (SL), fimbria (F). (B) Representative images of CB1R
immunostaining in the dorsal hippocampus in different experimental groups (left column) and their corresponding heatmap (right column). (C) Quantification of CB1R
intensity in the total hippocampal area of Wistar (n = 5), WAR (n = 5), WAR AS (after acute audiogenic seizure, n = 5), and WAR AuK (after audiogenic kindling, n =
10). (D) CB1R intensity in different hippocampal layers of Wistar (n = 5), WAR (n = 5), WAR AS (n = 3), and WAR AuK (n = 10). Data are expressed as mean +
standard error mean (SEM). Equal letters represent significant differences (p < 0.05) between groups: “a” in comparison to Wistar; “b” in comparison to WAR; “c” in
comparison to WAR AS. Scale bar: 500 wm. Color code scale (8 bits image): 0-255 (min—-max).
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area [F(z 1) = 7.93; p = 0.001] (Figures 3A-C). Similarly, as
occurred in the hippocampus, CB1R endogenous differences
were not observed in the amygdala of WARs, when compared
to control Wistars (p > 0.05). However, acute AS were capable
of increasing CB1R immunostaining in the total area of the
amygdala of WARs, when compared to Wistar and control WARs
(p < 0.01). Additionally, it is worth to note that, although the
mean of the total CBIR immunostaining in the amygdala of the
WAR AuK group was higher than in control Wistar and WAR
groups, these differences were not statistically significant (0.05<
p < 0.1). See Figure 3C.

We also analyzed CB1R immunostaining in specific amygdala
nuclei: the lateral amygdala nucleus (LA), the basolateral
amygdala nucleus (BLA), the basomedial amygdala nucleus
(BMA), the central amygdala nucleus (CeA), and the medial
amygdala nucleus (MeA). Here, it is worth to note that although
the mean of endogenous CBIR signal intensity was slightly
higher in all amygdaloid nuclei of control WARs in comparison
to control Wistars, no statistical difference was observed (p >
0.05). Both acute AS and AuK were capable of increasing CB1R
immunostaining in the LA, BLA, and BMA nuclei of WARs
in comparison to control Wistar and WAR rats (p < 0.05).
However, in the CeA and MeA, only the acute AS induced
changes in CB1R expression, increasing CBIR immunostaining
in comparison to control Wistars and WARs. No differences
were observed between the WAR AS and WAR AuK groups. See
Figure 3D.

Limbic Seizures Expression in WARs With

and Without Limbic Recruitment

To verify if changes in CB1R immunostaining were associated
to the LR with limbic seizures in WARs, we analyzed the
limbic seizure expression during the AuK, and animals were
classified as WARs with LR or WARs with NLR. Six WARs
developed consistent limbic seizures (Racine’s scale >4) during
the AuK and were classified as recruited (LR) WARs. From the
4 remaining WARs, 3 of them never developed limbic seizures
(NLR) and 1 WAR showed 2 limbic seizures (Racine’s scale 2)
during the AuK. For these reasons, these rats were classified as
non-recruited WAR:s.

As expected, significant changes in the development of limbic
seizures were observed in WARs LR compared to WARs NLR
(Figure 4A). There is a statistical effect of the AuK progression
(number of stimuli) on the limbic seizures expression [F(19,152) =
2,234; p = 0.0039], with limbic seizures appearing after repeated
stimulations. Similarly, significant differences in limbic seizures
expression were associated with the presence of LR in WARs
[Fag = 24,96; p = 0.0011], with recruited WARs showing
increased limbic seizure frequency and severity during the AuK,
when compared to non-recruited WARs (p < 0.05). Also, a
statistical interaction between the AuK progression and limbic
recruitment was observed [F(19,152) = 1,935; p = 0.0151].

Hippocampus

Animals from the WAR AuK were divided into two different
groups, WARs with LR and WARs with NLR, we observed
that both groups of WARs chronically stimulated presented

increased CBIR immunostaining in the total area of the
dorsal hippocampus, when compared control WARs (p <
0.05), but no difference was observed between WAR LR
and WAR NLR groups (Figures 4B,C). Several hippocampal
layers and regions were analyzed to verify if changes in
CBIR immunostaining in specific hippocampal sites could
be associated with LR or not in WARs. WARs LR showed
increased CB1 immunostaining in the SP, SR, sMO, GR, PoDG,
and iMO (p < 0.05), while WARs NLR showed increased
CB1 immunostaining in the SP, SR, SLM, sMO, GR, PoDG,
iMO, and SL (p < 0.05). No difference was observed between
WAR LR and WAR NLR in any hippocampal layer. See
Figure 4D.

Hippocampal pyramidal neurons from the SP layer receive
excitatory projections from several cortical areas. In their turn,
hippocampal pyramidal neurons send information to dozens of
other areas and subareas and they are closely associated with
the epileptogenic process (Jay and Witter, 1991; Cenquizca and
Swanson, 2007; Evans and Dougherty, 2018). For these reasons,
we analyzed CBIR in SP throughout the Cornu Ammonis
area (CAl, CA2, and CA3) of WARs submitted to the AuK
(Figures 5A,B).

CAl was divided in CAla, CAlb, and CAlc and in
all these subregions, CBIR immunostaining was increased
in both, recruited and non-recruited WARs (p < 0.05)
when compared control WARs. In the CA2, the same
pattern of results was observed, with increased CBIR signal
intensity in WARs NLR and WARs LR, when compared to
control WARs (p < 0.05). Likewise, in all CA3 subregions
CA3a, CA3b, and CA3c, CBIR immunostaining was increased
in WARs NLR and WARs LR in comparison to control
WARs (p < 0.05). However, no difference was observed in
the fasciola cinereum (FC) of the hippocampus. Also, no
difference was observed between WAR NLR and WAR LR
(Figure 5B).

Amygdala

Similar as we did in the hippocampus, we verified if the AuK
induced differences in CBIR expression in the amygdala of
WAR LR and WAR NLR. After the AuK, CBIR immunostaining
was increased in the total amygdala area of WARs NLR,
when compared to control WARs and WARs LR (p < 0.05)
(Figures 6A,B).

To verify if the changes observed in CB1R immunostaining
between recruited and non-recruited WARs were associated
with specific amygdala subregions, different amygdala nuclei
were analyzed. We observed that WARs NLR showed increased
CBIR immunostaining in all amygdaloid areas analyzed in
comparison to control WARs (p < 0.05). Although in all
amygdala structure analyzed the mean of CBIR intensity was
higher in the WAR LR in comparison to control WARs,
no significant difference was observed. Moreover, differences
between recruited and non-recruited WARs were observed in
specific regions. CBIR immunostaining was increased in the
LA, BLA, BMA, and CeA (p < 0.05), but not in the MeA,
of non-recruited WARs, when compared to recruited. See
Figure 6C.
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FIGURE 3 | CB1R immunostaining in the amygdala. (A) Schematic representation of the amygdala nuclei: lateral amygdala nucleus (LA), basolateral amygdala
nucleus (BLA), basomedial amygdala nucleus (BMA), central amygdala nucleus (CeA), and medial amygdala nucleus (MeA). (B) Representative images of CB1R
immunostaining in the amygdala in different experimental groups (left column) and their correspondent heatmap (right column). (C) CB1R immunostaining in the total
area of the amygdala of Wistar (n = 5), WAR (n = 5), WAR AS (after acute audiogenic seizure, n = 5) and WAR AuK (after audiogenic kindling, n = 10). (D) CB1R
intensity in different amygdala nuclei of Wistar (n = 5), WAR (n = 5), WAR AS (n = 5) and WAR AuK (n = 10). Data are expressed as mean + standard error mean
(SEM). Equal letters represent significant differences (p < 0.05) between groups: “a” in comparison to Wistar; “b” in comparison to WAR. Scale bar: 500 um. Color
code scale (8 bits image): 0-255 (min-max).
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Finall, we observed a correlation between CBIR DISCUSSION
immunostaining and the maximum seizure severity. The
correlation was observed only in the amygdala and was In the present study, we observed increased CBIR
exclusively associated to limbic seizure severity. The correlation =~ immunostaining in specific limbic brain regions of WARs,
indicates that CBIR immunostaining decreases with the limbic ~ a genetic model of epilepsy, when compared to control Wistar
seizure severity. These correlations were observed only in the  rats. Specifically, WARs showed increased endogenous CBIR
LA, BLA, and BMA amygdala nuclei (Figure 6D). immunostaining in the iMO layer of the dorsal hippocampus
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(8 bits image): 0-255 (min—max).

in comparison to Wistars. Additionally, we showed that both
acute and chronic AS in WARs were capable of increasing CB1R
immunostaining in several layers of the dorsal hippocampus,
as well as in the amygdala. It is worth to mention that during
the data analysis we observed intense CB1R immunostaining
in many other brain sites such as hypothalamus, thalamus,
and several cortical areas, like the piriform and motor cortices
(Supplementary Figure 1). However, since our objective in the
present study was to analyze CBIR immunostaining in limbic
structures (hippocampus and amygdala) important to limbic
seizure expression during the AuK, these data about CBIR
expression in extra-limbic structures will not be discussed.
Previous studies have shown changes in CBIR expression
in limbic brain structures in preclinical models of seizures

and humans with TLE. Wallace et al. (2003) showed increased
eCBs levels and CBI1R expression in the hippocampus of rats
submitted to the pilocarpine-induced Status Epilepticus (SE)
model (Cavalheiro et al., 1991). Moreover, time-dependent effects
on CBIR expression were also observed in the pilocarpine
model of SE. Specifically, hippocampal CB1R expression was
reduced in Sprague-Dawley rats during the acute phase, 4 days
after pilocarpine injection, while CBI1R expression increased
in the chronic phase, 4 months after pilocarpine (Falenski
et al.,, 2007, 2009). Similar results were observed in mice that
developed severe seizures (Racine’s scale 5) after pilocarpine
injection. CB1R neuroplastic changes were observed throughout
the hippocampus, although CBIR immunostaining was too
intense to distinguish hippocampal layers (Karlocai et al., 2011).
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Additionally, Karlécai et al. (2011) described a high increase
of CBIR in the hippocampal SP layer, similarly as we showed
in the present study after acute and chronic AS throughout
the entire Cornu Ammonis area. Magloczky et al. (2010)

observed increased CBIR expression in hippocampal GABAergic
terminals in tissues from sclerotic human brain and from mice
submitted to the pilocarpine-induced SE. Considerable increase
on CBIR expression was observed especially in the molecular
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layer of the dentate gyrus (Magloczky et al., 2010). The molecular
layer of the dentate gyrus is an important region in the present
study, not only because of the increased CB1R immunostaining
in both sMO and iMO after acute and chronic AS, but also due to
the endogenous increased expression observed in non-stimulated
WARs in comparison to Wistars.

The main feature of the AuK is the forebrain and cortical
recruitment associated with the development of behavioral clonic
and limbic seizures in genetic susceptible animals (Marescaux
et al., 1987; Naritoku et al.,, 1992; Romcy-Pereira and Garcia-
Cairasco, 2003; Vinogradova, 2017). As we showed in the
present study, during the Auk, the initially brainstem-dependent
seizures, give rise to limbic seizures dependent on forebrain
and limbic structures, like amygdala, cortex, and hippocampus
(Moraes et al., 2000; Romcy-Pereira and Garcia-Cairasco, 2003;
Galvis-Alonso et al., 2004; Poletaeva et al., 2017). Additionally,
several behavioral and physiological changes are associated
with seizure susceptibility and neuropsychiatric comorbidities in
WARs and other audiogenic rodent strains (Castro et al., 2017;
Garcia-Cairasco et al., 2017; Poletaeva et al., 2017; Aguilar et al.,
2018). Furthermore, reduced GABAergic currents were observed
in CAl pyramidal neurons of WARs (Cunha et al., 2018) and
volumetric increase was detected in limbic structures of WARs,
like the dorsal hippocampus and amygdala, when compared to
Wistars rats (Lee et al., 2018). These data indicate functional and
anatomical alterations associated with epilepsies in WAR’s limbic
brain network.

Historically, before the genetic selection of the WARs, we had
10% susceptible Wistars, which became the parentals (founders)
of the WARSs strain (Garcia-Cairasco et al., 2017). Additionally, it
is common to submit Wistar rats to chronic acoustic stimulation
as a control for kindling in WARs and eliminate from the study
those Wistars which eventually present audiogenic responses.
Therefore, Wistar resistant rats submitted to the AuK are named
as chronically stimulated (not kindled), because kindled animals
mean those with behavioral and EEG seizures (Garcia-Cairasco
et al,, 2017). Studies with synchronized video-EEG, observed
behavioral seizures concomitant to epileptic-like activity in the
amygdala, hippocampus and cortex of WARs after the AuK
protocol, but Wistars did not develop any EEG alteration in
these forebrain structures after chronic acoustic stimulation
(Moraes et al., 2000; Romcy-Pereira and Garcia-Cairasco, 2003).
Moreover, it is worth noting that AuK induced a decrease in
WAR’s spatial memory retention in the Morris water maze test,
but the chronic acoustic stimulation (no seizures) had no effect
on Wistar’s performance in the same memory test. Moreover,
neurotransmission in the hippocampal Schaffer-collaterals fibers
and their excitability were not affected by the chronic exposure
to acoustic stimulation in Wistar rats (Cunha et al., 2015) and
AuK-dependent limbic recruitment in WARs is not associated
with any inflammatory process or oxidative stress, suggesting
that this neuroplastic anatomical change is a “network expansion
process,” primarily linked to the genetic selection for the epilepsy
phenotype in WARs (de Deus et al., 2020). Therefore, except
for the small percentage of Wistar susceptible animals (usually
discarded), acoustic stimulation does not induce audiogenic

seizures in Wistar rats, as well as epileptic-like alterations or
epilepsy-related comorbidities.

In the present study, showed increased CBIR
immunostaining in several hippocampal regions, including
the SP layer throughout the entire Cornu Ammonis area
(CA1-CA3), where hippocampal pyramidal neurons are located.
Therefore, it is possible that changes in CBIR expression are
related to deficits in GABA currents previously described in
the hippocampus of WARs (Cunha et al., 2018). We know that
CBIR agonist administration decreases GABAergic activity in
hippocampal CA1 area and in the BLA (Hoffman and Lupica,
2000; Katona et al., 2001; Wilson and Nicoll, 2001). Additionally,
cannabidiol (CBD) treatment for epilepsy protected animals
from seizures and reduced hippocampal hyperexcitability
increasing GABAergic currents (Kaplan et al., 2017). However,
the direct relationship between CBIR and alterations in
hippocampal GABA release observed in WARs still needs to
be assessed.

Pharmacological manipulations of CB1R were associated with
anticonvulsant effects in several models of epileptic seizures,
but only a few studies assessed the role of CB1R in audiogenic
models (Rosenberg et al., 2017; Lazarini-Lopes et al., 2020).
Systemic activation of CBIR receptors presented protective
effects against audiogenic seizures in the Krushinsky-Molodkina
strain and in DBA/2 mice (Vinogradova and Van Rijn, 2015;
Citraro et al., 2016). Conversely, antagonism of CBIR facilitated
the appearance of clonic behavior during the AuK and induced
the reappearance of seizures in animals that had previously
developed resistance to audiogenic seizures (Vinogradova et al.,
2011). Moreover, in WAG/Rij rats, a genetic model of absence
seizures, with a subpopulation also susceptible to audiogenic
seizures (Vinogradova, 2008), pharmacological activation of
CBI1R attenuated absence seizures, but the effects on AS were not
assessed (Van Rijn et al., 2010; Citraro et al., 2013).

The ECS is a complex system capable of modulating many
other mechanisms, for these reason we should not discard
possible involvement of CBIR with glutamatergic neurons
and/or astrocytes signaling (Monory et al., 2006; Maroso
et al,, 2016; Busquets-Garcia et al., 2018), especially because
overexpression of glutamate receptors subunits have already been
observed in the hippocampus of WARs after acute and chronic
AS (Gitai et al.,, 2010). Therefore, investigating not only the
expression, but also the location of CB1R in specific cell types
in genetic models of epilepsies can bring important information
regarding the ECS and seizure control. Finally, other receptors
related to endocannabinoid signaling, such as the transient
receptor potential vanilloid 1 (TRPV1) and the GPR55, both
activated by anandamide and associated with anticonvulsant
effects (Van Der Stelt et al., 2005; Ryberg et al., 2007; Lazarini-
Lopes et al, 2020), could be partially involved with CBIR
modulation and should be further investigated in the genetic
models of epilepsies.

Our results of increased CBIR expression in limbic brain
regions are in agreement with other animal models and humans
with TLE (Wallace et al., 2003; Falenski et al., 2007; Magloczky
etal., 2010; Karl6cai et al., 2011; Rocha et al., 2020). We observed

we
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increased endogenous CB1R expression in WARs in comparison
to Wistar rats in the iMO of the hippocampus. Alterations in
the iMO, such as increased granule cell dendrites, increased
endings of apical dendrites, and increased neo-Timm staining,
have already been described after pilocarpine-induced SE (Arisi
and Garcia-Cairasco, 2007). Our results bring new insights about
ECS alterations in the molecular layer of the hippocampus,
reinforcing the role of this brain region in seizure susceptibility
and control. Moreover, we suggest that endogenous increase of
CBIR in the iMO of WARs could be associated with the genetic
susceptibility to audiogenic seizures and the LR consequent
to AuK.

Additionally, we bring important information regarding
acute brainstem seizures and modulation of CB1R expression
in limbic brain regions. Strikingly, CB1R was increased in
hippocampus and amygdala after acute and chronic brainstem
seizures. Our results suggest that in audiogenic models of
seizures, brainstem seizures, either acute or chronic, are
capable of modulating CB1R expression in a similar manner,
increasing its expression in the amygdala and hippocampus.
Additionally, differences in CBIR expression between WAR
NLR and WAR LR were observed in the amygdala (LA,
BLA, BMA, CeA), but not in the hippocampus. Also, a
decrease of CBIR expression in the amygdala (LA, BLA,
BMA) was correlated with increased limbic seizure severity.
Curiously, these amygdala subnuclei are the main amygdaloid
areas related to limbic recruitment in WARs and in other
audiogenic strains, with histological and EEG alterations (Moraes
et al., 2000; Galvis-Alonso et al., 2004; Tupal and Faingold,
2010). Therefore, these results suggest that the ECS could be
associated with the epileptogenic process in WARs. Nonetheless,
the functional consequences of these differences in CBIR
expression still need to be investigated, especially because it
is unclear if changes in CBIR expression were previously
present in LR and NLR WARs before the beginning of the
AuK. Additionally, the analysis of CBIR in different time-
points during chronic seizures can bring important information
about the progressive alterations in CBIR expression during
chronic seizures.

The present study has some methodological limitations, such
as the absence of EEG recordings in WARSs, the lack of analysis
of the CBIR functionality or the lack of evaluation of other
ECS components. In addition to the assessment of CBIR in the
current WAR brain sites (hippocampus and amygdala), directly
related to limbic seizure generation, it would be interesting
and necessary in the future, to evaluate the expression of
CBIR at the sensory processing level, initially the auditory
receptor and lower brainstem auditory structures, as well as
nuclei of sensory-motor integration systems, the outcome for
the manifestation of motor seizures (see details in Garcia-
Cairasco et al., 2017). It is important to note that behavioral
and immunohistochemical data were consistent in the present
study and we showed the first evidence of endogenous changes
in CBIR expression in WARs, a genetic model of epilepsy,
which is able to mimick tonic-clonic seizures (acute protocol)
and TLE (chronic protocol, kindling). It is important to note
that we used a genetic model of epilepsy with no need of any

chemical of electrical stimulation to induce seizures in WARs.
Due to these features, genetic models of epilepsies with reflex
seizures, like audiogenic strains, are important methodological
approaches in the preclinical epilepsy research (Faingold et al.,
2014; Garcia-Cairasco et al,, 2017). Moreover, we applied a
detailed anatomical analysis, which allowed the assessment of
CBIR expression in specific brain regions and subregions.
Only using this exhaustive and accurate methodology, it was
possible to detect the changes in the iMO of the hippocampus
of control WARs, as well as to identify specific regions of
the amygdala where CB1R expression was correlated to limbic
seizure severity.

Therefore, we conclude that WARs present increased
endogenous CBIR expression in the iMO, when compared to
control Wistar rats. Additionally, acute and chronic (kindled)
audiogenic seizures increased CBIR expression in several
hippocampal and amygdala regions. Furthermore, changes in
CBIR expression in the amygdala, but not in the hippocampus,
were correlated with limbic seizure severity in WARs. Our study
is the first to characterize CBIR in the WAR strain, a genetic
model of epilepsy with brainstem (acute protocol) and limbic
(chronic protocol) seizures. Our results agree with previous
studies, supporting that changes in the ECS may be related
with the seizure susceptibility and its control. Further studies
investigating ECS components in genetic models of epilepsies,
such as WAR, GEPR, and WAG/Rij, may bring important
information about seizure susceptibility and pharmacological
control. Future mapping studies would also expand the search
for brain sites of expression of CB1R, associated to epilepsies and
epilepsy-related comorbidities.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

ETHICS STATEMENT

The animal study was reviewed and approved by Ethics
Committee in Animal Research of the Ribeirdo Preto
School of Medicine at the University of Sio Paulo (Protocol
number: 057/2017).

AUTHOR CONTRIBUTIONS

WL-L, RV-§, RS-J, and NG-C conceived the original idea. WL-L
conducted behavioral and immunohistochemical experiments,
imaging protocols, and analysis. RV-S collected brain tissue.
RS-] and GS-M performed immunohistochemical analysis,
image processing, and prepared figures. WL-L prepared figures
and wrote the manuscript. NG-C made important intellectual
contributions and obtained funding. All authors reviewed,
discussed, and approved the manuscript.

Frontiers in Behavioral Neuroscience | www.frontiersin.org

68

December 2020 | Volume 14 | Article 602258


https://www.frontiersin.org/journals/behavioral-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/behavioral-neuroscience#articles

Lazarini-Lopes et al.

CB1R Expression in WARs

FUNDING

This work was supported by Sdo Paulo Research Foundation
(FAPESP) grants:  14/50891-1, 19/05957-8, 19/00849-2,
and 2019/02787-4. National Council for Scientific and
Technological Development (CNPq) grants: 465458/2014-9
and 305883/2014-3 (NG-C). WL-L holds Coordenagio de
Aperfeicoamento de Pessoal de Nivel Superior (CAPES
- Finance code 001) and CAPES-Print (Process no.
88887.370299/2019-00) grants.

ACKNOWLEDGMENTS

The authors thank Dr. Norberto Cysne Coimbra for the
assistance in the neuroanatomical studies. We also thank
José Antonio Cortes de Oliveira for the assistance in the
genetic selection and maintenance of the Wistar Audiogenic
Rat (WAR) colony for more than 30 years. The authors also

REFERENCES

Aguilar, B. L., Malkova, L., N'Gouemo, P., and Forcelli, P. A. (2018). Genetically
epilepsy-prone rats display anxiety-like behaviors and neuropsychiatric
comorbidities of epilepsy. Front. Neurol. 9:476. doi: 10.3389/fneur.2018.00476

Alger, B. E. (2004). Endocannabinoids and their implications for epilepsy. Epilepsy
Curr. 4,169-173. doi: 10.1111/§.1535-7597.2004.04501.x

Araque, A., Castillo, P. E., Manzoni, O. ]., and Tonini, R. (2017). Synaptic functions
of endocannabinoid signaling in health and disease. Neuropharmacology 124,
13-24. doi: 10.1016/j.neuropharm.2017.06.017

Arisi, G. M., and Garcia-Cairasco, N. (2007). Doublecortin-positive newly born
granule cells of hippocampus have abnormal apical dendritic morphology in
the pilocarpine model of temporal lobe epilepsy. Brain Res. 1165, 126-134.
doi: 10.1016/j.brainres.2007.06.037

Bhattacharyya, S., Egerton, A., Kim, E., Rosso, L., Riano Barros, D., Hammers,
A., et al. (2017). Acute induction of anxiety in humans by delta-9-
tetrahydrocannabinol related to amygdalar cannabinoid-1 (CB1) receptors. Sci.
Rep. 7:15025. doi: 10.1038/s41598-017-14203-4

Busquets-Garcia, A., Bains, J., and Marsicano, G. (2018). CB 1 receptor signaling
in the brain: extracting specificity from ubiquity. Neuropsychopharmacology 43,
4-20. doi: 10.1038/npp.2017.206

Castillo, P. E., Younts, T. J., Chavez, A. E., and Hashimotodani, Y. (2012).
Endocannabinoid signaling and synaptic function. Neuron 76, 70-81.
doi: 10.1016/j.neuron.2012.09.020

Castro, G. P., Medeiros, D. de C., Guarnieri, L. de O., Mouréo, F. A. G., Pinto,
H. P. P, Pereira, G. S., et al. (2017). Wistar audiogenic rats display abnormal
behavioral traits associated with artificial selection for seizure susceptibility.
Epilepsy Behav. 71, 243-249. doi: 10.1016/j.yebeh.2015.08.039

Cavalheiro, E. A., Leite, J. P., Bortolotto, Z. A., Turski, W. A., Ikonomidou, C., and
Turski, L. (1991). Long-term effects of pilocarpine in rats: structural damage of
the brain triggers kindling and spontaneous i recurrent seizures. Epilepsia 32,
778-782. doi: 10.1111/j.1528-1157.1991.tb05533.x

Cenquizca, L. A., and Swanson, L. W. (2007). Spatial organization of direct
hippocampal field CA1 axonal projections to the rest of the cerebral cortex.
Brain Res. Rev. 56, 1-26. doi: 10.1016/j.brainresrev.2007.05.002

Citraro, R., Russo, E., Leo, A., Russo, R., Avagliano, C., Navarra, M., et al. (2016).
Pharmacokinetic-pharmacodynamic influence of N-palmitoylethanolamine,
arachidonyl-2'-chloroethylamide and WIN 55,212-2 on the anticonvulsant
activity of antiepileptic drugs against audiogenic seizures in DBA/2 mice. Eur.
J. Pharmacol. 791, 523-534. doi: 10.1016/j.ejphar.2016.09.029

Citraro, R., Russo, E., Scicchitano, F., Van Rijn, C. M., Cosco, D., Avagliano,
C., et al. (2013). Antiepileptic action of N-palmitoylethanolamine through
CB1 and PPAR-a receptor activation in a genetic model of absence epilepsy.
Neuropharmacology 69, 115-126. doi: 10.1016/j.neuropharm.2012.11.017

thank the Multiuser Laboratories on Confocal at the Cell
and Molecular Biology Department, Ribeirdo Preto School of
Medicine, University of Sdo Paulo.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fnbeh.
2020.602258/full#supplementary-material

Supplementary Figure 1 | Representative images of CB1R immunostaining in
extra-limbic brain structures. Different experimental groups (left column) and their
correspondent heatmap (right column) of CB1R immunostaining. It is possible to
observe intense CB1R immunostaining in several brain areas, besides the
hippocampus and amygdala, such as the hypothalamus, the thalamus, and
several cortical areas. Scale bar: 500 wm. Color code scale (8 bits image): 0-255
(min-max).

Supplementary Table 1 | Number of animals and sections used to analyze
CB1R immunostaining in each experimental group.

Cunha, A. O. S., Ceballos, C. C., De Deus, J. L., Pena, R. F. D. O., De Oliveira,
J. A. C, Roque, A. C, et al. (2018). Intrinsic and synaptic properties of
hippocampal CA1 pyramidal neurons of the Wistar Audiogenic Rat (WAR)
strain, a genetic model of epilepsy. Sci. Rep. 8:10412. doi: 10.1038/s41598-018-2
8725-y

Cunha, A. O. S., de Oliveira, J. A. C., Almeida, S. S., Garcia-Cairasco, N., and Leio,
R. M. (2015). Inhibition of long-term potentiation in the schaffer-CA1 pathway
by repetitive high-intensity sound stimulation. Neuroscience 310, 114-127.
doi: 10.1016/j.neuroscience.2015.09.040

de Deus, J. L., Amorim, M. R., de Barcellos Filho, P. C. G., de Oliveira, J. A. C.,
Batalhdo, M. E., Garcia-Cairasco, N, et al. (2020). Inflammatory markers in
the hippocampus after audiogenic kindling. Neuroscience Letters 721, 134830.
doi: 10.1016/j.neulet.2020.134830

Evans, M. C., and Dougherty, K. A. (2018). Carbamazepine-induced suppression
of repetitive firing in CAl pyramidal neurons is greater in the dorsal
hippocampus than the ventral hippocampus. Epilepsy Res. 145, 63-72.
doi: 10.1016/j.eplepsyres.2018.05.014

Faingold, C. L., Raisinghani, M., and N’Gouemo, P. (2014). Neuronal
networks epilepsy: comparative audiogenic  seizure
Neuronal Netw. Brain Funct. CNS Disord. Ther. 2014,
doi: 10.1016/B978-0-12-415804-7.00026-5

Falenski, K. W., Blair, R. E., Sim-Selley, L. J., Martin, B. R,, and DeLorenzo,
R. J. (2007). Status epilepticus causes a long-lasting redistribution of
hippocampal cannabinoid type 1 receptor expression and function in the
rat pilocarpine model of acquired epilepsy. Neuroscience 146, 1232-1244.
doi: 10.1016/j.neuroscience.2007.01.065

Falenski, K. W., Carter, D. S., Harrison, A. J., Martin, B. R., Blair, R. E.,
and DeLorenzo, R. J. (2009). Temporal characterization of changes in
hippocampal cannabinoid CBI receptor expression following pilocarpine-
induced status epilepticus. Brain Res. 1262, 64-72. doi: 10.1016/j.brainres.2009.
01.036

Freund, T. F., Katona, I, and Piomelli, D. (2003). Role of endogenous
cannabinoids in synaptic signaling. Physiol. Rev. 83, 1017-1066.
doi: 10.1152/physrev.00004.2003

Galvis-Alonso, O. Y., Cortes De Oliveira, J. A., and Garcia-Cairasco, N. (2004).
Limbic epileptogenicity, cell loss and axonal reorganization induced by
audiogenic and amygdala kindling in wistar audiogenic rats (WAR strain).
Neuroscience 125, 787-802. doi: 10.1016/j.neuroscience.2004.01.042

Garcia-Cairasco, N. (2002). A critical review on the participation of inferior
colliculus in acoustic-motor and acoustic-limbic networks involved in the
expression of acute and kindled audiogenic seizures. Hear. Res. 168, 208-222.
doi: 10.1016/S0378-5955(02)00371-4

Garcia-Cairasco, N., Umeoka, E. H. L., and Cortes de Oliveira, J. A. (2017). The
Wistar Audiogenic Rat (WAR) strain and its contributions to epileptology and

networks.
349-373.

in

Frontiers in Behavioral Neuroscience | www.frontiersin.org

69

December 2020 | Volume 14 | Article 602258


https://www.frontiersin.org/articles/10.3389/fnbeh.2020.602258/full#supplementary-material
https://doi.org/10.3389/fneur.2018.00476
https://doi.org/10.1111/j.1535-7597.2004.04501.x
https://doi.org/10.1016/j.neuropharm.2017.06.017
https://doi.org/10.1016/j.brainres.2007.06.037
https://doi.org/10.1038/s41598-017-14203-4
https://doi.org/10.1038/npp.2017.206
https://doi.org/10.1016/j.neuron.2012.09.020
https://doi.org/10.1016/j.yebeh.2015.08.039
https://doi.org/10.1111/j.1528-1157.1991.tb05533.x
https://doi.org/10.1016/j.brainresrev.2007.05.002
https://doi.org/10.1016/j.ejphar.2016.09.029
https://doi.org/10.1016/j.neuropharm.2012.11.017
https://doi.org/10.1038/s41598-018-28725-y
https://doi.org/10.1016/j.neuroscience.2015.09.040
https://doi.org/10.1016/j.neulet.2020.134830
https://doi.org/10.1016/j.eplepsyres.2018.05.014
https://doi.org/10.1016/B978-0-12-415804-7.00026-5
https://doi.org/10.1016/j.neuroscience.2007.01.065
https://doi.org/10.1016/j.brainres.2009.01.036
https://doi.org/10.1152/physrev.00004.2003
https://doi.org/10.1016/j.neuroscience.2004.01.042
https://doi.org/10.1016/S0378-5955(02)00371-4
https://www.frontiersin.org/journals/behavioral-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/behavioral-neuroscience#articles

Lazarini-Lopes et al.

CB1R Expression in WARs

related comorbidities : History and perspectives. Epilepsy Behav. 71, 250-273.
doi: 10.1016/j.yebeh.2017.04.001

Garcia-Cairasco, N., Wakamatsu, H., Oliveira, J. A. C., Gomes, E. L. T., Del Bel,
E. A, and Mello, L. E. A. M. (1996). Neuroethological and morphological
(Neo-Timm staining) correlates of limbic recruitment during the development
of audiogenic kindling in seizure susceptible Wistar rats. Epilepsy Res. 26,
177-192. doi: 10.1016/S0920-1211(96)00050-2

Gitai, D. L. G., Martinelli, H. N., Valente, V., Pereira, M. G. A. G., Oliveira,
J. A. C, Elias, C. F,, et al. (2010). Increased expression of GluR2-flip in
the hippocampus of the wistar audiogenic rat strain after acute and kindled
seizures. Hippocampus 20, 125-133. doi: 10.1002/hip0.20590

Herkenham, M., Lynn, A. B,, Litrle, M. D., Johnsont, M. R., Melvin, L. S., De Costa,
B. R, etal. (1990). Cannabinoid receptor localization in brain. Neurobiology 87,
1932-1936. doi: 10.1073/pnas.87.5.1932

Hill, E. L., Gallopin, T., Férézou, I, Cauli, B., Rossier, J., Schweitzer, P.,
et al. (2007). Functional CB1 receptors are broadly expressed in neocortical
GABAergic and glutamatergic neurons. J. Neurophysiol. 97, 2580-2589.
doi: 10.1152/jn.00603.2006

Hoffman, A. F., and Lupica, C. R. (2000). Mechanisms of cannabinoid inhibition
of GABA(A) synaptic transmission in the hippocampus. J. Neurosci. 20,
2470-2479. doi: 10.1523/JNEUROSCI.20-07-02470.2000

Hosie, S., Malone, D. T., Liu, S., Glass, M., Adlard, P. A., Hannan, A. J.,
et al. (2018). Altered amygdala excitation and CB1 receptor modulation of
aggressive behavior in the neuroligin-3R451C mouse model of autism. Front.
Cell. Neurosci. 12:234. doi: 10.3389/fncel.2018.00234

Jay, T. M., and Witter, M. P. (1991). Distribution of hippocampal CAl and
subicular efferents in the prefrontal cortex of the rat studied by means of
anterograde transport of Phaseolus vulgaris-leucoagglutinin. J. Comp. Neurol.
313, 574-586. doi: 10.1002/cne.903130404

Kaplan, J. S., Stella, N., Catterall, W. A, and Westenbroek, R. E. (2017).
Cannabidiol attenuates seizures and social deficits in a mouse model
of Dravet syndrome. Proc. Natl. Acad. Sci. US.A. 114, 11229-11234.
doi: 10.1073/pnas.1711351114

Karldcai, M. R., Téth, K., Watanabe, M., Ledent, C., Juhdsz, G., Freund, T.
F., et al. (2011). Redistribution of CB1 cannabinoid receptors in the acute
and chronic phases of pilocarpine-induced epilepsy. PLoS ONE 6:€27196.
doi: 10.1371/journal.pone.0027196

Katona, I, and Freund, T. F. (2008). Endocannabinoid signaling as a
synaptic circuit breaker in neurological disease. Nat. Med. 14, 923-930.
doi: 10.1038/nm.f.1869

Katona, I, Rancz, E. A., Acsady, L., Ledent, C., Mackie, K., Hijos, N, et al.
(2001). Distribution of CB1 cannabinoid receptors in the amygdala and their
role in the control of GABAergic transmission. J. Neurosci. 21, 9506-9518.
doi: 10.1523/JNEUROSCI.21-23-09506.2001

Lazarini-Lopes, W., Do Val-da Silva, R. A., da Silva-Junior, R. M. P,
Leite, J. P., and Garcia-Cairasco, N. (2020). The anticonvulsant effects of
cannabidiol in experimental models of epileptic seizures: from behavior
and mechanisms to clinical insights. Neurosci. Biobehav. Rev. 111, 166-182.
doi: 10.1016/j.neubiorev.2020.01.014

Lee, Y., Rodriguez, O. C., Albanese, C., Santos, V. R., Cortes de Oliveira, J. A,,
Donatti, A. L. F., et al. (2018). Divergent brain changes in two audiogenic rat
strains: a voxel-based morphometry and diffusion tensor imaging comparison
of the genetically epilepsy prone rat (GEPR-3) and the Wistar Audiogenic Rat
(WAR). Neurobiol. Dis. 111, 80-90. doi: 10.1016/j.nbd.2017.12.014

Lutz, B. (2004). On-demand activation of the endocannabinoid system in the
control of neuronal excitability and epileptiform seizures. Biochem. Pharmacol.
68, 1691-1698. doi: 10.1016/j.bcp.2004.07.007

Magloczky, Z., Toth, K., Karlocai, R., Nagy, S., Eross, L., Czirjik, S., et al. (2010).
Dynamic changes of CB1-receptor expression in hippocampi of epileptic mice
and humans. Epilepsia 51, 115-120. doi: 10.1111/j.1528-1167.2010.02624.x

Marescaux, C., Vergnes, M., Kiesmann, M., Depaulis, A., Micheletti, G., and
Warter, J. M. (1987). Kindling of audiogenic seizures in wistar rats : an EEG
study. Exp. Neurol. 168, 160-168. doi: 10.1016/0014-4886(87)90290-1

Maroso, M., Szabo, G. G., Kim, H. K., Alexander, A, Bui, A. D., Lee, S. H,, et al.
(2016). Cannabinoid control of learning and memory through HCN channels.
Neuron 89, 1059-1073. doi: 10.1016/j.neuron.2016.01.023

McDonald, A. J., and Mascagni, F. (2001). Localization of the CBI type
cannabinoid receptor in the rat basolateral amygdala: High concentrations in a

subpopulation of cholecystokinin-containing interneurons. Neuroscience 107,
641-652. doi: 10.1016/S0306-4522(01)00380-3

Monory, K., Massa, F., Egertovd, M., Eder, M., Blaudzun, H., Westenbroek, R., et al.
(2006). The endocannabinoid system controls key epileptogenic circuits in the
hippocampus. Neuron 51, 455-466. doi: 10.1016/j.neuron.2006.07.006

Moraes, M. F. D., Galvis-Alonso, O. Y. and Garcia-Cairasco, N.
(2000). Audiogenic kindling in the Wistar rat: a potential model
for recruitment of limbic structures. Epilepsy Res. 39, 251-259.
doi: 10.1016/50920-1211(00)00107-8

Naritoku, D. K., Mecozzi, L. B., Aiello, M. T., and Faingold, C. L. (1992).
Repetition of audiogenic seizures in genetically epilepsy-prone rats induces
cortical epileptiform activity and additional seizure behaviors. Exp. Neurol. 115,
317-324. doi: 10.1016/0014-4886(92)90197-X

Paxinos, G., and Watson, C. (2005). The Rat Brain in Stereotaxic Coordinates, 5th
edn. San Diego, CA: Academic Press.

Poletaeva, I. I, Surina, N. M., Kostina, Z. A., Perepelkina, O. V., and Fedotova, I. B.
(2017). The krushinsky-molodkina rat strain: the study of audiogenic epilepsy
for 65 years. Epilepsy Behav. 71, 130-141. doi: 10.1016/j.yebeh.2015.04.072

Racine, R. J. (1972). Modification of seizure activity by electrical stimulation:
II. Motor seizure. Electroencephalogr. Clin. Neurophysiol. 32, 281-294.
doi: 10.1016/0013-4694(72)90177-0

Raisinghani, M., and Faingold, C. L. (2003). Identification of the requisite brain
sites in the neuronal network subserving generalized clonic audiogenic seizures.
Brain Res. 967, 113-122. doi: 10.1016/S0006-8993(02)04232-4

Rocha, L. L., Cinar, R.,, Guevara-Guzman, R., Alonso Vanegas, M. A., San
Juan Orta, D., Martinez-Judrez, I. E., et al. (2020). Endocannabinoid system
and cannabinoid 1 receptors in patients with pharmacoresistant temporal
lobe epilepsy and comorbid mood disorders. Front. Behav. Neurosci. 14:52.
doi: 10.3389/fnbeh.2020.00052

Romcy-Pereira, R. N., and Garcia-Cairasco, N. (2003). Hippocampal cell
proliferation and epileptogenesis after audiogenic kindling are not
accompanied by mossy fiber sprouting or fluoro-jade staining. Neuroscience
119, 533-546. doi: 10.1016/S0306-4522(03)00191-X

Rosenberg, E. C., Patra, P. H., and Whalley, B. J. (2017). Therapeutic effects
of cannabinoids in animal models of seizures, epilepsy, epileptogenesis,
and epilepsy-related neuroprotection. Epilepsy Behav. 70, 319-327.
doi: 10.1016/j.yebeh.2016.11.006

Rossetti, F., Rodrigues, M. C. A., de Oliveira, J. A. C., and Garcia-Cairasco, N.
(2006). EEG wavelet analyses of the striatum-substantia nigra pars reticulata-
superior colliculus circuitry: audiogenic seizures and anticonvulsant drug
administration in wistar audiogenic rats (War strain). Epilepsy Res. 72, 192-208.
doi: 10.1016/j.eplepsyres.2006.08.001

Ruiz de Azua, I, and Lutz, B. (2019). Multiple endocannabinoid-mediated
mechanisms in the regulation of energy homeostasis in brain and peripheral
tissues. Cell. Mol. Life Sci. 76, 1341-1363. doi: 10.1007/s00018-018-2994-6

Ryberg, E., Larsson, N., Sjogren, S., Hjorth, S., Hermansson, N. O., Leonova, J.,
et al. (2007). The orphan receptor GPR55 is a novel cannabinoid receptor. Br.
J. Pharmacol. 152, 1092-1101. doi: 10.1038/sj.bjp.0707460

Scharfman, H. E., and Myers, C. E. (2013). Hilar mossy cells of the dentate gyrus: a
historical perspective. Front. Neural Circ. 6:106. doi: 10.3389/fncir.2012.00106

Schindelin, J., Arganda-Carreras, L, Frise, E., Kaynig, V., Longair, M., Pietzsch, T,
et al. (2012). Fiji: an open-source platform for biological-image analysis. Nat.
Methods 9, 676-682. doi: 10.1038/nmeth.2019

Schneider, C. A., Rasband, W. S., and Eliceiri, K. W. (2012). NIH Image to Image]:
25 years of image analysis. Nat. Methods 9, 671-675. doi: 10.1038/nmeth.2089

Tsou, K., Brown, S., Safiludo-Pefia, M. C., Mackie, K., and Walker, J.
M. (1998). Immunohistochemical
receptors in the rat central nervous system. Neuroscience 83, 393-411.
doi: 10.1016/50306-4522(97)00436-3

Tupal, S., and Faingold, C. (2010). Inhibition of adenylyl cyclase in amygdala
blocks the effect of audiogenic seizure kindling in genetically epilepsy-prone
rats. Neuropharmacology 59, 107-111. doi: 10.1016/j.neuropharm.2010.04.011

Turu, G., and Hunyady, L. (2010). Signal transduction of the CB1 cannabinoid
receptor. J. Mol. Endocrinol. 44, 75-85. doi: 10.1677/JME-08-0190

Van Der Stelt, M., Trevisani, M., Vellani, V., De Petrocellis, L., Moriello, A.
S., Campi, B, et al. (2005). Anandamide acts as an intracellular messenger
amplifying Ca2+ influx via TRPV1 channels. EMBO J. 24, 3026-3037.
doi: 10.1038/sj.embo;j.7600784

distribuition of cannabinoid CBI1

Frontiers in Behavioral Neuroscience | www.frontiersin.org

70

December 2020 | Volume 14 | Article 602258


https://doi.org/10.1016/j.yebeh.2017.04.001
https://doi.org/10.1016/S0920-1211(96)00050-2
https://doi.org/10.1002/hipo.20590
https://doi.org/10.1073/pnas.87.5.1932
https://doi.org/10.1152/jn.00603.2006
https://doi.org/10.1523/JNEUROSCI.20-07-02470.2000
https://doi.org/10.3389/fncel.2018.00234
https://doi.org/10.1002/cne.903130404
https://doi.org/10.1073/pnas.1711351114
https://doi.org/10.1371/journal.pone.0027196
https://doi.org/10.1038/nm.f.1869
https://doi.org/10.1523/JNEUROSCI.21-23-09506.2001
https://doi.org/10.1016/j.neubiorev.2020.01.014
https://doi.org/10.1016/j.nbd.2017.12.014
https://doi.org/10.1016/j.bcp.2004.07.007
https://doi.org/10.1111/j.1528-1167.2010.02624.x
https://doi.org/10.1016/0014-4886(87)90290-1
https://doi.org/10.1016/j.neuron.2016.01.023
https://doi.org/10.1016/S0306-4522(01)00380-3
https://doi.org/10.1016/j.neuron.2006.07.006
https://doi.org/10.1016/S0920-1211(00)00107-8
https://doi.org/10.1016/0014-4886(92)90197-X
https://doi.org/10.1016/j.yebeh.2015.04.072
https://doi.org/10.1016/0013-4694(72)90177-0
https://doi.org/10.1016/S0006-8993(02)04232-4
https://doi.org/10.3389/fnbeh.2020.00052
https://doi.org/10.1016/S0306-4522(03)00191-X
https://doi.org/10.1016/j.yebeh.2016.11.006
https://doi.org/10.1016/j.eplepsyres.2006.08.001
https://doi.org/10.1007/s00018-018-2994-6
https://doi.org/10.1038/sj.bjp.0707460
https://doi.org/10.3389/fncir.2012.00106
https://doi.org/10.1038/nmeth.2019
https://doi.org/10.1038/nmeth.2089
https://doi.org/10.1016/S0306-4522(97)00436-3
https://doi.org/10.1016/j.neuropharm.2010.04.011
https://doi.org/10.1677/JME-08-0190
https://doi.org/10.1038/sj.emboj.7600784
https://www.frontiersin.org/journals/behavioral-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/behavioral-neuroscience#articles

Lazarini-Lopes et al.

CB1R Expression in WARs

Van Rijn, C. M., Gaetani, S., Santolini, I, Badura, A., Gabova, A., Fu, J.,
et al. (2010). WAG/Rij rats show a reduced expression of CBI receptors in
thalamic nuclei and respond to the CB1 receptor agonist, R(+)WIN55,212-2,
with a reduced incidence of spike-wave discharges. Epilepsia 51, 1511-1521.
doi: 10.1111/.1528-1167.2009.02510.x

Vinogradova, L. V. (2008). Audiogenic kindling in wistar and WAG/Rij
rats: kindling-prone and kindling-resistant subpopulations. Epilepsia 49,
1665-1674. doi: 10.1111/j.1528-1167.2008.01617.x

Vinogradova, L. V. (2017). Audiogenic kindling and secondary subcortico-cortical
epileptogenesis: behavioral correlates and electrographic features. Epilepsy
Behav. 71, 142-153. doi: 10.1016/j.yebeh.2015.06.014

Vinogradova, L. V., Shatskova, A. B, and Van Rijn, C. M. (2011). Pro-
epileptic effects of the receptor antagonist SR141716
in a model of audiogenic epilepsy. Epilepsy Res. 96, 250-256.
doi: 10.1016/j.eplepsyres.2011.06.007

Vinogradova, L. V., and Van Rijn, C. M. (2015). Long-term disease-
modifying effect of the endocannabinoid agonist WIN55,212-2 in
a rat model of audiogenic epilepsy. Pharmacol. Rep. 67, 501-503.
doi: 10.1016/j.pharep.2014.12.002

cannabinoid

Wallace, M. J., Blair, R. E., Falenski, K. W., Martin, B. R, and Delorenzo, R. J.
(2003). The endogenous cannabinoid system regulates seizure frequency and
duration in a model of temporal lobe epilepsy. Pharmacol. Exp. Ther. 307,
129-137. doi: 10.1124/jpet.103.051920

Wilson, R. I, and Nicoll, R. A. (2001). Endogenous cannabinoids mediate
retrograde signalling at hippocampal synapses. Nature 410, 588-592.
doi: 10.1038/35069076

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2020 Lazarini-Lopes, da Silva-Jiinior, Servilha-Menezes, Do Val-da
Silva and Garcia-Cairasco. This is an open-access article distributed under the terms
of the Creative Commons Attribution License (CC BY). The use, distribution or
reproduction in other forums is permitted, provided the original author(s) and the
copyright owner(s) are credited and that the original publication in this journal
is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Behavioral Neuroscience | www.frontiersin.org

n

December 2020 | Volume 14 | Article 602258


https://doi.org/10.1111/j.1528-1167.2009.02510.x
https://doi.org/10.1111/j.1528-1167.2008.01617.x
https://doi.org/10.1016/j.yebeh.2015.06.014
https://doi.org/10.1016/j.eplepsyres.2011.06.007
https://doi.org/10.1016/j.pharep.2014.12.002
https://doi.org/10.1124/jpet.103.051920
https://doi.org/10.1038/35069076
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/behavioral-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/behavioral-neuroscience#articles

-.\' frontiers

in Behavioral Neuroscience

REVIEW
published: 12 January 2021
doi: 10.3389/fnbeh.2020.610484

OPEN ACCESS

Edited by:
Dolores E. Lopez Garcia,
University of Salamanca, Spain

Reviewed by:

Orlando Jorge Castellano,
University of Salamanca, Spain
Alan Talevi,

National University of La Plata,
Argentina

*Correspondence:
Sandra Orozco-Sudrez
sorozcob5@hotmail.com

Specialty section:

This article was submitted to journal
Pathological Condlitions,

a section of the journal

Frontiers in Behavioral Neuroscience

Received: 26 September 2020
Accepted: 26 November 2020
Published: 12 January 2021

Citation:

Vega-Garcia A, Feria-Romero |,
Garcia-Judrez A,

Munguia-Madera ACh,
Montes-Aparicio AV,
Zequeida-Murioz E,
Garcia-Albavera E and
Orozco-Sudrez S

(2021) Cannabinoids: A New
Perspective on Epileptogenesis and
Seizure Treatment in Early Life in
Basic and Clinical Studies.

Front. Behav. Neurosci. 14:610484.
doi: 10.3389/fnbeh.2020.610484

®

Check for
updates

Cannabinoids: A New Perspective on
Epileptogenesis and Seizure
Treatment in Early Life in Basic and
Clinical Studies
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Neural hyperexcitability in the event of damage during early life, such as hyperthermia,
hypoxia, traumatic brain injury, status epilepticus, or a pre-existing neuroinflammatory
condition, can promote the process of epileptogenesis, which is defined as the
sequence of events that converts a normal circuit into a hyperexcitable circuit and
represents the time that occurs between the damaging event and the development
of spontaneous seizure activity or the establishment of epilepsy. Epilepsy is the
most common neurological disease in the world, characterized by the presence of
seizures recurring without apparent provocation. Cannabidiol (CBD), a phytocannabinoid
derived from the subspecies Cannabis sativa (CS), is the most studied active
ingredient and is currently studied as a therapeutic strategy: it is an anticonvulsant
mainly used in children with catastrophic epileptic syndromes and has also been
reported to have anti-inflammatory and antioxidant effects, supporting it as a
therapeutic strategy with neuroprotective potential. However, the mechanisms by
which CBD exerts these effects are not entirely known, and the few studies on
acute and chronic models in immature animals have provided contradictory results.
Thus, it is difficult to evaluate the therapeutic profile of CBD, as well as the
involvement of the endocannabinoid system in epileptogenesis in the immature brain.

Abbreviations: CNS, central nervous system; ABHDG6, a-B-hydrolase domain 6; ACEA, arachidonyl-2’-chloroethylamide;
AEA, anandamide; eCBS, endocannabinoid system; eCB-endocannabinoide CBD, cannabidiol; CBDV, cannabidivarin;
CBIR, cannabinoid type 1 receptor; CB2R, cannabinoid type 2; GluR, glutamate receptor; DAGL, diacylglycerol lipase;
A°-THC, A°-tetrahydrocannabinol; DSE, depolarization-induced suppression of excitation; DSI, depolarization-induced
suppression of inhibition; FAAH, fatty acid amide hydrolase; GABA vy, aminobutyric acid; GAD, glutamate decarboxylase;
GPR, G- protein-coupled receptor; KA, kainic acid; MAGL, monoacylglycerol lipase; MDA, maximal dentate activation; MES,
maximal electroshock; NAPE-PLD, N-acylphosphatidylethanolamine-hydrolyzing phospholipase D; PMSF, phenylmethane
sulfonyl fluoride; PTZ, pentylenetetrazole; TRPV1, transient receptor potential vanilloid receptor (type 1); NMDArs,
N-methyl-d-aspartate receptor; AMPArs AMPA-type glutamate receptors; FS, febrile seizures; SE, Status epilepticus; TBI,
traumatic brain injury; PN, post natal; eCB, endocannabinoid system; CCK, colecistoquina; Ca?*, calcium; KT, potassium; Cl~,
chlorine; Cox-2, cyclooxigenase 2; 2-AG, 2-arachidonoylglycerol; AA, arachidonic acid; AEA, N-arachidonoyl-ethanolamine
or anandamide; CNS, central nervous system; Cox, cyclooxygenase; IL-1p, interleukin-1p; LOX, lipoxygenase.
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Cannabinoids Exert Different Effects on Neurodevelopment

Therefore, this review focuses on the collection of scientific data in animal models, as well
as information from clinical studies on the effects of cannabinoids on epileptogenesis and
their anticonvulsant and adverse effects in early life.

Keywords:  cannabinoids,
pharmacokinetics

INTRODUCTION

Seizure disorders are common during childhood; they are causes
of morbidity (Glass et al., 2018), and a large percentage of them
have a poor response to current first-line anticonvulsant drugs
(ADs; Glass et al., 2012). In the postnatal neurodevelopmental
period, neuronal excitability is predominantly mediated by
the glutamatergic and GABAergic activity system, and it
promotes the processes of growth, plasticity, synaptogenesis,
and organization of neural networks essential for the adult
stage (Ben-Ari, 2002; Ben-Ari and Holmes, 2006; Rakhade and
Jensen, 2009). Thus, the immature brain is highly susceptible
to developing neuronal hyperexcitability under pathological
conditions such as hyperthermia, hypoxia-ischemia, traumatic
brain injury (TBI), or a pre-existing neuroinflammatory
condition that in turn facilitates the development of seizure
activity and the establishment of status epilepticus (SE; Pitkinen
et al., 2015; Suchomelova et al., 2015).

Additionally, the early exposure to many ADs, is a significant
risk for brain development such as PB, DFH, and valproate, and
has been related to developmental disorders (Bittigau et al., 2002;
Forcelli et al., 2011; Kaushal et al, 2016; Al-Muhtasib et al,
2018). Furthermore, clinical evidence indicates that gestational
exposure to ADs can also lead to deficits in cognitive function
(Meador et al., 2012). For this reason, the need to identify
new drugs, Cannabidiol (CBD), and its propyl cannabidivarin
(CBDV) analog, has aroused interest in the treatment of epilepsy
in early life. While CBD was recently approved for the treatment
of refractory childhood epilepsies (Abu-Sawwa et al., 2020), little
is known about the efficacy and safety of compounds derived
from Cannabis sativa (CS) in the early stage of development
(Rosenberg et al., 2017). Here we address this issue through a
systematic evaluation of the cannabinoid literature investigating
multiple therapeutic targets, some of which were tested in
early developmental seizure models, including data from our
laboratory as well as clinical evidence.

Cannabinoids

CS is an herbaceous plant native to central Asia that is widely
distributed in a variety of habitats and altitudes and is a unique
species of its kind. Some authors recognize C. ruderalis and
C. indica as separate species or subspecies of CS; however,
a monospecific criterion has been adopted in many of the
nontaxonomic publications, since all the groups of plants that
have been included within the genus are interfertile and their
morphological diversity shows a diffuse and continuous pattern
(Etienne, 2014). This plant has been known for its medicinal
and textile uses that date back to more than 5,000 years ago.
Currently, a total of 545 constituents of cannabis have been
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identified, of which 104 are phytocannabinoids classified into 11
types: (—)-A°-trans-tetrahydrocannabinol (A° THC) type, (—)-
AB8-trans-tetrahydrocannabinol (A8-THC) type, cannabigerol
(CBG) type, cannabichrome (CBC) type, cannabidiol (CBD)
type, cannabidiol (CBND) type, cannabielsoin (CBE) type,
cannabicyclol (CBL) type, cannabinol (CBN) type, cannabitriol
(CBT) type, and miscellaneous cannabinoid type. Additional
compounds include flavonoids, steroids, phenanthrenes,
xanthones, and sugars, among others (Pertwee, 2008; El Sohly
et al., 2016). Phytocannabinoids are terpenophenolic products
that exhibit a 21- to a 22-carbon skeleton, some of which are
breakdown products of other cannabinoids. The predominant
compounds in the plant are tetrahydrocannabinol acid (THCA),
cannabidiolic acid (CBDA), and cannabinolic acid (CBNA),
followed by cannabigerolic acid (CBGA), cannabichromenic
acid (CBCA), and cannabinodiolic acid (CBNDA). Although
THCA is the most important compound in drug-type cannabis
and CBDA in fiber-type cannabis, it is also worth noting
that CBCA predominates in young plants and decreases
with maturation (Andre et al.,, 2016). Nevertheless, CS is not
the only natural source of cannabinoids, as, in the Radula
and Helichrysum gender, the presence of cannabinoid-type
terpenophenolics has also been reported; however, little is
known about these compounds (Mahmoud and Waseem, 2014;
Andre et al., 2016). Currently, the pharmacological actions of
the psychotropic cannabinoids A°-THC, A3-THC, CBN, and
A°-THCV and the non-psychotropic phytocannabinoids CBC,
CBD, CBDA, CBG, THCA, THCVA, CBGA, CBDV and CBGV
have been well documented. Also, pharmacological actions
of the nonphytocannabinoid component (E)-B-caryophyllene,
which is a sesquiterpene, have also been described (Mechoulam
and Gaoni, 1965; Pertwee, 2008; Mechoulam and Parker, 2013;
Pertwee and Cascio, 2014).

Endocannabinoid System

The endocannabinoid system (eCBs) was discovered by
Mechoulam and Gaoni (1965), who isolated the active
compound (A°-THC); in 1990, they discovered the binding
site of this cannabinoid, oriented their search for additional
receptors, and described the abundant CBI1 receptor (CB1R) in
the central nervous system (CNS) with a similar density to the
GABA and glutamate receptors. Years later, the CB2 receptor
(CB2R), abundant in tissues of the immune system, was
described, followed by the functioning of its endogenous ligands,
the endocannabinoids 2-arachidonoyl glycerol (2-AG) and
N-arachidonoyl ethanolamide or anandamide (AEA; Andre
et al,, 2016). Similarly, how the endocannabinoids 2-AG and
anandamide or AEA are synthesized from fatty acids from
the remodeling of the cell lipid membrane and are produced
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according to the individual’s bodily demands was described
shortly thereafter (Di Marzo and Piscitelli, 2015). Anandamide is
produced by the action of the enzyme N-acyltransferase (NAT),
which produces N-arachidonoyl phosphatidylethanolamine
(NArPE). Phospholipase D generates a family of compounds,
the arachidonoyl glycerol ethanolamine (FAE) family, which
includes 2-AG and anandamide. When these compounds
are released, their degradation occurs through metabolism
by enzymatic hydrolysis, where fatty acid amide hydrolase
(FAAH) intervenes in the degradation of anandamide and
monoacylglycerol lipase (MAGL). Finally, 2-AG is metabolized
into glycerol and arachidonic acid during postsynaptic cell
recapture. Anandamide and 2-AG can also bind to plasma-
circulating albumin and have distant effects (Patel et al., 2017).
NAT is regulated by calcium and cAMP cyclic adenosine
monophosphate and is selectively stimulated by cellular
depolarization or by the action of the metabotropic receptors for
glutamic acid, dopamine, or acetylcholine (Lu and Mackie, 2016;
Patel et al., 2017).

The abovementioned endocannabinoids act as agonists
of these receptors and are G protein-coupled to the
endocannabinoid CB1R and CB2R. G proteins inhibit adenylate
cyclase activation by reducing cAMP concentrations and
interfering with the activity of cAMP-dependent protein kinase
(PKA). The same G protein activates mitogen activation-
dependent protein kinase (MAPK); both PKA and MAPK are
involved in the selective expression of genes. The activation
of the CBIR and CB2R inhibits L-, N-, P-, and Q-type
voltage-dependent Ca®t channels, which reduces the entry
of Ca?* and stimulates the endogenous K+ rectifier channels
at the neuronal level by allowing the release of ions, resulting
in hyperpolarization. Interactions with other receptors, such as
GPR55, GPCR, and TRPV1 (in this case acting as an antagonist),
have also been described, in which the endocannabinoids act
as neuromodulators (Castillo et al.,, 2012; Alexandre et al,
2020; Figure 1). The CBIR is expressed throughout the CNS,
particularly in the hippocampus on mossy fibers of the granule
cells of the dentate gyrus (DG), wherein the mature stage, eCBs
regulate the efficiency of inhibitory synapses during periods
of sustained depolarization at the postsynaptic level through
increased intracellular Ca?*, which activates the synthesis
of endocannabinoids, mainly in pyramidal neurons of the
hippocampus (Herkenham et al., 1990, 1991; Katona et al., 1999,
2006). These eCB are fat-soluble, which allows their diffusion
through the plasma membrane as well as the synaptic cleft
in a retrograde manner towards the neighboring presynaptic
terminals, favoring the inhibitory activity mediated by the
GABAergic system (Katona et al., 1999, 2006; Kawamura et al.,
2006; Monory et al., 2006).

Endocannabinoid System in Postnatal

Neurodevelopment

It has been shown that during critical periods of
neurodevelopment, eCBs participate in the maturation of
corticolimbic circuits, where excitatory neuronal activity is
essential for the processes of synaptogenesis and neuronal
plasticity (Harkany et al., 2008), directed by the glutaminergic

system, which constitutes most synapses; likewise, ion channels
and glutamate transporters and receptors are expressed at
levels that promote the activity of excitatory networks (Sanchez
et al., 2001; Jensen, 2009). In rodents, during the first week,
from 0 to 7 post natal (PN) days, a period analogous to a
36-week, premature human, the GABAergic system participates
in excitatory neurotransmission, mediated by an increase in
the K*/ClI cotransporter NKCC1 and downregulation of KCC2.
The neuronal depolarization is generated by intracellular Cl~
increases and activates L-type voltage-sensitive Ca?" channels
(L-VSCC) and NMDARs, which increases the flux of intracellular
Ca?* and activates signaling cascades directed at intracellular
trophic activity, neuritic growth, neural network formation,
and synaptogenesis (Ben-Ari, 2002, 2014; Galanopoulou, 2008).
During this period of neurodevelopment, CBIR is located
in the terminals of mossy fibers in the CA3 subfield of the
hippocampus, mainly in GABAergic and cholecystokinin (CCK)
circuits, reaching a maximum concentration at the day of 4 PN,
where CBIRs are coupled to G proteins. In these terminals,
CB1Rs suppresses the release of GABA, reducing the excitatory
activity of GABA and exerting a role as a regulator of excitatory
neuronal activity important for the development of neuronal
circuits (Bernard et al., 2005; Fernandez-Ruiz et al., 2005).

The eCBs modulate neuronal activity by regulating retrograde
signaling, which participates in short-term synaptic plasticity,
also known as suppression of depolarization-induced inhibition
(DSI) and excitation (DSE). It is estimated that eCB levels,
specifically those of AEA during development, determine the
direction of synaptic plasticity (Kreitzer and Regehr, 2001;
Castillo et al., 2012). From PN day 8, GABA begins to exert
its inhibitory activity due to the increase in expression of the
KCC2 cotransporter, which decreases intracellular Cl™ levels,
favoring neuronal hyperpolarization and the inhibitory activity
of eCBs (Ben-Ari, 2002, 2014; Galanopoulou, 2008). Then,
from PN days 10-14 in the rat, which corresponds to the
first 36 months of human life, GluRs are regulated by glia,
and ionotropic glutamate receptors (iGluRs) are linked to ion
channels that allow the flow of sodium (Na*), potassium (K*)
and Ca?" ions to different degrees depending on the receptor
subunit. The main GluRs are NMDARs, AMPARs, and KARs
(Benitez-Diaz et al., 2003; Herlenius and Lagercrantz, 2004;
Rakhade and Jensen, 2009). During this period, NMDARs are
expressed differently in the brain, with an increase in the
expression of NR2B and NR3A subunits, which are not very
sensitive to Mg*? ions, which increases the activation of the
receptor and increases intracellular Ca?* flux, thereby promoting
neuronal hyperexcitability and long-term potentiation (LTP;
Ben-Ari, 2002, 2014; Qu et al., 2003; Coulter, 2006).

The NMDARSs distributed in the immature brain are mainly
found in the hippocampus at the postsynaptic level, but some are
also present at the presynaptic level and in astrocytes (Lee et al.,
2010; Szczurowska and Mares, 2013; Skowro fiska et al., 2019).
The glutamate receptors AMPARs and KARs are permeable to
Ca®* ions when GIuR2 expression is relatively low or absent
(Romyjin et al., 1991; Tyzio et al., 1999; Jensen, 2009); KARs are
also permeable to Ca*" when the GluR5 and GIluR6 subunits
are absent. Additionally, metabotropic glutamate receptors
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Cb1 and Cb2 receptors stimulates GTPyS binding to cell membranes and inhibits cyclic AMP production. Also, A°-THC can inhibit 5HT®* receptor-mediated
currents induced by 5-hydroxytryptamine (5HT); antagonizing receptor activation, possibly through an allosteric mechanism, by this same mechanism, A%-THC and
CBD can enhance the activation of GlyR expressed in central tegmental area (ATV) neurons. Additionally, A°-THC activates the TRPV3 and TRPV4 receptors, which
are nonselective calcium-permeable cation channels that, when activated, raise intracellular Ca®* and consequently cause neuronal depolarization. Transient
receptor potential (TRP) channels are a group of membrane proteins involved in the transduction of a large number of stimuli. Unlike A°-THC, CBD does not activate
CB1 and CB2 receptors, which likely accounts for its lack of psychotropic activity. However, CBD interacts with many other, nonendocannabinoid signaling systems.
Itis a “multi-target” drug. At low micromolar to submicromolar concentrations, CBD is a blocker of the equilibrative nucleoside transporter (ENT), the orphan
G-protein-coupled receptor GPR55, and the TRP of melastatin type 8 (TRPM8) channel. At higher micromolar concentrations, CBD activates the TRP of vanilloid
type 1 (TRPV1) and 2 (TRPV2) channels while also inhibiting cellular uptake and fatty acid amide hydrolase —catalyzed degradation of anandamide.
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(mGluRs) are coupled to a G protein (GTP) and mediate
slow synaptic responses (Jensen, 2009; Ben-Ari, 2014), which
favor activation of CBIR expressed in glutamatergic neurons
to modulate excitatory and inhibitory neurotransmission. This
process is essential in the remodeling of inhibitory circuits
during adolescence, a period from PN day 30 in rodents, where
the regulation of glutamatergic and GABAergic activity are of
vital importance for the formation, maturity, and elimination of
synapses, mainly at the level of the prefrontal cortex (PFC), which
has greater activity compared with the adult stage, a period from
PN day 60 in rodents (Clancy et al., 2001; Auvin and Dupuis,
2014; Dow-Edwards and Silva, 2017). During adolescence, eCBs
participate in the formation of neural networks in the prefrontal
cortex and maintain the interaction between the amygdala,
hippocampus, and hypothalamus, which is responsible for
cognitive and emotional development since endocannabinoids
are responsible for the normal response to stress and the
regulation of neuronal excitation and inhibition (Schonhofen
etal., 2018; Cheung et al., 2019).

The expression of CB2R in cells of the immune system
at the peripheral level has been reported in CD4*, CD8*
T and B lymphocytes, natural killer cells, monocytes, and
polymorphonuclear neutrophils (Atwood and Mackie, 2010).
CB2R is also expressed in the microglia, which during postnatal
neurodevelopment maintain amoeboid forms that allow them to

actively participate in the phagocytosis of apoptotic cell debris,
in the induction of apoptosis in other cells during the formation
of functional neural circuits, and the removal of residual myelin,
as well as in the formation and expansion of neural networks
that imply the pruning of synapses at the level of the cerebral
cortex, hippocampus, cerebellum, and amygdala (Berdyshev,
2000; Bessis et al., 2007; Atwood and Mackie, 2010; Onaivi et al.,
2012). In adult rats, however, the expression of CB2R decreases
as the microglia become inactive (Stella, 2004; Fernandez-Ruiz
et al., 2005; Caiati et al., 2012). Additionally, the expression
of CB2R has been reported in glutamatergic and GABAergic
neurons in the DG and CALl subfield of the hippocampus at
the level of the pyramidal stratum and stratum radiatum to a
lesser degree than CB1R, which is observed mainly in the cerebral
cortex, hippocampus, amygdala, and cerebellum (Brusco et al,,
2008; Onaivi et al., 2012).

Astrocytes and microglia are responsible for the surveillance
and modulation of the immune response and are the main
cytokine producers in the CNS (Baud and Saint-Faust,
2019). Here, CB2R has been reported to participate as a
neuromodulator of the neuroactive molecules ON, glutamate,
PGs, and neurotrophins in the glia and vascular endothelium,
which participate in neurodevelopmental processes, homeostatic
mechanisms such as sleep, and activation of signaling pathways
involved in neuronal plasticity and synaptogenesis; however,
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the mechanisms responsible for its participation in eCBs
during postnatal neurodevelopmental processes are not yet
entirely clear (Devinsky et al., 2013; Schonhofen et al., 2018;
Cheung et al., 2019).

Endocannabinoid System in

Epileptogenesis in the Immature Brain

The term epileptogenesis is defined as a sequence of events
that convert a normal circuit into a hyperexcitable circuit
(Pitkdnen et al., 2015). Epileptogenesis refers to the development
of tissue capable of generating spontaneous seizures, which
result in an epileptic condition or in the progression of
established epilepsy (Pitkdnen and Engel, 2014), whereby it is
a continuous and multifactorial process in which the eCBs
participate in the modulation of neuronal activity, neuronal
migration, axonal growth and guidance, synaptic plasticity,
and the neuroinflammatory response (Schonhofen et al., 2018;
Cheung et al,, 2019). It has been established that damage to eCB
signaling in the early stages of neurodevelopment can favor the
process of epileptogenesis and the establishment of epilepsy in
later stages (Figure 2).

During the latent period, the participation of eCBs has
been described in different cascades of events defined as
acute, subacute, and chronic (Kadam et al, 2010). The
induction of early genes (IEGs), including Fos, Jun, Egr4, Egrl,
Homer 1, Nurr77, and Arc, occurs during acute changes as a
result of intense and repeated synaptic activity during seizure
activity, which promotes increased intracellular Ca** flux by
NMDARs (Herdegen and Leah, 1998). Upregulation of IEGs
can pathologically modulate synaptic function, lowering the
threshold to neuronal hyperexcitability (Rakhade and Jensen,
2009). The levels of intracellular Ca?* immediately alters synaptic
efficiency mechanisms, such as increasing the postsynaptic
density and dendritic spines, grouping NMDARs and AMPARs,
and increasing glutamate synthesis (Haglid et al., 1994; Sanchez
et al., 2001), where the participation of eCBs plays an important
pathophysiological role in modifying excitatory and inhibitory
synaptic neurotransmission in the brain (Rosenberg et al,
2017). During postnatal neurodevelopment, CBIR located in
presynaptic cells, mainly in the granule cells of the hippocampus,
regulates excitatory activity; additionally, endocannabinoids can
also act through interactions with other types of receptors,
mainly on G protein-coupled receptors, such as GPRSS and
the Transient receptor potential (TRP) cation channel subfamily
V member 1" or “vanilloid receptor 1”7 (TRPVI1), which
participate in neuronal hyperexcitability, favoring intracellular
Ca?* flux (Bhaskaran and Smith, 2010; Schonhofen et al., 2018;
Cheung et al., 2019).

As we have indicated, the synthesis of endocannabinoids
is mediated by an increase in intracellular Ca’* generated by
neuronal hyperexcitability and the demand for membrane
phospholipid diacylglycerol lipase (DAGL) and for glutamate
and acetylcholine (Wallace et al, 2003; Rosenberg et al,
2017). The eCBs passively diffuse through presynaptic
cells in a retrograde manner to bind orthosterically to and
activate CBR1 acylphosphatidyl ethanolamine-hydrolyzing
phospholipase D (NAPE-PLD) to form 2-AG and AEA, in the

same way, endocannabinoids are also synthesized from the
activation of metabotropic receptors and thus inhibit the release
of glutamate or GABA, a process defined as depolarization-
induced suppression of inhibition (DSI) or excitation (DSE),
respectively (Armstrong et al, 2009). In models of febrile
seizures at PN day 10, alterations to these DSI and DSE
mechanisms have been reported, which are estimated to interfere
with the maturation of the GABAergic system and persist in
later stages through the generation of hyperexcitable circuits
(Bernard et al., 2005).

Similarly, it has been reported that eCB signaling has an
important role in epileptogenesis, because, after the dissociation
from CBIR, eCB 2-AG and AEA are catabolized by the
enzymes monoacylglycerol lipase (MAGL) and alpha-beta
hydrolase domain containing 6 (CABHD6) or through fatty
acid amide hydrolase (FAAH), respectively, and activation of
TRPV1 by AEA can trigger increased glutamate release after
intracellular Ca?* concentrations are increased (Wallace et al.,
2003; Rosenberg et al., 2017). This process activates calcineurin
(PPP3C or serine-threonine protein phosphatase 2B), which,
during intense seizure activity, activates calcium-calmodulin-
phosphatase to promote the dephosphorylation and subsequent
endocytosis of GABA, (Blair et al, 2004). These phenomena
reduce the inhibitory potential and lead to the gradual loss
of GABAergic inhibitory networks (Kurz et al., 2001; Blair
et al., 2004; Rakhade and Jensen, 2009; Semple et al., 2020).
In the immature brain, calcineurin activation increases the
phosphorylation of Kv2.1 ion channels (also known as KCNB1)
and promotes their expression in the postsynaptic membrane,
allowing prolonged neuronal depolarization (Kurz et al., 2001;
Rakhade and Jensen, 2009).

Similarly, protein kinase C, which is dependent on protein
kinase type II and calcium-calmodulin-phosphatase, increases
within minutes after the induction of SE in immature rats,
which allows an increase in the phosphorylation of serine 831 of
GluR1 and serine 880 of GluR2. This process promotes the
endocytosis of GluR2 and increases the permeability to Ca* in
AMPARs, which generates an increase in seizure susceptibility
in later or adult stages (Rice and De Lorenzo, 1998; Sanchez
et al,, 2001; Rakhade and Jensen, 2009). Additionally, it has
been reported that astrocyte activation, immediate to neuronal
damage, increases extracellular K* concentrations, which in turn
facilitates continuous neuronal hyperexcitability, a triggering
factor for epileptogenesis (Jabs et al., 1997; Jensen, 2009).

Subacute changes in the latent period are established from
hours to days after neuronal damage (Figure 2), in which a rapid
increase occurs in NGF and BDNF, which together with Trk alter
the modulation of the maturation of the KCC2 cotransporter,
promoting GABA-mediated inhibitory activity mainly in DG
granular cells, which in turn alters the modulating function of
eCBs on the GABAergic system to favor long-term neuronal
hyperexcitability (Chen et al., 2003, 2007). However, the cellular
mechanisms by which CBIR and CB2R act on short- and
long-term changes in the seizure threshold are still unknown,
particularly in mesiotemporal structures consisting of mainly
the hippocampus and the cerebral cortex in the immature brain
(Chen et al., 2007).
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FIGURE 2 | Epileptogenesis and endocannabinoid system (€CBs). (A) Acute changes: increased intracellular Ca* flux, induction of early genes (IEGs) that alter

synaptic function, decreased threshold to neuronal hyperexcitability, alteration of eCBs that modulates the balance between excitatory and inhibitory

neurotransmission. (B) Sub-acute changes: synthesis of endocannabinoids (€CB) mediated by the increase in intracellular Ca2*, neuronal hyperexcitability and the
demand for membrane phospholipids diacylglycerol lipase (DAGL) and N-acyl phosphatidyl ethanolamine-hydrolyzing phospholipase D (NAPE-PLD) to form 2-AG
and AEA, respectively, and their degradation after the dissociation of CB1R and the activation of TRPTV1 by AEA, which triggers greater glutamate release and
increases in intracellular Ca®*. The eCBs degrade rapidly, and 2-AG and AEA are catabolized by the enzymes monoacylglycerol lipase (MAGL) and fatty acid amide
hydrolase (FAAH), respectively, which generate AA, PGs-Eas, PG-Gs, and Cox-2 to increase convulsive susceptibility, activation of astrocytes and microglia and
increases in CB2R that promote the release of pro-inflammatory proteins IL1-B, Cox-2, TNF-a and iNOS, generating neuroinflammation, neuronal hyperexcitability,
and neuronal death. (C,D) Chronic changes: neuronal death, the perpetuation of the neuroinflammatory response and dysregulation of eCBs that promote
neurogenesis, formation of aberrant connections, expression of spontaneous seizures, and epilepsy.

The neuroinflammatory response activated by microglia and
astrocytes, the main response responsible for the synthesis
and release of pro-inflammatory cytokines such as ILI1-,
activates the IL-1/TLR signaling pathway, where an increase in
pro-inflammatory proteins occur. These proteins include Cox-2,
an enzyme that catalyzes the production of PGs from AA and
increases seizure susceptibility (Chen et al., 2001, 2007; Jiang
et al, 2004; Feng et al,, 2016), and TNF-a, which generates
an increase in the expression of AMPAR and a decrease in
GluR2 through the expression of TNF-R1 on the neuronal
membrane surface, which in turn causes increased permeability
of immature neurons to Ca?* (Beattie et al., 2002; Stellwagen
et al., 2005). The activity of TNF-a has been shown to result in
the endocytosis of GABA 4 receptors, mainly their § 2/3 subunits,
in the pyramidal neurons of CAl and interneurons of the
DG, promoting neuronal excitation (Wang et al., 2000; Balosso
et al.,, 2005; Stellwagen et al., 2005; Shimada et al., 2014) and
leading to neurodegeneration and neuronal death in the CA1 and

CA3 regions of the immature hippocampus (Rizzi et al., 2003;
Kawaguchi et al., 2005).

In the same way, the rapid increase in Cox-2 mRNA
expression after SE induced by KA itself induces
neurodegeneration and neuronal death in the immature
hippocampus, mainly the CA1 and CA3 subfields, at 12 and 24 h
post SE (De Simoni et al., 2000; Rizzi et al., 2003; Kawaguchi
et al., 2005). This finding supports that the neuroinflammatory
response precedes neuronal damage (Ravizza et al., 2005; Joseph
and Levine, 2006), and this neuronal damage is associated with
an increase in Cox-2 and the subsequent production of PGs
and ROS, activation of the oxidative stress mechanism, and
mitochondrial dysfunction (Gobbo and O’Mara, 2004); thus,
it has been reported that the eCBs participate as a substrate
of the Cox-2 enzyme for the synthesis of PGs (Nomura et al.,
2011; Ruhaak et al., 2011). Similarly, experimental models of SE
induced by KA and Li-Pilo in PN 12 day rats have reported a
rapid increase in ROS and mitochondrial markers of oxidative
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damage, including NT-3, 4-HNE and carbonylated proteins,
as well as the formation of free radicals 24 h post-SE, which
are responsible for neurodegeneration in the subfields of CA1l,
CA3 and DG of the hippocampus, cerebral cortex and thalamus
(Patel and Li, 2003; Folbergrova et al., 2010).

The contribution of mitochondrial dysfunction on complex
I of the respiratory chain NADH (Cock, 2002; Kudin et al,
2002) favor the development of neurodegenerative disorders,
such as epilepsy, due to the excessive release of glutamate,
which causes an alteration in the reuptake mechanisms of this
neurotransmitter and an increase in intracellular Ca?* due to
the saturation of the regulatory mechanisms mediated by the
Na*/Ca?* exchanger and the Ca?* buffer proteins (Tretter et al.,
2004).This causes the mitochondria to capture the excess Ca**
in the mitochondrial matrix, which induces the depolarization
of the membrane by the partial inhibition of the chemiosmotic
potential and by the accumulation of positive charges in the
mitochondrial matrix (Tretter et al., 2004). This sustained
overload produces an irreversible depolarization through the
activation of the mitochondrial transition pore, a pathway
through which Ca?* returns to the cytosol, causing the collapse
of the mitochondrial chemiosmotic potential and a reduction
in the synthesis of ATP (Murchison and Griffith, 2000).
The decrease in ATP generates metabolic dysfunction, ROS
production, activation of proteases, phospholipases, iNOS, and
endonucleases, and inhibition of protein synthesis. Furthermore,
NO can act as a retrograde messenger, enhancing the excitotoxic
effect of glutamate and increasing its release from presynaptic
terminals (Lorigados et al., 2013). Likewise, it has been reported
that complex I dysfunction may also be the result of an increase
in carbonylated proteins during the subacute phase post-SE
induced by Li-Pilo and that this alteration persists up to 5 weeks,
a period in which spontaneous convulsive activity is observed
(Folbergrova et al., 2010).

Likewise, Cox-2 and TNF-a act directly on receptors and ion
channels and indirectly by modulating extracellular glutamate
reuptake systems via the reduction of selective transporters to
glutamate GLT-1, mediated by astrocytes, mainly in CA1 and
DG of the hippocampus. Additionally, the activation of iNOS,
which promotes the synthesis of NO, increases the release of
glutamate and substance P, which preserves the activation of
cytokines together with the increase in the affinity of NMDARs
and AMPARs, which supports the finding that the activation
of the neuroinflammatory response by microglia and astrocytes
increases the vulnerability of the immature hippocampus to
neuronal hyperexcitability and that these changes depend on
the age of development (De Simoni et al., 2000; Rizzi et al.,
2003; Viviani et al, 2003; Ravizza et al., 2005; Stellwagen
et al., 2005; Bessis et al., 2007; Chen et al., 2013). The
participation of CB2R, which is overexpressed by microglia in
the neuroinflammatory response in response to neuronal damage
and the infiltration of cells of the immune system into the
brain parenchyma (Sagredo et al., 2009; Bouchard et al., 2012),
induces chronic CB2R activation, which increases excitatory
neurotransmission (Li and Kim, 2015) and decreases inhibitory
neurotransmission (Morgan et al., 2009). The CB2R, which are
mostly expressed in microglia, have been reported to participate

in the neuroinflammatory response in experimental models in
rats, where they increase 2-AG and CBIR in the hippocampus
after SE (Wallace et al., 2003); however, the increase in 2-AG in
the seizure model in mice shows a decrease in seizure activity
(Sugaya et al., 2016).

Chronic changes (Figure 2) can be observed over 2-12 weeks
in rodents and from months to years in humans. It has been
reported that during the first 2 weeks of life, the resistance to
excitotoxic damage in the immature brain is relative since the
amount of Ca?" that enters a pyramidal neuron is directly related
to the age of PN development, where in the first 3 days of life,
glutamate minimally increases intracellular Ca’*. Conversely,
between PN days 10 and 25, intracellular Ca®" increases
markedly due to recurrent seizure activity, leading to neuronal
death in the CA1 subfield of the hippocampus, the area most
vulnerable to excitotoxic damage, due to an increase in NMDARs
and AMPARs (Kubova et al., 2001, 2012; Kubova and Mares,
2013). Additionally, an alteration in the immature glutamatergic
system that results in the overexpression of GluR2 and its activity
on the intracellular Ca’* flux through AMPARs and KARs,
a condition that pathologically persists during the adolescent
stage mainly in the prefrontal cortex, favors the formation of
hyperexcitable circuits. Similarly, prolonged positive regulation
has been reported in the expression of the CBIR and in the
suppression of the inhibition induced by depolarization, which
can cause alterations in neuronal hyperexcitability throughout
life (Chen et al., 2003; Bernard et al., 2005).

Anticonvulsant and Neuroprotective Effect
of CBD on Experimental Models of Status
Epilepticus and Epilepsy

It has been reported that CBD has a low affinity for CBIR
and CB2, and at high levels, it can act as an indirect CB1R
antagonist as evaluated by a wide range of experimental models
of seizures and epilepsy in adult rats. The evaluation of high
doses of CBD, up to 300 mg/kg i.p., in the hippocampal kindling
model reveals a reduction in amplitude of the discharge and
an increase in the after-discharge threshold (ADT; Turkanis
etal.,, 1979; Ghovanloo et al., 2018). However, in the lamotrigine
drug-resistant tonsillar kindling model, CBD does not show
anticonvulsant or neuroprotective effects (Klein et al., 2017).
Though, in both models, potential neuroprotective effects were
identified at low vs. high doses of CBD, which increased
the neurotoxic effects of this active ingredient (Patra et al.,
2019). Conversely, no anticonvulsant effects of repeated CBD
administration have been reported (Rosenberg et al., 2017).
The neuroprotective effects of CBD have been identified when
administered after SE induced by intrahippocampal pilocarpine
microinjection and in in vitro models in rat hippocampal
slices, in which CBD decreases the amplitude and duration
of the epileptiform activity induced by 4-aminopyridine (Jones
et al., 2010; Franco and Perucca, 2019). However, despite the
experimental existence of the anticonvulsant effects of CBD,
the responsible mechanisms remain unclear, and few studies
have examined its anticonvulsant effect in the immature stage
(Table 1).
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TABLE 1 | Effect of cannabinoids in experimental models of epileptic seizures.

Compound Type of study Effect Mechanism Reference
CBD (HU-320) In vivo Antiinflammatory Inhibition of IL-1B, Burstein (2015)
Mouse CIA model. pro-inflammatory cytokines,
In vitro and TNF-a.
Mouse macrophages and
RAW 267.7 cells.
CBD In vivo Neuroprotective Increasing eCB levels Leo et al. (2016)
Hypoxia-ischemia model in through CB2 receptors and
newborn pigs. as a 5HT1 agonist.
CBD In vivo Anticonvulsant Multi-electrodes in Leo et al. (2016)
Electrophysiology model in hippocampus.
female and male Wistar
rats, free of Mg? and 4-AP.
In vitro Male Wistar Rat PTZ Anticonvulsant Displacing the selective Jones et al. (2010)
Seizure Model. SR141716A receptor
antagonist.
CBD In vitro Antioxidant Pathway not mediated by Booz (2011)
Mouse fibroblasts and receptors.
human B lymphoblastoid It antagonizes oxidative
serum. stress, and the consequent
cell death induced by the
retinoid anhydroretinol.
CBD In vivo Neuroprotective Decreased expression of Mori et al. (2017)
BCCAO model in male GFAP 7.
mice.
CBD In vivo Antiinflammatory Regulation of the release of Bouchet and Ingram (2020)

CB:» synthetic

THC
THC-A
CBD
CBDA
CBD

CBD

CBD

CBD

CBD

CBD

In RVM of rats treated with
CFA.

In vivo
EM Viral Model (Theiler).

In vitro

Human colon
adenocarcinoma.
HT 29 cell culture.

In vitro/in vivo
AD model.

In vivo
HI model in newborn mice.

In vivo
Ischemic damage model.

In vivo
HI model in newborn Wistar
rats.

In vivo
Hippocampal kindling in
adult rats.

In vitro

Model of SE by
intrahippocampal
pilocarpine.

Antiinflammatory

Antiinflammatory

Neuroprotective

Neuroprotective

Antiinflammatory

Neuroprotective

Anticonvulsant

Neuroprotective

pro-inflammatory and

anti-inflammatory cytokines.

Modulation in cytokines of
the IL-12 family.

Cox inhibition

Nitrite levels reduction.

Decreased glutamate
levels, IL-6, TNF-a, and
Cox-2.

HMGB1 decrease in
microglia.

Modulation of the
expression of oxidative
stress and inflammation.

CB1R antagonism

Decreased amplitude and
duration of epileptiform
activity.

Correa et al. (2007)

Ruhaak et al. (2011)

Mecha et al. (2016)

Castillo et al. (2012)

Hayakawa et al. (2009)

Pazos et al. (2012)

Turkanis et al. (1979)

Jones et al. (2010)

(Continued)
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TABLE 1 | Continued

Compound Type of study Effect Mechanism Reference
CBD In vitro Anticonvulsant Modulatory effect on Laprairie et al. (2015)
Cultivo de células HEK neuronal hyperexcitability
293Ay células ST Hdh. through GPR
55 antagonism.
CBD In vivo Antiinflammatory Inhibition in the Rajesh et al. (2007)
Human coronary artery pro-inflammatory pathway
atherosclerosis. of NF-kB, decreased
nitrotyrosine, iINOS, ICAM1,
and VECAM1.
CBD In vivo Antiinflammatory Modulation of macrophage El-Remessy et al. (2008)
Rat uveitis model. and microglial function.
Nitrogen activating protein
kinase activation.
CBD Lymph node cells from Antiinflammatory Decreased expression of Malfait et al. (2000)

mice.

IL-18, TNFa, and MAPKSs.

CBD cannabidiol; HU-320, modified CBD structure; CIA, collagen-induced arthritis; 5HT14, 5-hydroxytryptamine; 4-AP, 4-aminopiridina;, PTZ, pentilenetetrazol; SR141716A,
N-(piperidin-1-yl)-5-(4-chlorophenyl)-1-(2,4-dichlorophenyl)-4-methyl-1hpyrazole-3-carboxamide; BCCAO, bilateral common carotid artery, occlusion; GFAP, glial fibrillary acidic
protein; RVM, rostral ventromedial medulla; CFA, complete Freund’s adjuvant; EM, esclerosis multiple; THC, tetrahydrocannabinol; THC-A, tetrahydrocannabinolic acid; CBDA,
cannabidiolic acid; CBG, cannabigerol; AD, Alzheimer's disease; Hl, hypoxic-ischemic; HMGB1, high mobility group box 1; CB1R, cannabinoid type 1 receptor; SE, status epilepticus;
KA, kainic acid; PN, post natal; GPR 55, G protein-coupled receptor 55; NF-KB, nuclear transcription factor kappa B; iINOS, inducible nitric oxide synthase; ICAM1, intercellular
adhesion molecules; VECAM1, vascular adhesion molecules; IL-18, interleukin-1p; TNFa, tumor necrosis factor y; MAPKS, mitogen-activated protein kinase.

Therefore, we decided to carry out a pilot study to evaluate
the anticonvulsant effect of CBD for 12 days PN on the model
of SE induced by KA 3 mg/kg delivered via an intraperitoneal
route, which showed that the oral route of low doses (20 and
25 mg/kg) of CBD 30 min before KA caused behavioral arrest;
however, administration of higher doses (30 and 35 mg/kg) of
CBD resulted in changes in motor behavior such as startles, wet
dog shakes and lower limb myoclonus. During the evaluation
of the anticonvulsant effect, compared with the KA group, the
20 and 25 mg/kg CBD groups showed a significant increase in
SE initiation latency (p < 0.0001), while the 30 and 35 mg/kg
CBD groups showed significant reductions in SE initiation
latency (p < 0.01 and p < 0.001, respectively). Conversely,
in the high-dose groups of 40, 60, 80, and 90 mg/kg CBD
administered 30 min before KA, chewing, wet dog shaking, and
unilateral myoclonus as well as scratching movements with the
lower extremities were observed. Although CBD induced these
behaviors, the anticonvulsant effect in the 40 and 60 mg/kg
groups was efficient in significantly reducing the SE initiation
latency (p < 0.01) relative to the KA group; however, in the
80 and 100 mg/kg of CBD groups, an increase in the severity of
SE was observed (Figure 3). Motor behavior has been previously
reported in experimental models of seizures and KA-induced SE
in 10-14-day-old immature PN rats (Vega-Garcia et al., 2020),
which indicates that in SE models, an increase in the dose
has opposite effects to those in adults (Jones et al., 2010; Hill
et al.,, 2014; Klein et al., 2017). Agreeing with this, Anderson
et al. (2020) in the Scnla*/~ mouse model of Dravet syndrome,
detected that subchronic oral administration of A°-THC or CBD
alone did not affect spontaneous seizure frequency or mortality
while, surprisingly, their co-administration (70 mg A°-THC +
3,500 mg CBD/kg chow) increased the severity of spontaneous
seizures and overall mortality. The authors point out the

detrimental outcome might simply be explained by a significant
pharmacokinetic interaction between CBD and A’-THC, as
plasma and brain concentrations of both A°-THC and CBD
were dramatically increased, which has been demonstrated in
mice and rats in other epilepsy models (Sofia et al., 1976;
Chan et al., 1996).

Additionally, the anticonvulsant effect was examined in
a Dravet syndrome model in voltage-gated sodium channel
Navl-knockout mice. Treatment with CBD from PN days
21-27 decreased the severity and number of seizures induced
by hyperthermia as well as the number of spontaneous seizures
(Kaplan et al., 2017). However, the mechanisms responsible
for the anticonvulsant effect of CBD remain unclear. Previous
experimental studies have reported that the anticonvulsant
effect of CBD is linked to the modulating effects on neuronal
hyperexcitability through the antagonism of G protein-coupled
receptor 55 (GPR55), of which CBD is a negative allosteric
modulator (Laprairie et al., 2015), desensitization of TRPV1
(Chen and Hackos, 2015) and inhibition of adenosine reuptake
by blocking equilibrative nucleotide transporter 1 (ENT1), which
increases the concentration of extracellular adenosine (Pandolfo
et al., 2011). These mechanisms decrease intracellular Ca** flux
and regulate neuronal hyperexcitability. These effects have also
been tested in GPR55- and TRPV1-knockout mice (Klein et al.,
2017; Stott et al., 2018; Franco and Perucca, 2019).

Moreover, the activity of CBD has been identified in blocking
voltage-gated sodium channels and T-type Ca** channels and in
the modulation of VDACI1 (Ghovanloo et al., 2018). Similarly,
the interaction of CBD with voltage-gated potassium channels
has been shown to have an effect on glycine a1 and a3 receptors
and on the modulation of TNF-a (Gaston and Friedman,
2017; Gaston and Szafarski, 2018). It has been reported that
CBD modulates the activity of the immune system in a
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(a) Low dose of CBD

FIGURE 3 | Graph showing the mean =+ SE of the latencies of Status epilepticus (SE
increase of SE latencies with a significant difference ****p < 0.0001 compared with the KA group. However, the 30 and 35 mg/kg groups of CBD showed a reduction
in SE latencies though with a significant difference, **p < 0.01 and ***p < 0.001, respectively, compared with the KA group. (B) The high-dose 40 and 60 mg/kg
groups of CBD showed an increase in the latencies of SE with a significant difference, **p < 0.01 compared with the KA group. The 80 and 100 mg/kg CBD groups
did not show significant differences compared with the KA group. One-way ANOVA followed by Bonferroni’s post hoc test, p < 0.05 (unpublished data).

(b) High dose of CBD

induced by KA. (A) Low doses: the 20 and 25 mg/kg CBD groups showed an

concentration-dependent manner (Pertwee, 2008), showing that
the anti-inflammatory, antioxidant and neuroprotective effects
of CBD are attributed to its agonist activity on CBI1R and
CB2R (Ibeas et al., 2015). Also, CBD has been shown to
act as an inhibitor of fatty acid amide hydrolase (FAAH),
an enzyme involved in the degradation of eCB (Capasso
et al., 2008). Likewise, CBD acts as a competitive inhibitor of
adenosine uptake via ENT1 in microglia and increases exogenous
adenosine, which activates the A2A receptor (Liou et al., 2008;
Haskod et al,, 2009); nevertheless, the mechanism of action
of the A2A receptor on the modulation of the inflammatory
response activated by microglia is unclear (Hasko et al., 2009;
Rosenberg et al., 2017).

Pretreatment with CBD attenuates the formation of ROS
and the mitochondrial damage generated by the increase in
glutamate. Similarly, in models of artery sclerosis, treatment
with CBD inhibits the pro-inflammatory pathway of NF-kB and
decreases nitrotyrosine and iNOS, while in the endothelial cells
of human coronary arteries, it decreases adhesion molecules
ICAM-1 and VECAM-1. In the same way, CBD attenuates
the transendothelial migration of monocytes (Rajesh et al,
2007). The antioxidant effect of CBD has been reported in a
model of nephropathy induced by cisplatin, reducing ROS and
generating NAPDH oxidases, iNOS and NT-3, which reduce
cell death and improve kidney function (Pan et al., 2009).
Therefore, it is suggested that the antioxidant effect of CBD acts
at the mitochondrial level (Booz, 2011). Additionally, CBD has
been reported to act as an antagonist of the GPR55 receptor,
which decreases intracellular Ca** flux and modulates neuronal
hyperexcitability (Rosenberg et al., 2017).

There are few reports on the neuroprotective effects of CBD
in developing epilepsy models. In newborn Wistar rats that

underwent IH injury (10% oxygen for 120 min after carotid
artery electrocoagulation), CBD (1 mg/kg single dose, 1 mg/kg
every 24 h for 72 h, or 1 mg/kg every 8 h for 72 h) modulated the
expression of oxidative stress and inflammation, which reduced
neuronal death and produced greater functional recovery (Pazos
et al, 2012). Similarly, in a sciatic nerve section model of
2 PN day rats that received treatment with a single dose of
15 or 30 mg/kg CBD, 30% synaptic preservation was observed
by immunohistochemical analysis (obtained by synaptophysin
staining). The administration of CBD decreased astroglial and
microglial reactions by 30 and 27%, respectively, and reduced the
number of apoptotic cells mainly in the intermediate zone of the
spinal cord (Pérez et al., 2013).

CLINICAL STUDIES

Cannabis-Derived Approved Drugs

While there are many descriptive and anecdotal reports on the
benefits of cannabinoids, few cannabinoid drugs are regulated
for clinical use. The most important licensed cannabis-based
drugs are described herein: (a) dronabinol (Marinol®) was
approved by the FDA on May 31, 1985, for nausea and vomiting
control, associated with cancer chemotherapy that had not
responded adequately to conventional antiemetic treatments.
First marketed in 1986, on December 22, 1992, Marinol®
was approved for the relief of anorexia associated with weight
loss in patients with HIV-AIDS (human immunodeficiency
virus/acquired immunodeficiency syndrome). At the time of its
approval, the FDA recognized that dronabinol A°-THC was
considered to be the psychoactive component of marijuana.
Marinol® is also licensed for use in other countries, such
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as Canada and Germany. Generic forms of dronabinol (first
approved in 2011) have now been approved in the US (Wright
and Guy, 2014); (b) nabilone (Cesamet® dl-3-(1,1-dimethyl
heptyl)-6,6ab 7, 8, 10, 10a alpha-hexahydro-1-hydroxy-6,6-
dimethyl-9H-dibenzo pyran-9-(one) is a synthetic analog of
A° THC that was developed in the 1970s long before the
target receptor was identified. It has a low nanomolar affinity
for the CB1 receptor and a somewhat reduced affinity for
the CB2 receptor. It was initially approved by the FDA in
1985 for chemotherapy-induced nausea and vomiting that do
not respond to conventional antiemetics. The drug was marketed
in the United States until 2006 (Wright and Guy, 2014);
(c) nabiximols (Sativex®) differs from the other authorized
cannabinoids insofar as it comprises an extract of the cannabis
plant. It is formulated as a sublingual/oromucosal spray, every
100 pl of which provides 2.7 mg of A° THC and 2.5 mg
of CBD. It was approved for the first time in Canada in
2005 under legislation that allows the conditional approval
of a new drug in areas of high unmet medical need and
in the presence of very promising clinical data. Its approval
in the USA was delayed until the end of 2010 and early
2011 when Savitex was approved by the UK and Spain
following a decentralized procedure. It is licensed as second-line
therapy for the relief of spasticity in multiple sclerosis (MS);
in some other countries, it may also be prescribed for the
treatment of neuropathic pain in people with MS and for
the treatment of cancer-related pain, where it is used as an
opioid supplement (Wright and Guy, 2014); and (d) epidiolex,
is the first plant-derived, purified pharmaceutical-grade CBD
medication. It was approved in the USA by the FDA on June
25, 2018 (Sekar and Pack, 2019). Its approval for patients
>2 years of age with DS or LGS markedly altered the
treatment of medically refractory seizures in these disorders.
Epidiolex is a CBD only component with no A°THC, and the
psychoactive component of cannabis responsible for appetite
stimulation and euphoria sensation (Abu-Sawwa et al.,, 2020;
Specchio et al., 2020).

Pharmacokinetics of Cannabinoids

To date, few clinical studies have been conducted in
pediatric patients with difficult-to-control epilepsy and oral
administration with cannabidiol solutions (CBD) to determine
the pharmacokinetic parameters. In this review, data were
obtained from a population with an age range between
0-20 years (Devinsky et al., 2018a; Wheless et al., 2019). The
pharmacokinetics of cannabinoids is divided into four phases:
absorption, distribution, metabolism, and excretion, but they are
modified by interactions with other drugs. The pharmacokinetics
of these compounds are divided into four phases: absorption,
distribution, metabolism, and excretion, but they are modified
by interactions with other drugs.

Absorption

The absorption rate of cannabinoids is determined by the
route of administration of the drug and its formulation.
Administration through oral formulations of any cannabinoid
or food presents variable absorption and extensive first-pass

hepatic metabolism. The administration of oral formulations
presents a variable absorption depending on whether it is a single
dose or repeated doses, as well as an extensive first-pass hepatic
metabolism. The geometric mean of the time to maximum
plasma concentration (Tp,x) of cannabidiol ranged from 2 to
4 h after the administration of a single dose in a concentration
range from 5-20 mg/kg without previous consumption of food.
Thus, the route of administration of this pharmaceutical form
has a slow absorption with a wide absorption phase. Concerning
the administration of repeated doses (7 days), the T,y of
cannabidiol was detected between 2-3 h in a concentration
range between 10-40 mg/kg/day (Wheless et al, 2019).
Sublingual administration is very similar to oral administration.
Oro-mucosal or spray preparations of A’THC—CBD (1:1) allow
rapid absorption, whereas higher plasma concentrations are
reached compared with oral administrations, but inhaled
A® THC leads to lower concentrations in the plasma
(Karschner et al., 2011; Pertwee and Cascio, 2014).

Distribution

Once absorbed, CBD can be detected in plasma. The geometric
means of the maximum plasma concentration (Cpy,x) were 29.12,
47.19, and 103.7 ng/ml with a single dose administration of 5, 10,
and 20 mg/kg, respectively. Also, an increase in the geometric
means of Cpax of 3.12, 2.67, and 3.03 times was observed in
repeated doses of 10, 20, and 40 mg/kg for 7 days compared
with the single dose. The geometric averages of the area under
the plasma concentration curve at time 0-12 h [AUC (0-12 h)]
were 122, 243.6, and 473.5 ng-h/ml with the administration of a
single dose of 5, 10, and 20 mg/kg, respectively. Additionally, an
increase of 4.15, 3.43, and 4.45 times in AUC(0-t) was observed
with the administration of repeated doses of 10, 20, and 40 mg/kg
for 7 days compared with the single-dose (Wheless et al., 2019).

Metabolism

Both CBD and its metabolites 7-OH CBD and 7-COOH-CBD
are metabolized in the liver and can induce the expression of
CYP1A1, CYP1A2, CYP2C9, and CYP2D6 during prolonged
periods of administration (Greene and Saunders, 1974;
Bornheim et al., 1992; Watanabe et al., 2007). Pharmacokinetic
parameters of 7-OH CBD and the geometric averages of
Tmax 7-OH CBD were similar to the Ty of CBD after the
administration of a single dose of CBD in a concentration range
from 5-20 mg/kg, with repeated dosing for 7 days. Nevertheless,
the Tinax of 7-OH CBD was detected at 2 h. The geometric means
of Ciax of 7-OH CBD were 22.03, 34.56, and 71.7 ng/ml with the
administration of a single dose of 5, 10, and 20 mg/kg of CBD,
respectively. However, the Cp,x of 7-OH CBD increased to 2.97,
2.81, and 3.04 with repeated doses of 10, 20, and 40 mg/kg for
7 days compared with the single dose. Additionally, a decrease
in the percentage of the coefficient of variation (CV%) was
observed compared with a single dose. The geometric averages of
AUC (0-12 h) of 7-OH CBD were 104, 202.4, and 381.9 ng h/ml
with the administration of a single dose of 5, 10, and 20 mg/kg of
CBD, respectively. The AUC(0-t) of 7-OH CBD increased 4.12,
3.25, and 4.42 times with the administration of repeated doses of
10, 20, and 40 mg/kg CDB for 7 days compared with the single
dose. Finally, the geometric averages of the metabolite to parent
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(7-OH cannabidiol/cannabidiol) ratio of AUC(0-t) was 0.8, 0.75,
and 0.76 with the administration of repeated doses of 10, 20, and
40 mg/kg for 7 days, respectively (Wheless et al., 2019).

In another study, the mean plasma concentrations of
CBD and its metabolites 6-OH-CBD and 7-COOH-CBD were
detected after the administration of a single dose (1.25 mg/kg)
or multiple doses (5, 10, or 20 mg/kg/day) of CBD. The
most abundant circulating metabolite was 7-COOH-CBD. At
the end of the treatment, the AUC(0-t) of 7-COOH-CBD
was 13-17 times higher than the AUC(0-t) of CBD. The
CV% was considered to be high to moderate (20-121%;
Devinsky et al., 2018b).

Elimination

The geometric averages of the apparent terminal half-life (t;/,)
of CBD were 26.4, 29.6, and 19.5 h with the administration
of a single dose of 5, 10, and 20 mg/kg, respectively. The
geometric averages of the apparent total body clearance after
oral administration at steady state (CLss/F) were 9.9, 12.3, and
9.5 L/h/kg, with the administration of repeated doses of 10, 20,
and 40 mg/kg for 7 days, respectively (Wheless et al., 2019).
Regarding the pharmacokinetic parameters of its metabolite
7-OH CBD, the geometric means of ¢/, were 18.4, 25.6, and
14.2 h with the administration of a single dose of 5, 10, and
20 mg/kg, respectively (Wheless et al., 2019). The metabolites of
7-OH-CBD are excreted in the feces and, to a lesser extent, the
urine (Ohlsson et al., 1986).

During interactions with other drugs, the pharmacokinetic
parameters of CBD change significantly with the administration
of clobazam (CBZ). Therefore, it is often necessary to reduce
clobazam due to excessive sedation. Pediatric patients who
received repeated doses of 40 mg/kg for 7 days of CBD and CBZ
had a 2.36-fold increase in CBD AUC(0-1) and a 2.5-fold increase
in CL/F compared with those who did not receive CBZ (Wheless
et al., 2019). Conversely, CBD inhibits CYP2C19, and CYP3A4,
which catalyze the metabolism of norclobazam (nCBZ). nCBZ
is detected at high plasma concentrations (500% 300% mean
increase) compared with the increase detected in CBZ (60% 80%)
in a concentration range from 20-25 mg/kg/day of CBD and
0.18-2.24 mg/kg/day of CBZ (Geffrey et al., 2015).

Clinical Evidence of Cannabinoids in the

Treatment of Pediatric Epilepsy

Clinical studies reported below assess the safety and/or efficacy
of CBD in addition to common AEDs. Most of these studies
enrolled pediatric patients (0.5-17 years) with diagnoses of
genetically based epilepsy, Dravet syndrome, Lennox Gastaut,
febrile seizures, and seizures associated with tuberous sclerosis
are the most difficult epilepsies to treat, and the latest generation
of antiepileptic drugs offers limited control for these diseases
(Devinsky et al., 2017; Lattanzi et al., 2018, 2019). The use
of CS in an empirical way has been documented for a long
time for the treatment of epilepsy, and in most cases, reports
provide a subjective perception of benefit. Despite the positive
effects of the use of medicinal cannabis CBD for the control
of epileptic seizures, there is controversy in the use of CBD
at the pediatric level. The first trials examining purified CBD

(Epidiolex) were launched as an expanded access program (EAP)
in 2014 for patients with refractory epilepsy. Szaflarski et al.
(2018) published provisional data for 600 patients who used CBD
during 96 weeks, revealing a reduction of seizure events by 51%
mainly in cases related to Dravet syndrome, Lennox Gastaut, and
tuberous sclerosis complex (reviewed by Silvestro et al., 2019).

Given the increase in the use of handcrafted cannabinoids in
pediatric epilepsy and the lack of studies providing data on their
safety and usefulness, a prospective investigation was carried out
in 32 children with refractory epilepsy. CBD was administered
at a dose of 10 mg/kg/day for 12 weeks, and the frequency of
seizures and serum CBD levels were evaluated. There was a 50%
reduction in the frequency of seizures during the final weeks
compared with the initial ones (Knupp et al., 2019). In another
open comparative study on the use of CBD to treat epilepsy,
55 patients aged 1 and 30 years with CDKL5 deficiency disorder
and Aicardi, Doose, and Dup15q syndromes were included. The
patients were treated in 11 institutions from January 2014 to
December 2016, and a decrease in the frequency of seizures was
reported from the start of CBD treatment. The dose used ranged
between 10 and 20 mg/kg/day orally, and this open-label trial
provided class IIT evidence for the long-term safety and efficacy
of CBD administration in patients with refractory epilepsy
(Devinsky et al., 2014, 2016, 2018a,b; Elliott et al., 2018).

In a clinical trial of children aged 1-17 years with refractory
epilepsy (60), an oral solution of CBD at doses between 5,
10, and 20 mg/kg/day was administered for 12 weeks as a
complement to their regimen of antiepileptic drugs. A 50%
decrease in seizure frequency was observed, no serious adverse
effects were found, and CBD was well tolerated (Wheless et al.,
2019). In most trials, CBD is administered orally as an oil
solution. In open trials, maximum doses of 25 mg/kg/day have
been used in controlled studies, and higher doses of up to
50 mg/kg/day were also used; however, studies on Lennox
Gastaut syndrome have shown that a significant proportion
of children respond to doses of 10 mg/kg/day. Therefore, a
“slow start” and “scale as appropriate” strategy is recommended,
beginning with 5 mg/kg/day, increasing to 10 mg/kg/day after
2 weeks, reviewing the clinical response and adverse effects,
remaining with the dose if it is effective, and otherwise increasing
the dose of 5 mg/kg/day according to tolerance up to a maximum
of 20-25 mg/kg/day (Treat et al., 2017; Devinsky et al., 2018b;
Arzimanoglou et al., 2020).

In the previous systematic review, published in August 2017,
examined 22 clinical trials, only five of which were controlled
clinical trials that included a total of 795 children. The greatest
evidence was for its use as an antiemetic, analgesic, and
antiepileptic agent (Wong and Wilens, 2017). Currently, only
two synthetic products derived from cannabis are approved by
the FDA of the United States: dronabinol and nabilone. Both
contain A°~THC as the main cannabinoid and are specified for
the treatment of cancer comorbidities and anorexia associated
with patients with HIV/AIDS (Pertwee and Cascio, 2014; Wong
and Wilens, 2017).

To date, in Uruguay, the only pharmaceutical specialty
registered by the MS is epifatan as 2% or 5% oral solution
(drops), which contains 2 g or 5 g of CBD, respectively, and
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less than 0.1% THC and tetrahydrocannabinolic acid (THCA)
every 100 ml. Most reports concerning the therapeutic effect of
CBD in drug-resistant epilepsy have been conducted in children
and adolescents (Wong and Wilens, 2017), thus providing
the greatest amount of available scientific evidence. In recent
decades, various investigations have been carried out on the use
of cannabis in the treatment of refractory epilepsy in children,
especially in epileptic syndromes such as DS, Doose, and LGS
(Wong and Wilens, 2017).

In the same way, Tzadok et al. (2016) in a retrospective review
of a cohort of 74 children and adolescents with drug-resistant
epilepsy reported that CBD reduced the frequency of seizures
in 89% of patients. In a survey of 19 parents of children
with treatment-resistant epilepsy, Porter and Jacobson (2013)
found that CBD treatment of 117 children with drug-resistant
epilepsy reduced the seizure frequency in 84% of the patients.
Conversely, in a case series of six children with drug-resistant
epilepsy, dronabinol has also been reported to reduce seizures
in two patients. However, most of the studies have shown
inconsistency in terms of the control of the variables and
absence of a placebo group, making it difficult to generate
an accurate conclusion, in addition to secondary effects such
as drowsiness, diarrhea, and decreased appetite (Tzadok et al.,
2016). Additionally, in controlled trials, A°THC most commonly
led to side effects of drowsiness and dizziness, with greater
severity associated with higher doses (Wang et al, 2008).
Likewise, cannabis overdose has been reported with multiple
adverse effects, among which are reports of seizures among
young children, which may be due to the toxicity of high-dose
A° THC (Wang et al., 2008; Mechoulam and Parker, 2013).

However, clinical investigations have methodological
limitations, such as the small population of children included,
the short follow-up period, and the methodological design.
Nevertheless, they have reported a reduction between 57% and
84% in the frequency and intensity of epileptic seizures, with a
greater impact on DS and LGS (Wong and Wilens, 2017). Few
studies have examined medical cannabinoids for the treatment
of seizures in children and adolescents, and they have reported
that CBD reduces the frequency of seizures in the pediatric
population with resistance to initial treatment in epilepsy of
different etiologies (Devinsky et al, 2017; Huntsman et al,
2020). Additionally, since 2014, CBD has been administered in a
continuously EAP. In a review of 119 pediatric epilepsy patients,
Treat et al. (2017) reported that oral CS extracts improved
seizures in 49% of the cohort. In a second study, the oral CS
extracts reduced the frequency and intensity of seizures in 57%
of 75 patients with drug-resistant epilepsy (Treat et al., 2017).

In addition to the lack of studies on CS, the long-term risks
associated with medical CBD in pediatric patients limits our
understanding of the mechanism of action and its secondary
effects on neurodevelopment and epileptogenesis (Mechoulam
and Parker, 2013). However, evidence has shown that onset of
CS use before the age of 16 years has a relationship with cognitive
and verbal learning deficits and poor psychomotor performance
and attention, similar to later onset of CS, which have been
associated with poorer attention, executive functioning, memory
and verbal performance (Solowij et al., 2011). Similarly, frequent

and recreational CS use before the age of 15 years is associated
with an increased risk of depression, confusion, and subsequent
suicidal tendencies. In contrast, cannabis use in early adolescence
shows a greater relationship with the early onset of psychotic
disorders (Hayatbakhsh et al., 2007; Claudet et al, 2017).
When using CBD as an adjuvant with other antiepileptic
drugs, there was an increase in liver enzymes, jaundice, and
thrombocytopenia, but these alterations were resolved when
the antiepileptic was discontinued. An interaction is observed
between the use of CBD and clobazam, and the main adverse
reactions to the use of CBD are fatigue and diarrhea; however,
an increase in appetite has been documented in some patients
(Geftrey et al., 2015). There is evidence of the efficacy of a large
percentage of CBD in epilepsy of different etiologies despite the
few studies conducted to date. However, some of them have
a risk of bias or poor follow-up by caregivers of the patients.
Therefore, more protocols or experimental studies are suggested
with internationally approved administration doses according to
age, weight, and specific indication. Such studies will provide
a broader picture to not only test the efficacy of drugs in
epilepsy but also study the adverse effects of drugs derived
from cannabis.

CONCLUSIONS

Evidence describing the effects of the major cannabinoids
that do not act as CBR ligands, in particular cannabidiol
and cannabidivarin, reveals consistently beneficial therapeutic
effects in preclinical models of seizures, epilepsy, epileptogenesis,
and neuroprotection. The emerging results of clinical trials
in humans have methodological limitations, such as the small
population of children included, the short follow-up period,
and the methodological design, although, in most of them, they
have reported a reduction in the frequency and intensity of
seizures, in the drug-resistant pediatric population of different
etiologies. What is clear is that the beneficial effects in epilepsy
for the immature brain vary compared to the adult brain, due
to neurodevelopmental processes. Therefore, more protocols
or experimental studies should be performed with a stricter,
broader, internationally approved administration dose according
to age, weight, and specific indication.
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Cannabinoid receptors 1 and 2 (CB1 and CB2, respectively) play an important role
in maintaining the integrity of the blood-brain barrier (BBB). On the other hand, BBB
dysfunction is a common feature in drug-resistant epilepsy. The focus of the present
study was to characterize protein expression levels and Gai/o protein-induced activation
by CB1 and CB2 receptors in the microvascular endothelial cells (MECs) isolated from
the brain of patients with drug-resistant mesial temporal lobe epilepsy (DR-MTLE).
MECs were isolated from the hippocampus and temporal neocortex of 12 patients
with DR-MTLE and 12 non-epileptic autopsies. Immunofluorescence experiments were
carried out to determine the localization of CB1 and CB2 receptors in the different cell
elements of MECs. Protein expression levels of CB1 and CB2 receptors were determined
by Western blot experiments. [*°S]-GTPyS binding assay was used to evaluate the
Guai/o protein activation induced by specific agonists. Immunofluorescent double-labeling
showed that CB1 and CB2 receptors colocalize with tight junction proteins (claudin-5,
occludin, and zonula occludens-1), glial fibrillary acidic protein and platelet-derived
growth factor receptor-g. These results support that CB1 and CB2 receptors are
expressed in the human isolated microvessels fragments consisting of MECs, astrocyte
end feet, and pericytes. The hippocampal microvasculature of patients with DR-MTLE
presented lower protein expression of CB1 and CB2 receptors (66 and 43%, respectively;
p < 0.001). However, its Gai/o protein activation was with high efficiency (CB1,
251%, p < 0.0008; CB2, 255%, p < 0.0001). Microvasculature of temporal neocortex
presented protein overexpression of CB1 and CB2 receptors (35 and 41%, respectively;
p < 0.01). Their coupled Gai/o protein activation was with higher efficiency for CB1
receptors (103%, p < 0.006), but lower potency (p < 0.004) for CB2 receptors.
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Nufiez-Lumbreras et al.

Cannabinoid Receptors in Human Microvasculature

The present study revealed opposite changes in the protein expression of CB1 and CB2
receptors when hippocampus (diminished expression of CB1 and CB2) and temporal
neocortex (increased expression of CB1 and CB2) were compared. However, the
exposure to specific CB1 and CB2 agonists results in high efficiency for activation of
coupled Gai/o proteins in the brain microvasculature of patients with DR-MTLE. CB1
and CB2 receptors with high efficiency could represent a therapeutic target to maintain
the integrity of the BBB in patients with DR-MTLE.

Keywords: mesial temporal lobe epilepsy, drug-resistance, blood-brain barrier, endocannabinoid system, CB1

receptors, CB2 receptors

INTRODUCTION

The blood-brain barrier (BBB) regulates the access of molecules,
drugs, neurotoxins, and pathogens from the bloodstream
into the cerebral parenchyma. The close interaction between
microvascular endothelial cells (MECs), the main components
of the BBB, and other elements of the neurovascular unit
(astrocytes, pericytes, neurons, and basement membrane) plays
a significant role in the homeostasis of the central nervous
system (Stanimirovic and Friedman, 2012). MECs present tight
junctions, which participate in the control of transcytosis.
Tight junctions involve the interaction of transmembrane
(occludin, claudins, and junctional adhesion molecules), as well
as cytoplasmic [zonula occludens (ZO)] proteins (Hawkins and
Davis, 2005). Changes in the expression and interaction of these
proteins facilitate BBB disruption (Kook et al., 2012).

Studies indicate that cannabinoid receptors 1 and 2 (CB1
and CB2, respectively) are expressed in different components
of the BBB (Molina-Holgado et al., 2002; Golech et al., 2004;
Zong et al., 2017). The activation of CB1 receptors prevents
downregulation of ZO-1, claudin-5, and junctional adhesion
molecules-1 proteins and the consequent BBB breakdown in
cocultures of human brain MECs and astrocytes (Lu et al,
2008). In turn, the activation of CB2 receptors increases the
transendothelial electrical resistance and the expression of tight
junction proteins in MECs and reduces neuroinflammation
effects (Ramirez et al, 2012). In autopsy brain samples from
patients with multiple sclerosis, the BBB overexpressed CB2
receptors in chronic inactive plaques (Zhang et al, 2011), a
finding that supports their protective role.

Epilepsy, a neurological disorder characterized by a
permanent predisposition to spontaneous and recurrent
seizures (Fisher, 2015), is associated with BBB dysfunction (van
Vliet et al., 2014; Broekaart et al., 2018). Recent studies from our
research group have shown that the neocortical microvasculature
from patients with drug-resistant mesial temporal lobe epilepsy
(DR-MTLE) exhibited lower protein expression levels of
occludin and ZO-1 as compared to control tissues obtained from
autopsies, whereas the protein expression levels of the vascular
endothelial growth factors (VEGF-A, VEGFR-2) and claudin-5
were increased (Castafieda-Cabral et al., 2020a). Furthermore,
the protein expression levels of the proinflammatory cytokines
interleukin 1B and tumor necrosis factor a (TNF-a) and its
receptor TNF-R1, as well as the nitric oxide synthase, a marker

of oxidative stress, were increased in the microvasculature of
DR-MTLE patients (Castafieda-Cabral et al., 2020b). These
changes suggest important alterations in the integrity of the BBB
that may contribute to the pathogenesis of epilepsy.

Considering that CB1 and CB2 receptors play an important
role in the integrity of BBB, it is proposed that epilepsy modifies
protein expression levels and/or signal transduction pathways
mediated by these receptors in the microvasculature of the
human brain. Experiments were designed to evaluate protein
expression levels and signaling of CB1 and CB2 receptors in
the microvasculature of the hippocampus (epileptogenic area)
and temporal neocortex (the brain area involved in the spread
of seizure activity) of patients with DR-MTLE. The influence of
clinical conditions was investigated through correlation analysis.

MATERIALS AND METHODS
Subjects

Brain tissue was obtained from adult patients with DR-
MTLE (n = 12) who underwent surgery through the Epilepsy
Surgery Program of the National Institute of Neurology and
Neurosurgery “Manuel Velasco Suarez” (INNNMVS) in Mexico
City. All the neurosurgeries were carried out by the same
neurosurgeon (MAV). Patients with DR-MTLE showed the
following clinical data: age of subjects, 30.2 £ 2.5 years; age
at seizure onset, 10.0 & 2.3 years; epilepsy duration, 20.8 +
3.3 years; and frequency of seizures, 7.9 £ 1.6 per month
(Table 1). Preoperative evaluation for each patient included
video electroencephalogram, magnetic resonance imaging, and
single-photon emission computed tomography. Subsequently,
patients underwent an anterior lobectomy ipsilateral to the
epileptic focus. During the surgical procedure, hippocampal
and temporal neocortex biopsies were collected immediately
after resection, frozen on dry ice, and stored at —70°C until
processed. The scientific and ethics committees from INNNMVS
and Cinvestav approved the protocol for this experimental
study (reference numbers of approval: 101/18 and 055/2018,
respectively). Written informed consent was obtained from
all participants.

Samples from the hippocampus and temporal neocortex
obtained from 12 autopsies, died of causes not associated with
neurological disorders, were evaluated as controls. The mean age
of the autopsy subjects (41.0 =+ 4.8 years) was not significantly
different from that of the patients with DR-MTLE (p > 0.05).
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TABLE 1 | Clinical data of patients with drug-resistance mesial temporal lobe epilepsy.

Patient Age (years) Gender Age at seizure onset (years) Epilepsy duration (years) Frequency of seizures ASD

(per month) treatment

before surgery

416 18 F 9 9 4 CBZ, TPM, CNZ, LVT
428 45 M 8 37 3 PHE, VPA, CBZ, OXC, LMG, TPM, CNZ
429 34 M 1 33 10 PHE, CBZ, TPM, CNZ, CLB, LCS
434 32 F 3 29 4 PHE, OXC, LMG, TPM, LVT
454 26 F 26 5 CBZ, OXC
457 35 F 20 15 4 PHE, VPA, OXC
470 30 F 6 24 4 CBZ, TPM, CNZ, LVT
474 44 F 20 24 12 CBz, CzP
516 17 F 16 1 16 PHE, LVT
517 25 M 24 1 20 VPA, LVT
534 29 F 6 23 8 CBZ, LVT
545 27 M 22 5 VPA, CBZ, OXC, TPM

ASD, antiseizure drug;, CBZ, carbamazepine; CLB, clobazam; CNZ, clonazepam, CZF, clorazepate; F, female; LCS, lacosamide; LMG, lamotrigine; LVT, levetiracetam,; M, male; OXC,

oxcarbazepine; PHE, phenytoin; TPM, topiramate; VPA, valproic acid.

TABLE 2 | Clinical data of non-epileptic autopsies.

Autopsy Age Gender Cause of death PMI
(years) (hours)
Al 29 M Abdominal trauma 13
A2 29 M Polytrauma 18
A6 49 F Asphyxia 18
A7 45 M Asphyxia 18
A8 73 M Diabetes complications 15
A9 33 F Thoracic trauma 12
A1 12 F Asphyxia 14
A12 40 F Ballistic trauma 20
A14 45 F Unknown 10
A16 57 M Heart attack 18
A17 25 F Thoracic trauma 18
A18 55 M Thoracolumbar trauma 15

F, female; M, male; PMI, postmortem interval.

Autopsy samples were collected with a postmortem interval of
14.8 £+ 3.7h (Table 2). The samples were frozen immediately
after resection and stored at —70°C. Autopsies were performed
at the Institute of Forensic Sciences in Mexico City. The quality
of autopsies was verified by evaluating the integrity of mRNA of
each sample.

Isolation of Human Brain Microvessels

Brain microvessels were obtained from frozen human brain
tissue according to a modified version of the protocol described
previously by Veszelka et al. (2007) (for further details, see
Castafieda-Cabral et al, 2020a). Using this procedure, we
previously have found that the isolated microvessels from frozen
brain tissue contain MECs, pericytes, and astrocytes end feet

(Castaneda-Cabral et al., 2020a). All these cells are also a source
of CB1 and CB2 receptors (Beny¢ et al.,, 2016).

Briefly, brain tissue was homogenized in Ringer HEPES (RH)
buffer solution (150 mM NaCl, 2.2 mM CaCl,, 0.2 mM MgCl,,
5.2mM KCl, 2.8 mM glucose, 5mM HEPES, 6 mM NaHCOs3,
pH 7.4) in a proportion of 4 mL per gram of tissue (4 mL/g
of tissue). The homogenates were centrifuged at 1,000 x g for
15min, at 4°C. The obtained pellet was resuspended in 17.5%
RH-dextran and then centrifuged at 1,500 x g for 15 min, at 4°C.
The resulting pellet was resuspended in 2 mL of 1% RH-bovine
serum albumin (BSA), whereas the supernatant was centrifuged
twice under the same conditions until obtaining three pellets.
All the pellets were filtered with a 100-pm mesh. The obtained
supernatant was filtered again with a 40-um mesh. The filtrate
was centrifuged at 1,000 x g, for 10 min, at 4°C. Subsequently,
the pellet was collected in an Eppendorf tube. A sample of
each pellet was analyzed using an inverted microscope (Leica
DMil) to evaluate the characteristics of the isolated microvessels.
Subsequently, the expression of CD34, a valuable marker for the
identification and characterization of capillary endothelial cells,
was analyzed in MECs by immunofluorescence experiments.
For this purpose, a fraction of the pellet was mounted on
slides previously coated with poly-L-lysine and allowed to dry
at room temperature for 24 h. The tissue was fixed with cold
acetone for 90min at 4°C and subsequently permeabilized
with phosphate-buffered saline (PBS)—0.25% Triton X-100 for
15 min at 4°C. Blocking was performed using 3% BSA-PBS for
50 min at 4°C. Slides were incubated overnight (4°C) with an
anti-CD34 antibody followed by incubation with fluorescence-
labeled secondary antibody (Alexa Fluor 488, goat anti-rabbit
immunoglobulin G, 1:200) for 2h at 4°C. Subsequently, slides
were washed with PBS and incubated with Hoechst 33342
(1:5,000, cat. H3570, lot 1724829, Thermo Fisher Scientific, USA)
for 5min at room temperature for nuclear staining. Finally,
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slides were mounted with Vectashield mounting medium for
fluorescence (cat. CB-1000; Vector Laboratories Inc., USA) and
analyzed by confocal microscopy (Eclipse TE2000 microscope,
Nikon, Japan). Images were obtained with a Spot RT digital
camera (Diagnostic Instruments, USA).

Once the isolation of microvessels was confirmed, each pellet
was divided into three fractions for the following experiments:
(a) immunofluorescence analysis, (b) Western blot analysis, and
(c) [¥*S]-GTPyS binding assay. The pellets were stored at —70°C
until further use.

Immunofluorescence Staining of CB1 and
CB2 Receptors in the Human Brain

Microvessels

Immunofluorescence experiments were carried out to localize
CBI1 and CB2 receptors in the different cell elements of human
brain microvessels. Their expression was analyzed alone, as
well as their colocalization with glial fibrillary acidic protein
(GFAP), platelet-derived growth factor receptor-p (PDGFR-B),
and tight junction proteins (claudin-5, occludin, and ZO-1).
For this purpose, a fraction of the pellet previously obtained
was mounted on slides coated with poly-L-lysine and allowed
to dry at room temperature for 24 h. The tissue was fixed with
cold acetone for 90 min at 4°C and subsequently permeabilized
with PBS-0.25% Triton X-100 for 15min at 4°C. Blocking
was performed using 3% BSA-PBS for 50min at 4°C. Slides
containing microvessels followed an overnight primary antibody
incubation at 4°C and were exposed to secondary antibody for
2h at 4°C. Particulars for each antibody, such as primary and
secondary antibody information as well as dilutions, are listed
in Supplementary Table 1. Subsequently, slides were washed
with PBS and incubated with Hoechst 33342 (1:5,000, cat.
H3570, lot 1724829, Thermo Fisher Scientific, USA) for 5 min
at room temperature for nuclear staining. Finally, slides were
mounted with Vectashield mounting medium for fluorescence
(cat. CB-1000, Vector Laboratories Inc., USA) and analyzed by
confocal microscopy (Eclipse TE2000 microscope, Nikon, Japan).
Images were obtained with a Spot RT digital camera (Diagnostic
Instruments, USA). As negative control for specificity of staining,
the immunohistochemical assay was carried out with the primary
antibody omitted that resulted in the absence of immunolabeling.
Also, images of Z-stack (17 planes each pm) were used for
protein localization. NIS-Elements v.4.50 and Image] v.1.50i
software were used for protein colocalization.

Evaluation of CB1 and CB2 Protein

Expression by Western Blot

The pellet was homogenized in RIPA lysis buffer (50 mM
Tris-HCI, 150mM NaCl, 1mM EDTA, and 0.1% Triton
X-100, pH 7.5) and a mixture of protease inhibitors (Complete
Roche Diagnostics GmbH, Germany). Protein quantification
was performed by the Bradford method (Protein Assay Dye,
cat. 5000006, Bio-Rad Laboratories, USA). MEC samples (15
ng/lane) were loaded in Laemmli sample buffer (cat. 1610737,
Bio-Rad Laboratories, USA) and separated in 10% sodium
dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis gel

(85V for 30min and 100V for 2h) using running buffer
(25mM Tris, 192mM glycine and 0.1% SDS, pH 8.3; cat.
1610723, Bio-Rad Laboratories, USA). Subsequently, the
proteins were transferred onto polyvinylidene difluoride
membranes (Immun-blot, cat. 1620264, Bio-Rad Laboratories,
USA). After electroblotting, membranes were incubated for
1h at room temperature with 5% blocking solution (Blot-
QuickBlocker, cat. WB57, EMD Millipore, USA) dissolved
in TBS-T buffer (20mM Tris, 500mM NaCl, 0.1% Tween
20, pH 7.5). Subsequently, membranes were incubated
overnight at 4°C with the corresponding primary antibody.
Membranes were washed with TBS-T and incubated for 1h
with appropriate horseradish peroxidase-coupled secondary
antibody (Supplementary Table 1). Blots were developed using
Clarity Western ECL Blotting Substrates (Bio-Rad Laboratories,
USA) according to the manufacturer’s indications. Scanning of
the immunoblots was performed, and the density of bands was
estimated using Image] v.1.50i software. The chemiluminescent
data were normalized using PB-actin as a constitutive protein,
resulting in a relative ratio expression. Each sample was evaluated
by duplicate.

Evaluation of the Gai/o Protein Activation
Induced by CB1 and CB2 Receptors in

Human Microvessels

CB1 and CB2 receptors are composed of seven transmembrane
a-helix domains and a C-terminal domain (73 and 59 amino
acids, respectively) (Matsuda et al., 1990; Munro et al., 1993),
which couple to Gai/o proteins to induce their cell effects (Abood
and Martin, 1996). The interaction of specific agonists with
these receptors facilitates the exchange of guanosine triphosphate
(GTP) for guanosine diphosphate (GDP) in the Gai/o subunit.
For the present study, a binding assay was used to evaluate the
efficacy and potency of specific CB1 and CB2 agonists to increase
the binding of [**S]-GTPyS, a radiolabeled non-hydrolyzable
GTP analog, to Gai/o proteins.

Cell membranes of microvessels were obtained according
to the following procedure. The pellet was resuspended,
homogenized in a buffer solution (2mM Tris-EDTA, 320 mM
sucrose, 5 mg/mL BSA, 5mM MgCly; pH 7.4), and centrifuged
three times at 1,000 x g for 10 min, at 4°C. The first and second
supernatants were collected in a tube and centrifuged at 39,000 x
g for 30 min at 4°C, whereas the third supernatant was discarded.
The resulting pellet was resuspended in a buffer solution (50 mM
Tris-HCI, 2mM Tris-EDTA, 3 mM MgCl,, pH 7.4). A fraction
of the pellet was used for protein quantification according to
the Bradford method (Protein Assay Dye, cat. 5000006, Bio-Rad
Laboratories, USA).

Cell membranes were used for binding assays as previously
described (Catani and Gasperi, 2016), with some modifications.
A total of 8 g of membrane protein per sample was incubated
(60 min, 37°C) in 0.8mL of buffer solution (50 mM Tris—
HCl, 2mM Tris-EDTA, 3mM MgCl,, 5 mg/mL BSA, 50 pM
phenylmethylsulfonyl fluoride; pH 7.4), [3°S]-GTPyS (1,500-
2,000 counts per minute), GDP (100 uM), and increasing
concentrations (107°-107%) of a selective agonist for CBl
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HIPPOCAMPUS

TEMPORAL NEOCORTEX

CB1/Hoechst

CB2/Hoechst

AUTOPSIES

DR-MTLE

FIGURE 1 | Immunofluorescence staining of CB1 and CB2 receptor proteins in microvessels isolated from the hippocampus and temporal neocortex of non-epileptic
autopsies and patients with DR-MTLE. Cell nuclei were stained with Hoechst (in blue). In the group of patients with DR-MTLE, a low staining of CB1 and CB2
receptors can be observed in the hippocampus, whereas both receptors are highly expressed in the temporal neocortex. All scale bars are 20 um.

CB1/Hoechst CB2/Hoechst

(methanandamide cat. M186 Sigma-Aldrich) or CB2 receptors
(CB65 cat. 2663 Tocris). The total binding was estimated
in the absence of the specific agonist, whereas non-specific
binding was obtained in the presence of unlabeled GTPyS
(100 uM). The specific binding was calculated by subtracting
the non-specific binding from the total binding. The reaction
was initiated by adding [*°S]-GTPyS and was terminated by
filtration of the samples through Whatman GF/B glass fiber
filters and using a Brandel M-48 multifilter. Filters were washed
three times with ice-cold 50 mM Tris-HCIl buffer (pH 7.4)
and 1 mg/mL BSA (pH 7.4) and dried. The filters were
immersed in the Sigma Fluor™ scintillation liquid and 500
mL of 0.1% Triton X-100 (cat. 9002-93-1, Sigma-Aldrich).
The radioactivity in the filters was estimated in counts per
minute using a Beckman detector LS6000SC. The final values
expressed in fmol/mg of protein activation were analyzed by non-
linear regression to determine the receptor coupling efficiency
or maximum stimulation (Emax) induced by the different
agonists and its potency (pEC50). Each sample was evaluated
by triplicate.

Statistical Analysis

Student t test was used to evaluate the results obtained
from the different experiments. Pearson correlation coefficients
were calculated to determine the possible influence of clinical
conditions on the experimental results. Values were expressed as
the mean + SEM. GraphPad Software Inc. (v.6.01 USA) was used
for the statistical analysis.

RESULTS

Identification of CB1 and CB2 Receptors in
Human Microvessels by

Immunofluorescence Staining

The immunofluorescence images and their Z-stack analysis
confirmed that receptors CB1 and CB2 proteins were
expressed in the brain microvessels obtained from patients
with DR-MTLE and non-epileptic autopsies (Figure 1;
Supplementary Videos 1-4).  Immunofluorescent  double-
labeling showed that CB1 and CB2 receptors colocalize
with claudin-5, occludin, and ZO-1 proteins (Figures 2-4).
Immunofluorescent experiments also displayed that CB1 and
CB2 receptors colocalize with GFAP and PDGFR-p (Figure 5).
These results support that both CB receptors are expressed in
the human isolated microvessels fragments consisting of MECs
with tight junction proteins, astrocyte end feet, and pericytes.
Quantification of the immunofluorescence staining images was
not carried out as the procedure used was qualitative and based
on observations by a histologist.

Protein Expression Levels of CB1 and CB2
Receptors and Functional Coupling to
Goai/o Proteins in Brain Microvessels of

Autopsies
Western blot experiments showed that CB1 and CB2 receptors
were expressed in brain microvessels of non-epileptic autopsies.
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HIPPOCAMPUS TEMPORAL NEOCORTEX

CB1/Claudin-5/Hoechst CB2/Claudin-5/Hoechst CB1/Claudin-5/Hoechst CB2/Claudin-5/Hoechst

AUTOPSIES

DR-MTLE

FIGURE 2 | Double-labeling immunofluorescence staining of claudin-5 and CB1 or CB2 in MECs isolated from the hippocampus and temporal neocortex of
non-epileptic autopsies and patients with DR-MTLE. Cell nuclei were stained with Hoechst (in blue). Notice the high claudin-5 staining colocalization with low
(hippocampus) and high (temporal neocortex) CB1 and CB2 staining in MECs of patients with DR-MTLE. All scale bars are 20 pm.

HIPPOCAMPUS TEMPORAL NEOCORTEX

CB1/Occludin/Hoechst CB2/Occludin/Hoechst CB1/Occludin/Hoechst CB2/Occludin/Hoechst

AUTOPSIES

DR-MTLE

FIGURE 3 | Double-labeling immunofluorescence staining of occludin and CB1 or CB2 in MECs isolated from the hippocampus and temporal neocortex of
non-epileptic autopsies and patients with DR-MTLE. Cell nuclei were stained with Hoechst (in blue). Notice the low occludin staining colocalization with low
(hippocampus) and high (temporal neocortex) CB1 and CB2 staining in MECs of patients with DR-MTLE. All scale bars are 20 pm.
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HIPPOCAMPUS TEMPORAL NEOCORTEX

CB1/20-1/Hoechst CB2/ZO-1/Hoechst CB1/Z0O-1/Hoechst CB2/Z0O-1/Hoechst

AUTOPSIES

DR-MTLE

FIGURE 4 | Double-labeling immunofluorescence staining of zonula occludens-1 (ZO-1) and CB1 or CB2 in MECs isolated from the hippocampus and temporal
neocortex of non-epileptic autopsies and patients with DR-MTLE. Cell nuclei were stained with Hoechst (in blue). Notice the low ZO-1 staining colocalization with low
(hippocampus) and high (temporal neocortex) CB1 and CB2 staining in MECs of patients with DR-MTLE. All scale bars are 20 pm.

Protein expression of CB1 and CB2 receptors was as follows: The correlation analysis showed that CB1 receptors with the
hippocampus, 0.62 £ 0.09 and 1.25 £ 0.08, respectively;  highest potency were found in the hippocampal microvessels
temporal neocortex, 0.93 £ 0.07 and 0.84 £ 0.04, respectively  of the oldest patients (r = 0.887, p < 0.001 vs. autopsies) and
(Figure 6). The binding of [3°S]-GTPyS induced by the exposure  patients with the longest duration of the illness (r = 0.6509,
of specific agonists to CB1 and CB2 receptors in microvessels  p < 0.02 vs. autopsies) (Table 4).
of the hippocampus and temporal neocortex of autopsies was Concerning the microvessels obtained from the temporal
concentration-dependent (Figure 7). Emax and pECsy values  neocortex of patients with DR-MTLE, the Western blot
attained are indicated in Table 3. No significant correlations were  evaluation showed high expression of CB1 receptors (35%,
detected between the results obtained and the age of subjects or ~ p < 0.01 vs. autopsies) (Figure 6). This effect was associated
the postmortem interval (Table 4). According to these results,  with higher efficiency for CB1-induced Gai/o protein activation
data obtained from the autopsy group were considered as the ~ (103%, p < 0.006 vs. autopsies) revealed by the binding assay
control condition. (Figure 7). Concerning CB2 receptors, protein overexpression
was found with Western blot experiments (41%, p < 0.01 vs.
autopsies). Despite this effect, the efficiency of CB2-induced

DR-MTLE Modifies the CB1 and CB2 Guai/o protein activation was similar to autopsies (p < 0.2639

. . . vs. autopsies), but with lower potency (p < 0.0004 vs. autopsies)
Protein Expression and Functional (Figure 7; Table 3).

Coupling to Goi/o Proteins in Human Opposite changes were found when hippocampus
Microvessels (diminished expression of CBl and CB2) and temporal
Concerning the hippocampal microvessels of patients with  neocortex (increased expression of CB1 and CB2) of patients
DR-MTLE, Western blot experiments showed lower protein ~ with DR-MTLE were compared. However, the comparison
expression of CB1 and CB2 receptors (66 and 43%, respectively; ~ of the Gai/o protein activation efficiency induced by the
p < 0.001) (Figure 6). This effect was associated with lower  activation of CBl1 and CB2 receptors in the epileptic
potency (pECsg) for CB2 receptors (p < 0.035) revealed by  hippocampus (513 £ 93 and 384 £ 49 fmol/mg protein,
the binding assay. Despite this condition, the activation of CB1  respectively) was similar when compared with the propagation
and CB2 receptors resulted in a higher Gai/o protein activation  area (temporal neocortex, 676 =+ 105 and 339.7 £ 30
efficiency (Emax) (CB1, 251%, p < 0.0008 vs. autopsies; CB2, ~ fmol/mg protein, respectively) (Table 3). According to this
255%, p < 0.0001 vs. autopsies) (Figure 7; Table 3). information, the Gui/o protein activation efficiency in the
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FIGURE 5 | Upper panel: double-labeling immunofluorescence staining of
CB1 receptors and GFAP in microvessels isolated from the hippocampus of a
non-epileptic autopsy. Lower panel: double-labeling immunofluorescence
staining of CB1 receptors and PDGFR-B in microvessels isolated from the
temporal neocortex of a patient with DR-MTLE. Cell nuclei were stained with
Hoechst (in blue). All scale bars are 20 wm.

hippocampus was similar to the temporal neocortex of patients
with DR-MTLE.

Correlation analysis indicated that cortical microvessels of
patients with DR-MTLE with the highest seizure frequency
showed CB2 receptors with the lowest efficiency (r = —0.7807,
p < 0.0077) and the highest potency (r = 0.6327, p < 0.0496)
to induce Gai/o protein activation. Correlation analysis also
revealed that a highest number of antiseizure drugs received
before the epilepsy surgery correlated with the highest protein
expression of CB1 in the temporal neocortex and the lowest
protein expression of CB2 receptors in the hippocampus
(Table 4).

DISCUSSION

The results indicated that cerebral microvessels of patients with
DR-MTLE and non-epileptic autopsies expressed CB1 and CB2
receptors, and their occupation by specific agonists induced the
activation of Gai/o proteins.

In the present study, we used an optimized protocol that
allowed isolating microvessels from frozen brain tissue. The
isolated microvessels contained MECs, pericytes (PDGFR-f),
and astrocytes end feet (GFAP) (Castafieda-Cabral et al., 2020a;
present study). Pericytes and astrocytes are also a source of CB1
and CB2 receptors (Beny¢ et al., 2016). Then, we cannot discard
the influence of these cell elements in the results obtained.

The criteria we used to include autopsy tissue as control
were according to the quality of mRNA of each sample. In
addition, B-actin was used as a loading control for the Western
blot experiments. The expression of mRNA and f-actin was
always within the range of detection. We also investigated the
correlation of the values obtained from the different experiments
with the postmortem interval and the age of the subjects to
determine their possible influence on the experimental results.
According to our analysis, the postmortem interval or age of
autopsies did not influence the results obtained from autopsies.
However, we cannot completely confirm that the controls did
not have neurodegenerative disorders. This situation represents
a limitation of the present study.

Microvessels from the hippocampus and temporal neocortex
of patients with DR-MTLE showed a higher efficiency to induce
Gai/o protein activation as a consequence of CB1 agonist
exposure when compared to non-epileptic autopsies. In addition,
CBI receptors presented higher potency in the hippocampus of
the patients with a longer duration of epilepsy. These findings
suggest that the neurotransmission mediated by CB1 receptors
is higher in the BBB of patients with DR-MTLE. This effect was
detected in the hippocampus despite lower protein expression,
suggesting an adaptive change in the proximal downstream
signaling mediated by these receptors.

Binding assays revealed a higher efficiency of CB2 receptor-
induced Gai/o protein activation in microvessels of epileptic
hippocampus regardless of low protein expression. These results
indicated that CB2 receptors are more efficiently coupled to
signal transduction mechanisms in the hippocampal BBB of
patients with DR-MTLE. The functional coupling of CB2
receptors to Gai/o proteins in the hippocampal and cortical
BBB of patients with DR-MTLE was found to be lower than the
potency parameter in the control autopsies. However, correlation
analysis indicated that the cortical microvessels of patients with
the highest seizure frequency showed the lowest efficiency but
the highest potency for CB2 receptor-induced Gai/o protein
activation. These results indicated that the potency of the
functional coupling of CB2 receptors might augment as a
response to high seizure frequency.

Overall, these results suggest a differential role for CB1 and
CB2 receptors in the hippocampal and cortical BBB of patients
with DR-MTLE. Indeed, opposite changes were detected when
hippocampus (diminished expression of CB1 and CB2) and
temporal neocortex (increased expression of CB1 and CB2) were
compared. This situation can be associated to clinical conditions.
Concerning this issue, we found that the highest number of
antiseizure drugs received before the surgery correlated with the
lowest protein expression of CB2 receptors in the hippocampus
and the highest protein expression of CB1 receptors in the
temporal neocortex. However, the Gai/o protein activation
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FIGURE 6 | CB1 and CB2 protein expression in human microvessels obtained from non-epileptic autopsies and patients with DR-MTLE. Upper panels:
Representative Western blots of CB1 and CB2 receptor proteins in microvessels isolated from the hippocampus and temporal neocortex of non-epileptic autopsies
and patients with DR-MTLE. Lower panels: Representation of the densitometric analysis. The results are expressed as a percentage of the optical density (O.D.) ratio
of CB1 and CB2-immunostained bands to those of g-actin. Data are presented as mean =+ standard error. “*p < 0.01, **p < 0.001.
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FIGURE 7 | Gai/o protein activation induced by agonists of CB1 and CB2 receptors in the human microvessels. Specific [*°S]-GTPyS binding to cell membranes
obtained from microvessels of the hippocampus and the temporal neocortex of non-epileptic autopsies and patients with DR-MTLE as a function of increasing
concentrations of methanandamide (CB1 agonist) and CB65 (CB2 agonist). Each point represents the mean + SE of the individual percentage stimulation over the
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efficiency induced by the activation of CB1 and CB2 receptors
in the hippocampus was similar when compared with temporal
neocortex. Then, we can conclude that the Gai/o protein
activation efficiency in the epileptogenic area (hippocampus) was
similar to the propagation zone (temporal neocortex) despite

TABLE 3 | Maximum stimulation (Emax) and potency (pECso) values for
methanandamide (CB1 agonist) and CB65 (CB2 agonist) inducing [*°S]GTPyS
binding in microvessels of the hippocampus and temporal neocortex of
non-epileptic autopsies and patients with DR-MTLE.

Receptor, brain area, Emax p< pPECso p<

and group fmol/mg prot

CB1 hippocampus 146 + 11 0.0008* —6.65 + 0.34  0.8687
autopsies

CB1 hippocampus 513 £ 93 —-6.52 + 0.7

DR-MTLE

CB2 hippocampus 108 £ 10 0.0001* —-8.1 £0.37 0.035"
autopsies

CB2 hippocampus 384 + 49 —6.7 £ 0.49

DR-MTLE

CB1 neocortex 333 + 45 0.006* —6.23 +£ 0.46  0.9459
autopsies

CB1 neocortex 676 + 105 —-6.18 £ 0.5

DR-MTLE

CB2 neocortex 290.9 + 29 0.2639 —7.86 +£ 0.39 0.0002*
autopsies

CB2 neocortex 339.7 +£ 30 —-5.7 £ 0.26

DR-MTLE

Emax, maximum stimulation; pEC50, —log of half-effective concentration (potency);
DR-MTLE, drug-resistant mesial temporal lobe epilepsy. *p < 0.05.

opposite changes in protein expression. Further studies are
essential to determine the influence of clinical factors in the
expression and function of CB1 and CB2 receptors in patients
with epilepsy.

Some studies support the protecting role of CB1 and CB2
receptors in the integrity of BBB (Lu et al, 2008; Zhang
et al, 2011; Ramirez et al, 2012). Indeed, the activation
of CB1 and CB2 receptors by 2-arachidonoylglycerol, an
endocannabinoid, contributes to maintaining the integrity of
the BBB following a brain insult (Piro et al, 2018). On the
other hand, microvessels of patients with DR-MTLE overexpress
VEGF-A and its receptor VEGFR-2 (Castaiieda-Cabral et al.,
2020a). These changes may facilitate angiogenesis (Marchi
and Lerner-Natoli, 2013), neuroinflammation, and increased
BBB permeability (Gorter et al., 2015; Baruah et al., 2020).
Activation of cannabinoid receptors is considered a strategy
to attenuate VEGF signaling and chronic inflammation and
thereby diminishing neoangiogenesis (Schley et al., 2009; Staiano
et al., 2016; Sathyapalan et al., 2017). However, the high signal
transduction efficiency mediated by the activation of cannabinoid
receptors (present study) does not avoid BBB impairment
associated with epilepsy (van Vliet et al., 2014; Broekaart et al.,
2018). The lack of protective effects mediated by CB1 and CB2
receptors in the microvasculature of patients with DR-MTLE
can be related to low tissue levels of endocannabinoids such as
2-arachidonoylglycerol (Rocha et al., 2020).

Nanocarriers have been designed to overcome the BBB and
deliver drugs to the brain parenchyma (Naz and Siddique, 2020).
However, BBB represents a valuable target in the treatment of
neurodegenerative disorders. The present study indicates that
brain microvessels with high signal transmission mediated by

TABLE 4 | Correlations between clinical data and results obtained from the evaluation of CB1 and CB2 receptors.

Clinical data CB1 receptor CB2 receptor

Protein expression Emax PECso Protein expression Emax pPECso

Hipp Cx Hipp Cx Hipp Cx Hipp Cx Hipp Cx Hipp Cx
Patients
Age —0.145 0.280 -0.026  -0.355 0.887*** —0.200  —0.033 —0.451 0.136 0.083 -0.210 -0.615
(years)
Age of seizure 0.0452 —0.309 -0.406  -0.277  —-0.070 0.204 0.275 0.127 —-0.499  -0.377 0.040 0.037
onset (years)
Duration of -0.123 0.224 0.191 —0.136 0.651* -0.399 -0.273 —0.422 0.379 0.330 —-0.075  —0.473
epilepsy (years)
Frequency of 0.287 —0.051 —0.079 0.166  —0.445 0.115  —0.106 0.608 -0.130 -0.781*  0.278 0.633*
Seizures
(per month)
No. of ASD before 0.103 0.644* 0.531 -0.188  —0.349 0.167  —0.643* —0.265 0.318 0.064 0.092 0.231
surgery
Autopsies
Age (years) 0.351 0.542 -0.178  -0.325 0.357  —-0.297  —0.329 —0.428 —0.085 0.134 0.235  —0.447
PMI () 0.101 0.120 -0.274 0.409 0.472 0.370  —0.144 -0.129 0426  —0.488 0.066 0.598

ASD, antiseizure drugs; Emax, maximum stimulation; Hipp, hippocampus; Cx, cortex; pEC50,

Pearson correlation coefficient value (r).
*0 < 0.05, *p < 0.01, **p < 0.001.

—log of half-effective concentration (potency); PMI, postmortem interval. Values represent
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CB1 and CB2 receptors may represent a novel therapeutic target
to preserve the integrity of BBB of patients with DR-MTLE.

On the other hand, experimental evidence suggests that the
activation of CB1 and CB2 receptors could induce neurotoxicity,
a condition that may depend on the chronicity of the disorder
(Di Marzo, 2008; Fowler et al., 2010; Vendel and de Lange,
2014). Neurodegenerative disorders studies also indicate that the
activation of CB1 and CB2 receptors may augment the migration
of immune cells (Miller and Stella, 2008) and thus facilitate
oxidative stress (Mukhopadhyay et al., 2010), inflammation,
and the disruption of BBB (Persidsky et al, 2006). Studies
indicate that activation of CB1 and CB2 receptors augments
leukocyte accumulation, inflammation, and neovascularization
(Guabiraba et al, 2013). Our results revealed that patients
with DR-MTLE showed a high signal transduction efficiency
mediated by the activation of CB1 and CB2 receptors, a condition
that may facilitate inflammation and neovascularization in
the hippocampus and temporal neocortex. Further studies are
essential to determine if the high-efficiency coupling to the signal
transduction mechanisms mediated by CB1 and CB2 receptors
facilitates the impairment of the BBB in patients with DR-MTLE.
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Despite evidence that supports cannabidiol (CBD) as an anticonvulsant agent, there
remains controversy over the antiseizure efficacy, possible adverse effects, and
synergistic interactions with classic antiepileptics such as valproate (VPA). The genetic
audiogenic seizure hamster from the University of Salamanca (GASH/Sal) is a reliable
experimental model of generalized tonic—clonic seizures in response to intense sound
stimulation. The present study examines the behavioral and molecular effects of
acute and chronic intraperitoneal administrations of VPA (300 mg/kg) and CBD (100
mg/kg) on the GASH/Sal audiogenic seizures, as well as the coadministration of both
drugs. The GASH/Sal animals were examined prior to and after the corresponding
treatment at 45min, 7 days, and 14 days for seizure severity and neuroethology,
open-field behaviors, body weight variations, and various hematological and biochemical
parameters. Furthermore, the brain tissue containing the inferior colliculus (so-called
epileptogenic nucleus) was processed for reverse transcription—quantitative polymerase
chain reaction analysis to determine the treatment effects on the gene expression of
neuronal receptors associated with drug actions and ictogenesis. Our results indicated
that single dose of VPA helps prevent the animals from getting convulsions, showing
complete elimination of seizures, whereas 7 days of chronic VPA treatment had few
effects in seizure behaviors. Acute CBD administration showed subtle attenuation
of seizure behaviors, increasing seizure latency and decreasing the duration of the
convulsion phase, but without entirely seizure abolition. Chronic CBD treatments had no
significant effects on sound-induced seizures, although some animals slightly improved
seizure severity. Acute and chronic CBD treatments have no significant adverse effects
on body weight, hematological parameters, and liver function, although locomotor
activity was reduced. The combination of VPA and CBD did not alter the therapeutic
outcome of the VPA monotherapy, showing no apparent synergistic effects. As compared
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to sham animals, chronic treatments with CBD caused abnormal mRNA expression
levels for Trpv1, Adoral, Sic29al, and Cnr1 genes, whereas no differences in gene
expression were found for Htr1a and Sigmar1. Our study shed light on the behavioral and
molecular effects of CBD and VPA on the GASH/Sal model and constituted the basis to
develop further studies on the pharmacological effects of CBD and its interactions with

other anticonvulsants.

Keywords: animal models, antiepileptic drugs, cannabis, epilepsy, gene expression, inferior colliculus (IC), valproic

acid, drug interactions

INTRODUCTION

Epilepsy syndromes are considered neurological disorders
characterized by an enduring predisposition to generate epileptic
seizures that can be accompanied by a wide spectrum of
behavioral and neuropsychiatric conditions (Kanner et al., 2012;
Fisher et al., 2014). Among the myriad of epilepsy symptoms,
seizures are one of the most important and notable signs that
are associated with the abnormal excessive or synchronous
neuronal activity in the brain (Fisher et al., 2005). Despite the
numerous antiseizure drugs with different modes of action,
a large number of patients confirm pharmacoresistance, that
is, the failure to achieve seizure control with a trial of an
anticonvulsant medication given at the appropriate dosage
(Kwan et al., 2009; Sharma et al., 2015). Uncontrolled seizure
is closely linked to an increased risk of pharmacoresistance
that is the major responsible for boosting mortality, and no
promising therapeutic treatments are currently available to
prevent the emergence of pharmacoresistance (reviewed in
Sharma et al., 2015). Thus, the high incidence of epilepsy (more
than 60 million people worldwide) and the increasing number
of antiseizure drug-resistant patients (~40% of the cases)
call for the encouragement of evaluating new anticonvulsant
compounds. Toward this end, experimental animal models of
epilepsies and seizures have proven to be one of the biggest
assets in the research programs that focused on the discovery and
development of new antiseizure drugs (Nef, 2001; Loscher, 2011).
In this context, cannabidiol (CBD), the major non-psychoactive
phytocannabinoid present in the Cannabis sativa plant, has been
increasingly attracting therapeutic interest, particularly because
of its anticonvulsive actions and favorable side effect profile
in preclinical models of seizures and epilepsy (Devinsky et al.,
2014; Ibeas Bih et al., 2015). Among all of the animal models
used to study the anticonvulsant properties of CBD, there is
less evidence for CBD’s effects on audiogenic seizure (AGS)
models of genetic origin (reviewed in Lazarini-Lopes et al.,
2020). AGSs are frequent in rodents that exhibited generalized
clonic or tonic—clonic convulsive muscle contractions caused by
excessive or abnormal neuronal firing in response to intense
sound stimulation. It is well-established that acutely induced
AGSs depend on brainstem substrates (Faingold, 1999; Garcia-
Cairasco, 2002), whereas repetitions of AGS (after an audiogenic
kindling protocol) further recruit limbic brain regions (Romcy-
Pereira and Garcia-Cairasco, 2003; Dutra et al., 2009). In
contrast to traditional models of epilepsy induced by chemical

or electrical means, the genetically AGS rodents offer several
advantages: (1) the AGS susceptibility is inherited and does not
require any experimental procedure to become susceptible, thus
avoiding incompatibilities with antiseizure drugs administration;
(2) the innate occurring seizures can be elicited at will by
an investigator, as the specific trigger is a sound; and (3)
the substantial characterization of behavioral, cellular, and
molecular alterations available that potentiates their usefulness
in antiepileptic drug screening and elucidating mechanisms
underlying ictogenesis (reviewed in Kandratavicius et al., 2014;
Bosque et al., 2019). The genetic AGS hamster from Salamanca
(GASH/Sal) exhibits susceptibility to sound-induced seizures
and is the only susceptible hamster strain that is scientific
research available (Mufoz et al, 2017). The GASH/Sal has
recently gathered attention for the amount of interesting studies
related to the neuroethological (Barrera-Bailon et al., 2013,
2017), electrophysiological (Carballosa-Gonzalez et al., 2013),
neurochemical (Prieto-Martin et al., 2017), molecular (Lépez-
Lépez et al,, 2017; Diaz-Casado et al, 2020; Diaz-Rodriguez
et al., 2020), and morphological (Sianchez-Benito et al., 2017,
2020) substrates underlying AGS. GASH/Sal animals, from
2 to 4 months of age at which susceptibility reached its
maximum, undergoes generalized tonic—clonic seizures that are
characterized by a short latency period after loud acoustic
stimulation, followed by phases of wild running, convulsions,
and stupor (Muioz et al,, 2017). Anticonvulsant drugs such as
valproic acid (VPA), phenobarbital, and lamotrigine are highly
effective in suppressing sound-induced seizures in the GASH/Sal
(Barrera-Bailon et al., 2013, 2017), and hence GASH/Sal animals
are suitable to examine the efficacy of antiepileptic agents
(Werner and Covenas, 2017). The overall goal of the present
study was to make a preliminary determination of the potential
anticonvulsant effects of CBD treatment in the GASH/Sal model
following acute and chronic intraperitoneal administration, as
well as the possible adverse effects on the hematologic profile,
liver function, body weight, general locomotor activity levels, and
emotionality. As no data exist regarding synergistic combinations
of anticonvulsant agents with CBD in genetically AGS models,
we also study the effects of concomitant treatment with VPA,
an effective antiepileptic drug in the GASH/Sal model (Barrera-
Baildn et al., 2013). Thus, by using a neuroethological approach
(Garcia-Cairasco et al., 1996, 2004), we carried out a quantitative
behavioral analysis of the AGS phases after the treatments with
VPA, CBD, or the combination of both drugs. As occurred in
other AGS rodent models, activation of the auditory pathway
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is required for seizure development in the GASH/Sal model
(Garcia-Cairasco, 2002; Mufoz et al., 2017). In fact, the innate
AGS susceptibility of the GASH/Sal model lies in an upward
spread of abnormal glutamatergic transmission throughout the
primary acoustic pathway to the inferior colliculus, a critical
integration center in the auditory midbrain that is considered the
epileptogenic region (Sdnchez-Benito et al., 2020). Furthermore,
recent studies have found disrupted gene expression profiles
in the inferior colliculus of the GASH/Sal under free-seizure
conditions and after sound-induced seizures that are associated
with seizure susceptibility and altered regulation of neuronal
excitability (Lopez-Lopez et al., 2017; Damasceno et al., 2020;
Diaz-Casado et al., 2020; Diaz-Rodriguez et al., 2020). In view
of this, it becomes of interest to compare patterns of gene
expression after each of the treatments in the inferior colliculus
of the GASH/Sal, particularly when CBD is coadministered
with VPA. Among the large variety of protein channel and
receptors targeted by the CBD (reviewed in Franco and Perucca,
2019), we selected those involved in the regulation of neuronal
excitability and mechanism of CBD action. At the completion
of each chronic drug treatment, we therefore determined the
gene expression levels of the following neuronal receptors: the
transient receptor potential of vanilloid type 1 (TrpvI), the 5-
hydroxytryptamine (serotonin) receptor 1A (5-Htrla), the sigma
non-opioid intracellular receptor 1 (Sigmarl), the adenosine
Al receptor (Adoral), the equilibrative nucleoside transporter
1 (Slc29al), and the cannabinoid receptor 1 (Cnrl). Overall,
our results provide valuable information on the behavioral and
molecular effects of VPA, CBD, and the combination of both
drugs on the acute AGS of the GASH/Sal model. From a
technical point of view, the present study is highly valuable as
it combines a multitechnical approach to generate correlated
results at behavioral and molecular levels that constituted the
basis for further analysis of the CBD effects and its interactions
with other anticonvulsant agents.

MATERIALS AND METHODS

Experimental Animals and Ethical

Statement

A total of 38 GASH/Sal animals from the inbred strain
maintained at the vivarium of the University of Salamanca
(USAL, Spain) were used in this study. All the GASH/Sal animals
were males, 4 months of age, as it is stated that the GASH/Sal
strain exhibits the maximum susceptibility to seizures from
2 to 4 months of age (Muifoz et al,, 2017). All procedures
and experimental protocols were performed in accordance with
the guidelines of the European Communities Council Directive
(2010/63/UE) for the care and use of laboratory animals and
approved by the Bioethics Committee of the University of
Salamanca (application no. 380). All efforts were made to
minimize the number of animals and their suffering. The animals
were maintained in Eurostandard Type III cages (Tecniplast,
Italy), with Lignocel bedding (Rettenmaier Iberica), 14/10 light-
dark cycle, and 22-24°C room temperature with ad libitum
access to food (Tecklad Global 2918 irradiated diet) and water.

Communities of three to four animals were housed in groups
until the beginning of the study, when they were individually
caged 24 h prior to drug administration. To avoid the influence
of the circadian rhythm, each of the different tests was performed
at the same time of day.

Experimental Design and Drug

Administration

The series of experiments were performed at the same time and
by the same experimenters. The experimental design is shown in
Figure 1. The GASH/Sal animals were divided into four groups
(six animals per group): (1) GASH/Sal animals that received
the vehicle (Cremophor-based) treatment (the so-called sham
group); (2) GASH/Sal animals that received VPA treatment at
300 mg/kg; (3) GASH/Sal animals that received CBD treatment
at 100 mg/kg; and (4) GASH/Sal animals with concomitant
treatment of VPA (300 mg/kg) and CBD (100 mg/kg). Prior to
the initiation of corresponding vehicle or drug treatments, all
animals were subjected to the different tests (open-field and blood
biochemical analyses) to measure the baseline pre-treatment
parameters, and they further underwent the seizure stimulation
protocol to confirm that all of them developed a complete AGS
(Figure 1). The drugs used in the experiments were stored in a
freezer (at ~-20°C), protected from light and freshly prepared
immediately prior to injection. The VPA (Depakine®, Sanofi
Aventis) has been successfully used in a previous study showing
anticonvulsant effects in GASH/Sal animals at its peak plasma
concentrations, which was 30 to 45 min after the intraperitoneal
injections (Barrera-Bailon et al,, 2013). According to this study,
VPA had 75% protective effect against seizures at doses of
300 mg/kg; therefore, we precisely selected this dosage to
determine possible synergistic (additive or antagonistic) effects
when administered in combination with CBD. CBD, extracted
from cannabis plants, was subsequently purified and provided
by RiverForce Partners Inc. (Boston, MA, USA). Purity for
the phytocannabinoid was >99% (according to the supplier’s
information certificate). The CBD powder was suspended in
Cremophor® RH 40/ethanol/saline in a ratio of 1:2:17 and mixed
by Vortex shaker followed by sonication. The CBD dose of 100
mg/kg was selected based on the results of a separate experiment
performed in 14 GASH/Sal animals, in which we determined
the timing of the maximal levels of CBD by measuring the
serum concentration of the drug after a single intraperitoneal
administration. The results of this pharmacokinetic evaluation
are shown in Figure 3. All vehicle and drug treatments were
injected intraperitoneally. To determine the effects of the
corresponding acute drug administrations, all groups of animals
were examined 45min after the first intraperitoneal injection
for AGS severity (Figure 1). To determine the effects of chronic
drug administrations, the animals with VPA treatment received
repeated intraperitoneal injections of VPA at a dosage of 300
mg/kg every 24 h for 2 weeks, the animals with CBD treatment
received repeated intraperitoneal injections of CBD at a dosage
of 100 mg/kg every 12h for 2 weeks, and the animals with
the combined CBD and VPA treatment received repeated
intraperitoneal injections of VPA and CBD at the corresponding
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dosage used in the single drug treatments (Figure1). In all
animal groups at 7 days, effects of each drug treatment were
evaluated for open-field test and seizure severity. Furthermore,
the effects of chronic drug administrations were also evaluated
in all animal groups at 14 days (the final time point) for open-
field test, blood biochemical analyses, and AGS severity. All these
tests for evaluating the effects of chronic drug administration
were carried out 8 h after the first intraperitoneal administration
of the day (at 7:30a.m.) and in an orderly manner leaving
24h in between. Tissue samples for gene expression analyses
in the inferior colliculus were obtained at the final time point
(Figure 1).

Open-Field Test

The open-field test was used for assessment of exploratory
behavior and general locomotor activity in the GASH/Sal
before and after the treatments with vehicle, VPA, CBD, or
both CBD and VPA (CBD+VPA) at the protocol-defined time
points, detailed in Figure 1. The protocols of the open-field test
were applied the same way for all treatment groups, and the
experiments were conducted between 3:30 and 5:30 p.m. at the
same light intensity and temperature conditions, in which the
animals were housed. The handling of the animals was carried
out by the same investigator, and the field was carefully cleaned
with a disinfectant alcohol-based solution and thoroughly dried
after each animal. The test was performed prior to the loud
sound stimulation, and every GASH/Sal animal underwent video
recording during every open-field assessment. The open-field
box was made of white acrylic plastic with a circular arena
of 80 cm in diameter and rounded by a 30 cm-high wall. The
arena was subdivided into three zones: central, intermediate,
and external, each occupying one third of the total surface area.
At the time of testing, individual animals were removed from
its home cage and immediately placed into the center of the
field. The performance and paths of the animals were recorded
for 10 min using a digital video camera set at 1.20 m above the

ground. The ANY-maze software (Stoelting Co., v. 6.16) was used
to automatically analyze the animal’s locomotor and exploratory
activity (time spent in activity, distance traveled, and number of
rearings) and emotional performance (time spent in central zone
and number of groomings).

Blood Extraction and Sample Preparation
Sample collection and preparation were carried out following a
similar procedure previously described by Barrera-Bailon et al.
(2013) at protocol-defined time points, detailed in Figure 1.
The blood was extracted from the cranial vena cava under
inhalation anesthesia (induction: 4% isoflurane and 1 L/min Oy;
maintenance: 3% isoflurane and 0.4 L/min O;), immediately
stored in plastic tubes, and right after obtaining the sample,
equal volume of blood was replaced by receiving subcutaneous
hydration of 0.9% saline. At each time point, a specific amount
of blood was prepared according to the type and nature of
the analysis to be carried out. The 200 LL samples of blood
were drawn for measuring the CBD serum levels and kept
at room temperature for 1h and subsequently on ice during
30 min until a clot was formed. Then, these blood samples were
centrifuged for 20 min at 4,000 rpm at 4°C. The supernatant
(serum) was collected in aliquots of 100 pL and frozen until
the pharmacokinetic analysis of CBD concentrations. For the
hematological assessment, 500 L of blood was collected in K3-
EDTA-coated sample bottles and immediately analyzed after
drawing each sample to prevent errors in cell counting. For
the analysis of blood biochemistry, the collected volume was
400 pL that was kept in the plastic tube, without anticoagulant
substances, at room temperature for 30 min until a clot was
formed. Subsequently, these blood samples were centrifuged at
4°C for 10 min at 10,000 rpm, and then the serum was stored at
—20°C until the moment of the biochemical analysis.

Serum Concentrations of CBD
A separate set of experiments was initially carried out to
determine the serum concentrations levels of CBD after
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intraperitoneal administration of 100 mg/kg. For this purpose, 14
GASH/Sal animals followed the blood extraction and preparation
protocol described above at various times after administration
of the CBD: 15, 30, 45, 60, 120, 240, 480, 720, and 1,440 min.
The blood samples were analyzed with the high-performance
liquid chromatography (HPLC)/mass spectrometry method at
the Mass Spectrometry Service of the USAL. The equipment
used consisted of a Waters Acquity UPLC HT® system
(Waters Corporation, Milford, MA, USA) equipped with a
binary pump, an online degasser, and a thermostatic column
compartment for the HPLC assay and a tandem quadrupole
Waters Xevo TQS micro system (Waters Corporation) for the
mass spectrophotometry assay. The mobile phase consisted of
A (water containing 0.1% formic acid) and B (acetonitrile) and
was delivered at a flow rate of 0.7 mL/min to an Acquity UPLC
BEH C-18 column (particle size: 1.7 pm, diameter: 2.1 mm,
length: 50 mm) (Waters Corporation, Milford, MA, USA). The
method of elution for the CBD was carried out using the
following gradient program: 95% A and 60% B at 0.00 min,
90% A and 10% B at 0.35min, 75% A and 25% B at 0.99 min,
0% A and 100% B at 1.00-1.90 min, and 95% A and 5% B at
1.91 min. The pharmacokinetic profile after CBD intraperitoneal
administration is shown in Figure 3.

Body Weight and Hematological and

Biochemical Analysis

The body weight of the animals belonging to each experimental
group was measured three times a week to determine the possible
side effects of each treatment on weight gain, as well as on food
and water intake. Hematological analysis of the blood samples
was performed at the end of the chronic treatments by using
an automated hematology analyzer (ADVIA® 120 Hematology
System, Bayer, Germany). The hematological parameters that
were evaluated included hemoglobin concentration, hematocrit,
and the number of red blood cells, white blood cells, and
platelets per microliter. To assess the biochemical markers of
liver function, the following biochemical assays were performed
in the serum samples: hepatic enzymes such as aspartate
aminotransferase and alanine aminotransferase, as well as
bilirubin, serum albumin, and total protein. The concentrations
of those biochemical parameters were estimated using standard
laboratory kits (Spotchem II Liver-1 kit, #33925, Menarini
Diagnostic PAIS), as per manufacturer’s instructions, and the
spectrophotometric reading was made in a continuous flow
system by using the automated Spotchem EZ analyzer (SP-4430).
All these procedures were performed in the Experimental Animal
Facility of the University of Salamanca.

Stimulation for Sound-Induced Seizures

The AGSs were induced by intense acoustic stimulation 45 min
after the acute drug administration and 8h after the last drug
administration for analyzing the chronic drug effects (Figure 1).
The sound stimulation protocol for triggering AGS in the
GASH/Sal animals followed the same procedure previously used
by Barrera-Bailon et al. (2013, 2017). The animals were placed in
a cylindrical acrylic arena (height: 50 cm, diameter: 37 cm) and
allowed to acclimate for 1 min. The animals were then exposed to

a continuous white noise of 0 to 18 kHz and an intensity of 115 to
120 dB, to induce AGSs. Exposure continued until the initiation
of wild-running phase or until 20 s had elapsed, whichever came
first. The recorded sound was created using a high-pass filter
(>500 Hz, Bruel & Kjaer #4134 microphone and preamplifier
#2619), digitized at 44.1 kHz, and played by a computer-coupled
amplifier (Fonestar MA-25T, Revilla de Camargo, Spain) and
speaker (Beyma T2010, Valencia, Spain) located above the arena.

Video Recordings, Seizure Severity Index,

and Neuroethological Analysis

Video recordings of seizure activity in the GASH/Sal animals
began 1min prior to the sound exposure and continued until
the animal recovered from the stupor. To assess the intensity
and severity of the AGS in the GASH/Sal animals, we followed
the same tools and behavioral scoring previously described by
Barrera-Bailon et al. (2013). Briefly, the analysis of each recording
session was based on the behavioral repertoire of the animals
during the seizure at three time windows: 1min before the
starting of the acoustic stimulation (presound), the first 30s
during the acoustic stimulation (sound), and 1min after the
acoustic stimulation (postsound). The severity index used to
assess the overall intensity of the seizures in the GASH/Sal has
been used previously (Garcia-Cairasco et al., 2004; Rossetti et al.,
2006; Barrera-Bailon et al., 2013) and is presented in Figure 2A.
After each animal was assessed for seizure severity, we divided
the animals into two groups for further analysis. Those with
a seizure severity scores >2 were considered as animals that
maintained seizures, and those with a seizure severity scores
lower than 2 were considered as animals with no seizures or
very mild symptoms. The seizure latency was assessed in all
animal groups and was defined as the period of time between
the stimulus onset and the first behavioral manifestation of the
wild-running phase. The behavioral sequences observed during
the seizure phases were assessed using a neuroethological method
(quantitative behavioral analysis) that provides integrative
and reliable information about seizure generation, neuronal
structures, and the sequential behavioral expression (Garcia-
Cairasco et al., 1996, 2004). Every behavior presented in a given
time window was recorded, second by second, according to a
dictionary of behavioral items (Figure 2B) described by Garcia-
Cairasco et al. (1996). Once the data were obtained and after
reviewing the video several times, the ETHOMATIC program
calculates and displays the mean frequency and mean duration of
each behavioral item in the given observation window (presound,
during sound, and postsound stimulation). The program also
performs statistical analysis, verifying significant associations
between pairs of behavioral items and calculating x? values.
Flowcharts representing all of the statistically significant data
were constructed using Microsoft PowerPoint 2011 (Figure 2C).

Gene Expression Analysis (Quantitative
Real-Time Polymerase Chain Reaction)
The inferior colliculi of the GASH/Sal animals were collected at
the final time point of the experiments to study the differential
expression of the following genes: Trpvl, 5-Htrla, Sigmarl,
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A B
Seizure index Behavioral dictionary
SI Seizure behaviors Score Acronym  Behavior Acronym  Behavior
0.00 No seizures 0 AF Atonic fall GRH Grooming of head
011 One wild running 1 AT Ataxic fall GRHL  Grooming of head, left
023 One wild running (running plus jumping plus atonic fall) 2 BE Blinking eyes GRL Grooming of body, left
0.38 Two wild runnings 3 BRL Barrel rollfng, Ig(r GRN Grooming of neck
061 Tonic convulsion (opisthotonus) p BRR Barrel rolling, right GRR Grooming of body, right
PR 4 . : covi Clonic convulsions (forelegs) HFL Head ventral flexion
085 Tonic seizures plus generalized clonic convulsions 5 ccv2  Clonic convulsions (hind legs) HP, Forelimb extensions
0.90 Head ventral flexion plus ¢SIS 6 CCVg  Clonic convulsions (generalized)  HP, Hind limb extensions
0.95 Forelimb extension plus cSI6* 7! cvL1 Clonic convulsions (forelegs — left) 1M Immobility
1.00 Hind limb extension plus cSI6* 8 VL2 Clonic convulsions (hind legs — left) JP Jumping
i i : N . R : . DYS Dyspnea u Licking
Categories, which are generally followed by hind limb clonic convulsions (CCV2). ER Erect posture e Licking of claws
EXC Excretion of feces and urine MT Masticatory movements
EXT Extended posture PIM Postictal immobility
R Freezing posture RU Running
Gl Gyrating, left sC Scanning
GN Gnawing SN Sniffing
GR Gyrating, right TcP Tachypnea
GRB Grooming WA Walking
GRF Grooming of face WDS Wet dog shaking
GRG Grooming of genitals

2 Observation: The behavioral item ataxic fall (ATF) was created to show the presence

of the toxic effect of drugs on motor behavior.
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FIGURE 2 | Audiogenic seizure analysis in the GASH/Sal. (A) Seizure index (Sl), according to Garcia-Cairasco et al. (1996) using the behavioral descriptions and
categorized severity scores transformed into discreet variables for statistical purposes. (B) Dictionary of the behavioral variables analyzed and displayed in the
flowcharts of the seizure behaviors. (C) Flowcharts illustrating the graphical and statistical aspects of the seizure behaviors. The frequency and time spent performing
each behavior are proportional to the height and width of the rectangle, respectively. The arrow width and direction indicate the statistical intensity and preference
association between two behavioral items. The behaviors associated with wild-running phase (including wild running, jump, and falls) are depicted in yellow, and the
behaviors associated with the convulsion phase (including convulsions and extentension of extremities) are depicted in red (figure modified from Barrera-Bailon et al.,

16
Gyrating
left

12 Gyrating
right

4—*- 1

Adoral, Slc29al, and Cnrl. Those genes were selected as they
encode neuronal receptors related to regulation of neuronal
excitability and neuroprotection that might be presumably
affected by the pharmacological activity of the CBD. The inferior
colliculi of each animal were obtained following euthanasia
by deep anesthetization and rapid decapitation. Each sample
tissue was frozen immediately in liquid nitrogen. The reverse
transcription—-quantitative polymerase chain reaction (RT-qPCR)
experiments were carried out following the protocol routinely
used in our laboratory (Lopez-Lopez et al.,, 2017; Damasceno
et al., 2020; Diaz-Rodriguez et al., 2020; Sanchez-Benito et al.,

2020), which is in accordance with published guidelines (Nolan
et al., 2006). Briefly, total RNA (2 pg) was mixed with oligo-
dT and random hexamer primers for reverse transcription into
cDNA using the First Strand ¢cDNA Synthesis Kit (K1621,
Promega Corporation, Madison, W1, USA). In all cases, a reverse
transcriptase negative control was used to test genomic DNA
contamination. Subsequently, qPCR was performed using the
SYBR Green method with a 2x Master Mix (#4367659, Applied
Biosystems). Each reaction contained 10 wL of Master Mix,
0.4 pL of each pair of primers, 3 pwL of each cDNA sample
in a different serial cDNA quantity for each gene, and MilliQ
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TABLE 1 | Oligonucleotide primers used for RT-gPCR, indicating the location of each primer in the corresponding Ensembl sequences of the Syrian hamster.

Gen target ID transcript Ensembl Primer forward Primer reverse Size of products E?
Mesocricetus auratus

Trpvi ENSMAUG00000008181 GACGAGGGTGAACTGGACTACC CTTGACACCCTCACAGTTGC 60 2.16
5-Htrla ENSMAUG00000007970 CACCATCAGCAAGGATCACG AGAGCAGCAGCGGGATATAGA 85 2.03
Sigmar1 ENSMAUG00000011503 AGAGAGGGCACCACGAAAAG AAGGAGCGGAGGGTATAGAAGA 88 1.97
Adorat ENSMAUG00000018351 CATCGTATCCCTGGCGGTAG ACGCAGGTGTGGAAGTAGGTCT 75 2.01
Slc29at ENSMAUG00000006341 CATCAGGAGGTGTGTGGGTTT TCATGGTTCCAGGGTTCTCG 162 2.07
Cnr1 ENSMAUG00000014040 TGTTGACTTCCATGTGTTCCA GGTCTGGTGACGATCCTCTT 126 1.98
Actb ENSMAUG00000008763 AGCCATGTACGTAGCCATCC ACCCTCATAGATGGGCACAG 105 2.03

agPCR primer efficiency (F) was calculated according to the following equation: E = 10 (=1/slope),

water (RNA-free) up to 20 pL. The amplification reaction was
performed in the QuantStudio 7 Flex Real-Time PCR System
(Applied Biosystems) under the following conditions: 10 min at
95°C followed by 40 cycles of 15s at 95°C and 30s at 60°C
depending on each pair of primers. RT-qPCR experiments were
performed in a set of four to six biological replicates (sample
cases) for each experimental group (treatment condition) and
conducted in three technical replicates from each sample and
gene product examined. The list of primers used in the RT-qPCR
experiments is provided in Table 1.

A standard curve was made to verify the efficiency of the
primers of the target and reference genes, and it was constructed
by serial dilutions of cDNA isolated: 60, 30, 15, 7.5, 3.25, and
1.65 ng/pL. Data showed that all genes used in this work were
expressed at a high level, and investigated transcripts showed
high linearity (R*> > 0.95). Real-time PCR efficiencies (E) of
one cycle in the exponential phase were calculated according
to the equation E = 10[~1/slpel High PCR efficiency rates
were shown to occur in the investigated range of nanogram
c¢DNA input, and all genes produced approximately identical
slopes. To determine which was the most stable reference
gene for RT-qPCR data normalization, two candidates [B-
actin (Actb) and glyceraldehyde 3-phosphate dehydrogenase
(Gapdh)] were selected, and their expression was measured
by NormFinder software (Andersen et al., 2004) that calculate
intragroup and intergroup variations in gene expression. Thus,
the mean threshold cycle (Ct) value and primer efficiency value
of Actb were used for data normalization. The comparative Ct
method was used for quantitative data analysis (Schmittgen and
Livak, 2008). After removing outliers (Burns et al., 2005), the
relative gene expression value of each transcript was calculated
according to the formula 2—(ACt“condition 1”—ACt“condition 2”)’
where “condition 1”7 corresponds to the experimental sample,
“condition 2” to the sample from the control animal, and the
ACtof each “condition” is Ct“experimental gene” ~ Ct“endogenous gene”
(Schmittgen and Livak, 2008).

Statistical Analysis

Statistical analyses including the scoring of seizures and relative
gene expression values were performed using the SPSS-IBM
software, version 25.0 (SPSS Inc., Chicago, IL, USA). All
quantitative data were expressed as mean value + standard

error of the mean (SEM). Statistical analyses corresponding
to the seizure behaviors, body weight, and hematological
and biochemical parameters were performed using two-way
mixed analysis of variance (ANOVA) with Bonferroni post
hoc test. Statistical analyses for the open-field behavior and
the mRNA expression levels were conducted using one-way
ANOVA followed by Bonferroni multiple-comparisons test.
The differences between experimental groups were considered
statistically significant with p < 0.05 (*), p < 0.01 (**), and
p < 0.001 (**). All the data were plotted using GraphPad
Prism (version 6.05).

RESULTS

Pharmacokinetic Profile of CBD in Serum
The pharmacokinetics of CBD, when given as an intraperitoneal
single 100 mg/kg dose, were determined in serum of GASH/Sal
animals. The mean concentration-time profile of serum for
the 14 animals is illustrated in Figure 3. The highest mean
serum CBD concentrations were shown at 263.3 &+ 40ng/mL
(45min after administration), which dropped to 210.2 =+
45ng/mL at 2h. By 4h after dose administration, the CBD
concentrations in serum remained very low 43.9 + 9ng/mL
until hour 12. As shown in the pharmacokinetic profile,
elimination of CBD in sera was measured at 24h after the
drug administration (Figure 3). The pharmacokinetic profile
after CBD intraperitoneal administration indicated that 45 min
postinjection was the best time point to measure the possible
anticonvulsant effects of CBD.

Effects of Drug Treatments on the Behavior

and Intensity of Audiogenic Seizures

During loud acoustic stimulation and prior to any of the drug
treatments, all GASH/Sal animals displayed a complete AGS
as described by Muioz et al. (2017). Beginning between 1 and
3s after the stimulus onset, the GASH/Sal animals showed
five differenced and consecutive phases that included (1) a
behavioral arrest; (2) a wild-running period of nearly 5s; (3)
tonic—clonic convulsions for approximately 33s; (4) head
ventral flexion, forelimb, and hindlimb extensions; and (5)
postictal immobility (stupor). Finally, the animals recovered
walking and exploring behavior with similar features to those
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FIGURE 3 | Time course of CBD levels in serum from GASH/Sal animals treated with CBD (100 mg/kg, intraperitoneal). Notice that levels of CBD peak within 45 min
after the intraperitoneal injection. Results are expressed as means + SEM (n = 14).
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shown in the basal prestimulus condition. A video recording
of a representative seizure in a non-treated GASH/Sal animal,
together with the corresponding seizure behaviors analyzed
in the ETHOMATIC program, can be simultaneously seen in
Supplementary Material 1. The percentage of animals based on
the achieved categorized seizures scores (>2 or <2) is shown for
each experimental group in Supplementary Material 2. Using
a dictionary of behavioral items (Figure 2B) and throughout
the neuroethological analysis of the AGS (Figure2C), we
confirmed that 100% of the GASH/Sal animals in the pre-
treatment conditions consistently developed the seizure
behaviors in a complete manner as expected (Figures 4A, 5A;
Supplementary Material 1). During the presound window,
the main activity of the non-treated hamsters was behavioral
exploration, including sniffing (SN) and walking (WA). During
the sound window, the behavioral manifestations of the wild-
running phase were observed 7s after loud sound stimulation,
including turns to the left (GL) and right (GR), running (RU),
jumps (JP), and atonic falls (AF). In the postsound window,
the non-treated GASH/Sal exhibited tonic convulsions (TCVs),
followed by a behavioral cluster of generalized clonic convulsions
(CCV1, CCV2, and CCVg) with hyperextensions (HP1 and
HP2) and ended with postictal immobility (PIM), as well
as altered breathing [dyspnea (DYS) and tachypnea (TCP)]
(Figures 4A, 5A and Supplementary Material 1). Accordingly,
all GASH/Sal animals achieved the maximum scores of 8 in
the categorized seizure index prior to administration of the
drug treatments (Figure 6A and Supplementary Material 2)
and exhibited values in seizure latency as well as in the time of
the wild-running and convulsion phases that were consistent
with the typical AGS in the GASH/Sal strain (Figures 6B-D).
Following the experimental design, each animal group received
intraperitoneal injections of either the vehicle, VPA, CBD, or the
combination of both drugs (CBD+VPA) at the protocol-defined
time points (acute and chronic drug administrations). In the
sham group, 100% of the animals acutely and chronically

treated with the vehicle exhibited behavioral manifestations of
seizures that were very similar to those observed in the baseline
pre-treatment condition (Figures 4, 5). In fact, all sham animals
were scored with the maximum values in the categorized seizure
index after both acute and chronic vehicle administrations
(Figure 6A and Supplementary Material 2). After 45 min of the
first intraperitoneal injection of the vehicle, the sham animals
showed exploratory behaviors in the presound window, followed
by the typical seizure behaviors associated with the wild-running
and tonic-clonic convulsion phases in the sound and postsound
windows, respectively (Figure 4B). After 7 and 14 days of the
vehicle-treatment, the behaviors of the sham animals remained
very similar to those observed in the acute administration
and pre-treatment conditions (Figure 5B). In the VPA-treated
group, the behavioral manifestation of the AGS were clearly
affected at 45 min after the first intraperitoneal administration,
showing complete abolition of the seizure or a significant
attenuation in the behaviors associated with the wild-running
and convulsion phases (Figure 4B). When compared with sham
animals, the GASH/Sal a single dose administration of VPA
showed at 45min after the injection a statistically significant
reduction of the seizure index score (p = 0.0001; Figure 6A).
Thus, half of these animals injected with a single VPA dose
presented seizures scores < 2 and the other half exhibited very
low seizure scores, which were between 2 and 5 (Figure 6A and
Supplementary Material 2). After 7 days of daily repeated VPA
injections, the GASH/Sal animals exhibited slight modifications
of seizure behavior (Figure 5B) with a statistically significant
decrease in the seizures scores as compared to sham animals
(p = 0.03; Figure 6A). After 14 days of VPA treatment, there
were not significant changes in the seizures scores with no
apparent modification of seizure behaviors (Figures 5B, 6A).
In the CBD-treated group, 45 min after the first administration
and 7 days of repeated CBD administration produced slight
and not significant attenuation of seizure behavior with seizures
scores that varied between 2 to 8 (Figure 6A). In those animals
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FIGURE 4 | Treatment effects of VPA and CBD on the audiogenic seizure behaviors of the GASH/Sal within 45 min after the first intraperitoneal administration.

(A) Flowcharts show the sequences of behaviors in GASH/Sal animals in baseline conditions before starting the treatment. Notice that all GASH/Sal animals exhibited
a complete audiogenic seizure, including the behavioral manifestations of the wild-running phase with turns to the left (GL) and right (GR), running (RU), jumps (JP), and
atonic falls (AF) (depicted together with the yellow circle), as well as the behaviors associated with tonic—clonic convulsions (TCV, CCV1, CCV2, and CCVg), followed
by a behavioral cluster of generalized clonic seizures with hyperextensions (HP1 and HP2) (depicted together with the red circle) and ended with postictal immobility
(PIM) and breathing difficulties [dyspnea (DYS) and tachypnea (TCP)]. (B) Flowchart shows the sequences of behaviors in GASH/Sal animals treated with vehicle
(sham), VPA, and CBD and with a combination of CBD and VPA, 45 min after the first intraperitoneal administration. Notice that behaviors associated with tonic—clonic
convulsions (red circles) were blocked with VPA—or the combined CBD+VPA treatments, whereas animals treated with vehicle or single CBD administration remained
similar to baseline conditions, although the elimination of the generalized clonic convulsions (CCVg) in the single CBD administration was noticeable. Furthermore, half
of the GASH/Sal animals that followed VPA treatment or the combined CBD+VPA treatments showed seizures scores <2 with aimost total absence of seizure
behaviors or complete blockage of seizure activity. Each flowchart showed the compendium of behaviors in all the animals belonging to each experimental group. The
seizure behaviors were analyzed in three time windows (presound, during sound, and postsound). See Figure 2 for detailed interpretation of the flowchart.

acutely treated with CBD, it was noticeable the elimination
of the generalized clonic convulsions (CCVg), whereas the
convulsions in the legs were kept slightly visible (CCV1 and
CCV2) (Figure 4B). On the contrary, 14 days of repeated daily
administration of CBD had no significant effects on seizure

behavior, showing maximum seizure scores in 100% of the
animals (Figures 5B, 6A and Supplementary Material 2). Acute
treatment with the combination of CBD and VPA drastically
attenuated or completely eliminated the seizure behaviors
(Figure 4B), showing a statistically significant reduction of
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FIGURE 5 | Treatment effects of VPA and CBD on the audiogenic seizure behaviors of the GASH/Sal within 7 and 14 days after chronic administration. (A) Flowcharts
show the sequences of behaviors in GASH/Sal animals in baseline conditions before starting the treatment. Notice that all GASH/Sal animals exhibited a complete
audiogenic seizure, including the behavioral manifestations of the wild-running phase with turns to the left (GL) and right (GR), running (RU), jumps (JP), and atonic falls
(AF) (depicted together with the yellow circle), as well as the behaviors associated with tonic—clonic convulsions (TCV, CCV1, CCV2, and CCVg), followed by a
behavioral cluster of generalized clonic seizures with hyperextensions (HP1 and HP2) (depicted together with the red circle) and ended with postictal immobility (PIM)
and breathing difficulties [dyspnea (DYS) and tachypnea (TCP)]. (B) Flowchart shows the sequences of behaviors in GASH/Sal animals treated with vehicle (sham),
VPA, CBD, and with a combination of CBD and VPA after 7 and 14 days of chronic drug administration. Notice that seizure behaviors in general remained similar to
baseline conditions for all experimental groups, showing seizures scores >2. Notice slight modifications in the behavioral items associated with the wild-running
phase, which can be seen in all experimental groups. Each flowchart showed the compendium of behaviors in all the animals belonging to each experimental group.
The seizure behaviors were analyzed in three time windows (presound, during sound, and postsound). See Figure 2 for detailed interpretation of the flowchart.

the seizure index score when compared to sham animals (p
= 0.0001; Figure6A). Thus, animals acutely treated with
the combination of both drugs displayed seizure scores as
low as 0-1 for one half of the animals and 2-3 for the other
half (Figure 6A and Supplementary Material 2). Following
loud sound stimulation, GASH/Sal animals that were acutely
treated with CBD+VPA and showed complete abolition of

seizures exhibited normal acoustic startle reflex, exploratory
behaviors and grooming (Figure 4B). Chronic administration
of CBD and VPA (7 and 14 days post-treatment) produced
very mild modifications of seizure behaviors associated with
the wild-running phase as well as a subtle and not significant
reduction in the seizure scores in 33 and 16% of the animals,
respectively (Figure 6A).
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FIGURE 6 | Effects of VPA and CBD on the seizure intensity, latency, and duration of wild-running and convulsion phases. (A) Box plot summarizing the categorized
seizure-index score in each experimental group on the baseline condition (pre-treatment), after acute treatment (45 min), as well as 7 and 14 days after chronic
administrations. In each box plot, the horizontal line crossing the box is the median. Asterisks indicate significant differences between experimental groups (*p < 0.05,
***p < 0.001). (B-D) Graphs showing the duration (in seconds) for the seizure latency (B), the wild-running phase (C), and the convulsion phase (D) in each
experimental group on pre-treatment condition and 45 min, 7 days, and 14 days post-treatment. GASH/Sal animals with complete elimination of audiogenic seizures
(seizure scores = 0) were not graphed in (B-D) as the variable time was unable to be assessed.

Effects of Drug Treatments on Seizure

Latency and Duration of Seizure Phases
The seizure latency of sham animals followed a tendency to
increase after acute and chronic vehicle-treatment (Figure 6B).
Such upward trend in seizure latency was also observed
in all animal groups over the experimental timeline, and
hence the sham group was considered the reference for
comparisons of latency between groups. After
45min of the single dose administration, we observed a
significant increase in seizure latency in the VPA-treated
group (5.6s) as well as in the group with the combined
drug treatment (4.0s) as compared to the sham group (2.35s)
(Figure 6B). Animals with acute CBD treatment also showed
an increase seizure latency (3.3s), but without statistically
significance as compared to sham animals (Figure 6B).
Although none of the experimental groups showed a significant
modification of the seizure latency after 7 and 14 days of
treatment, we found an increase of ~1.8s in the VPA-treated
group, whereas the groups treated with either CBD or the
combination of CBD and VPA showed the same latency than the
sham group.

After acute drug administration, the duration of the wild-
running phase was 14, 7.6, and 18.2s in the VPA-, CBD-,
and CBD+VPA-treated groups, respectively, which represented

seizure

a significant increase when compared to sham animals (4.1s)
(Figure 6C). On the contrary, the duration of the convulsion
phase was significantly reduced (17.5 s for VPA-, 24.6 s for CBD-
and 16s for CBD+VPA-treatment) when compared to sham
animals (30.5s) (Figure 6D). Therefore, the seizure latency and
duration of the wild-running phase after any of the treatments
in acute administration was significantly increased, whereas
the duration of the convulsions were significantly reduced as
compared to sham animals. These results were consistent with an
attenuated effect of either acute treatment in the seizure severity
of the GASH/Sal animals, in which seizures were not entirely
blocked. Similar effects on the duration of the wild-running
and convulsion phases were observed after 7 and 14 days of
chronic drug administrations in all treatment groups, showing
an increased duration of the wild-running phase and a decreased
duration of convulsions as compared to sham animals, although
these differences were not statistically significant (Figures 6C,D).
It is noteworthy that the duration of the convulsion phase
in GASH/Sal animals after 7 days of repeated daily CBD
administration were significantly reduced when compared to the
pre-treatment condition (p = 0.0001; Figure 6D). Furthermore,
animals treated with 14 days administration of either CBD or the
combination of CBD and VPA showed a significant reduction
in the duration of convulsions as compared to their baseline
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Hematological and biochemical liver profiles of GASH/Sal animals depending on the drug treatment

Sham VPA CBD CBD + VPA
Parameters
Pre-treatment 14 days Pre-treatment 14 days Pre-treatment 14 days Pre-treatment 14 days
Hematological profile
Hemoglobin (g/dl) 17.9+0.3 14.7£0.9 17.740.2 11.4  0.3%* 17.740.1 14.2£0.3 17.540.3 12.1+0.8%*
Hematocrit (%) 48.7£3.6 384£38 479+17 29.3 +1.3%% 484115 37.7£1.2 47.7+21 335+ 1.8
Red blood cells/ul (10°) 8.94+0.12 6.94+0.51 8.98 + 0.61 5.1940.19%**  874+0.06 6.67£0.29 8.38+0.32 5.97 £0.24
White blood cells/pl 8100 + 305 6080 + 383 8400 + 217 6960 + 1281 6600 + 842 5820 + 881 6600 + 410 2450 + 732%*
Platelets cells/ul (10%) 1345 + 32 1586 + 75 1380 + 30 1352 + 98 1347 +35 1514 + 126 1350 + 42 1481 + 90
Biochemical liver profile
AST (UI/L) 435+35 39.6+3.9 46.7+6.2 35.16 £3.9 437+35 39.83+ 4.7 46.2+6.7 31.83+3.4
ALT (UI/L) 481+ 1.4 421+2.4 53+4.1 39.3£2.4 483+1.4 38.1+4.2 49.1+3.8 223 +2.5%%%
BT (mg/dl) 0.7£0.0 0.6+0.0 0.7+0.0 0.5+0.0 0.7 0.0 0.6+0.0 0.7+0.0 0.7+0.1
Albumin (g/dl) 27400 2.340.0 27400 23400 2.8+0.0 23100 2.6+0.0 2.1£0.0
Total protein (g/dl) 7.5£0.0 7.1£0.1 7.3£0.2 7.2£0.1 7.3£0.5 7.1£0.1 7.4£0.4 7.0 0.1

FIGURE 7 | Effects on body weight and hematological and biochemical profiles of treated GASH/Sal animals. (A) Graphs show the time course of body weight
variations monitored during the 14-day treatment in sham-, VPA-, CBD-, and CBD+VPA-treated groups. Notice that all experimental groups showed a steady and
persistent body weight throughout the treatment, and no significant differences were found as compared to the pre-treatment conditions (time O in the horizontal axis
of the graphs). Data are shown as means + SEM. (B) Table shows hematological and biochemical profiles of GASH/Sal animals after 14 days of chronic drug
treatments. The hematological assessment of blood included the following parameters: hemoglobin concentration, hematocrit (volume percentage of red blood cells
in blood), and number of red blood cells, white blood cells, and platelets in a microliter (LL). The analysis of liver function included five biochemical parameters:
aspartate aminotransferase (AST), alanine aminotransferase (ALT), bilirubin (BT), albumin, and total protein. Asterisks and bold values in the table denote statistical
significance (“p < 0.01, **p < 0.001) as compared to the pre-treatment conditions and the sham group.
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condition (p = 0.0001 for CBD, and p = 0.0001 for CBD+VPA;
Figure 6D).

Effects of Drug Treatments on Body Weight
and Hematological and Serum Biochemical

Profiles

We further analyzed the effects of each chronic drug
administration (14 days post-treatment) on the body weight
as well as on the hematological and biochemical profiles of
each experimental group (Figure?7). The GASH/Sal animals
showed a steady weight after chronic administration of any
of the treatments and no statistically significant differences
were found when compared to the baseline pre-treatment
conditions. The average growth was 2.03 g/week for the Sham
group, 0.30 g/week for the VPA-treated group, 3.83 g/week
for the CBD-treated group and 1.96 g/week for the combined
CBD+VPA treatment, showing no statistical significant
differences between them and indicating normal feeding
behaviors (Figure 7A). In the pre-treatment conditions, there
were no significant differences between the experimental groups
in any of the parameters associated with the hematological and
biochemical profiles. After 14 days of chronic administration,
all the hematological parameters, with the exception of the
platelets, showed a statistically significant reduction in serum
concentration as compared to the pre-treatment condition.
Since we observed similar modifications in sham animals
when compared to pre-treatment and 14 days post-treatment
conditions, the sham group was considered the reference for
comparisons between the drug-treated groups. Hemoglobin level
decreased significantly after 14 days of chronic administration
in VPA- and CBD+VPA- treated groups as compared to
sham animals (p = 0.006; Figure7B). In the same way,
the hematocrit level was significantly lower in VPA-treated
animals as compared to sham animals (p = 0.001; Figure 7B).
Although, there were no significant differences in hematocrit
level between the CBD+VPA-treated and the vehicle-treated
groups, the hematocrit levels were considerable lower after
co-administration of CBD and VPA, even below the reference
value in the pre-treatment condition. The same effects were
observed in red blood cell count, which were significantly
decreased in the VPA-treated group as compared to sham
animals (p = 0.0002; Figure 7B). Neither the CBD-treated group
nor CBD+VPA-treated group showed significant differences
in red blood cell count when compared to the sham group.
The GASH/Sal animals treated with the combined CBD+VPA
therapy showed a significant lower white blood cell count as
compared to sham animals (p = 0.002; Figure7B). On the
contrary, neither the VPA- nor the CBD-treated groups showed
significant differences in white cell counts compared to the sham
group. The mean value of five biochemical parameters of liver
function: aspartate aminotransferase, alanine aminotransferase,
bilirubin, albumin and total protein were also assessed after 14
days of chronic administration (Figure7B). All these serum
biochemistry parameters, with the exception of the alanine
aminotransferase, showed normal values very similar to those
observed in the pre-treatment conditions. Thus, there were no

statistically significant differences in serum levels of aspartate
aminotransferase, bilirubin, albumin and total protein between
all experimental groups (Figure 7B). However, the mean levels of
alanine aminotransferase decreased by 55% in the CBD+VPA-
treated group, showing a statistically significant lower levels as
compared to the pre-treatment condition and the sham group
(p = 0.0004; Figure 7B).

Behavioral Characteristics According to
the Responsiveness to the Drug

Treatments

We examined the VPA and CBD effects on the locomotor
activity and emotionality in each experimental group by
comparing automatically-scored behaviors in the open-field
test after chronic drug administrations (Figure 8). The total
distance traveled, time of activity, and number of rearing were
used to assess general locomotor and exploratory behaviors,
whereas the time spent in the center and number of grooming
further provided information on emotional reactivity (i.e., fear
or anxiety-like behavior). In the pre-treatment conditions,
we did not observe any statistically significant differences in
all GASH/Sal animals for each of the open-field measures
(Figure 8). A representative example of the animal’s track in
each experimental group at the protocol-defined time points
(pre-treatment and 7 and 14 days post-treatment) is shown
in Figure 8A. Regarding the exploratory behavior and general
activity, we found that the total distance traveled by the
animals was significantly reduced in the GASH/Sal animals
receiving either single CBD treatment or the combined CBD
and VPA treatments after chronic drug administration (7 and
14 days), when compared with the sham group (Figures 8A,B).
Furthermore, the administration of either single CBD treatment
or combined CBD and VPA treatments drastically decreased the
time of activity at 7 and 14 days post-treatment, as compared
to the sham group (Figure 8C). Similarly, the total number of
rearings was significantly decreased in the animal groups that
received CBD or the combination of CBD and VPA after 7 and
14 days of repeated daily administration, when compared with
the vehicle-treated group (Figure 8D). Such drastic reduction in
general locomotor and exploratory behaviors was more evident at
7 days of repeated daily administration than that at 14 days post-
treatment. At 7 and 14 days of repeated daily administration,
we did not observe any statistically significant effects of single-
VPA treatment on the three open-field measures related to
general locomotor and exploratory behaviors (Figures 8B-D),
showing similar results to those observed in the sham group. It
is important to note that after 2 weeks of the combined CBD
and VPA treatment the animals exhibited increased levels of
locomotion when compared to GASH/Sal animal with the CBD
treatment alone. We further assessed the effects of each drug
treatment on emotionality by analyzing time spent in the center
area and the number of groomings (Figure 8E). Compared to
the sham group, both CBD alone and the combination of CBD
and VPA significantly increased the time spent in the center
area at 7 and 14 days of chronic administrations. Such increase
in time spent in the center area was particularly noticeable in
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FIGURE 8 | Treatment effects of VPA and CBD on the behavior of the GASH/Sal in the open-field test. (A) Plots show representative examples of the animal’s track in
each experimental group at the protocol-defined time points (pre-treatment and 7 and 14 day drug treatments). Note that levels of global locomotor activity decrease
in GASH/Sal animals that received CBD alone or the combination of CBD and VPA after 7 and 14 days of treatment. Notice the trace images of GASH/Sal animals
treated with CBD or CBD-+VPA that spent less time moving in the periphery and longer time in the center of the arena compared to those animals treated with the
vehicle or VPA alone, also compared to the pre-treatment condition. Histograms show the total distance traveled (B), time of activity (C), number of rearing (D), time
spent in the center (E), and number of grooming (F) for all experimental groups at the protocol-defined time points. Behavior indicators for the locomotor pattern (total
distance traveled, time of activity, and number of rearings) and for the emotionality (time in the central zone and number of self-grooming) revealed differential effects of
CBD in both monotherapy and combined therapy with VPA when compared to baseline activity (pre-treatment), as well as to vehicle and VPA monotherapies. Data
are shown as means + SEM. Asterisks indicate significant differences between experimental groups ("p < 0.05, “*p < 0.01).
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animals with the combined CBD+VPA treatments. On the other
hand, there were no significant differences in the time spent
in the center zone between VPA-treated and the sham groups
after 7 and 4 days of chronic VPA administration (Figure 8E).
After 7 days of repeated administration of the drugs, a significant
increase in the number of groomings was found in the VPA-
, CBD-, and CBD+VPA-treated groups as compared to sham
animals. After 14 days of chronic drug administration, a drastic
reduction in the number of groomings of GASH/Sal animals
treated with the combined CBD+VPA treatment was noticeable,
which was significantly lower as compared to sham animals.
However, the animals that received the VPA or CBD treatment
alone exhibited similar values in the number of grooming than
those receiving the sham “vehicle” treatment (Figure 8F). The
comparison between the pre-treatment and post-treatment (7
and 14 days) conditions showed a decrease in all the locomotor
open-field measures, except for the time spent in the center zone
that was significantly higher following the combined CBD+VPA
treatment after 7 and 14 days.

Disruption of Gene Expression in the
Inferior Colliculus After Chronic Drug

Treatments

To determine the molecular effects of each chronic treatment
on the gene expression that might underlie the modifications
of seizure behaviors in the GASH/Sal, we analyzed mRNA
expression levels of the following genes: TrpvI, 5-Htrla, Sigmarl,
Adoral, Slc29al, and Cnrl (Figure 9). We selected these genes, as
the proteins they encoded, are related to regulation of neuronal
excitability and neuroprotection that might be presumably
affected by the pharmacological activity of the treatments in
the epileptogenic focus. Thus, whole tissue containing the
inferior colliculi was freshly dissected after 14 days of chronic
treatments from animals belonging to all experimental groups.
Quantitative gene expression data were normalized using S-
actin as internal reference gene. There were no significant
differences in the number of cycles to reach the amplification
threshold for Actb with any of the animal groups, indicating
that the sample preparation was consistent. Raw gene expression
data can be found in Supplementary Material 3. Comparison
of gene expression/Actb ratios showed that expression of the
Trpvl gene was significantly higher in the CBD+VPA-treated
group as compared to the sham group (p = 0.0001; Figure 9A).
Furthermore, the mRNA expression levels of Trpvl were also
significantly higher in animals receiving the combination of
both drugs than in those that received the CBD or the VPA
treatment alone (p = 0.002 for CBD and p = 0.0001 for VPA;
Figure 9A). As compared to the sham group, the gene expression
of Trpvl was also increased with the CBD or the VPA treatment
alone, although this difference was not statistically significant
(Figure 9A). On the other hand, the mRNA expression levels of
the 5-Htrla and Sigmarl genes were not significantly different
between the four experimental groups (Figures9B,C). CBD
treatment induced modifications in the mRNA expression levels
of Adoral, showing a significant increase as compared to the
vehicle-, VPA-, and CBD+VPA-treated groups (p = 0.0002 for

the vehicle, p = 0.001 for VPA, p = 0.0001 for CBD+VPA;
Figure 9D). VPA either alone or in combination with CBD
did not affect the gene expression of Adoral (Figure 9D). As
compared to sham animals, gene expression levels of Slc29al
were also found significantly decreased in the animals treated
with CBD alone or the combination of CBD and VPA (p
= 0.0004 for CBD, p = 0.001 for CBD+VPA; Figure 9E).
However, there were no significant differences in the expression
levels of the Slc29al gene between the VPA-treated and the
sham groups (Figure 9E). Compared to sham animals, mRNA
expression levels of Cnrl were significantly increased after the
CBD treatment (p = 0.02; Figure 9F), whereas no significant
differences were found after the VPA and VPA+CBD treatments,
albeit at still high levels. Furthermore, treatment with CBD alone
significantly increased the mRNA expression levels of Cnrl as
compared to animals that received the combined CBD+VPA
treatment (p = 0.04; Figure 9F).

DISCUSSION

The GASH/Sal model has been previously used to evaluate
the specific efficacies of antiepileptic drugs against generalized
tonic—clonic seizures. The fact that classic anticonvulsant drugs
such as valproate (VPA), phenobarbital, and lamotrigine were
highly effective in suppressing sound-induced seizures in the
GASH/Sal indicates that this animal model can be reliably
used for preclinical screening of novel anticonvulsant agents
(Barrera-Bailon et al,, 2013, 2017). Consistent with previous
reports (Barrera-Bailon et al., 2013), we reported that acute
administration of VPA (300 mg/kg) had clear anticonvulsant
effects, showing that 50% of the GASH/Sal animals entirely
blocked their sound-induced seizures. These results were
consistent with previous studies in the GASH/Sal (Barrera-
Bail6n et al.,, 2013), in which the median effective dose of
VPA for complete elimination of AGS was 300 mg/kg. We
further reported that 7 and 14 days of two times intraperitoneal
daily injections of VPA at doses of 300 mg/kg diminished its
effectiveness in seizure attenuation when compared to an acute
single-dose administration. This loss of anticonvulsant activity
after chronic administration of VPA (three times intraperitoneal
daily injections at 200 mg/kg for 6 weeks) was also reported in
amygdala-kindled rats, showing ataxia and muscle relaxation as
the most prominent adverse side effects (Honack and Loscher,
1995; Loscher and Honack, 1995). Although we did not find
a significant impairment of locomotor exploratory behaviors
after chronic VPA treatment, previous studies from Barrera-
Bailon et al. (2013) also reported ataxic effects of VPA at
doses of 300 mg/kg, which is in line with the reported side
effects of VPA (Loscher and Honack, 1995). Other currently
available antiepileptic drugs, such as VPA, are also known to
produce a variety of psychiatric, cognitive, and motor adverse
effects (Zaccara et al., 2004). Therefore, therapies with similar
anticonvulsant efficacy but lower toxicity or that carries the
potential to reduce the adverse effects of classical antiepileptic
drugs are a rapidly increasing clinical demand that has to be met.
Among the novel anticonvulsant agents, there is considerable
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FIGURE 9 | Gene expression changes in the inferior colliculus after 14-days treatment with VPA, CBD or the combination of CBD+VPA. Histogram shows relative
quantities of transcripts of Trpov1 (A), 5-Htr1a (B), Sigmar1 (C), Adorat (D), Slc29a1 (E), and Cnr1 (F) genes in the inferior colliculus of GASH/Sal animals treated with
vehicle (sham), VPA, CBD, and CBD+VPA. Notice that disruption of mMRNA expression levels was found for the Trpv1, Adoral, Slc29at, and Cnr1 genes, whereas no
differential gene expression was found for Hir1a and Sigmar1. The relative mRNA expression of each gene was normalized to 8-actin. ACt values were normalized to
the average ACt of the inferior colliculus of sham animals. Each bar in the histograms is an average + SEM. Asterisks indicate significant differences between

B 5-Htrla
1.57
")
= T
()
E - T
§ 1.0+
1]
w0
2
Q.
& 0.5-
§ i
~
g
° Sham VPA CBD CBD+VPA
D
8- Adoral
© skskk
[ sk
o 64 M1 sk
5
T
o
(=¥
X
o
< 5
Z 2
=~ —"_—|
g | |
0 N
Sham VPA  CBD CBD+VPA
F
Cnrl
3_
—g *
> T 1 %
2 —
§ 21 T
a T
2
(=9
»
54 T
p
~
g
Sham VPA  CBD CBD+VPA

interest in CBD as a promising therapy for epilepsy, and
preliminary experiments appear to demonstrate that CBD may
be a useful treatment for pharmacoresistant epilepsy (reviewed
in Perucca, 2017; Franco and Perucca, 2019; Lazarini-Lopes
et al., 2020). Although it is also true that CBD does not exert
seizure-protective activity in the rat model of pharmacoresistant
epilepsy, namely, lamotrigine-resistant amygdala kindled rat
(Klein et al., 2017), there is ample evidence that CBD effectively
does it in a large variety of preclinical seizures models
(Franco and Perucca, 2019; Patra et al., 2019; Lazarini-Lopes
et al., 2020). The seizure rodent models, in which CBD was
an effective and relatively potent anticonvulsant, are those

induced by a great number of experimental treatments such as
maximal electroshock, pentylenetetrazole, 3-mercaptopropionic
acid, bicuculline, picrotoxin, cocaine, and isoniazid, as well as
pilocarpine models of temporal lobe seizures among many others
(Perucca, 2017; Patra et al., 2019; Lazarini-Lopes et al., 2020).
The differences in the CBD effects on preventing seizures varied
not only depending on the animal seizure model, but also in
the dosages and route of administrations used in each study.
Nevertheless, despite those differences, there is a consensus
in the scientific literature that CBD given intraperitoneally
produced a dose-dependent protection against seizures induced
by chemical or electrical means, in acute and, more particularly,
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kindling rodent seizure models (Klein et al., 2017; Patra et al.,
2019; Lazarini-Lopes et al.,, 2020). On the contrary, there are
considerable fewer studies that investigated the effects of CBD
on AGS models of genetic origin (reviewed in Lazarini-Lopes
et al., 2020). In AGS susceptible rats, the median effective dose
of CBD that reduced generalized tonic—clonic seizure was 82
mg/kg following acute intraperitoneal administration (Consroe
and Wolkin, 1977). In susceptible DBA/2] mice, concomitant
intraperitoneal administration of CBD (27 mg/kg) and its
analog cannabidivarin (116 mg/kg) was found to attenuate
wild-running, clonic, and tonic seizure, whereas isolated CBD
administration was able to attenuate only the incidence of clonic
seizures (Hill et al., 2013). In these few studies conducted in
animal models of acute AGSs, the anticonvulsant effects of
CBD were not as clear as reported in other rodent models of
epilepsy. As no additional information was available from these
studies about the seizure behavior analysis of the CBD effects,
there is still room to investigate the potential anticonvulsant
activity in genetically seizure-prone strains of rodents. Our study
used neuroethological approaches in the GASH/Sal model to
detail the effects of CBD on each specific seizure behavior
following acute and chronic intraperitoneal administration.
Our results showed that acute administration of CBD (100
mg/kg) had slight effects on seizure behaviors of GASH/Sal
animals, including reduction of generalized clonic convulsions,
but without significant attenuation of other behavioral items of
the wild-running and convulsion phases. This behavioral CBD
effects correlated to categorized index seizures scores that varied
between 2 and 8, and hence none of the animals belonging
to the CBD-treated group showed total elimination of seizures.
Notwithstanding that, we found that acute CBD administration
in the GASH/Sal significantly increased seizure latency and
duration of the wild-running phase, whereas the duration of
the convulsions was significantly reduced as compared to sham
animals. Similar results were previously shown in other rodent
models of epilepsy after CBD (100 mg/kg) intraperitoneal
injections, reporting such effects on the duration of the seizure
phases as a strong indication of anticonvulsant activity (Jones
et al., 2012; Pelz et al., 2017). Indeed, we also observed these
same effects in the GASH/Sal after acute treatment with VPA,
but far more effectively and intensively than in the CBD-treated
group. We further reported similar CBD effects following chronic
administration (2 times intraperitoneal daily injections at 100
mg/kg) for 7 days, but in contrast, continuing this treatment over
14 days had no significant effects on seizure behavior, showing
maximum seizure scores in 100% of the animals. On the basis of
these results, it does not seem that CBD has potent anticonvulsant
effects in the GASH/Sal model at the doses used and make us
therefore discuss this matter as well as the limitations of our
study. One possibility is that CBD preparation of 100 mg/kg
was not therapeutically significant as it might not be the one
required to reach higher CBD concentration in serum and brain.
CBD levels in blood and brain may vary depending on the drug
purity and concentration, solvent, and route of administration,
as well as the animal species and the own characteristics of
each animal model. In our experiments, we used high purity
of CBD, Cremophor as solvent, and acute intraperitoneal single

dose of 100 mg/kg under similar administration protocols as
used elsewhere in rats and mice (Deiana et al.,, 2012; HloZek
et al., 2017). However, when compared to the bioavailability
levels of rats and mice, the serum concentration levels of CBD
following 100 mg/kg intraperitoneal injections in the GASH/Sal
hamsters were very low. Our HPLC results showed that serum
CBD concentrations reached peaks of 263 ng/mL (45 min post-
administration), which rapidly and continuously declined until
reaching values close to the detection threshold at 12h. These
results indicated both rapid absorption and elimination of
CBD from blood that can be due to an accelerated metabolic
degradation of the drug in the GASH/Sal. With this argument
in mind, it would be worthy to carry out future experiments
in the GASH/Sal using higher doses of CBD. Indeed, CBD
intraperitoneal doses of 100 mg/kg or more were reported as the
median effective dose of CBD for complete abolition of seizures
in several rats and mice models of epilepsy (e.g., Karler et al.,
1973; Kaplan et al., 2017; reviewed in Lazarini-Lopes et al., 2020).
As the blood-brain barrier affects the ability of a drug to enter the
brain and its integrity might be altered in epilepsy (Marchi et al.,
2012), it is also critical to measure the CBD concentrations in the
brain, which was a limitation of the present study. Furthermore,
several studies claimed anticonvulsant effects of CBD in electrical
or chemical kindling protocols that cause repetitive seizures in
animals, showing a delay of kindling progression (Klein et al.,
2017, Vilela et al., 2017). The genetically seizure-prone strains of
rodents express different patterns of seizures, in a manner that
the acute protocol precipitates generalized tonic-clonic seizures
similar to grand mal epilepsy in humans, and the kindling
protocol (chronic-evoked seizures) as a type of temporal lobe
epilepsy model (Ross and Coleman, 2000; Garcia-Cairasco, 2002;
Kandratavicius et al., 2014). In the present study, we evaluated
the CBD effects on an acute protocol of seizure stimulation and
using only one drug concentration, so experiments given CBD
in a dose-dependent manner in GASH/Sal animals submitted
to audiogenic kindling protocols might clarify the protective
effectiveness of CBD against AGSs.

One of the aims of the present study was to determine the
anticonvulsant effects of CBD and VPA coadministration. The
fact that not all the GASH/Sal animals blocked the seizures
following 300 mg/kg of VPA provided an opportunity to
determine possible synergistic (additive or antagonistic) effects
when administered in combination with CBD. Our results
showed that the VPA and CBD coadministration did not
alter the therapeutic outcome of the monotherapy with VPA,
showing no apparent additive or antagonistic effects. Thus,
the acute coadministered CBD and VPA drastically reduced
the seizures scores, increasing the seizure latency and duration
of the wild-running phase, as well as decreasing the duration
of the convulsions. These effects were almost the same as
those reported in GASH/Sal animals treated with VPA alone,
showing the same percentage of animals in which seizures were
completely eliminated. The most plausible explanation is that
serum concentration levels of VPA were not modified when
coadministered with CBD as it has been reported elsewhere
(Gaston et al.,, 2017). Although controversy still remains on
whether CBD potentiates the anticonvulsant effects of classic
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antiepileptic drugs (reviewed in Lazarini-Lopes et al., 2020), new
experiments on GASH/Sal combination treatments might be
useful to identify possible pharmacological interactions between
CBD and conventional anticonvulsant drugs.

Common adverse effects associated with CBD treatment
in epileptic patients included somnolence/sedation, decreased
appetite, increases in transaminases, and diarrhea, behavioral
changes, rashes, fatigue, and sleep disturbances (Devinsky et al.,
2016; Franco and Perucca, 2019; Wheless et al., 2019). In our
study, we reported that CBD treatments in the GASH/Sal had
no effect on body weight, indicating that the administration
of CBD did not affect food or water intake. Of particular
concern, however, is the risk for CBD-induced hepatotoxicity,
which has been reported in mice following CBD administration
at high doses up to 2,460 mg/kg (Ewing et al, 2019). Our
results indicated no adverse effects in liver function as well as in
the hematologic profile following repeated daily administration
of CBD. We further found that coadministered VPA and
CBD significantly reduced hemoglobin levels and white blood
cell counts. As it is known that VPA prompt neutropenia
or leukopenia (Hsu et al., 2009) and the CBD-treated group
showed normal values, the alterations in the hematological profile
observed in the VPA+CBD-treated group were likely due to the
VPA rather than CBD. Furthermore, studies in preclinical models
of epilepsy reported that CBD treatment might reach full seizure
protection without producing significant motor impairment (Hill
et al., 2013; Klein et al., 2017). In our experiments, the open-
field test revealed a decrease in the locomotor activity and
exploratory behaviors after CBD administration, particularly in
combination treatment with VPA. Because VPA produced motor
adverse effects (Zaccara et al., 2004), the coadministration of
CBD and VPA in the GASH/Sal did not seem to improve the
motor impairment associated with the VPA treatment. These
results are also in line with possible sedative effects of CBD on
the GASH/Sal, which have been previously reported in other
rodent models of epilepsy treated with CBD (Pickens, 1981;
Gu et al.,, 2019). We also reported a significant increase in the
permanence time in the center of the arena, as well as the number
of rearing in the CBD- and CBD+VPA-treated animals, which
may be related to increasing exploratory behavior and reduced
anxiety-like behavior exerted by the drugs (Sasibhushana et al,,
2019). Our results indicated modification of emotionality in
GASH/Sal animals after CBD administration and its combination
with VPA, but not when VPA was administered alone. Although
both drugs reduce exploratory activity, the time spent in the
center was considerably increased in all treated groups. This
seems contradictory if we consider that more thigmotaxis and
less locomotion activity are thought to indicate greater anxiety,
whereas greater exploration and more ambulation in the center
arena reflect less emotionality (Choleris, 2001). Other studies also
reported the lack of influence of CBD on the main parameters of
the open-field test such as number of square crossings, number of
entries, and time spent in the center zone. Additionally, vertical
exploration (i.e., rearing and wall leaning) was increased in rats
by CBD (Campos and Guimardes, 2008; Shoval et al., 2016; Sales
et al,, 2018). It is worth mentioning that the differences between

the open-field performance that were reported here in the
GASH/Sal hamster and those reported in other studies (mainly
rats and mice) might be related to interspecies differences.

An important outcome of the present study was the mRNA
expression analysis of genes in the inferior colliculus of the
GASH/Sal after each chronic treatment. The inferior colliculus is
considered the brain area for seizure generation and propagation
in rodent models of AGS susceptibility (reviewed in Garcia-
Cairasco, 2002). Recent studies in the GASH/Sal pointed out
that the inferior colliculus is embedded in a web of pathologic
connections in the auditory pathway that constitutes a seizure-
prone network to finally drive the AGS (Sdnchez-Benito et al,,
2020). In an attempt to shed light on the molecular effects of
each treatment in the inferior colliculus of the GASH/Sal, we
analyzed the gene expression levels of Trpvl, 5-Htrla, Sigmarl,
Adoral, Slc29al, and Cnrl. Although there is a very long list
of neuronal receptors that are targets of CBD or are related to
its action mechanism (reviewed in Franco and Perucca, 2019),
we selected those genes because they encoded proteins related
to regulation of neuronal excitability and neuroprotection that
might be presumably affected by the pharmacological activity
of the treatments on the epileptogenic focus. TRPV1 is a non-
selective channel with high permeability to Na* and Ca?*, and
its activation promotes the release of glutamate by increasing the
neuronal excitability (Caterina et al., 1997; Naziroglu et al., 2013).
CBD exerts effects on TRPV1 generating receptor activation
and desensitization (Iannotti et al.,, 2014), and hence binding
at TRPVI might regulate neuronal activity. Our PCR results
showed significant increase in mRNA expression of TrpvI gene
following the coadministration of CBD and VPA, suggesting a
joint action of both drugs that might lead to increased neuronal
susceptibility and neurotoxicity (Naziroglu and Ovey, 2015). In
fact, these results correlated to our behavioral results showing
that chronic coadministration of CBD and VPA had subtle
or no effects on the AGS of the GASH/Sal. In line with this
argument, Sun et al. (2013) reported higher gene expression
levels of Trpvl in the hippocampus and the cortex of drug-
resistant mesial temporal lobe epilepsy patients. Activation of
the serotonin 5-HTRIA receptor hyperpolarizes the resting
membrane potential and has an anticonvulsant effect in various
experimental in vivo and in vitro seizure models (Salgado and
Alkadhi, 1995; Gariboldi et al., 1996). Although CBD has been
shown to be an agonist of the 5-HTR1A receptor (Russo et al.,
2005), studies in the pentylenetetrazole model of generalized
seizures reported that 5-HTRI1A is not involved in CBD’s
anticonvulsant effect (Pelz et al., 2017). Consistently with this,
our results showed normal mRNA expression levels of 5-HTR1A
after chronic CBD treatment. SIGMARI receptor antagonists
inhibit glutamate N-methyl-D-aspartate acid receptor (NMDAR)
activity and display positive effects on epilepsy. Although CBD
displays antagonist-like activity toward SIGMARI receptor to
reduce the negative effects of NMDAR overactivity in epilepsy
(Rodriguez-Muioz et al., 2018), our results showed that chronic
CBD administration or coadministration with VPA did not
affect the gene expression levels of SIGMARI. The ADORAL1
receptors are involved on the adenosine modulation system
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and contribute to adaptive changes in neurotransmission and
neuroprotection. Thus, adenosine acts as a negative regulator
of glutamate release via activation of the presynaptic ADORAL1
receptors. Histopathologic and biochemical analyses of surgical
resections of patients with epilepsy showed a decrease in the
gene expression of ADORAI, suggesting that this decrease
contributes to chronic epilepsy in humans (Glass et al., 1996;
Boison, 2016). CBD bolsters adenosine signaling by inhibiting
its extracellular removal and provides an ADORAI receptor-
mediated mechanism by which CBD decreases inflammation
(Liou et al.,, 2008). In this context, the high levels of Adoral
transcripts in the GASH/Sal inferior colliculus after chronic
CBD administration might be a compensatory mechanism for
overactivation of glutamate receptors and/or the increment of
glutamate release. Adenosine shows anticonvulsant effects, and
it is released during seizures (Ilie et al., 2012). Furthermore,
Carrier et al. (2006) revealed that CBD binds to the equilibrative
nucleoside transporter 1 (encoded by Slc29al gene), which led to
the increase of extracellular adenosine. Thus, our results showing
a decrease in gene expression levels of Slc29al in GASH/Sal
animals treated with CBD alone or the combination of CBD and
VPA might be a mechanism to regulate neuronal excitability in
the epileptogenic nucleus. The Cnrl gene encoded the central
cannabinoid receptor CB1, which is activated by anandamide and
inhibits the presynaptic release of glutamate and y-aminobutyric
acid (Howlett and Abood, 2017). In animal models of epilepsy,
the gene expressions of Cnrl and TrpvI are increased (von Riiden
et al.,, 2015). Furthermore, CBD behaves as a non-competitive
negative allosteric modulator of CB1 receptors (Laprairie et al.,
2015) and inhibits reuptake and hydrolysis of anandamide
(Bisogno et al., 2009). Thus, our PCR results showing that CBD
treatment causes an increase of Cnrl gene expression might be
related to a possible protective effect against increased neuronal
excitation and an attempt to inhibit glutamate release in the
GASH/Sal inferior colliculus.

Together, our results are in line with previous studies
conducted on epileptic seizure models showing that the CBD’s
mechanism of action is complex, as its anticonvulsant activity
is mediated by multifactorial mechanisms underlying the
behavioral, electrophysiological, and neuroprotective effects of
CBD (reviewed in Lazarini-Lopes et al., 2020). New experiments
at higher dosages as well as in the audiogenic kindling protocol
(chronic-evoked seizures) might be necessary to delve deeper
into the anticonvulsant effects of CBD in the GASH/Sal model.
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Supplementary Material 1 | Video recording of a representative audiogenic
seizure in a GASH/Sal animal. Following acute sound stimulation the GASH/Sal
animal showed five differenced and consecutive phases: (1) a behavioral arrest, (2)
a period of wild running, (3) tonic—clonic convulsions, (4) head ventral flexion,
forelimb extension, and hind limb extension, and (5) postictal immobility. The
GASH/Sal animal shown in the video did not receive drug treatment and belonged
to the baseline (pre-treatment) condition. Notice that the behavioral items
corresponding to each seizure phase are simultaneously depicted in the
neuroethological analysis (flowchart on top right corner of the video). See Figure 2
for detailed interpretation of the flowchart.
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Supplementary Material 2 | Table shows the percentage of animals based on
the categorized seizure scores > 2 and <2 in each of the experimental groups.

Supplementary Material 3 | Raw data of RT-qPCR used for analyses. The gPCR
data included a set of 4 to 6 biological replicates (sample cases) for each
experimental group (treatment condition), triplicate technical replicates as well as
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Cannabinoids and Cannabis-derived compounds have been receiving especial attention
in the epilepsy research scenario. Pharmacological modulation of endocannabinoid
system’s components, like cannabinoid type 1 receptors (CB1R) and their bindings,
are associated with seizures in preclinical models. CB1R expression and functionality
were altered in humans and preclinical models of seizures. Additionally, Cannabis-derived
compounds, like cannabidiol (CBD), present anticonvulsant activity in humans and in
a great variety of animal models. Audiogenic seizures (AS) are induced in genetically
susceptible animals by high-intensity sound stimulation. Audiogenic strains, like the
Genetically Epilepsy Prone Rats, Wistar Audiogenic Rats, and Krushinsky-Molodkina,
are useful tools to study epilepsy. In audiogenic susceptible animals, acute acoustic
stimulation induces brainstem-dependent wild running and tonic-clonic seizures.
However, during the chronic protocol of AS, the audiogenic kindling (AuK), limbic and
cortical structures are recruited, and the initially brainstem-dependent seizures give
rise to limbic seizures. The present study reviewed the effects of pharmacological
modulation of the endocannabinoid system in audiogenic seizure susceptibility and
expression. The effects of Cannabis-derived compounds in audiogenic seizures were
also reviewed, with especial attention to CBD. CB1R activation, as well Cannabis-derived
compounds, induced anticonvulsant effects against audiogenic seizures, but the effects

of cannabinoids modulation and Cannabis-derived compounds still need to be verified
in chronic audiogenic seizures. The effects of cannabinoids and Cannabis-derived
compounds should be further investigated not only in audiogenic seizures, but also in
epilepsy related comorbidities present in audiogenic strains, like anxiety, and depression.

Lazarini-Lopes W, Do Val-da Silva RA,
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INTRODUCTION

Epilepsy is a neurological disorder characterized by the presence
of epileptic seizures and their behavioral, physiological, and
social consequences (Fisher et al., 2014; Kanner, 2017). Despite
the great variety of antiepileptic drugs (Loscher, 2017) one
third of patients remain pharmacoresistant and cannot have
their seizures under control with the available pharmacological
treatment (Kwan and Brodie, 2010), indicating that new
therapeutic and pharmacological targets are needed. In that
context, the endocannabinoid system (ES) has been receiving
especial attention in the epilepsy research scenario. The ES
comprises the cannabinoids receptors type 1 (CB1R) and type 2
(CB2R) and their endogenous bindings, the endocannabinoids.
CBIR has been receiving especial attention in epilepsy due
to seizure control in several preclinical models and can also
be modulated by phytocannabinoids (Wallace et al., 2003;
Lutz, 2004; Blair, 2006; Huizenga et al, 2017; Britch et al.,
2020). Moreover, anticonvulsant effects were associated with
Cannabis-derived compounds, especially the cannabidiol (CBD),
reinforcing the role of cannabinoids in epileptic seizures
(Friedman and Devinsky, 2015; Rosenberg et al., 2017; Lazarini-
Lopes et al, 2020b). CBD, a phytocannabinoid present in
Cannabis sp. (Jacob and Todd, 1940; Mechoulam and Shvo,
1963), has receiving especial attention due to its anticonvulsant
properties in animal models of the epilepsies (Jones et al., 2012;
Do Val-da Silva et al., 2017; Lazarini-Lopes et al., 2020b) and
also in humans with pharmacoresistant epilepsy (Press et al.,
2015; Devinsky et al., 2016, 2017). Although CBD anticonvulsant
mechanisms of action seem to be related with a great diversity
of cellular and molecular targets, which include components
of the ES, the possible existence of synergistic effects between
CBD and conventional anticonvulsant drugs may not be ignored
(Mencher and Wang, 2005; Devinsky et al, 2014; Gaston
et al., 2017). Additionally, although CBD has limited effects at
cannabinoids receptors, CBD can modulate CBIR activity by
indirect mechanisms of action (Britch et al., 2020). Therefore, the
ES arise as important endogenous mechanism for seizure control
(Alger, 2004; Hofmann and Frazier, 2013).

Animal models are essential for the development and
screening of new anticonvulsant drugs and to evaluate their
effects on the brain and on behavior (Loscher, 2011, 2017). Since
epilepsies are greatly diverse in etiology, the differences between
seizure induction protocols are extremely important to help
understanding neuronal alterations associated with each type of
seizure induction and, consequently, their clinical applications
(Loscher, 2017). Audiogenic seizures (AS) are induced by
intense sound stimulation (~100-120 dB) in susceptible animals
and are used to study epilepsies-related mechanisms such as
neuronal pathways and endogenous alterations associated with
seizure susceptibility (Garcia-Cairasco et al., 2017). Audiogenic
susceptible rodent strains are widely used around the world,
beginning with the oldest colony, the Krushinsky-Molodkina
(KM) rats in Russia (Poletaeva et al., 2017), followed by the
Genetically Epilepsy-Prone Rats (GEPR) in the United States
(Reigel et al., 1986; Dailey et al., 1989), the DBA/1 and DBA/2
mice (Jensen et al., 1983; Faingold et al., 2010), the Wistar

Audiogenic Rat (WAR) in Brazil (Doretto et al., 2003; Garcia-
Cairasco et al., 2017), among others (Ross and Coleman, 2000).

Acute AS are considered a model of generalized tonic-clonic
seizures, with seizures characterized by an initial wild running
phase with jumping and atonic falls followed by tonic or tonic-
clonic seizures (Faingold, 1988; Terra and Garcia-Cairasco,
1992; Garcia-Cairasco et al.,, 1996, 2017; Ross and Coleman,
2000). However, when animals are chronically exposed to the
AS protocol, called Audiogenic Kindling (AuK) (Marescaux
et al., 1987), some audiogenic susceptible animals develop limbic
seizures, characterized by the appearance of new behaviors such
as facial and forelimb clonus, usually followed by elevation
and falling (Naritoku et al., 1992; Garcia-Cairasco et al., 1996),
similar to those described by Racine’s scale (Racine, 1972). While
brainstem sensory motor structures are primarily involved in
the acute AS expression (Faingold, 1988; Terra and Garcia-
Cairasco, 1992), cortical and limbic structures are associated with
behavioral, EEG, and histological alterations during the Auk,
indicating an expansion of the initially brainstem-dependent
seizure networks to limbic regions and networks (Marescaux
et al., 1987; Naritoku et al., 1992; Garcia-Cairasco et al., 1996;
Moraes et al., 2000; Galvis-Alonso et al., 2004). Therefore, the
AuK is as a model of temporal lobe recruitment and consequently
of temporal lobe epilepsy (Moraes et al., 2000; Romcy-Pereira
and Garcia-Cairasco, 2003). Other quite important characteristic
is that genetic and chronic models, like susceptible strains and
the AuK, can be used also to study the comorbidities, usually
from neuropsychiatric origin, associated with epilepsies (Garcia-
Cairasco et al., 2017).

Therefore, the purpose of the present study was to review the
neuronal networks associated with AS expression. Additionally,
we reviewed the effects of ES modulation and Cannabis-derived
compounds in AS. We discussed cannabinoids modulation in AS
neuronal pathways and the future perspectives of cannabinoids
in AS and comorbidities.

NEURONAL NETWORKS INVOLVED IN
AUDIOGENIC SEIZURES

Since AS are evoked by a high-intensity acoustic stimulus,
the primary auditory pathway has been the first cluster of
structures to be evaluated in audiogenic susceptible rodent
strains. In this context, several research groups have detected
peripheral alterations associated with AS susceptibility, such as
hearing loss (Saunders et al., 1972; Glenn et al., 1980; Faingold
et al., 1990), unbalance between GABAergic and Glutamatergic
neurotransmissions between the inner hair cells and the cochlear
nerve (Altschuler et al., 1989; Bobbin et al.,, 1990; Lefebvre
et al., 1991), and tinnitus followed by intensity sound exposure
(Heffner and Harrington, 2002; Chen et al, 2013). Similarly,
anatomical and morphological alterations in the organ of Corti
and in the inner and outer hair cells of the GEPRs have already
been observed (Penny et al., 1983, 1986). However, despite the
importance of peripheral alterations in the onset of AS, the
present review will focus on brain sites involved on the onset,

Frontiers in Behavioral Neuroscience | www.frontiersin.org

February 2021 | Volume 15 | Article 611902


https://www.frontiersin.org/journals/behavioral-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/behavioral-neuroscience#articles

Lazarini-Lopes et al.

Cannabinoids and Audiogenic Seizure Models

maintenance, and expression of AS, specifically in the brainstem
(acute AS) and limbic areas (AuK).

Brainstem Structures Critical for Acute

Audiogenic Seizure Expression

Inferior Colliculus

It is widely accepted that inferior colliculus (IC) circuits play a
pivotal role in the genesis and maintenance of sound-induced
seizures (Garcia-Cairasco, 2002; Coleman et al., 2017; Ribak,
2017). The IC anatomy in the rat presents a structure similar
to the human IC (Faye-Lund and Osen, 1985) and it is usually
divided into the central nucleus, dorsal cortex, and external
cortex (Faye-Lund and Osen, 1985; Coleman and Clerici, 1987).
The central nucleus of the IC is the largest division of the
IC, sends glutamatergic projections to both external cortex and
dorsal cortex of the IC, and receives projections from the dorsal
cortex (Coleman and Clerici, 1987; Saint Marie, 1996).

Glutamate is the main excitatory neurotransmitter into the IC
and it is also implicated in the expression of AS (Faingold, 2002).
Using WARs, Terra and Garcia-Cairasco (1994) showed that
AP-7 administration into de central nucleus of the IC or intra-
dorsal cortex of the IC, blocked or attenuated (wild runnings were
still present) AS, respectively. Therefore, these intracollicular
pathways may contribute to seizure propagation through its
known glutamatergic connections between the external cortex of
the IC and motor areas (Caicedo and Herbert, 1993; Saint Marie,
1996).

By contrast, intracollicular and extracollicular pathways are
mostly modulated by GABAergic signaling (Faingold, 2002;
Ribak, 2017). Therefore, deficits in GABA-mediated inhibition
may be a critical mechanism associated with AS susceptibility,
since a reduction in GABAergic neurotransmission in the IC was
shown to facilitate neuronal firing in response to high acoustic
stimuli and trigger AS (Faingold et al., 1986; Faingold, 2002).

Administration of GABA agonists into the central nucleus
of the IC blocked AS expression in GEPRs and similar results
were observed after pharmacological manipulations capable
of increasing endogenous GABA signaling (Faingold, 2002).
Administration of GABA agonists into the central nucleus of
the IC blocked AS expression and the same was observed
when endogenous GABA was increased in GEPRs (Faingold,
2002). Curiously, the number of GABAergic cells and the
labeling of GABA synthetic enzymes are higher in GEPRs than
in their Sprague-Dawley controls (Roberts et al., 1985; Ribak,
2017). However, in spite of the increased expression of all of
these GABAergic biomarkers, there is a paradoxical decreased
effectiveness of GABA-mediated inhibition in the IC of GEPRs
(Faingold et al., 1986). Furthermore, inhibition of GABAergic
neurotransmission into the IC observed in tissue slices of GEPRs
(Evans et al,, 2006) is thought to be the clue alteration in the
triggering of AS in these animals (Faingold, 2012). Interestingly,
GABA synthesis was increased in IC of KM rats, whereas GABA
levels were not different from non-susceptible rats (Solius et al.,
2016). It is worth to note that pharmacological activation of CB1R
increased IC neuronal output, probably by activation of CBIR in
GABAergic pre-synaptic terminals (Valdés-Baizabal et al., 2017).

These results suggest that CBIR in the IC could play an important
role on AS susceptibility.

Superior Colliculus

The superior colliculus (SC) is the most important non-auditory
IC target (output) (Faingold, 2012). Interconnections between
the external cortex of the IC and the deep layers of the
superior colliculus (DLSC) seem to play an important role on AS
generation and propagation (Coleman and Clerici, 1987; Garcia
del Cano et al., 2006). Since DLSC projects directly and indirectly
to the spinal cord and to brainstem motor areas, such as the
reticular formation (Masino and Knudsen, 1992; King et al,
1996; May, 2005), excessive activity in this network may lead to
AS propagation.

Electrophysiological recordings in freely moving GEPR-9s
showed increased tonic firing of DLSC neurons just prior and
during the wild running, but not during the tonic behavior
(Faingold and Randall, 1999). The role of DLSC in AS
manifestations has already been demonstrated in WARs through
their mesencephalic pathways. Midcollicular transections (knife
cuts between IC and SC) blocked tonic-clonic seizures (Tsutsui
et al,, 1992) in WARs. Similar effects were also confirmed by
Ribak et al. (1994) in GEPR-9s. Likewise, bilateral transections
separating DLSC and substantia nigra pars reticulata (SNr)
abolished tonic-clonic seizures and also attenuated wild running
behaviors (Doretto et al., 2009). Browning et al. (1999) confirmed
similar effects after pre-collicular transections in both GEPR
substrains, GEPR-3s and GEPR-9s. Similarly, electrolytic lesions
of the DLSC (but not dorsal SC) decreased AS severity in GEPRs
(Merrill et al., 2003) and abolished all seizure behaviors in DBA/2
audiogenic mice (Willott and Lu, 1980).

Additionally, optogenetic activation of DLSC neurons
attenuated seizures in several animal models, including AS in
GEPR—3s (Soper et al., 2016). The activation of neurons in the
DLSC is considered to be part of an endogenous seizure control
system with origin in neurons from SNr (Gale et al., 1993; Soper
et al., 2016). According to this idea, the activation of neurons
from DLSC will lead to the desynchronization of epileptic brain
networks (Dean et al., 1991; Soper et al., 2016). For this reasons,
optogenetic stimulation of specific neurons or projections
into the SC are considered an important approach to better
understanding the role of the SC in AS, although the role of
specific neuronal projections from SC still needs to be assessed.

Periaqueductal Gray Matter

Although the periaqueductal gray matter (PAG) is classically
involved in emotional-related behaviors, such as fear, anxiety and
panic-like behaviors (Bueno et al., 2005; Branddo et al., 2008;
Deng et al., 2016), the involvement of PAG with the motor AS
expression comes from findings that PAG blockade inhibits AS,
more specifically the tonic and clonic behaviors, in GEPR-9s
(N’Gouemo and Faingold, 1998).

Differences in the PAG neuronal firing pattern were observed
in GEPRs. PAG neuronal activity increased just before the onset
of the wild running, but the most remarkable neuronal tonic
firing pattern was observed just prior and during the tonic
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behavior, but this neuronal pattern disappeared when the post-
ictal depression began (N’Gouemo and Faingold, 1998). Also,
the blockade of NMDA receptors or GABA, activation into the
PAG were both capable of suppressing AS in GEPRs, with a
most potent effect associated with NMDA blockade (N’Gouemo
and Faingold, 1999). In the same line, Yang et al. (2003) showed
that intra-PAG AP-7 administration attenuated AS induced by
ethanol withdrawal in Sprague-Dawley rats.

Classically, it has been accepted that PAG receives projections
from neurons of the DLSC (King et al., 1996; Faingold et al,,
2014) and projects to the sites of initiation of the motor
responses associated with fight or flight reactions (Brandao
et al,, 1999). Additionally, there are direct and indirect (through
BRF) connections between PAG and spinal cord motor neurons
(Mouton and Holstege, 1994; Bajic and Proudfit, 1999) that may
also contribute to AS expression. Additionally, a recent study
showed that IC neurons project directly to PAG and, when
optogenetically activated, triggered a sound-mediated escape
response (Xiong et al., 2015). Similarly, PAG might be important
not only in the acute AS, but in the kindled AS (AuK protocol). In
this respect, Tupal and Faingold (2012) showed that the electrical
stimulation of central nucleus of the amygdala induces intensity-
dependent firing in the PAG of GEPR-9s. Additionally, GEPR-
9s submitted to AuK present increased responsiveness of PAG
neurons to electrical stimulation of the amygdala when compared
to control GEPR-9s (Tupal and Faingold, 2012).

Brainstem Reticular Formation

Wada’s group demonstrated for the first time the role of BRF in
seizures using amygdala kindled cats, where electrolytic lesions
into the BRF attenuated amygdaloid seizures and these effects
were not dependent on forebrain sites (Wada and Sato, 1975).

Sprague-Dawley rats submitted to ethanol withdrawal
presented increased AS susceptibility and increased spontaneous
neuronal firing in the BRE as well as increased sound-evoked
activity in neurons from the same structure (Faingold and Riaz,
1994). Moreover, there is an increase in neuronal firing into
the pontine nucleus of the BRE once the AS begins and an
additional increase simultaneously with the onset of the tonic
seizure, that remained until the end of the tonic hind limb
extension (Faingold and Randall, 1995). These data suggested
that pathological conditions, like ethanol withdrawal, may
induce physiological changes in the BRE, which in turn, facilitate
AS expression.

Both systemic and intra-BRF NMDA antagonist
administration blocked AS during ethanol withdrawal.
Moreover, the increase in BRF excitatory activity was capable of
inducing AS-like behaviors in previously non-susceptible rats
treated with NMDA. These effects were dose-dependent, with
lower dose inducing wild running behaviors and higher dose
inducing wild running and generalized tonic-clonic seizures,
in both cases sound-independent set of behaviors. Moreover,
sound stimulation was also capable of inducing AS with wild
running and generalized tonic-clonic behaviors in these animals
(Ishimoto et al., 2000). In susceptible GEPR-3s, NMDA infusion
into the BRF was capable of inducing seizures without the
presence of acoustic stimulation (Faingold et al, 1989). On

the other hand, blockade of NMDA receptors into the BRF
induced a decrease in AS severity in GEPRs (Millan et al., 1988).
Additionally, increased glutamate levels into the BRF had been
previously observed during the tonic phase of AS in GEPRs
(Chapman et al., 1986).

These data, therefore, suggest that excitatory connections
between IC and BRF (Browning, 1986; Caicedo and Herbert,
1993; Riaz and Faingold, 1994) and between BRF and spinal cord
(Jones and Yang, 1985) should be important efferent neuronal
pathways for motor manifestation of AS (Garcia-Cairasco, 2002;
Faingold et al., 2014).

Substantia Nigra

During the 80, Karen Gale’s group proposed that GABAergic
neurotransmission into SNr should be part of what they called as
an endogenous anticonvulsant system (Iadarola and Gale, 1982;
Maggio and Gale, 1989). These authors proposed that a decrease
in the inhibitory tonus from the SNr to the midbrain tectum
might enhance seizure susceptibility.

Following up on those proposals, a series of experiments
in control Wistar rats gave support to that hypothesis.
Electrolytic lesions in the SNr increased AS susceptibility
in Wistar rats, without any modification on locomotion,
exploratory activity or grooming behaviors (Garcia Cairasco
and Sabbatini, 1983; Garcia-Cairasco and Sabbatini, 1991;
Garcia-Cairasco and Trivifio-Santos, 1989). Nonetheless, the
same SNr electrolytic lesion did not induce any alterations
in AS displayed by WARs (Doretto and Garcia-Cairasco,
1995). However, neuroethological analysis based upon detailed
behavioral descriptions, demonstrated changes in the behavioral
structural sequence of tonic-clonic seizures in SNr-lesioned
WARs. Behavioral components were present no more in a
defined pattern, but randomly and fragmented, indicating that
GABAergic signaling from SNr should play an important
role in temporal and spatial motor integration during AS
(Garcia Cairasco and Sabbatini, 1983; Doretto and Garcia-
Cairasco, 1995). Curiously, it was observed that GEPRs present a
disruption in the nigral GABAergic signaling, detected as a failure
to release GABA from SNr, when animals were stimulated with
KCl in a depolarizing protocol with microdialysis membranes
into SNr (Doretto et al., 1994). These GABAergic deficits could be
an explanation for the lack of seizure behavioral alteration in SNr-
lesioned WARs, but, at the same time, it explains and strengthens
the view that lesioned normal Wistar rats may become susceptible
to AS (Garcia Cairasco and Sabbatini, 1983; Doretto and Garcia-
Cairasco, 1995).

In ethanol withdrawal-induced AS, muscimol, a selective
GABA, agonist, applied intra-SNr reduced seizure severity
during the most critical period of hyperexcitability (Gonzalez and
Hettinger, 1984). Also, pharmacological activation of GABA
receptors into SNr was capable of blocking AS induced by IC
bicuculline injections (Terra and Garcia-Cairasco, 1992) and
decreased spontaneous spike-wave discharges duration in a
model of absence seizure (Depaulis et al., 1988). Conversely,
specific lesions in dopaminergic neurons of the substantia nigra
compacta (SNc) with the 6-OHDA toxin, an experimental model
of Parkinson (Schober, 2004), did not produce AS sensitivity in
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resistant animals, suggesting that changes in AS susceptibility are
associated with GABAergic neurons, mostly present into the SNr.

SNr projects to IC (Olazabal and Moore, 1989) and SC (Appell
and Behan, 1990), regulating efferent seizure pathways (Gale,
1992). Additionally, modulation of SC by SNr may involve the
neostriatum activity, which sends the main GABAergic input
to SNr (Nisenbaum et al., 1992). Therefore, increasing GABA
activity in the SNr is believed to be pro-convulsant because the
resulting reduction of GABAergic neurotransmission into SNr-
SC pathway facilitates output from SC to motor structures, such
as the BRE, which may lead to seizure expression.

The findings on the so-called endogenous anticonvulsant
system were supported by optogenetic inhibition of the
nigrotectal terminals into the DLSC, attenuating AS in GEPR-
3s. Light delivery increased the latency to the onset of AS and
decreased their duration and severity in GEPR-3s (Wicker et al.,
2019). These results can be explained by a decrease of GABAergic
neurotransmission from SNr to the SC and are in agreement with
Soper et al. (2016), who showed attenuation of AS associated
with optogenetic activation of the DLSC and it is in line with the
activation of SC as capable of desynchronizing cortical activity
(Dean et al., 1991). In spite of this highly coherent group of
studies and results, specific neurons and projections associated
with the mentioned anticonvulsant effects still need to be verified
in vitro and in vivo.

Chronic Audiogenic Seizures and

Neuroplastic Effects in Neuronal Networks
The repetitive audiogenic stimulus, or AuK, results in behavioral,
EEG, and histological alterations in forebrain structures, such
as amygdala, hippocampus, and cortex, indicating limbic
recruitment (Marescaux et al., 1987; Naritoku et al., 1992; Moraes
et al., 2000; Vinogradova, 2017). Marescaux et al. (1987) did
behavioral observations and cortical (surface) EEG recordings
in Wistar rats and proposed the term “kindling,” analogous
with the limbic seizures protocols published by Goddard (1967)
and Goddard et al. (1969). Naritoku et al. (1992) confirmed
similar results in both GEPRs substrains: GEPR-3s and GEPR-
9s, moderate and severe AS, respectively. Similar protocols and
studies with quantitative behavioral methods of the evolution of
AuK were made in WARs (Garcia-Cairasco et al., 1996; Galvis-
Alonso et al., 2004).

The neuroanatomical and functional interaction between
midbrain auditory and forebrain limbic systems can be
particularly well-observed during the AuK. Local changes in the
IC circuits can lead to increased collicular outputs to the limbic
system, causing the seizure spread. Coupled video-EEG allowed
a detailed characterization of the progression of synchronized
behavior and electrophysiology with EEG recording from IC
(brainstem) to hippocampus, amygdala and cortex (Moraes et al.,
2000; Romcy-Pereira and Garcia-Cairasco, 2003). Furthermore,
it was reported an increase in the firing rate of neurons from
the central nucleus of the IC of GEPR-9s before the appearance
of generalized post-tonic clonus during the AuK (N’Gouemo
and Faingold, 1996). Neurons from the central nucleus of the
IC project to the medial geniculate nucleus of the thalamus

(MGN), as part of the primary auditory system, where they
make synapsis with neurons projecting to the auditory cortex,
amygdala and the hippocampus (Ledoux et al., 1985; Clugnet
and LeDoux, 1990). Indeed, the amygdala and the hippocampus
are the major limbic structures that receive the output from the
brainstem central auditory system (Kraus and Canlon, 2012).
These structures, more remarkably the amygdala, are associated
with emotional context and sensorial perception, including
sound stimuli (LeDoux, 2007; Kraus and Canlon, 2012).

As a clear evidence of the activation of prosencephalic
structures, Simler et al. (1999) demonstrated increase c-Fos
expression directly related with AuK progression: from the
auditory brainstem to amygdala and perirhinal cortex, then
to the frontoparietal cortex, and finally to the hippocampus
and the entorhinal cortex. Simultaneous EEG recordings of IC,
amygdala and auditory cortex were analyzed in WARs during
AuK and it was observed that the epileptiform activity in the
IC increases as AuK progresses and limbic seizures start to
co-exist with brainstem seizures (Garcia-Cairasco et al., 1996;
Moraes et al., 2000). Altogether, these data indicate that the
progression of seizures during AuK may not be the linear
expression of a simple system, but rather a complex expression
of a bi-directional interaction between limbic and brainstem
circuits. This is absolutely clear from the observation of a
mirror (opposite) image of the decrease of brainstem-dependent
seizure severity index, as soon as the AuK progress, and the
increase (from zero) of the limbic-dependent seizure severity
index (Garcia-Cairasco et al., 1996; Moraes et al., 2000; Rossetti
et al., 2006).

Differences in hippocampus activity have been reported in
audiogenic rodent strains. GABAergic currents in pyramidal
neurons from CAl of WARs are less frequent and have
faster kinetics, indicating that some particular populations of
interneurons might be absent in WARs (Cunha et al., 2018b).
Moreover, during chronic high-intensity sound stimulation it
was observed an impairment in the long-term potentiation (LTP)
in non-susceptible (resistant) Wistars, but not in WARs (Cunha
et al.,, 2015). Additionally, a decrease in the hyperpolarization
activated cationic current (Ih) was observed in resistant animals,
indicating that auditory inputs to the hippocampus might lead
to compensatory homeostatic and long-term synaptic plasticity,
which could be blocking the hyperexcitability of auditory
pathways to the hippocampus of seizure resistant animals (Cunha
et al.,, 2018a). In contrast, Evans et al. (1994) found different
results using hippocampal slices of GEPR-9s. According to
these authors, animals showed single excitatory post-synaptic
potentials similarly to their control strain. However, when
submitted to AuK GEPRs exhibited a more pronounced synaptic
facilitation indicating that short-term potentiation is enhanced in
the hippocampus of these animals (Evans et al., 1994).

ENDOCANNABINOID SYSTEM AND CB1R
IN AUDIOGENIC SEIZURES NETWORK

The ES is classically composed by endogenous receptors, CB1R
and CB2R (Matsuda et al., 1990; Munro et al., 1993), and their
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endogenous ligands, anandamide, and 2-arachydonil glycerol
(Devane et al., 1992; Mechoulam et al., 1995; Sugiura et al.,
1995). It is widely accepted that the ES modulates neuronal
activity through its retrograde action based “on-demand”
endocannabinoid synthesis and release (Lutz, 2004; Alger and
Kim, 2011; Castillo et al., 2012; Fitzgerald et al., 2012). However,
before discussing the role of the ES modulation on seizure control
in audiogenic models, it is worth to note how these cannabinoids
receptors are distributed on the brain, especially on structures
important to AS expression.

Autoradiography assays were used to assess CB1R distribution
in several brain structures (Herkenham et al., 1990, 1991).
The most intense binding was observed in the cerebellum and
forebrain structures, such as several cortical and hippocampal
areas. The frontal cortex presented the greater density of
CBIR compared to other cortical regions, while the dorsal
hippocampus seems to present more CBIR than the ventral
hippocampus. The amygdaloid complex presented a moderate
binding, with exception of the central nucleus that showed the
lowest CB1R levels. Brainstem structures, like PAG, BREF, SC, IC,
and hypothalamus presented lower levels of CB1R and sparse
binding when compared to the forebrain. Like in brainstem
structures, the spinal cord showed sparse binding, specifically in
the dorsal horn. It is worth to note that the SN, but not the SNc,
showed the highest density levels of CB1R in the entire rat brain
(Herkenham et al., 1990, 1991). Similar expression patterns were
observed in others species of mammals, such as dogs, Rhesus
monkeys, and humans (Herkenham et al., 1990).

Tsou et al. (1998) used immunohistochemical analysis to
assess CB1R distribution in the rat brain. These authors showed
CBIR in axons, dendrites, and in soma of neurons in several brain
structures. Intense and widely CBIR distribution were detected
in forebrain structures, such as cortical areas, as well as in
amygdala, and hippocampal formation, although very restricted
immunostaining were present in the brainstem, in structures like
the PAG and SC. Additionally, the SNr presented a very intense
immunostaining (Tsou et al., 1998), confirming those previous
results observed by Herkenham’s research group.

Changes in CBIR expression and functionality have already
been detected in animal models of epileptic seizures and in
humans with chronic seizures (Magloczky et al., 2010; Karlocai
et al., 2011; Rocha et al., 2020). Goffin et al. (2011) assessed
CBIR expression in tissue from humans with TLE and observed
increased CBIR receptors expression in the seizure onset
area, while CB1R expression was decreased in other areas,
like the insular cortex, suggesting that different alterations
in cannabinoid receptors expression could be associated with
seizures expression and brain hyperexcitability (Goffin et al,
2011). However, data of CB1R expression in audiogenic strains
are scarce. Increased CBIR expression was observed in the
inner molecular layer of WARs, when compared to control
Wistars. Additionally, in WARs, acute and chronic AS increased
CBIR expression in several hippocampal layers and in specific
amygdala subnuclei, the basolateral, lateral, and basomedial
nuclei. Acute AS also induced changes in CBIR in the central
and medial amygdala nuclei. Moreover, it is worth to note
that, changes in CBIR expression in lateral, basolateral, and

basomedial amygdala nuclei were correlated with limbic seizure
severity during the AuK (Lazarini-Lopes et al., 2020a). See
Figure 1 for a representative view of CBIR expression in limbic
and cortical structures of audiogenic susceptible rats from the
WAR strain.

Wistar Albino rats from Rijswijk (WAG/Rjj strain) develop
absence seizures along their life (van Luijtelaar and Coenen,
1986; van Luijtelaar and Sitnikova, 2006) and a subpopulation
of WAG/Rjj rats can also develop AS with limbic recruitment
during the AuK (Vinogradova, 2008). These animals present
endogenous alterations in the ES, like reduced CBIR mRNA,
demonstrated by in situ hybridization, in the hippocampus
and thalamic nuclei, brain regions associated with the genesis
of absence seizures (Van Rijn et al., 2010). Therefore, further
characterization of CBIR expression and functionality in
brainstem and limbic sites in audiogenic WAG/Rij rats can bring
important information regarding the susceptibility to AS in the
WAG/Rij subpopulation.

Pharmacological CBIR activation in the intermediate layers
of SC induced a robust turning behavior, these effects may
be associated with modulation of GABAergic input from SNr
to SC (Sanudo-Pefna et al, 2000). In the SNr, CBIR are
located in presynaptic terminals from the striatonigral pathways,
they modulate GABA release from the nigrotectal GABAergic
projections (Wallmichrath and Szabo, 2002), which may play
an important role on seizure propagation and expression
(Tadarola and Gale, 1982; Gale, 1986). Miller and Walker
(1995) explored how the ES modulates SNr activity. WIN
55,212-2, systemically administered in normal Sprague-Dawley
rats increased spontaneous firing rate in neurons from the
SNr. In addition, WIN 55,212-2 also attenuated the inhibition
of neuronal firing in the SNr induced by striatum electrical
stimulation. In the same study, bicuculline antagonized the
effects of striatum stimulation, suggesting that WIN 55,212-
2 effects on SNr activity were dependent on GABAergic
neurotransmission (Miller and Walker, 1995), although specific
neurons and projections associated with these effects still need
to be verified. Therefore, the GABAergic signaling from SNr
to mesencephalic tectum may be, somehow, enhanced by
cannabinoids administration, increasing the inhibitory tonus
generated by this endogenous anticonvulsant system. Although,
this hypothesis still needs to be further elucidated, measuring
GABA release and also CB1R activity in the SNr.

Based on these previous evidences, we proposed a schematic
representation of how brainstem and forebrain structures with
different distribution of CB1R might modulate AS susceptibility
and expression (Figure 2).

ENDOCANNABINOID SYSTEM
MODULATION IN AUDIOGENIC SEIZURES

Although cannabinoids induce modulation have already been
shown as capable of epileptic seizures in several animal models
(Rosenberg et al., 2017; Lazarini-Lopes et al., 2020b), studies
evaluating the role of the ES on AS experimental models are still
scarce. See Table 1 for main results from the literature.
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FIGURE 1 | Representative CB1R immunostaining in limbic and cortical brain
structures of Wistar Audiogenic Rats (WAR). It is possible to observe the
increased CB1R immunostaining in limbic (hippocampus and amygdala) and
cortical areas of WARs after acute audiogenic seizures (WAR AS) and chronic
audiogenic seizures (WAR AuK). Wistar represents a control non-audiogenic
strain. Image obtained from Lazarini-Lopes et al. (2020a).

Vinogradova et al. (2011) showed that acute and chronic
treatment with SR141716, a CB1R antagonist, presented pro-
epileptic effects in audiogenic Wistar rats and facilitated the
AuK progression. These authors reported that acute treatment
with SR141716 in susceptible rats increased AS duration and
severity and induced the appearance of limbic seizures behaviors.
Interestingly, the treatment with the CB1R antagonist did not
modify AS susceptibility in normal rats, but in susceptible
animals that developed resistance to AS, the seizures reappeared
after SR141716 administration (Vinogradova et al., 2011). It is
worth to notice that similar results were observed in a patient
that was free of seizures for more than 20 years, but after
administration of CB1R antagonist for obesity treatment the
seizures reappeared. In that case, when the CB1R antagonist
treatment was interrupted, the seizures disappeared (Braakham
et al., 2009).

Conversely, a single administration of WIN 55,212-2, a CB1R
agonist, presented long-term, but not acute effects, against
AS, increasing the latency to the onset of post-tonic clonus
in KM rats (Vinogradova and Van Rijn, 2015). Moreover,
pharmacological treatments with different cannabinoid receptors

agonists were capable of attenuating AS in DBA/2 mice,
reducing wild running, clonus, and tonus behaviors. These
anticonvulsant effects were blocked by previous administration
of NIDA-41020, a selective CB1R antagonist (Citraro et al.,
2016). Additionally, these authors also demonstrated that
when ineffective doses of cannabinoid receptors agonists were
co-administered with classical anticonvulsant drugs, such as
carbamazepine, gabapentin, phenobarbital, and valproate, the
anticonvulsant effects of all these drugs were potentiated (Citraro
et al, 2016). In GEPR-3s, systemic administration of WIN
55,212-2, was effective against AS, suppressing seizures in 9/10
animals and attenuating seizure severity in 1/10 rats. Similarly,
central administration of CP 55940, a CB1/2 agonist, directly into
the DLSC of GEPR-3s, suppressed seizures in 6/9 rats, reduced
seizure severity in 2/9, and had no effect in 1/9. Additionally,
intra-DLSC administration of SR141716 did not modify AS in
control GEPRs and did not antagonize the anticonvulsant effects
induced by systemic WIN 55,212-2 (Santos et al.,, 2020). Also
using GEPRs, Samineni et al. (2011) showed that central injection
of AM251, a CBIR antagonist, directly into the ventrolateral
PAG, attenuated post-ictal analgesia in GEPR-9s. These data
suggest that AS results in increased endocannabinoid levels in
the PAG, which may mediate post-ictal analgesia (Samineni et al.,
2011). Since the last study did not look at seizure expression
after CBIR modulation, it should be interesting to assess the
role of CBIR from PAG in AS expression in GEPRs and other
audiogenic strains.

Using the Fmrl knockout mice to mimic the fragile X
syndrome, authors observed that pharmacological blockade of
CBIR rescued several pathological alterations, including the
increased susceptibility to AS. Additionally, blockade of CB2R
also induced anxiolytic behavior in the elevated plus maze
(Busquets-Garcia et al., 2013). In the WAG/Rjj strain, a model
of absence seizures with a subpopulation also susceptible to AS,
systemic administration of WIN 55,212-2 reduced the number
of spontaneous spike-wave discharges, but increased seizure
duration, in WAG/Rijs, whereas administration of AM251
attenuated the effects of CBIR activation (Van Rijn et al., 2010).
Reduced number and duration of spike-wave discharges were
observed after central (intra-thalamic nucleus) anandamide or
WIN 55,212-2 administration (Citraro et al., 2013). However,
it is unclear if the pharmacological modulation of CBIR, or
endocannabinoids, can attenuate AS in the WAG/Rij strain and
the exploration of this research field, assessing acute and chronic
AS in WAG/R|j rats, can bring important information and
insights about ES functionality in two different types of seizures
(absence and audiogenic) in the same strain.

CANNABIS-DERIVED COMPOUNDS IN
AUDIOGENIC SEIZURES

After 40 years of the demonstration of CBD as anticonvulsant
in humans (Cunha et al, 1980), the interest in medical
Cannabis-derived compounds, especially CBD, has substantially
increased, as an alternative treatment for pharmacoresistant
epilepsy (Porter and Jacobson, 2013; Press et al., 2015; Devinsky

Frontiers in Behavioral Neuroscience | www.frontiersin.org

February 2021 | Volume 15 | Article 611902


https://www.frontiersin.org/journals/behavioral-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/behavioral-neuroscience#articles

Lazarini-Lopes et al.

Cannabinoids and Audiogenic Seizure Models

Acoustic stimulation

Behavioral seizure

expression

Tonic-clonic seizure

Spinal Cord

— Excitatory
— Inhibitory

FIGURE 2 | Cannabinoid receptors type 1 (CB1R) in neuronal networks associated with acute and chronic audiogenic seizures. The inferior colliculus is the main

— a8

| Limbic seizure

brainstem structure related to sound perception and plays a key role in the genesis of audiogenic seizures. Inferior colliculus projects to different brainstem areas, like
superior colliculus, periaqueductal gray matter, and brainstem reticular formation. This brainstem neuronal network is crucial to acute audiogenic seizures
manifestation, that are behaviorally characterized by wild running followed by tonic-clonic seizures. The substantia nigra pars reticulata sends GABAergic projections
to the mesencephalic tectum. This inhibitory projection is involved with the so-called endogenous anticonvulsant system. During the audiogenic kindling protocol, the
chronic seizures, and the epileptogenic events lead to forebrain/limbic recruitment. The limbic recruitment during the chronic seizures involves projections from inferior
colliculus to medial geniculate nucleus and then to the dorsal hippocampus and basolateral amygdala nucleus. This brainstem-limbic network is crucial to limbic
motor seizures expression during the audiogenic kindling. Spinal cord neurons receive inputs from central neuronal networks and lead to audiogenic seizures’ motor
manifestation. The intensity of green color represents the amount of CB1R in each structure. Therefore, the endocannabinoid system is directly associated with
brainstem and limbic neuronal networks responsible for tonic-clonic and limbic audiogenic seizures manifestation. IC, inferior colliculus; SC, superior colliculus; PAG,
periaqueductal gray matter; BRF, brainstem reticular formation; SNr, substantia nigra pars reticulata; MGN, medial geniculate body; DH, dorsal hippocampus; AMG,

amygdaloid complex (basolateral amygdala nucleus, BLA). Red arrows represent inhibitory projections, blue arrows represent excitatory projections.

et al., 2016, 2017). In 2018, the United States Food and Drug
Administration (FDA) approved its first Cannabis-derived drug,
the Epidiolex, a highly purified CBD oil solution (Corroon and
Kight, 2018). This compound presents important therapeutic
effect, especially in treatment-resistant epilepsy (Devinsky et al.,
2018; Hausman-Kedem et al., 2018). However, although some
studies have already demonstrated significant effects of Epidiolex
against seizures, longitudinal studies to investigate long-term
efficacy and safety are necessary, especially to assess its effects on
cognitive and hormonal functions after chronic administration
(Sekar and Pack, 2019).

In the basic research, CBD exerts not only anticonvulsant
effects (Gobira et al., 2015; Kaplan et al,, 2017; Klein et al.,
2017; Lazarini-Lopes et al., 2020b), but also presents additional
prominent effects important for epilepsy treatment, such as
neuroprotective (Campos et al., 2016; Do Val-da Silva et al,,

2017) and anti-inflammatory effects (Costa et al., 2004; Esposito
et al., 2011). Because the epilepsies usually are accompanied
by neuropsychiatric comorbidities, it is also important to know
that CBD has antipsychotic, anxiolytic, and antidepressant
effects (Zuardi et al., 1991; Crippa et al, 2011; Linge et al,
2016). As previously reported for pharmacological modulation
of cannabinoid receptors, studies regarding Cannabis-derived
compounds in AS are limited. See Table 1 for main results.

CBD anticonvulsant effects against AS were firstly
demonstrated by Carlini’s research group during the 70%,
in Brazil, when audiogenic susceptible Wistar rats were treated
with CBD and then exposed to high-intensity sound stimulation.
CBD drastically reduced the incidence of AS, decreasing the
expression of wild running followed by tonic-clonic seizures
from 60 to 10% after an acute acoustic stimulation (Carlini et al.,
1973). Using audiogenic susceptible rats, Consroe and Wolkin
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TABLE 1 | Effects of cannabinoids modulation and Cannabis-derived compounds in audiogenic seizures.

References Subjects Treatment/manipulation Results
Carlini et al. (1973) Male mice CBD (10, 50, and 200 mg/kg; i.p.), Reduced wild running and tonic-clonic seizures
Male rats CBD (25 mg/kg; i.p.)

Boggan et al. (1973)

Consroe and Wolkin (1977)
Consroe et al. (1981)

Samineni et al. (2011)
Vinogradova et al. (2011)
Busquets-Garcia et al. (2013)
Hill et al. (2012)

Hill et al. (2013)

Vinogradova and Van Rijn

(2015)
Citraro et al. (2016)

Gu et al. (2019)

Santos et al. (2020)

Lazarini-Lopes et al. (2020a)

C57BL/6 mice submitted to
AS priming

Adult male rats

Adult male rats

Male and Female GEPR-9s
Wistar rats susceptible to AS
Fmri—/y mice: Fragile X
Syndrome model

DBA/2 mice

DBA/2 mice

Adult male KMs

DBA/2 mice

Angelman Syndrome mice
susceptible to AS

Male GEPR-3s

Male WARs

THC (2.5, 5, and 10 mg/kg; i.p.)

CBD (17 mg/kg; orally)
CBD (82.4 mg/kg; i.p.),
CBD (14.9 mg/kg; i.v.)

AM 251 (50, 100, and 200 pmol;
intra-ventrolateral PAG; bilateral)

SR 141716 (30 mg/kg; i.p.)

SR 141716 (1 mg/kg; i.p.)
AM 630 (1 mg/kg; i.p.)
CBDV (50, 100, and 200 mg/kg; i.p.)

Cannabis-derived compounds rich in CBD
+ CBDV (Several doses)

WIN 55,212-2 (4 mg/kg; s.c.)

Cannabinoid agonists:
N-palmitoylethanolamine (5-40 mg/kg; i.p.),
Arachidonyl-2-chloroethylamide (0.5-30
mg/kg; i.p.),

WIN 55,212-2 (2.5-60 mg/kg; i.p.)

CBD (10, 20, 50, and 100 mg/kg; i.p.)

WIN 55,212-2 (1, 1.5, 2 mg/kg; i.p.),
CP 55940 (26.5 nmol; intra-DLSC, bilateral)

Characterization of CB1R expression after
acute and chronic AS

Reduced wild running, tonic, and clonic seizure

Reduced tonic-clonic seizures
Reduced AS frequency

Decreased post-ictal analgesia (AS was not assessed)

Facilitated AS in resistant animals; increased AS
duration; facilitated limbic seizure expression

Attenuated AS and anxiety-like behavior

Reduced tonic seizures; Reduced mortality; increased
the number of seizure-free animals

Reduced wild running, tonic, and clonic seizures

Increased the latency to post-tonic clonus behaviors

All drugs attenuated AS. Anticonvulsant effects were
antagonized by NIDA-41020 (0.5-2 mg/kg; i.p.), a
CB1R antagonist.

Attenuated wild running and tonic-clonic seizures. More
than 80% of mice were seizure-free with CBD 100
mg/kg

Systemic and intra-DLSC CB1R activation attenuated
AS severity; Systemic effect was not modified by
intra-DLSC CB1R antagonist

Increased CB1R in the hippocampus of WAR (WAR x
Wistar); Acute and chronic AS increased CB1R in
amygdala and hippocampus of WARs

(1977), evaluated CBD effects in a great variety of epileptic
seizure models, including AS. After three consecutive screenings
for AS to confirm seizure susceptibility, CBD treatment was
capable of preventing AS in a posterior stimulus. Moreover,
the same research group showed that not only CBD, but also
its analogs, prevented AS in 70% of animals after intravenous
administration (Consroe et al., 1981). However, these studies did
not discuss additional information regarding behavioral seizure
profile or brain sites associated with CBD effects.
Cannabidivarin (CBDV), a CBD analog, presented dose-
dependent protective effects against AS in DBA/2 mice, reducing
the percentage of animals that developed tonic seizures, dropping
to zero the mortality, and increasing the number of animals
seizure-free (Hill et al., 2012). Similarly, Cannabis-derived
botanical drug compounds rich in CBD were capable of reducing
clonic seizures, and the co-administration of CBD and CBDV
had synergic effects against generalized AS in DBA/2 mice,
reducing wild running and clonic behaviors and blocking tonic
seizures. This result is particularly interesting because although
the authors confirmed CBD protective effects against AS, CBD

anticonvulsant effects were independent of CB1R mechanisms
(Hill et al,, 2013). Gu et al. (2019) investigated CBD effects
against AS in an animal model of Angelman Syndrome. In this
model, mice are susceptible to AS, expressing wild running and
tonic-clonic behaviors in response to intense sound stimulation
(125 dB). CBD pretreatment presented dose-response effect,
attenuating seizure expression, blocking tonic-clonic behaviors,
and preventing seizure behaviors in more than 80% of Angelman
Syndrome-mice tested (Gu et al, 2019). Furthermore, (-)
A’-tetrahydrocannabinol (THC) protect animals against AS.
Authors observed a dose-dependent effect of THC, attenuating
wild running, tonic, and clonic seizures (Boggan et al., 1973).
The current data about Cannabis-derived compounds on AS,
especially CBD, CBDV, and THC, are convergent, suggesting
attenuation of wild running and tonic-clonic behaviors in acute
AS. Nevertheless, cannabinoids in the context of chronic AS still
need to be explored. Chronic seizure protocols, like the AukK,
allow the study of drugs with anticonvulsant effects and potential
antiepileptogenic effects associated with seizures progression
during the chronic protocol (Simonato et al., 2014). Therefore,
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exploration of this research field using audiogenic strains could
bring important information, especially regarding cannabinoids
and the epileptogenic process.

CONCLUSION AND FUTURE
PERSPECTIVES

Although with some paradoxical puzzling data, AS susceptibility
in several of the mentioned networks converge to a more
hyperexcitable brainstem state, either by an increase in
glutamatergic neurotransmission or by a decrease in GABAergic
signaling. Intra-collicular circuits receive and integrate
information and send projections to extra-collicular afferent and
efferent pathways and excessive excitatory activity into IC, SC,
PAG, and BRF seems to be related with AS expression. On the
other hand, GABA signaling into SNr is believed to be part of an
endogenous anticonvulsant system that seems to be modulated
by the ES, especially by CBIR, which could be an important clue
to explain the neuronal basis of cannabinoids effects in AS.

Genetic strains used to study AS present advantages over
chemical models, such as pilocarpine- and kainic acid-induced
Status Epilepticus, where extended lesions are displayed by the
animals (Leite et al., 2002; Castro et al., 2011; Furtado et al.,
2011), but the neuroplasticity in AS is not accompanied by
huge structural abnormalities (Galvis-Alonso et al., 2004). Other
important characteristic of genetic models of AS is the absence
of possible pharmacological interaction between cannabinoids
and convulsant drugs. The AS model does not require previous
invasive protocols for seizure induction (i.e., stereotaxic surgery
or drug administration) and the trigger is an external high
intensity stimulus directly controlled by the researcher. Because
of these advantages, audiogenic strains seem to be interesting
and appropriate approaches for epilepsies studies (Faingold et al.,
2014).

Treatment with CB1R agonists, as well as with Cannabis-
derived compounds, like CBD and CBDYV, presented
anticonvulsant activity against acute AS. The most prominent
effects are associated with tonic behaviors, but wild running
and clonus were also attenuated by these treatments. CBIR
location in brainstem and forebrain structures also supports
ES modulation on AS, especially into the SNr, amygdala,
hippocampus, and cortex, the brain sites with most intense CBIR
expression. Although there is a lack of studies investigating
CBD and ES on chronic seizures in protocols like the AuK, the
current data suggest that this is a prominent research area of
study for epilepsies treatment. Since chronic protocols of AS
allow the study of the epileptogenic process, the AuK could be an
interesting tool to assess the role of the ES and Cannabis-derived
compounds on limbic and forebrain recruitment.

Moreover, CBD anticonvulsant effects are associated with a
great variety of mechanisms of action, such as GPR55, TRPV1,
5-HT A, BK channels, increased GABAergic neurotransmission,
changes in calcium signaling, an indirect modulation of CBIR
(Devinsky et al., 2014; Britch et al., 2020; Lazarini-Lopes
et al., 2020b). In that context, antagonism of TRPV1 receptors
suppressed AS in female GEPR-3s and attenuated seizures in
male GEPR-3s (Cho et al., 2018). Therefore, the exploration of

these mechanisms associated with cannabinoids in audiogenic
strains is an interesting approach that should be further
investigated. Furthermore, recent clinical data indicate that,
regardless of the CBD low affinity for 5-HT1A receptors, at
high concentration, CBD reduced the constitutive activity of
receptors coupled to Gi/o receptors and these effects were
reversed in the presence of 5-HT;, antagonist, suggesting that
CBD canactasa 5-HTy inverse agonist (Martinez-Aguirre et al.,
2020). Therefore, the linking behind CBD anticonvulsant effects
and the serotonergic system, should be further investigated in
audiogenic strains.

Recent data showed that CBD attenuated seizures and restored
the impaired hippocampal GABAergic neurotransmission
observed in an animal model of Dravet-Syndrome (Kaplan
et al, 2017). Likewise, audiogenic susceptible animals from
the WAR strain present reduced GABAergic activity in the
hippocampus (Cunha et al., 2018b) and the evaluation of CBD
effects at GABAergic hippocampal network of WARs and
other audiogenic strains could bring important information
regarding CBD effects on epileptogenic process. Similarly,
characterization of endocannabinoids levels and CBIR
expression and functionality in brainstem and forebrain
networks could help to explain the susceptibility to brainstem
and limbic seizures in audiogenic strains. Data about CBIR
expression in audiogenic susceptible strains are still very limited,
but the current data suggest that endogenous alterations in
CBIR could be related with seizure susceptibility, corroborating
clinical data. Moreover, chronic alcohol exposure impairs CB1R
functionality in the basolateral amygdala nucleus, which in
turn, affects GABAergic signaling in this structure (Varodayan
et al,, 2016). Therefore, it should be an interesting approach to
investigate changes in endocannabinoids levels and functionality
in AS induced by ethanol withdrawal.

Finally, CBD presents different physiological and
pharmacological mechanisms of action associated with its
anticonvulsant effects and improvement of epilepsy-related
neuropsychiatric comorbidities in basic and clinical research
(Bergamaschi et al., 2011; Devinsky et al., 2014; Campos et al.,
2017; Patra et al., 2020). Anxiety- and depressive-like behaviors
are associated with genetic predisposition to seizure in strains
like WAR, GEPR, KM, and audiogenic-susceptible WAG/Rij
rats (Sarkisova and Kulikov, 2006; Castro et al., 2017; Sarkisova
et al., 2017; Aguilar et al., 2018). However, the assessment of
cannabinoids in epilepsy related comorbidities is an under-
explored research field. Therefore, the ES in brainstem and
limbic structures should be investigated not only in seizure
susceptibility and expression, but also in neuropsychiatric
comorbidities related to epilepsies.
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Functional Connectivity Derived From
Electroencephalogram in
Pharmacoresistant Epileptic
Encephalopathy Using Cannabidiol
as Adjunctive Antiepileptic Therapy

Lilia Maria Morales Chacén'*, Lidice Galan Garcia?, Sheyla Berrillo Batista’,
Judith Gonzélez Gonzéalez! and Abel Sanchez Coroneaux’

"Department of Clinical Neurophysiology/Video EEG Unit, International Center for Neurological Restoration, Havana, Cuba,
2Department of Neuroinformatics, Cuban Neuroscience Center, La Habana, Cuba

To explore brain function using functional connectivity and network topology
derived from electroencephalogram (EEG) in patients with pharmacoresistant epileptic
encephalopathy with cannabidiol as adjunctive antiepileptic treatment. Sixteen epileptic
patients participated in the study, six of whom had epileptic encephalopathy with a
stable dose of cannabidiol Epidiolex (CBD) as adjunctive therapy. Functional connectivity
derived from EEG was analyzed based on the synchronization likelihood (SL). The
analysis also included reconstructing graph-theoretic measures from the synchronization
matrix. Comparison of functional connectivity data between each pathological group
with the control group was carried out using a nonparametric permutation test applied
to SL values between pairs of electrodes for each frequency band. To compare the
association patterns between graph-theoretical properties of each pathological group
with the control group, Z Crawford was calculated as a measure of distance. There
were differences between pairs of electrodes in all frequency bands evaluated in
encephalopathy epileptic patients with CBD adjunctive therapy compared with the
control (p < 0.05, permutation test). In the epileptic encephalopathy group without
CBD therapy, the SL values were higher than in the control group for the beta,
theta, and delta EEG frequency bands, and lower for the alpha frequency band.
Interestingly, patients who had CBD as adjunctive therapy demonstrated greater
synchronization for all frequency bands, showing less spatial distribution for alpha
frequency compared with the control. When comparing both epileptic groups, those
patients who had adjunctive CBD treatment also showed increased synchronization
for all frequency bands. In epileptic encephalopathy with adjunctive CBD therapy,
the pattern of differences for graph-theoretical measures according to Z Crawford
indicated less segregation and greater integration suggesting a trend towards the
random organization of the network principally for alpha and beta EEG bands.
This exploratory study revealed a tendency to an overconnectivity with a random
network topology mainly for fast EEG bands in epileptic encephalopathy patients using
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CBD adjunctive therapy. It can therefore be assumed that the CBD treatment could
be related to inhibition of the transition of the interictal to ictal state and/or to the
improvement of EEG organization and brain function.

Keywords: epileptic encephalopathy, cannabidiol, functional connectivity, electroencephalogram, graph theory

INTRODUCTION

There is little doubt about the therapeutic results of compounds
derived from the cannabis Sativa plant in different medical
conditions including epilepsy. Respecting pharmacoresistant
epilepsies, arguments are based, among others, upon data about
the importance of the endocannabinoid system in the onset
and generation of seizures (Ludanyi et al., 2008; Romigi et al.,
2010; Goffin et al., 2011; Vaessen et al.,, 2012) together with
multiple case reports indicating the anti-crisis effect of cannabis
in patients with epilepsy (Consroe et al., 1975; Gordon and
Devinsky, 2001; Mortati et al,, 2007). Documentation from
observational studies and randomized double-blind placebo-
controlled trials (RCT) over the last decade point to the
benefit in the treatment of seizures focusing on two epileptic
encephalopathy conditions such as Dravet syndrome and
Lennox-Gastaut Syndrome (LGS; Devinsky et al., 2016, 2017,
2018; Hausman-Kedem et al., 2018; Lattanzi et al., 2018, 2019).

Although studies suggest an overall positive effect on seizure
control, little is known regarding the impact of cannabidiol
(CBD) on electroencephalogram (EEG). Less proof exists to
support the positive effects of cannabis on interictal epileptic
activity in EEG (Hegde et al., 2012; McCoy et al., 2018) as the
latest published research has not discussed in much detail EEG
in patients using CBD.

On the other hand, the impact of cannabis on the
brain of people with epilepsy using structural and functional
neuroimaging have been poorly addressed, and have shown
different patterns of alterations in structure and brain function
at rest or while performing a cognitive task (Allendorfer
and Szaflarski, 2017; Allendorfer et al., 2019). Some research
findings have shown that interictal functional networks in
epilepsy subjects may be characterized by increased connectivity
(Douw et al., 2010a; Horstmann et al., 2010; Bartolomei et al.,
2013, 2017; Clemens et al, 2013). Though the literature on
interictal network topology using graph theory of epileptic
patients is inconclusive, there is increasing empirical evidence
for the hypothesis that changes in brain network topology
might play a crucial role in epilepsy. There are also studies
indicating that functional brain networks in epileptic patients
differ from those of healthy subjects during the interictal stage.
Furthermore, EEG networks analysis can be used to monitor
the success of both pharmacological and non-pharmacological
treatment (Clemens et al, 2014; Haneef and Chen, 2014)
in pharmacoresistant epilepsy patients (Fraschini et al., 2014;
Liang et al., 2018).

Given the growing interest in the use of CBD for pediatric
pharmacoresistant epilepsy populations, it is therefore important
to evaluate brain function in these patients. Considering
that the EEG is an accurate cost-effective measure of both

epileptic activity and of brain function, this article aims
to explore functional connectivity and network topology
derived from EEG in patients with pharmacoresistant
epileptic encephalopathy using cannabidiol as adjunctive
antiepileptic treatment.

MATERIALS AND METHODS

A total of 16 epilepsy patients participated in the study.
Ten with epileptic encephalopathy, and six with epileptic
encephalopathy using a stable dose of 25-50 mg/kg/day of
cannabidiol Epidiolex as adjunctive therapy for 6-12 months. All
patients had confirmed pharmacoresistant epilepsy failing at least
three different anti-epileptic drugs (AEDs), along with an average
of a minimum of four countable seizures per month. Age, gender,
seizure duration, and number of AEDs were similar between
both epileptic groups. The most frequent AEDs received in both
groups were valproate and levetiracetam followed by clobazam.
The use of clobazam was 50% in epileptic patients using CBD
and 40% in non-used CBD p = 0.70 (the difference between
two proportions). A healthy control group matched for age and
gender was also studied, as shown in Table 1.

Subjects were evaluated consecutively in the Video-EEG
telemetry Unit of the International Center for Neurological
Restoration, Havana, Cuba during 2018-2019. Diagnosis and
classification of seizures and epilepsy were made using the
2017 ILAE Seizure Classification (Scheffer et al, 2017).
Furthermore, a detailed electroclinical, neuroimmunological,
as well as neuropsychological evaluation, was performed in
all patients.

EEG Acquisition and Analyses

Scalp EEG signals were recorded using the 10-20 international
standard montage with a sampling frequency of 200 Hz.
Additional extracranial electrodes were also utilized to gather
EEG records from patients and controls. The reference electrode
was positioned at FCz (an electrode placed between Fpz and Cz)
and the ground electrode was located in Fpz.

EEG data acquisition was performed with a Medicaid-5 digital
EEG system (Neuronic SA, Cuba), with 32 channels, a 256 Hz
sampling rate, and a 16-bit analog-to-digital converter. Electrode
Impedance was kept below 5 k€2, and filters were set at 0.5 and
30 Hz with a 60 Hz notch filter. Hence, successive analyses were
carried out only for delta, theta, alpha, and beta frequency bands.

During the eyes-closed resting state, EEG was recorded
for at least 30 min. In the current study, a minimum 12 h-
seizure-free period was assured. Also, special attention was
given to keep the subjects awake with their eyes closed while
recording. EEG segments with artifacts and drowsiness were
excluded from the analyses in all evaluated groups. Further, EEG
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TABLE 1 | Demographic and clinical data.

Variables Epileptic encephalopathy Epileptic encephalopathy Control healthy group p-value
with CBDN =6 without CBD N = 10
Age* 13.6 £ 7.1 (6-23) 10.6 £ 3.2 (7-16) 15.37 £ 5.20 (9-24) p =0.32*
xé) =2.26
Gender F=2 F=2 F=5
M=4 M=8 M=5
Concomitant AED* 31+14(2-53 2.74+0.6(2-4)4 p =0.88"* U =31

using Clobazan
6.4+4.2
(4 month—11 years)

Age at seizure onset* 4.2+ 31

using Clobazan

(1 day-11 years)

Z adjusted = 0.21
p=033*U=135
Z adjusted = 0.95

Epilepsy duration* 6.4 + 4.6 (2-15 years) 6.6 + 2.6 (2-11) p=043*U=18
Z adjusted = —0.78

Seizure frequency/month 15 Sz/day to 100 Sz/ day 8 Sz/day to 50 Sz/day
Epilepsy type LGS: 3 LGS: 3

RE:1 RE:1

HIE: 2 HIE: 2
Epilepsy S=5 S=4
Etiology u=1 /=3

U=3

*(mean + SD) and range. AED, antiepileptic drugs, F, female; M, male; Sz, seizures; S, structural; U, unknown; I, infection; LGS, Lennox-Gastaut syndrome; RE, Rassmussen
encephalitis; IHE, isquemic hipoxic encephalopathy; *Chi square x2, **Mann-whitney U* (mean + SD) and range.

interpretation and analyses were done by two board-certified
electroencephalographers (LM and SB).

Functional Brain Connectivity Based on
EEG

Functional connectivity was evaluated based on the
synchronization likelihood (SL). Considering two EEG signals
from different electrodes scalp locations as two simultaneously
recorded time series E1 and E2, SL is defined as the conditional
likelihood that E2 is in the same state at two different time points
i and j given that E1 is in the same state at the same two times.
Therefore SL denotes how well E1 and E2 are synchronized
(coupled). SL values range between 1 (full synchronization) and
values near 0 (low coupling or desynchronization. The values
of the parameters used to estimate the SL were [, = 10, m =2
(embedding dimension), wl = L % m = 20 (Theiler correction for
autocorrelation effects and should be at least of the order of the
autocorrelation time; Theiler, 1986), w2 = Nt — wl — 50 = 512
— 20 — 50 = 442 (is a window that sharpens the time resolution
of the synchronization measure, and Nt = 512 time points
or samples (maximum number of recurrences), Pref = 0.05
(preference probability). A full technical explanation of this
measure and its features are presented in Stam et al. (2002).

In-house scripts developed at the Cuban Center for
Neuroscience according to Stam et al. (2002) were used to
compute the SL measure. SL computation was preceded by
EEG raw signal filtering at different frequency bands [delta, 8
(1-3.9 Hz), theta, 6 (4-7.9 Hz) alpha, o (8-12.9 Hz), beta,
(13-29.9 Hz)].

For each subject, an SL functional matrix (C) of Ne x Ne
(19 x 19)—where Ne is the electrode number—was obtained
for each frequency-band and all time-windows. The resulting
SL matrices were averaged across all epochs in each participant.
Each element Cij of C matrix is the functional synchronization
between EEG sensors “i” and “j” at a specific frequency band. The

matrix C is symmetric, meaning that Cij = Cji, self-connections
Cii were excluded, implying zeros in the diagonal of this
symmetric matrix. Thus, we have Ne * (Ne — 1)/2 = 19 %
18/2 = 171 different functional SL values in C.

The analysis included:

e Reconstructing graph-theoretic measures.
e Calculating clustering coefficient.
e Calculating efficient measures (path length, global Efficiency).

Graph-Theoretic Measures
Graph theoretical properties were reconstructed from the
synchronization matrix and characterized by clustering
coefficient (local connectedness measure), and the shortest
path length (overall network integration measure). Likewise,
global and local efficiency, as well as global connectivity,
were evaluated.

The representation of the statistical association between
distinct nodes was calculated using the following measures:

Clustering Coefficient

A cluster in a graph has come to be used to refer to a
highly interconnected group of nodes. The fraction of existing
edges between nodes adjacent to node i, over the maximum
potential number of such edges, is known as the clustering
coefficient Ci of a node i (Watts and Strogatz, 1998). Thus,
the clustering coefficient of the network C refers to the mean
clustering coefficient among all network nodes. Further, a
weighted clustering coefficient was used (Onnela et al., 2005) to
measure network functional segregation.

Path Length

Path length can be described as the average shortest path length
over all pairs of nodes in the network and is a measure of
how efficient the information flow through the network is
(Christodoulakis et al., 2014). The characteristic path length
is well-delineated exclusively for connected pairs of nodes. To
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overcome this constraint, efficiency between a pair of nodes was
defined as the inverse of the shortest distance between the nodes
(Latora and Marchiori, 2001). The characteristic path length was
also used to measure network functional integration.

The average shortest path length between all pairs of nodes
in the network is defined as the characteristic path length of the
network and is the most frequently used measure of functional
integration (Watts and Strogatz, 1998).

Global Efficiency

Global efficiency is generally understood to mean a measure of
functional integration and is the inverse of the mean shortest path
length between each pair of nodes. It can be defined as the average
efficiency over all pairs of nodes. Global and local efficiency
can mirror the level of global and local information transfer of
a graph, and are directly and effectively utilized to gauge the
performance of a network (Latora and Marchiori, 2001).

Statistical Analysis

A thorough comparison of functional connectivity data between
each pathological group with the control group was carried out
using a nonparametric permutation test.

In our study, we applied nonparametric permutation to SL
values between pairs of electrodes for each frequency band. As
the variables did not distribute normally (Shapiro-Wilk test,
p < 0.05), the mean SL parameter between groups was compared
using a nonparametric permutation test. The permutation test
has several attractive features: (a) tests are distribution free
controlling the experiment wise error for the simultaneous
univariate comparisons; (b) no assumptions of an underlying
correlation structure are needed; and (c) they offer exact p-values
for any number of subjects, frequency bands and recording sites
as long as the number of permutations is adequately high.

With the purpose of finding dissimilarities between groups in
functional connectivity, we considered the SL parameter in which
p pairs of electrodes and f frequency bands from SL functional
connectivity matrix C were obtained for each subject.

Permutation methodology was based on the phases below:

The statistical difference between the two SL distributions
was tested using permutation techniques. To make a choice
for the global and marginal hypothesis, permutation ¢ statistic
corresponding to univariate hypothesis were combined. The ¢
statistics combined were obtained from: (a) the maximum value
of all the univariate statistics (max t); (b) maximum over the
set of frequency bands for each pair of electrodes (max fy); (c)
maximum over the set of pairs of electrodes at a particular
frequency band (max t;).

In all cases, the use of t-max statistic distribution for each
marginal hypothesis allowed precise significance thresholds
corrected for the multiple comparisons along the dimension in
which the maximum was taken. The procedure consists of the
following stages:

Stage 1 Random permutation of the observations (SL)
between the groups for 10,000 times. In each repetition, max t,
max f; and max f were calculated.

Stage 2 Estimation of the empirical null distribution for the
statistics calculated in the preceding stage.

Stage 3 Calculation of the p-value for the t-max statistics of
the empirical null distribution.

Stage 4 Rejection of the null hypothesis (controlling the Type
I error) for those t-max statistics of the original sample above
the significance thresholds (i.e., p-value <0.05; Galan et al., 1997;
Herrera-Diaz et al., 2016).

The effect size was computed using the Cohen’ d standardized
measure (Cohen, 1988). The maximum effect size was calculated
for an average over all channels.

According to Sawilowsky as a rule of thumb, this can be
interpreted as follows: 0.5 as a “medium” effect, 0.8 as “large”,
and 1.2 as “very large” (Sawilowsky, 2009).

Consequently, important connectivity (p < 0.05) in each
frequency band was denoted on an X/Y coordinate based on the
10/20 system for each group individually. Further, results per
group were represented over the scalp.

To compare the association patterns between graph-
theoretical properties of each pathological group with the control
group, z Crawford was calculated as a measure of distance.

The z-score that allows treating of the control sample statistics
as sample statistics was described by Crawford and Howell
(1998). The formula used by Crawford and Howell’s approach
for a modified ¢-test is:

t =

Yo M

where X* is the patient’s score, X and S represent the mean and
standard deviation of scores in the control sample, and n specifies
the control sample size. The p-value obtained when the test is
used tests significance, but it also indicates a point estimation of
the abnormality of the patient’s score. Crawford and Howell’s
procedure tests the null theory that a single patient does not
belong to a control population. Also, Bonferroni’s correction
was used to control the Family-wise Error Rate (FWER), which
is the probability of having at least one false positive among
the whole set of hypotheses considered as an alternative at the
desired level «. In this work o =0.05 was used (Bonferroni’s
correction = 0.0025).

RESULTS

EEG Functional Connectivity

Functional connectivity based on the SL results indicated
important differences (p < 0.05, permutation test), between pairs
of electrodes in both groups of epileptic patients compared to
the control. Figure 1 presents pairs of electrodes with significant
SL values (p < 0.05) and effect sizes between groups in beta,
alpha, theta, and delta bands. Differences were distributed over
the whole scalp showing strong and meaningful electrode SL
couplings across all distances. It can be observed from Figure 1A,
that SL was higher in patients with epileptic encephalopathy
without CBD than in the control group for beta, theta, and
delta EEG frequency bands. However, the SL for the alpha
frequency band was lower in relation to the control group.
Significant differences p < 0.05, with medium and large effect
sizes, were seen for beta (Cohen’ d = 0.5820) and alpha (Cohen’
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FIGURE 1 | lllustrates pairs of electrodes with significant differences in synchronization likelihood (SL) values between patients and controls in beta, alpha, theta,
and delta bands (patients > controls). The colored bar indicates the range of p values, in red representing 0.022 < p < 0.05, yellow 0.011 < p < 0.22, and blue

p < 0.001. Differences were distributed over the entire scalp showing strong and significant electrodes SL couplings across all distances. Panel (A) shows an
increase of SL in patients with epileptic encephalopathy without cannabidiol Epidiolex (CBD) adjunctive therapy for the beta, theta, and delta frequencies; and a
decrease for alpha frequency compared with the control group. Panel (B) presents an increase of SL in patients with epileptic encephalopathy with CBD adjunctive
therapy compared with the control group for the beta, alpha, theta, and delta frequencies showing less spatial distribution for alpha frequency. Panel (C) indicates
increased synchronization for all frequency bands in patients with epileptic encephalopathy with adjunctive CBD when comparing both patient groups.

B C
EwC Vs EwoutC

d = 1.0388) EEG bands respectively. The effect sizes were small
for slow-wave bands (for delta band Cohen’ d = 0.3975 and theta
band Cohen’ d = 0.3270). As can be seen in Figure 1B, patients
who had epileptic encephalopathy with CBD adjunctive therapy
presented an increase of SL compared with the control group
for the beta, alpha, theta, and delta frequencies, showing less
spatial distribution for alpha frequency. Significant differences

p < 0.05, with medium and large effect sizes, were also seen
for beta (Cohen’ d = 0.4653) and alpha (Cohen’ d = 0.9524)
bands, respectively. As shown in Figure 1C, when comparing
both patient groups, subjects with epileptic encephalopathy with
adjunctive CBD showed increased synchronization for slow
and fast frequency bands. The effect sizes were small for all
EEG except for the delta band (Cohen’ d = 0.4575, which
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was a medium effect. The effect sizes were 0.3148, 0.2319, and
0.2157 for theta, alpha, and beta bands, respectively.

Graph Theory Based on EEG in Epileptic
Encephalopathies With or Without
Adjunctive Cannabidiol Therapy

In patients diagnosed with epileptic encephalopathy without
adjunctive CBD treatment, differences with the control group
were observed for deviations from graph theoretical measures
according to Z Crawford in the alpha, beta, and delta frequency
bands. As shown in Table 2, the difference direction represented
in the mean of the ¢ statistics indicated lower clustering
coefficient and local efficiency, whereas the global efficiency was
greater compared with the control group.

CBD group showed changes only in EEG beta and alpha
frequency bands. The pattern of differences was characterized
by lower clustering coefficient and local efficiency, as well as
by an increase in global efficiency in patients with epileptic
encephalopathy with adjunctive CBD therapy compared with
the control group, which indicated less segregation and greater
integration suggesting a trend towards the random organization
of the network.

Most notably, subjects with adjunct CBD therapy showed
less segregation and greater integration restricted to fast EEG
frequencies (alpha and beta). However, patients with epileptic
encephalopathy without CBD showed the same behavior
concerning segregation and integration for both slow and fast
frequency bands.

Table 2 provides the t-statistics to test differences in
population means between graph theory measures of the
epileptic patient samples and control sample based on the
z individual value for each subject (Crawford’s approach).
Respectively, the p-values indicate the probability for the
differences between patients and controls; thus, providing a point
estimate of the abnormality of the patient’s difference. Note that
the variables with significant differences exhibited considerable
deviations just in alpha and beta estimations of connectivity
parameters in the CBD group. The non-CBD group also revealed
anomalies in delta and theta parameters.

DISCUSSION

This study indicated functional brain network differences
between epileptic encephalopathy using CBD adjunctive therapy
and healthy control. In the epileptic encephalopathy group
without CBD therapy, the difference direction revealed an
increase in the synchronization for beta and theta frequency
bands and a decrease for alpha frequency. However, patients
with epileptic encephalopathy who used adjunctive CBD therapy
showed greater synchronization during the interictal state for
all EEG frequency bands than the control group, including
alpha EEG band but with the lesser spatial distribution.
The most consistent results were obtained for fast EEG
frequency bands. A trend towards the random organization
of the network (less segregation and greater integration) was
also observed principally for fast EEG bands in the CBD

epilepsy group.

There has been renewed academic interest in CBD therapy,
in particular concerning the modulation of cortical excitability
through the human endocannabinoid system. Several authors
have revealed that increased connectivity is generally seen as
a feature strongly related to interictal functional networks in
epilepsy patients (Bartolomei et al., 2006, 2013; Bettus et al., 2008;
Bosma et al., 2009; Douw et al., 2010a,b; Horstmann et al., 2010;
van Dellen et al., 2012; Clemens et al., 2013).

Even though research on generalized epilepsy, explicitly,
epileptic encephalopathy is very limited in the literature,
our results are in agreement with other findings in genetic
generalized epilepsy, which have shown a general increase
in connectivity manifested in all aspects of network analyses
(Ponten et al., 2009; Niso et al., 2015; Davis et al., 2019). In
this study, an overconnectivity for all bands, except for the alpha
band was also detected in patients with epileptic encephalopathy.
Interestingly, those who used CBD therapy showed higher
connectivity values for all bands including alpha in relation to
those who were not given this therapy. This result could indicate
a propensity for a better organization of brain electrical activity
in these patients with CBD.

According to the literature reviewed so far, no studies
exist on graph theory in epileptic patients using CBD as
adjunctive therapy. More recently, graph theory research has
been progressively used to analyze brain networks in different
structural and functional modalities (Chiang and Haneef, 2014;
Pedersen et al., 2015). It is important to notice that functional
and structural connectivity clarifies not only that but also the
extent to which different brain zones are connected whereas
network analysis using graph theory provides a framework
to characterize the topological organization of functional and
structural networks.

The most common parameters utilized in neuronal network
analyses using graph theory are the clustering coefficient and the
characteristic path length. In this study, five global metrics were
used to find a pattern with decreased clustering and increased
global efficiency. The clustering coefficient allowed to define
the local segregation property of the network, and it was used
to assess the network capability to share specialized data while
the path length and global efficiency were used to evaluate
the capacity of the network as a whole for inner-exchange
information. A short path length, a low clustering, and a high
global efficiency/local efficiency generally represent a small-
world topology of the network and characterizes an optimal
organization for communication efficiency (Watts and Strogatz,
1998; Rubinov et al., 2009).

In the present study, the graph metric analysis indicated
a lower clustering coefficient in patients with epileptic
encephalopathy observed for the alpha, beta, and delta frequency
bands compared with the control group while in epileptic
encephalopathy patients with CBD treatment this organizational
pattern was only observed in the EEG fast frequency bands
(alpha and beta).

This study produced results that are partially in line with
those of other studies in people diagnosed with generalized
epilepsy (Ponten et al., 2009; Niso et al., 2015; Davis et al,
2019). In Davis PE, study graphs metric analysis indicates that
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TABLE 2 | Statistical differences (t-test) between graph theory measures of encephalopathy epileptic patients and healthy control sample based on the z individual value

for each subject (Crawford’s approach).

Variables

Epileptic encephalopathy CBD

Epileptic encephalopathy

group non-CBD group
Mean t-values Statistics t p-values Mean t-values Statistics t p-values
(Ho: 1 = 0; df = 4) (Ho: = 0;df =9)
Zcrawf-alpha clustering coefficient 4.00666 39.2971 0.000003 3.89590 8.6396 0.000006
Zcrawf-alpha path length —1.12285 —4.9992 0.007494 —0.77795 —2.1810 0.054155
Zcrawf-alpha local efficiency 2.37207 22,1325 0.000025 247784 9.9902 0.000002
Zcrawf-alpha global efficiency —2.59997 —16.0846 0.000087 —2.18080 —4.9629 0.000568
Zcrawf-alpha global connectivity 2.10682 22.6609 0.000022 1.72589 3.5383 0.005372
Zcrawf-beta clustering coefficient 1.08159 71742 0.001999 1.12795 9.6618 0.000002
Zcrawf-beta path length 0.13658 0.3684 0.731220 —0.63661 —5.0179 0.000523
Zcrawf-beta local efficiency 1.01745 6.9961 0.002197 0.98809 7.6680 0.000017
Zcrawf-beta global efficiency —0.92687 —-3.7821 0.019401 —1.29772 —24.4297 0.000000
Zcrawf-beta global connectivity 0.80529 3.1561 0.034313 0.90388 8.4076 0.000008
Zcrawf-theta clustering coefficient 0.39281 1.2676 0.273723 0.60178 3.2018 0.009463
Zcrawf-theta path length 1.20714 1.3802 0.239653 0.61625 1.4476 0.178346
Zcrawf-theta local efficiency 0.35845 1.0206 0.365166 0.53129 2.9284 0.015082
Zcrawf-theta global efficiency 0.00361 0.0092 0.993087 —0.33069 —1.1628 0.271918
Zcrawf-theta global connectivy 0.10068 0.3605 0.736678 0.45641 2.0628 0.066078
Zcrawf-delta clustering coefficient 0.82996 2.4170 0.072998 1.32238 15.6306 0.000000
Zcrawf-delta path length 0.76263 0.9942 0.376411 —0.94920 —3.3923 0.006859
Zcrawf-delta local efficiency 0.92826 2.5494 0.063346 1.33682 14.2008 0.000000
Zcrawf-delta global efficiency —0.25476 —0.5400 0.617864 —1.17919 —10.1736 0.000001
Zcrawf-delta global connectivity —0.39847 —1.0362 0.358629 0.47550 4.3368 0.001474

children who developed epileptic spasms presented increased
local and long-range EEG connectivity with less segregation of
graph regions into distinct modules (Davis et al., 2019). Other
authors have demonstrated, using surface EEG and MEG during
generalized absence seizures, a potential association between a
more regular network topology and seizure generation (Ponten
et al., 2009; Gupta et al., 2011). A significant finding to emerge
from this study is that the random network topology, principally
for fast EEG frequency in patients using CBD, may represent an
inhibition mechanism for the conversion of the interictal state
to seizure.

Although there has been little agreement on whether
traditional frequency bands are certainly fixed entities, each
frequency band has been associated with different cognitive
functions (Younus et al, 2018). Interpreting frequency-
dependent network changes in epilepsy provides valuable
information. Consequently, it has been argued that higher
(10-13 Hz) and lower (8-10 Hz) alpha frequency band are
involved in different cerebral processes (Klimesch, 1999;
Uhlhaas and Singer, 2006). In this study, both SL and graphs
metric analysis indicated that network analyses for all EEG
frequency bands in epileptic encephalopathy patients with CBD
were different compared with the control and with epileptic
patients without CBD.

EEG connectivity in both epileptic groups showed greater
synchronization and a trend towards the random organization
of the network in contrasting ways with a dependent frequency
pattern indicating the foremost variations for the high-frequency
bands in patients using CBD. The similarity in the behavior of the
epileptic groups accords with earlier observations in generalized
epilepsy. The connectivity pattern observed in this study could
be associated with the slowing of EEG activity in epileptic

encephalopathy which is often related to brain dysfunction as
well as to the side effects and neurotoxicity of many AED (Ponten
et al., 2009; Niso et al., 2015; Davis et al., 2019) whereas the
results in SL and graphs metric analysis, specifically for fast EEG
band in epileptic patients treated with CBD could allude to an
improvement in both EEG activity and connectivity pattern.

Some studies have suggested that low and high-frequency
bands reflect different aspects of information processing. Large-
scale integration is primarily processed in the lower frequencies
while local activity evolves in higher frequency bands (von Stein
and Sarnthein, 2000; Koenig et al., 2005).

The findings observed in this study in encephalopathy
patients with CBD mirror those of Niso’s study in generalized
epilepsy subjects in which epileptic encephalopathy patients with
CBD adjunctive therapy showed greater efficiency and lower
eccentricity than the control group for the high-frequency bands
using magnetoencephalographic evaluation (Niso et al., 2015).

There is also evidence that augmentation in regularity has
a distinguishing frequency pattern depending on the type of
epilepsy, which can move from high-frequency bands in cases
of generalized epilepsy to the low-frequency theta band in focal
epilepsy patients (Chavez et al., 2010; Horstmann et al., 2010;
Bartolomei et al., 2013).

However, more research needs to be undertaken to better
recognize what the results obtained in different frequency bands
mean. It can therefore be assumed that the CBD treatment could
be related to inhibition of the transition of the interictal to
ictal state and/or to the improvement of EEG organization and
brain function.

Due to the lack of publications describing anti-epileptic drug
effects, findings of graph-theoretic analyses in epilepsy have been
insufficient (Horstmann et al., 2010; Chiang and Haneef, 2014).
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Graph theory has the added advantage of being particularly
sensitive to variations in brain network structure (Bullmore and
Bassett, 2011). Equally, it could provide a valuable methodology
for examining the influence of antiepileptic drugs and medical
cannabis on brain networks.

Although the current study is based on a small sample of
participants, the findings open a window for the potential use
of EEG network analytical approach to be used in clinical
practice to assess the effect of CBD as adjunctive therapy to treat
pharmacoresistant epileptic encephalopathies.
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The endocannabinoid system modulates epileptic seizures by regulating neuronal
excitability. It has become clear that agonist activation of central type | cannabinoid
receptors (CB1R) reduces epileptogenesis in pre-clinical animal models of epilepsy.
The audiogenic seizure-prone hamster GASH/Sal is a reliable experimental model of
generalized tonic-clonic seizures in response to intense sound stimulation. However,
no studies hitherto had investigated CB1R in the GASH/Sal. Although the distribution
of CB1R has been extensively studied in mammalian brains, their distribution in the
Syrian golden hamster brain also remains unknown. The objective of this research is to
determine by immunohistochemistry the differential distribution of CB1R in the brains of
GASH/Sal animals under seizure-free conditions, by comparing the results with wild-type
Syrian hamsters as controls. CB1R in the GASH/Sal showed a wide distribution in
many nuclei of the central nervous system. These patterns of CB1R-immunolabeling
are practically identical between the GASH/Sal model and control animals, varying in the
intensity of immunostaining in certain regions, being slightly weaker in the GASH/Sal than
in the control, mainly in brain regions associated with epileptic networks. The RT-gPCR
analysis confirms these results. In summary, our study provides an anatomical basis
for further investigating CB1R in acute and kindling audiogenic seizure protocols in the
GASH/Sal model as well as exploring CB1R activation via exogenously administered
cannabinoid compounds.

Keywords: cannabinoid receptors, GASH/Sal, epilepsy, gene expression, immunohistochemistry

INTRODUCTION

The endocannabinoid system consists of specific cannabinoid receptors, their endogenous ligands
and the enzymatic systems of their biosynthesis and degradation (Svizenska et al., 2008). This
system is widespread in the central nervous system and is involved in the regulation of the
following processes: neurogenesis, memory, appetite, metabolism, stress, emotions, immune
response, anxiety, analgesia, thermoregulation, sleep, perception, motor coordination, behavior,
and reproduction (Chaperon and Thiébot, 1999; Viveros et al., 2005; Fernandez-Ruiz et al., 2007;
Crowe et al., 2014; Hillard, 2014; Soria-Gémez et al., 2014; Gatta-Cherifi and Cota, 2015; Lu and
Potter, 2017; Robertson et al., 2017).
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Endocannabinoids inhibit retrograde release of some
neurotransmitters such as y-aminobutyric acid, glutamate
and serotonin (Pazos et al, 2005), since they regulate the
aperture/closing of ion channels (Childers and Breivogel,
1998; Qian et al, 2017) in both excitatory (glutamatergic)
and inhibitory (GABAergic) synapses (Julian et al., 2003), in
response to an increase in the intracellular Ca** concentration
(Ohno-Shosaku and Kano, 2014; Kendall and Yudowski,
2016). These regulatory effects are primarily mediated by
two G-protein-coupled receptors: cannabinoid receptor type
1 (CBIR) and cannabinoid receptor type 2 (CB2R) (Marcu
and Schechter, 2016; Lu and Potter, 2017). The functions of
endocannabinoids in the central nervous system are carried out
by activation of CBIR, while CB2R plays a much more limited
role. CB1Rs are expressed on presynaptic terminals of neurons
of the central nervous system (Pazos et al., 2005; Kendall and
Yudowski, 2016). However, this does not preclude the existence
of CB1Rs at postsynaptic sites, as functional studies demonstrate
self-inhibition in neocortical neurons by endocannabinoids
(Maroso et al., 2016). In addition, a high proportion of CB1Rs, at
steady state, is localized to somatodendritic endosomes (Thibault
et al., 2013). These receptors are also present in the astrocytes,
oligodendrocytes and in the cerebral vasculature. Specifically,
CB1Rs are highly expressed in brain areas responsible for mood
regulation, motor co-ordination, cognition and pain such as the
hippocampus, olfactory regions, caudate putamen, accumbens
nucleus, substantia nigra, globus pallidus, periaqueductal gray
matter, dorsal horn of the medulla, cingulate gyrus, neocortex,
amygdala, hypothalamus, and solitary nucleus (Tsou et al., 1998;
Svizenskd et al., 2008; Hu and Mackie, 2015).

CB1 and CB2 receptors can be activated by exogenous
cannabinoids,  producing the biological effects of
endocannabinoids. Cannabis plants contain more than
a 100 terpenophenolic compounds that have been called
cannabinoids (Gould, 2015), the two most abundant being
A9-THC (A9-tetrahydrocannabinol) and CBD (cannabidiol).

Currently, there has been growing interest in the use of
exogenous cannabinoid compounds for the treatment of a
variety of neurological diseases, including epilepsy (Sulak et al.,
2017). CBD has been approved in some countries for the
treatment of drug-resistant epileptic syndromes (Dravet and
Lennox-Gastaut Syndromes) (Devinsky et al, 2014; Thiele
et al., 2018). It is estimated that 25-30% of epileptic patients
suffer from intractable seizures that cannot be controlled by
antiepileptic medications (O’Connell et al., 2017) and they often
require invasive treatments such as neurostimulation or surgical
resection (Reddy and Golub, 2016). In addition, the development
of a single drug which could control seizures would reduce
the probability of developing toxic effects (Wilby et al., 2005).
It has been demonstrated that there is a pathophysiological
reorganization of the endocannabinoid system (Blair et al,
2015; Katona, 2015) and an activation of CBIR as a protective
mechanism against excitotoxicity in epileptic patients (Lupica
et al, 2017). Both direct (the use of CBIR agonists) and
indirect approaches (inhibition of endocannabinoid catabolism)
reduce epileptogenesis in animal models (Rosenberg et al.,
2017). Endocannabinoid signaling mediated through presynaptic

CBIR reduces both glutamate and GABA release (Kathmann
et al., 1999; Misner and Sullivan, 1999; Hgjos et al., 2000),
and therefore is a potent regulator of neuronal excitability.
CBIR agonists have been widely studied for anti-seizure effects
across an array of models of seizures; this has been reviewed
extensively elsewhere (Wallace et al., 2001; Skaper and Di Marzo,
2012; Cristino et al., 2020). The study of the endocannabinoid
signaling pathway, its physiological action and distribution are
key for the development of more treatments based on exogenous
cannabinoid compounds.

We therefore set out to study the distribution of the main
brain cannabinoid receptor, CBIR, in the GASH/Sal epilepsy
model under seizure-free conditions, by comparing the results
with wild-type Syrian hamsters, since these elements can become
pharmacological targets for the treatment of epilepsy, where an
alteration of this system is postulated.

MATERIALS AND METHODS

Animals

Fourteen GASH/Sal and 13 male Syrian hamsters 4 months of
age were obtained from the Animal Facility of the University
of Salamanca (USAL, Spain) and Janvier Labs (Le Genest-
Saint-Isle, France), respectively, to be used in this experiment.
Male hamsters were selected in order to remove potentially
confounding hormonal processes intrinsic to female metabolism.
Animals were maintained under normal conditions of lighting
(12h light/dark cycle) and temperature (22 £ 1°C) in an
acoustically controlled environment, and with free access to
water and food.

All the procedures and experimental protocols were
performed in accordance with the guidelines of the European
Community’s Council Directive (2010/63/EU) and approved
by the Bioethics Committee of the University of Salamanca
(approval number 380).

Quantitative Reverse Transcription PCR
(RT-qPCR)

The primers were designed for Mesocricetus auratus. Gene
sequences were obtained from the Ensembl Genome Browser
database (http://www.ensembl.org/index.html) and the primers
were designed aligned in different exons using the Primer3
software (http://bioinfo.ut.ee/primer3-0.4.0/primer3/) (Table 1).
The primers were synthesized by Thermo Fisher Custom Primers
(Invitrogen - Thermo Fisher).

A total of 12 animals (6 control hamsters and 6 GASH/Sal)
were deeply anesthetized by isoflurane inhalation and once
areflexia was verified, were decapitated. Different brain
structures were removed for gene expression studies:
brain stem, cerebellum, inferior colliculus, hippocampus
and cortex. All tissues harvested were put into storage at
—80°C until use. The RT-qPCR approach was identical to
that used previously by our group (e.g., Damasceno et al,
2020; Sanchez-Benito et al., 2020). RNA from samples was
extracted in accordance with the protocol of TRIzol™
Reagent (#15596026, Invitrogen). Total RNA concentration
was quantified using the NanoPhotometer® /spectrophotometer
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TABLE 1 | Primers used for RT-gPCRs.

Gen targetet  ID transcript Ensembl Mesocricetus auratus®

Primer forward

Primer reverse Size of products  E®

Cbir ENSMAUG00000074040
Actb ENSMAUG00000008763

TGTTGACTTCCATGTGTTCCA
AGCCATGTACGTAGCCATCC

GGTCTGGTGACGATCCTCTT 171 1.15
ACCCTCATAGATGGGCACAG 105 2.03

List of primers used for RT-qPCRs, indiicating the location of each primer in the corresponding Ensembl sequences of the Syrian hamster (a). gPCR primer efficiency (E°) was calculated

according to the following equation: E = 10(=1/slope),

(Implen, Munich, Germany), taking into account the absorption
ratios 260/280nm and 260/230nm, and RNA integrity was
checked by electrophoresis in agarose gel (1.5%). Genomic
DNA was degraded using the Ambion™ DNase I (RNase free)
(Thermo Fisher Scientific) following the supplier’s instructions.

Complementary DNA (cDNA) was synthesized from 800 ng
of total RNA using the ImProm-IITM Reverse Transcription
System Kit (Promega Corporation, Madison, SWI, USA). The
relative quantification of the transcripts was performed on ABI
Prism 7000 (Applied Biosystems) using the SYBR Green Master
Mix (#4309155, Applied Biosystems). Initially, a serial dilution
curve was made to verify the efficiency of the primers of the target
and reference genes.

The quantitative reverse transcription real time PCR was
conducted using the SYBER Green method. Each reaction
contained 7 pL of SYBR, 30 ng of total cDNA, 0.8 pL of
each primer (10uM), and MiliQ water free of DNase and
RNase up to 20 pL. The cycling conditions were in accordance
with the protocol of the intercalating agent used. RT-qPCR
experiments were performed in replicates of four to six samples
and conducted in triplicate for the gene product examined, and
p-actin (Actb) was used as a negative control. Following the
removal of outliers (Burns et al., 2005), raw data was used to
determine the PCR amplification efficiency (E). The relative gene
expression value for each transcript was calculated according to
the formula 27(1Ct “condition 1”—1Ct “condition 2”)’ where “condition
17 corresponds to the experimental sample, “condition 2”
corresponds to the sample from the control animal, and 1Ct
of each “condition” is Ct“experimental gene” ~ Ct“endogenous gene”
(Schmittgen and Livak, 2008). The relative mRNA of the groups
was evaluated using an unpaired f-test. The analyses were
performed using GraphPad Prism 7. p < 0.05 was considered
as statistically significant. All quantitative data were expressed
as mean value + standard error of the mean (SEM). Asterisks
indicate significant differences between experimental groups
(*” = p-value < 0.05 “*” = p-value < 0.01; 7 =
p-value < 0.001).

Brain Tissue Processing and

Immunostaining

Brain tissue used for immunohistochemistry (3 control and
4 GASH/Sal hamsters) was processed in accordance with the
routine protocols used in the laboratory (Sanchez-Benito et al.,
2020). Briefly, after injection of a lethal dose of sodium
pentobarbital (60 mgkg™!) and the subsequent perfusion
through the heart with 4% paraformaldehyde in 0.1 M phosphate
buffer saline (PBS), brains were removed from the skull,

cryoprotected by immersion in 30% sucrose, and coronal sections
were cut with a freezing sliding microtome at 40 pm thickness.
Serial sections were collected in PBS and divided into a series of
6 and placed in wells containing 0.1 M-phosphate buffer.

The CBIR was visualized following the indirect method
of immunohistochemical staining described by Sanchez-
Benito et al. (2020). A primary polyclonal antibody anti-CBIR
obtained in rabbit (CB1-Rb-Af380, Frontier Institute, Hokkaido,
Japan) which binds to the C-terminal (NMO007726) of the
mouse protein CBIR was used since there was no primary
antibody Anti-CBIR available specific for GASH/Sal hamster.
Its reactivity in mice was tested by immunoblot following
the manufacturer’s instructions. The CBI protein sequence
corresponding to the c¢nrl gene was retrieved from the
UNIPROT protein database (https://www.uniprot.org/), and
then analyzed using the EBI-Clustal Omega program (http://
www.ebi.ac.uk/Tools/msa/clustalo/)  (Sievers and Higgins,
2018). The sequence is highly conserved between the CBIR
in the hamster and mouse (Supplementary Material 1).
Washes were made in Tris-buffered saline (TBS), pH 7.4 and
dilutions of antisera in TBS containing 0.2% Triton X-100
(# T9284; Sigma).

For light microscopy analysis, free-floating sections were
blocked for 1h with 5% normal goat serum (#S-1000, Vector
Labs.) in TBS-Tx and were incubated with primary antibodies
at 1:250 dilution for 72h at 4°C. Sections were then washed
and followed an incubation with the biotinylated secondary
antibodies, goat anti-rabbit (#BEA-1000, Vector Labs.), at 1:200
dilution for 2h. After removal of secondary antisera, the
visualization of epitope-antibody interactions was developed
with the avidin-biotin peroxidase complex procedure (#PK-4000,
Vectastain, Vector Labs.), and diaminobenzidine histochemistry
for peroxidase (DAB Kit, #SK-4100, Vector Labs.). All sections
were mounted onto slides, (ordered rostro-caudally), dehydrated
and coverslipped with Entellan® Neu (#¥107961, Merck).

To visualize the morphological features of immunostained
cells, we used brain embedded in paraffin wax (2 control and
2 GASH/Sal hamsters) before cutting into coronal sections of
6 wm thickness, according to the protocols routinely used in
our laboratory (Sanchez-Benito et al., 2020). Then, sections
were mounted onto slides and followed the immunohistological
staining procedure to visualize the CBIR protein at optical and
confocal laser scanning microscopes. In order to identify the
possible glial nature of the immunolabeled small cells, a GFAP
marker was used, performing a double fluorescent labeling on the
6 wm brain sections, incubating the horizontally arranged slides
in a humid chamber.
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After deparaffinization and rehydration, endogenous
peroxidase activity was blocked with 2.5% horse serum (#S-
2000-20, Vector Labs.) and incubation with primary antibodies
(rabbit anti CB1R and mouse anti GFAP) was carried out.
Subsequently, the sections were rinsed extensively and reacted
for 30 min with secondary antibody, VectaFluor™ Duet Reagent
[#DK-8818, DyLight® 488 Anti-Rabbit IgG and DyLight® 594
Anti-Mouse IgG cocktail (anti-rabbit Ig in green, anti-mouse
in red)] made in horse. Finally, sections were coverslipped
with VECTASHIELD® mounting medium for preserving
fluorescence, containing the DAPI counterstain (4,6-diamidino-
2-phenylindole, #H-1200, Vector Labs.). Additionally, alternative
sections were counterstained with Nissl stain, dehydrated and
cover slipped with Entellan® Neu, #107961, Merck. A list of the
antibodies used is shown in Table 2.

Immunoblotting

Cerebellum samples corresponding to age- and sex-matched
animals (two GASH/Sal and two control hamsters, males
with 4 months of age) were used to verify that the primary
antibody against CBIR specifically detects its antigen in a
western blot experiment. In Brief, the cerebellum samples were
homogenized with IKA T10 Basic Ultra Turrax homogenizer
(IKA, Germany) in ice-cold RIPA buffer containing protease
inhibitors (Cell Signaling Technologies, USA). Supernatants of
the homogenates were collected after centrifugation at 14,000
rpm (Centrifuge 5417R, Eppendorf, Germany) for 15min,
and the protein concentration was determined using the
Lowry method. The Samples (150 jg) were separated by
gel electrophoresis, using 10% TGX precast gels (Bio-Rad,
United States), and electroblotted onto a PVDF membrane
(Merck, Germany), which was incubated overnight with the
polyclonal antibody anti-CBI1R (dilution 1:1,000) at 4°C. The
membrane was then immunoreacted for 1 h with the HRP-linked
secondary antibody (anti-rabbit IgG) at 1:15,000 dilution (Cell
Signaling Technologies, USA). Finally, the immunoreaction was
visualized with the ImageQuant RT ECL detection system (GE
Healthcare, USA).

Observation and Study of Histological

Samples

Sections were observed using a Leica LB30T microscope
equipped with a digital camera (Olympus DT70). The
photographs were processed with minor modifications in
contrast using Adobe Photoshop CS2. Figures were assembled
using Canvas Draw 2. “A Stereotaxic Atlas of the Golden
Hamster Brain” (Morin and Wood, 2001) was used as a reference
to classify histological sections rostro-caudally arranged. In
all immunohistochemical experiments, omission of primary
antibody resulted in absence of staining of the preparations.
The sections processed for immunofluorescence were studied
on a Leica Stellaris confocal laser coupled to a Leica Zeiss
Axio Observer DMI8 microscope, using the appropriate filters
for DyLight® 594 (red), DyLight® 488 (green) and DAPI
(violet) fluorochromes. These three fluorochromes were detected
sequentially, stack by stack, with the acousto-optical beam
splitter as tunable dichroic filter system, using the laser spectral

lines 488, 594, and 405nm, respectively. The objectives used
were x40 and oil immersion x63/numerical aperture 1.40,
pinhole 1 Airy unit, as well as several electronic zoom factors.
To determine the distribution of the immunolabeled terminals,
series of 10-15 confocal images were obtained to generate a
maximal-intensity z projection of stacks. Colocalization of the
fluorochromes DyLight® 488 and DyLight® 594 within positive
terminals was always verified in the orthogonal view (=xy, xz, yz
planes, for z stacks series). A sequence of 15 serial pictures from
different viewpoints was created to produce a three-dimensional
(3D) animation and the movie document generated from the
image stacks were stored at 30 frames per second as a Windows
Media Video file.

RESULTS

Distribution of CB1 Receptors in the Brain

of GASH/Sal

The antibody wused in a dilution of 1:250 provides
immunoreactivity in the central nervous system of the
Mesocricetus auratus, both in the GASH/Sal line and in Syrian
control hamsters. None of the performed controls yielded false
positives. Significant immunolabeling was observed in numerous
areas of the GASH/Sal brain. Different types of immunolabeling
patterns were distinguished, based on the histology of each area,
as well as differences in the immunostaining intensity (Figure 1).

We found strong and intense CB1R-immunolabeling in the
following brain areas: cerebellum, substantia nigra, motor cortex,
hippocampus, endopiriform nucleus, subtalamic nuclei, globus
pallidus and olfactory bulb. Intense immunoreactivity was also
found in the visual, somatosensory, peripheral, and auditory and
entorhinal cortices. In a more subtle and diffuse way, CB1R-
immunolabeling was found in a high number of brain areas such
as: periaqueductal gray matter, caudate-putamen, solitary tract,
terminal stria, lateral septum, parabrachial nucleus, amygdala,
lateral hypothalamus, arcuate nucleus, cuneiform nucleus, and in
the insular cortex.

In Figures 2A,B, distribution pattern of CB1 receptors in the
brain of GASH/Sal is shown.

Representative images of the CBIR immunoreactivity in the
GASH/Sal are shown in the Figures 3, 4.

In general, CBIR immunostaining were found in brain
microvessels throughout the brain (Figure 5D). Furthermore,
labeling is seen in small cells (asterisk), presumably microglia,
both in the brain stem nuclei (Figure 4D), and in the olfactory
bulb (Figure 4]), cortex and hippocampus (Figure 4M).

In the cerebellum, CB1R-immunostaining was intensively
present in a punctate form that were densely distributed
in the cerebellar cortex, particularly in the cerebellar
granular and Purkinje cell layers (Figures3A, 4A, 5;
Supplemental Materials 3, 4). The neuropil within the granule
cell layer of the cerebellar cortex displayed densely CBIR-
immunolabeled puncta that colabeled with GFAP (Figures 5A,
5B; Supplemental Material 3). CBR1-immunolabeled puncta of
varying size were further densely seen in vicinity of Purkinje cells
(Figures 4A, 5C; Supplemental Materials 3, 4). Interestingly,

Frontiers in Behavioral Neuroscience | www.frontiersin.org

March 2021 | Volume 15 | Article 613798


https://www.frontiersin.org/journals/behavioral-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/behavioral-neuroscience#articles

Fuerte-Hortigén et al.

CB1Rin the GASH/Sal

TABLE 2 | List of antibodies used.

Antigen Primary AB Dilution Reference Secondary AB Dilution Reference Objective

CB1R Rabbit anti CB1R 1/250 CB1-Rb-Af380-Fr Biotinilated goat anti rabbit-Vec 1/200 BEA-1000-Vec Light Microscopy
DyLight® 488anti-rabitt-Vec 1/200 DK-8818-Vec Confocal Microscopy

GFAP mouse anti GFAP 1/2,000 G6171-Sig DyLight® 594anti-mouse-Vec 1/200

Comercials.

Fr- Frontier Institute, Hokkaido, Japdn.
Sig-Sigma-Aldrich, Taufkirchen, Germany.
Vec- Vector Laboratoires, Burlingame, CA, USA.

FIGURE 1 | Different patterns of immunostaining of CB1 receptors in the
hamster GASH/Sal brain. Immunostaining of CB1 receptors in the brain of
GASH/Sal in which a representation of the different staining patterns shown in
coronal sections of different brain areas. (A) Dot-like staining surrounding the
Purkinje cells bodies of the cerebellum; (B) Network of fibers (reticular staining)
in the globus pallidus nucleus; (C) Plexiform staining in the primary motor
cortex; (D) Diffuse staining in the substantia nigra.

the large CBIR-immunolabeled puncta distributed around
the soma and the initial axonal segment of the Purkinje cells
(Figures 4A, 5C; Supplemental Materials 3, 4), giving rise to
an arrangement described as “Pinceaux formation” (Sudrez
et al,, 2008) that were flanked by GFAP-immunolabeled glial
fibers (Figure 5C; Supplemental Materials 3, 4). CB1R- and
GFAP-immunolabeling was also frequently found in the vicinity
of blood vessels of the cerebellar cortex (Figures 5D, 5E).

Nuclei more directly involved in the genesis of seizures, such
as the auditory nuclei (ganglion cells, cochlear nuclei, or the
inferior colliculus) (Figures 4B,C) or the brainstem reticular
formation (data not shown), showed CB1R immunoreactivity as
well. In ganglion cells (Figure 6), CBIR immunoreactivity was
distributed in the cytoplasm. In the cochlear nuclei, most of the
main neurons appear immunostained in all their divisions, being
more intense in the dorsal cochlear nucleus. Interestingly, this
labeling is intracytoplasmic.

In the brainstem, there is slight immunoreactivity, with a
diffuse staining pattern. It should be noted that structures such as
the periaqueductal gray matter presented a slightly more intense
marking than the adjacent inferior colliculus (Figure 3C), in

which diffuse marking continues, although few immunoreactive
neurons are visualized (Figure 4D).

In the substantia nigra pars reticulata (Figure 3D), dense
CBIR immunoreactivity appears as fine dots or puncta
(Figure 4E).

Rostrally, in the cingulate cortex (Cg), intensely stained
plexus of fibers were found in the superficial layer (Figure 3E),
extending to the motor (Mo) and somatosensory (Sm) cortices
and, and the same plexiform staining (Figure 4H) is weaker
in deeper layers. The hippocampus (Figure 3F) is distinctively
immunoreactive in the principle cell layers. In both the CAl,
CA2, and CA3, the stratum pyramidale (s.p.) exhibit the strongest
immunostaining, with the distribution being very similar in all of
them (Figures 4K,L). The intensity of the labeling in the stratum
radiatum (s.r.) increase laterally. In the dentate gyrus (DG), CBR1
signal is found mainly in the granular layer (s.g.) with strong
immunostaining (Figure 4M). Also, in the hilus (hil) the staining
is weaker than in the pyramidal cell layer.

Larger immunoreactive fiber bundles are observed in the
subthalamic nucleus (STh), as they approach the globus pallidus.
In the amygdala complex (AN) (Figure 3G), an intense plexiform
immunostaining is observed in all its areas, being more intense in
the basomedial amygdala nucleus (Figure 4F).

The globus pallidus (GP) exhibit a strong network of fibers
(reticular staining) surrounding the immunonegative traversing
fascicles (Figures 1B, 3H, 4I), and the caudate putamen (Cpu)
also exhibits diffuse CB1R immunoreactivity in the bundles of
fibers that target the GP (Figure 3H).

Strong diffuse immunostaining is found in the accumbens
nucleus (Figure 3I).

CBI1Rs are also present in glomeruli of the main olfactory bulb
(OB), robustly expressed in the granular layer (Figures 3], 4])
whereas a weakly immunostained fiber plexus is found in
the external plexiform layer of the olfactory bulb (EPL) and
in the white matter (WM). The density of labeling in this
structure is lower than that observed in the different areas of the
cerebral cortex.

Differential Gene Expression Analysis of
Cb1r in the Brain of GASH/Sal and Control

Hamsters

In control hamster brains, a uniform distribution of CB1R-
immunolabeling pattern was observed across all the brain areas
mentioned above. The immunostaining pattern was the same in
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FIGURE 2 | (A,B) Distribution pattern of CB1 receptors in the brain of GASH/Sal. Schemes showing the coronal sections of the brain at different rostro-caudal levels
(referenced with respect to Bregma), according to a stereotaxic atlas of the golden hamster brain. The distribution of CB1 receptors in the GASH/Sal is shown in red.
Each coronal section includes a semi-section contrasted with Nissl staining as a cytoarchitectural reference of the different nuclei. 10, Dorsal motor nucleus of the
vagus; aca, Anterior commissure, anterior part; AcbC, Accumbens nucleus, core; aci, Anterior commissure, intrabulbar part; ACo, Anterior cortical amygdaloid
(Continued)
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FIGURE 2 | nucleus; AID, Agranular insular cortex, dorsal part; AIP, Agranular insular cortex, posterior part; AlV, Agranular insular cortex, ventral part; AO, Anterior
olfactory nucleus; AP, Area postrema; APir, Amygdalopiriform transition area; Arc, Arcuate hypothalamic nucleus; Au, Primary auditory cortex; BL, Basolateral
amygdaloid nucleus; BST, Bed nucleus of stria terminalis; BSTAI, Bed nucleus of stria terminalis, anteromediate part; BSTAV, Bed nucleus of stria terminalis,
anteroventral part; CA, Hippocampus; Cb1-10, Cerebellar lobule 1-10; CeC, Central amygdaloid nucleus; Cg, Cingulate cortex; CG, Central gray; CGPn, Central gray
of the pons; CLi, Caudal linear nucleus of the raphe; CM, Central medial thalamic nucleus; Cop, Copula of the pyramis; CPu, Caudate putamen; Crus1-2, Crus 1-2 of
the ansioform lobule; Cu, Cuneate nucleus; DC, Dorsal cochlear nucleus; DG, Dentate gyrus; DI, Dysgranular insular cortex; DR, Dorsal raphe nucleus; E/VO,
Olfactory ventricle; Ect, Ectorhinal cortex; En, Endopiriform nucleus; Ent, Entorhinal cortex; F1, Flocculus; Gl, Granular insular cortex; GP, Globus pallidus; GR, Gracile
nucleus; Hb, Habenula nuclei; IL, Infralimbic cortex; 10, Inferior olive; IP, Interpeduncular nucleus; LC Locus coeruleus; LH, Lateral hypothalamic area; LOT, Nucleus of
the lateral olfactory tract; LS, Lateral septal nucleus; M, Motor cortex; M1, Primary motor cortex; MS, Medial septal nucleus; M2, Secondary motor cortex; Mea,
Medial amygdaloid nucleus; MGP, Medial globus pallidus; MnR, Median Raphe nucleus; MPO, Medial preoptic area; Pa, Paraventricular hypothalamic nucleus; PAG,
Periagueductal graymatter; Pas, Parasubiculum; PBP, Parabrachial pigmented nucleus; PF1, Paraflocculus; Pir, Piriform cortex; Pm, Paramedian lobule; PMCo,
Posteromedial cortical amygdaloid nucleus; PRh, Perirhinal cortex; PrL, Prelimbic cortex; Rip, Raphe interpositus nucleus; RLi, Rostral linear nucleus of the raphe;
RMg, Raphe magnus nucleus; Rob, Raphe obscurus nucleus; Rpa, Raphe pallidus nucleus; RSA, Restroplenial agranular cortex; RSG, Restrosplenial granular cortex;
S, Subiculum; S1, Primary somatosensory cortex; S2, Secondary somatosensory cortex; SC, Superior colliculus; SCN, Suprachiasmatic nucleus; SimA-B, Simple
lobule A-B; SN, Substantia nigra; Sol, Nucleus of the solitary tract; st, Stria terminalis; scp, Superior cerebellar penduncle; Tea, Temporal Association Cortex; Tu,
Olfactory tubercle; V1, Primary visual cortex; V2L, Secondary visual cortex, lateral part; V2M, Secondary visual cortex, medial part; VC, Ventral cochlear nucleus; VCP,

ventral cochlear nucleus, posterior part; VLTg, Ventrolateral tegmental area; VP, Ventral pallidum; VTA, Ventral tegmental area; X, Nucleus X.

the two hamster lines used, although some areas appeared with a
slight difference in the intensity of the immunostaining.

To confirm this, differential gene expression analysis of CB1R
gene (Cblr) was carried out in brain structures of control and
GASH/Sal animals under seizure-free conditions (naive animals)
(Figure 7). These structures included the inferior colliculus (IC)
(epileptogenic focus in the audiogenic strain), the hippocampus,
the cerebellum, the motor and somatosensory cortices, and
the brainstem. As shown in Figure7, the RT-qPCR analysis
in the IC showed significantly lower expression (*** p <
0.0001) of the CbIr in GASH/Sal animals than in the control.
On the other hand, as in immunohistochemical studies, lower
levels of Cblr expression were detected in the cerebellum of
GASH/Sal hamsters compared to controls, although this decrease
is not significant in RT-qPCR analyses. For the motor and
somatosensory cortices and the hippocampus, there was an
increase in Cblr expression in the GASH/Sal in both cases
compared to controls (*** p < 0.0001). Finally, expression levels
of CbIr in the brainstem were significantly lower in naive
GASH/Sal compared to naive Syrian control hamsters (** p<
0.01). The raw data of RT-qPCR used for analyses are included
in Supplementary Material 2.

DISCUSSION

CB1-Mediated Neuromodulation in
Epilepsy

Although there are two types of endocannabinoid receptors,
CBIR and CB2R, it is the former that is expressed in greater
proportion in the central nervous system (Rosenberg et al.,
2017). In fact, it is one of the most widely expressed G-protein-
coupled receptors in the brain (Herkenham et al., 1991a). The
endocannabinoid system acts as a retrograde control mechanism
for excessive presynaptic neuronal activity (Lutz, 2004). When
excessive presynaptic activity is detected, endocannabinoids are
secreted from the postsynaptic terminals, bind to the CBIR
of the presynaptic terminals and activate signaling cascades
to decrease the liberation of neurotransmitters (Freund et al.,

2003). The effects of CB1Rs depend on their location, i.e.,
increased CBIR signaling on glutamatergic terminals induces
inhibition and neuroprotective effects, while those located on
GABAergic terminals induce excitatory effects (Chiarlone et al.,
2014; Guggenhuber et al., 2015).

The direct relationship between CB1R and the development of
seizures in animal epilepsy models is well-documented (Lazarini-
Lopes et al., 2020a). CBIR agonists exert anticonvulsant effects
(Shafaroodi et al., 2004; Tutka et al., 2018), whereas CBIR
antagonists block its anticonvulsant action (Wallace et al.,
2002) and potentiate seizure duration and frequency (Muccioli
and Lambert, 2005), suggesting that endocannabinoids might
be suppressing seizure activity (Wallace et al, 2003). This
hypothesis is reinforced by the fact that the activation of CB1
receptors protects against acute clonic and generalized tonic-
clonic seizures in the pentylenetetrazole model (Bahremand
et al., 2008). Moreover, in experiments where CBIR is blocked,
audiogenic seizures become more severe (Vinogradova et al.,
2011). Therefore, knowing the exact location of CBIR in animal
models of epilepsy turns out to be essential to search for
drugs which would enhance endocannabinoid signaling and thus
modulate seizures.

In the genetically audiogenic seizure-prone hamster
GASH/Sal, CBIR is distributed throughout the central nervous
system. This receptor is also located in the peripheral, specifically
in the spiral ganglion cells of the organ of Corti, as previously
described in birds (Stincic and Hyson, 2011) and mice (Toal
et al., 2016).

Distribution of CB1R in the GASH/Sal

Neither the reactivity of the CBIR antibody used in our
study nor the distribution of CBIR-immunolabeling in the
cochlear has been previously tested in the brain hamster.
Our study provides several evidences that indicate this CBIR
antibody can be used as a marker of CBIR in brain tissue
of the golden hamster as efficiently as reported in another
mammal species (Fukudome et al., 2004; Rivera et al., 2014;
Puighermanal et al., 2017). First, the multiple sequence alignment
showed that the specific target epitope is highly conserved
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FIGURE 3 | Immunostaining of CB1R in the GASH/Sal brain. Photomicrographs of GASH/Sal coronal sections referencing their rostrocaudal position as a function of

Bregma and indicating its dorsoventral orientation. (A) Cerebellar lobe. (B) Dorsal and posteroventral cochlear nucleus. (C) Periaqueductal gray matter (delimited by

dots) and the inferior colliculus. (D) Substantia nigra. (E) Somatosensory and motor cortices. (F) Hippocampal formation. (G) Piriform cortex, amygdaloid nuclei, and
(Continued)
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Stratum radiatum; STh, Subthalamic nucleus; WM, White matter.

FIGURE 3 | subthalamic nucleus. (H) Caudate putamen and globus pallidus. (I) Accumbens nucleus. (J) Olfactory bulb. Scale bar = 1 mm. Acb, Accumbens
nucleus; AN, Amygdaloid nuclei; CA1-3, Cornu Ammonis area 1-3; BLA, Basolateral amygdala nucleus; BMA, Basomedial amygdala nucleus;Cg, Cingulate cortex;
CPu, Caudate putamen; DG, Dentate gyrus; DCN, Dorsal cochlear nucleus; EPL, External plexiform layer olfactory bulb; GL, Glomerular layer olfactory bulb; GrO,
Granule cell layer olfactory bulb. GP, Globus pallidus; hil., Hilus; HF, Hippocampal formation; IC, Inferior colliculus; LA, Lateral amygdala nucleus; Mo, Motor cortex;
OB, Olfactory bulb; OV, Olfactory ventricle; PAG, Periaqueductal gray matter; Pir, Piriform cortex; PrL, Prelimbic cortex; PVCN, Ventral cochlear nucleus, posterior
part; s.g., Stratum granulosum; s.m., Stratum moleculare; Sm, Somatosensorial cortex; SN, Substantia nigra; s.o., Stratum orients; s.p., Stratum pyramidale; s.r.,

for CBIR in the golden hamster. Second, the pattern of
CB1R-immunolabeling in the cerebellar cortex of the hamster
was consistent with that described in other rodent species
(Herkenham et al., 1991b; Matsuda et al., 1993; Egertova and
Elphick, 2000). Furthermore, the CB1R-immunolabeled pattern
in our experiments was consistently obtained using different
cutting or immunodetection methods. Finally, the western blot
analysis confirmed the specificity and selectivity of the CBIR
antibody verifying the antibody’s ability to recognize and bind to
its target antigen (Supplementary Material 5).

Auditory Nuclei and Periaqueductal Gray Matter

In the peripheral auditory system, CB1R was located inside the
cell bodies. By using specific presynaptic labeling antibodies,
Stincic and Hyson (2011) showed that CB1R is in the presynaptic
neuron in the chick spiral ganglion cells. Discrepancies in
the location of CBIR in ganglion cells may be due to
differences between birds and mammals, or due to the
presence of CBIR in the cellular endosomes at steady state
(Thibault et al., 2013).

The activation of endocannabinoids in the spiral ganglion
has been associated to a protective effect, helping to maintain
consistent response amplitudes across a long duration stimulus
(Stincic and Hyson, 2011). On the other hand, CB1 receptor
knockout mice possess poorer hearing thresholds than wild-type
mice (Toal et al., 2016). The GASH/Sal has been described to
exhibit a significant loss of spiral ganglion neurons (Sanchez-
Benito et al, 2017), which results in a reduction in the
amount of CBIRs in the spiral ganglion, consistent with
the significant hearing deficit in this model (Muioz et al,
2017).

The strongest immunoreactivity for CBIR in both dorsal and
ventral cochlear nuclei, has been described in the cytoplasm of
main cells using autoradiographic (Herkenham et al., 1991a)
and immunohistochemistry approaches (Zheng et al., 2007; Zhao
et al,, 2009). Zheng et al. (2007) showed the spatial distribution
of CBIR in the cochlear nucleus. In that study, substantial
labeling was found on many different cell types, such as stellate
cells, giant cells, fusiform cells, and corn cells in the DCN,
as well as globular bushy cells, elongated cells, and octopus
cells in the VCN. The cytoplasmic labeling found in these cells
appeared inconsistent with the reported presynaptic localization
of CBI1 receptors, with almost no exceptions in adult animals
(Schlicker and Kathmann, 2001); however, it has since been
reported that the CBI1 receptor undergoes extensive trafficking
between the cytoplasm and the presynaptic terminals in brain
regions where it is very active (Mikasova et al., 2008). Using
electron microscopy, the synaptic location of these receptors

in the cochlear nucleus was confirmed (Tzounopoulos et al.,
2007), in both GABAergic and glycinergic terminals, but not at
auditory nerve inputs (Zhao and Tzounopoulos, 2011; Zhao et al.,
2011).

The inferior colliculus (IC) is critical in audiogenic seizures
(AGS) initiation (Garcia-Cairasco et al., 2017; Mufoz et al.,
2017). Given the involvement of CBIR in seizures, a higher
density of this receptor would be expected to be observed in
the GASH/Sal’ IC. However, a low expression of CBIR has been
described in the IC of the GASH/Sal, the same thing that happens
in other rodents (Moldrich and Wenger, 2000; Gerdeman and
Lovinger, 2001). The activation of cannabinoid system in the
IC through CBI receptors can influence both GABAergic and
glutamatergic neurons and exert a role in the modulation of
motor behavior (Medeiros et al., 2016; Santos et al., 2020).

In summary, the presence of CB1R throughout the auditory
system suggests that they play a major role in synaptic regulation
(Gerdeman and Lovinger, 2001), though studies examining
how activation of cannabinoid receptors affect the function of
the auditory system and how CBIR expression changes after
triggering seizures are needed.

Furthermore, the existence of moderate levels of CB1
receptors found in the periaqueductal gray (PAG) midbrain has
been widely reported by various authors in rodents (Tsou et al,,
1998; Azad et al,, 2001). It has been described that, in this
structure, the endocannabinoids are involved in the control of
pain sensation, including stress-induced analgesia (Walker et al.,
1999; Hohmann et al., 2005).

Cerebellum

CBIR location in GASH/Sal cerebellum, surrounding Purkinje
cells (PC) had already been described (Herkenham et al., 1991a;
Mailleux and Vanderhaeghen, 1992; Sudrez et al., 2008). It is a
typical arrangement in most rodents, though not in primates,
where CBIR is found inside PCs, being postulated that these may
be the substrates for the effects of cannabinoids on movement
co-ordination (Ong and Mackie, 1999).

In the underlying granule cell layer, the unstained cellular
bodies surrounded by scattered labeled puncta of CBRI found
in the GASH/Sal is similar to the pattern already described both
in rodents (Egertova and Elphick, 2000; Sudrez et al., 2008) and
primates (Ong and Mackie, 1999). In our material, positive GFAP
marking has also been seen in the cerebellum. It is known that
in the cerebellar cortex of adult mammals there are glial cells,
astrocytes and oligodendrocytes, which are classified according
to their morphology (Araujo et al,, 2019). In the GASH/Sal we
also found CBIR and GFAP immunoreactive colocalization in
some terminals of the granular layer, which could correspond to
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FIGURE 4 | CB1 immunoreactivity in the GASH/Sal brain. (A) Micrographs showing CB1 receptors (arrows), around the soma and the initial part of the axon of
unstained Purkinje cells, constituting the so-called “Pinceaux” formation. (B) Strong and diffuse CB1 immunoreactivity in the dorsal cochear nucleus. Neurons of this
nucleus appear immunostained. (C) Neurons of the posteroventral cochlear nucleus showing slight immunoreactivity for CB1R. (D) CB1 expression in the central
nucleus of the inferior colliculos, exhibiting diffuse immunoreactivity. Scarce medium-size neurons appears labeled intracelularlly. Asterix indicate small immunoreactive
glial cells. (E) CB1 immunoreactivity is observed in not strong delineate fibers in the substantia nigra. (F,G) CB1R immunostaining in the basomedial (BML) and
basolateral (BLA) amygdala, showing the neuropil granular/reticular staining. Labeling is slightly weaker in BLA. (H) Strong CB1 immunoreactive fibers with a plexiform
pattern in the motor cortex. (I) High CB1 expression in the globus pallidus, where a strong network of immunoreactive fibers surround immunonegative-traversing
fascicles (arrows). (J) CB1 immunoreactivity of the Olfactory bulb, exhibiting moderate immunoreactivity of Granule cell layer (GrO) and weakly immunoreactivity of the
external plexiform layer (EPL). Asterisk indicates small immunoreactive glial cells. (K-M). CB1 expression in rat hippocampal formation. CB1 positive fibers surround
the somata of pyramidal cells in CA1 (K) and CA3 (L) fields of the hippocampus. Numerous varicosities, corresponding to terminals is apparent. Receptor levels are
particularly high in the granule cell layer (sratum granulosum) of the dentate gyrus. Scale bar = 20 um for all panels. BLA, Basolateral amygdala nucleus; BMA,
Basomedial amygdala nucleus; CA1-3, Cornu Ammonis area 1-3 CB, Cerebellum; DCN, Dorsal cochlear nucleus, DG, Dentate gyrus; fc, Fusiform cells; EPL,
External plexiform layer olfactory bulb gc, Globular cells; GP, Globus pallidus; GrO, Granule cell layer olfactory bulb; hil, Hilus; IC, Inferior colliculus; me, Multipolar cells;
Mo, Motor cortex; OB, Olfactory bulb; oc, Octopus cells; pc, Purkinje cells; PVCN, Ventral cochlear nucleus, posterior part; SN, Substantia nigra; s.g., Stratum
granulosum; s.p., Stratum pyramidale.

astrocytes (velate astrocytes) that are located both in the granular Thus, CB1 receptors are found on virtually the main
layer and surrounding the blood vessels (Schachner et al., 1977;  glutamate and GABA inputs to cerebellar Purkinje cells, and
Farmer and Murai, 2017). cannabinoids may modulate GABAergic output of the Purkinje
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FIGURE 5 | Details of CB1- and GFAP-immunolabeling in the cerebellum of the GASH/Sal. Details of CB1- and GFAP-immunolabeling in the cerebellum of the
GASH/Sal (depicted in green and red, respectively). (A) Low magnification confocal microscopy image of a 6- um coronal section shows immunolabeling for
GFAP-immunolabeling (in red) in the cerebellum of a control hamster. (B) High magnification photomicrographs corresponding to the dashed square in (A) shows
details of CB1-immunolabeled puncta (arrowheads) as well as GFAP-immunolabeled glial fibers (arrows) distributed around cerebellar granule cells. (C) High
magnification confocal microscopy images corresponding to the white square in (A) shows large putative axonal puncta immunolabeled for CB1 (white stars) nearby a
Purkinje cell and small CB1-immunolabeling punctate (arrowheads) in close apposition to granular cells. Note that GFAP-immunolabeled glial fibers distributed around
cerebellar granule cells (arrows) as well as in the vicinity of CB1-immunolabeled terminals (black stars in the merge panel). The maximum projection of confocal images
corresponding to the panels in (C) was displayed in the 3D video of Supplementary Material 4. (D) Low magnification confocal microscopy image show
GFAP-immunolabeling (in red) associated with blood vessels in the cerebellum. (E) High magnification photomicrograph corresponding to the square in D shows
details of CB1- and GFAP-immunolabeling in the vicinity of a blood vessel. Colocalization of CB1 with GFAP can be observed in the orthogonal view of the merged
confocal images. DAPI (in blue) was used for nuclear staining to show cell position. Scale bars = 50 um in (A,D); 5 wm for all panels in (B,C); 10 wm for all panels in
(E). By, Lumen of blood vessel; Gr, Cerebellar granular layer; Mo, Cerebellar molecular layer; Pu, Purkinje cell layer.

cells PGs, therefore modulating the ongoing movement and finely ~ already showed high levels of CB1 and this hippocampal CB1R

regulate them. distribution pattern (Herkenham et al., 1991a; Jansen et al.,
1992), confirmed in multiple studies in rodents (Kishida et al.,
Hippocampal Formation 1980; Dove Pettit et al., 1998; Moldrich and Wenger, 2000),

In the GASH/Sal hippocampal formation, the main cell layers  primates (Ong and Mackie, 1999), and birds (Stincic and
are distinctively immunoreactive. Early autoradiographic studies ~ Hyson, 2011). In the hippocampus, CB1 is selectively located
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CBI+DAR] D

FIGURE 6 | Details of CB1- and GFAP-immunolabeling in the spiral cochlear ganglion of the GASH/Sal. (A,B) Low magnification confocal microscopy images show
spiral ganglion neurons stained with DAPI (in blue) and CB1-immunolabeling (in green) in the spiral cochlear ganglion. Note that the perikaryon of the spiral ganglion
neuron is enveloped by satellite cells (arrows). (C-E) High magnification confocal microscopy images show CB1-immunolabeling in the cell body of a spiral ganglion
neuron. Weak GFAP-immunolabeling was observed in the spiral cochlear ganglion. Scale bars = 20 um in (A,B); 10 wm in (C-E).

CB1+DAPI

in GABAergic axons (Katona et al., 1999). CB1 agonists have
been reported to decrease the release of GABA and glutamate at
hippocampal synapses, interfering with the phenomenon of long-
term potentiation, which is consistent with the increased long-
term potentiation observed in the CB1 knockout mice (Bohme
et al., 2000). Further, rimonabant (which specifically blocks
CB1Es) was shown to improve memory in rodents (Terranova
et al, 1995). These data suggest that CB1R stimulation inhibits
the mechanisms by which short-term memorization occurs, and
its abundance in the hippocampus is related to its effects on
memory processes and also makes the hippocampal formation
particularly sensitive to chronic treatment with cannabinoids
(Escobar Toledo et al., 2009).

Amygdala and Olfactory Bulb

The olfactory bulb and the amygdala are fundamental in behavior
and receive highly processed sensory information. There are
multiple published data about the presence of CBIR in the
amygdaloid complex (AC), mainly in their cortical component,
the basolateral, lateral, and basomedial nuclei (Kishida et al.,
1980; Gulyas et al., 2004; Svizenskd et al., 2008; Yoshida et al.,
2011). In contrast to the cortical component of the amygdala, the
striatal component of the AC (e.g., central and medial nuclei)
displays much lower levels of CB1 receptors (Marsicano and
Lutz, 1999). In our material, a moderate plexiform marking
appears in their cortical component, being more intense in

the basomedial nuclei. Although in the GASH/Sal we did
not observe immunolabeled neurons in the AC, other authors
describe moderately stained neurons in the amygdala (Tsou
et al,, 1998). CBI receptors are primarily found on GABA
neurons of the amygdala (Katona et al., 2001; Yoshida et al.,
2011), and functional studies suggest that CB1 receptors and
endocannabinoids facilitated extinction of fear conditioning via
inhibiting GABA release in this area (Marsicano et al., 2002).

Regarding the olfactory bulb, there are important differences
in CBIR labeling according to phylogeny. The immunostaining
pattern in GASH/Sal is very similar to that found in other
rodents, such as rats and mice, being the granular cell layer
(GrO) the one that presents the highest amount of CBIR,
followed by the inner plexiform layer, while less is expressed
in the external plexiform layer (EPL) and the glomerular layer
(GL) (Herkenham et al., 1991b; Tsou et al., 1998; Egertovd and
Elphick, 2000). In the glomerular layer (GL), there is slightly
more CBIR labeling in rat and mice that in the GASH/Sal.
Interestingly, no CB1R immunoreactivity was observed in the
EPL in mice (Soria-Gémez et al., 2014). Other mammals, such
as the dog, exhibit a labeling pattern in the OB different from
rodents, being not only intense in the glomerular layer, but
also in the granular layer (Freundt-Revilla et al.,, 2017). There
are also differences with men, since CBIR is not expressed in
the olfactory bulb or in the olfactory epithelium (Lotsch and
Hummel, 2015).
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FIGURE 7 | Differences in CB1R mRNA expression levels between GASH/Sal model and control. Relative quantities of transcripts in different areas of the central
nervous system of the Syrian golden hamster and the GASH/Sal. In the graph, X-axis: Relative quantities of mRNA in arbitrary units; Y-axis: Experimental groups:
naive Syrian hamster (control); naive audiogenic group (GASH/Sal). (A) Hippocampus; (B) Cerebellum; (C) Motor and somatosensorial cortices; (D) Inferior colliculus;
(E) Brainstem Bars represent mean + SEM. Statistical analyses: Unpaired t-test. *o < 0.01; **p < 0.001, and ***p < 0.0001.
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In rodents, CBIR have been reported/described to be
abundantly expressed on axon terminals of centrifugal cortical
glutamatergic neurons that project to inhibitory granule cells
of the main olfactory bulb (MOB) and seem to be associated
with the odor detection increasing, promoting food intake (Soria-
Gomez et al., 2014).

Basal Ganglia: Globus Pallidus, Substantia Nigra, and
Caudate Putamen

In the GASH/Sal, as in most rodents, CB1 receptor levels in
the basal ganglia are among the highest in the entire nervous
system, and within these structures, the GP and SN present
the highest expression (Herkenham et al., 1991b; Egertova and
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Elphick, 2000). These receptors are in fibers that surround
immunonegative neurons (Egertovd and Elphick, 2000; Egertova
et al, 2003) and GP immunonegative fascicles (Saiiudo-Pefia
et al., 1999), that arise from incoming axonal projections from
other brain regions (Matsuda et al, 1993). In the caudate
and putamen, there are numerous bundles of immunoreactive
fibers that target the GP. It has been described that, CB1 is
found presynaptically in the neurons of this nucleus, in fibers
that come from the striatum through GABAergic pathways
(striatonigral and striatopalidal) (Romero et al., 2002). Also, a
low but significant percentage of CBI-immunoreactivity is co-
localized with tyrosine hydroxylase (TH), a marker for both
noradrenergic and dopaminergic terminals (Ko6falvi et al., 2005).
This suggests that there is a sophisticated presynaptic regulation
in the basal ganglia, involved in the initiation and execution
of a movement, and its motor activity is regulated in part by
CBI receptors. This is supported by publications that describe
that CB1 receptor binding was altered in the basal ganglia of
humans affected by several neurological diseases (Consroe, 1998)
and of rodents with experimentally induced motor disorders
(Zeng et al., 1999; Romero et al., 2000). Once again, the need
to investigate the possible changes in the activation of these
receptors in GASH/Sal after seizures is confirmed, to see their
possible role in the convulsive process.

Cortical Areas

We found CBI receptors densely expressed in all regions
of the GASH/Sal cortex, similar to the plexiform pattern
reported in other rodents, particularly in the somatosensory,
cingulate, perirhinal, entorhinal, motor, and piriform cortices
(Tsou et al., 1998; Marsicano and Lutz, 1999; Egertovd and
Elphick, 2000; Moldrich and Wenger, 2000; Mackie, 2005). These
cannabinoid receptors may have a major role in inhibiting
presynaptic calcium channels, reducing release of number of
neurotransmitters, which implies a role for endocannabinoids in
modulating processes as important as perception, attention, and
behavior, depending on the cortical zone. CB1-immunoreactivity
is quite similar within primates, with small differences in the
CBIR distribution in the different cortical layers, and also in
the localization both pre- and post-synaptic, suggesting that
the CBIR role is broader than merely mediating presynaptic
inhibition (Glass et al., 1997; Ong and Mackie, 1999).

Non-neuronal Cells

Finally, CBIR was found in astrocytes and blood vessels.
All major cell types involved in cerebrovascular control
pathways (i.e., smooth muscle, endothelium, neurons,
astrocytes, pericytes, microglia, and leukocytes) are capable
of synthesizing endocannabinoids and/or express some or
several of their target proteins, as CB1 and CB2 receptors
(Galiegue et al.,, 1995). Therefore, the endocannabinoid system
may importantly modulate the regulation of cerebral circulation
under physiological and pathophysiological conditions in a very
complex manner. Experimental data accumulated since the late
1990s indicate that the direct effect of cannabinoids on cerebral
vessels is vasodilation mediated, at least in part, by CB1 receptors
(Wagner et al., 2001).

In summary, the pattern of distribution of cannabinoid
receptors in the GASH/Sal is highly similar to that described in
other mammal species (Freundt-Revilla et al., 2017; Silver, 2019).

Differential Gene Expression Analysis of
CB1 Receptor in the Brain of GASH/Sal

and Control Hamsters

There were some areas in the brain of control animals
that showed small immunoreactivity differences compared the
GASH/Sal model, such as the inferior colliculus, cerebellum, the
anterior commissure or the periaqueductal gray matter (data not
shown). These results were correlated with expression analysis
of the gen encode the CBIR, CbIr. In the caudal brainstem
and the inferior colliculus, the highest levels of Cblr mRNA
were obtained in the control hamster. This decrease in the CbIr
in the GASH/Sal was detected under basal conditions, as the
animals were not subjected to any acoustic stimulation and
therefore did not have any seizures. The cannabinoid system
has been described as having a role in the downward regulation
of auditory stimuli in some neurons of the inferior colliculus
(Valdés-Baizabal et al., 2017). Since CB1 receptors are known
to inhibit the release of many neurotransmitters, it is therefore
conceivable that a change in the number or function of CB1
receptors could alter their excitability and calcium influx. The fact
that our model has a lower gene expression of Cb1r in this region
could favor the loss of this type of intrinsic physiological control,
which could be precipitating a pro-epileptogenic environment in
the inferior colliculus.

Specific experiments are necessary to determine which specific
neurons contain these CB1 receptors to better understand the
scope of the variation of endogenous CB1R expression in the
audiogenic nucleus.

No significant results were obtained when comparing
Cblr expression between the GASH and control cerebellum.
However, we found higher expression of Cblr in the motor
cortex, the somatosensory cortex and the hippocampus of
epileptic animals, despite not having shown differences in
the immunohistochemical study (data not shown). It is
well-reported that in the somatosensorial cortex, CB1Rs are
expressed exclusively expressed in Cholecystokinin-positive
and Calbindin-positive GABAergic interneuron axons (Bodor
et al., 2005). Knowing that these cells could adjust population
synchrony inhibition and the input plasticity in intracortical
circuits, one may think that higher expression of these
receptor and activation by endocannabinoids could enhance
the depolarization-induced suppression of inhibition in these
circuits, heightening their excitatory inputs and, therefore,
affecting intracortical communication. In the motor cortex layers
II-I1I, GABAergic neurons express CB1R (Marsicano and Lutz,
1999). Moreover, these receptors regulate dopamine secretion
and activity (Melis et al,, 2004; Laviolette and Grace, 2006),
which in last term promotes the growth of pyramidal neurons
in particular areas of the cortex via D1 receptors (Stanwood
et al., 2005; Ballesteros-Yanez et al., 2007). Hence, upregulation
of Cblr mRNA may have an effect in the extension of pyramidal
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neurons, increasing its arborization and, therefore increasing
their synaptic capacity.

The increase of Cblr expression in the hippocampus, and
in the amygdala, has been described in other epileptic animal
models (Lazarini-Lopes et al., 2020b). It has been postulated that
this constitutive increase in endocannabinoids in animal models
of epilepsy could have a possible neuroprotective mechanism
(via decreasing excitability and synchronization by reducing
glutamate and GABA release) (Guggenhuber et al., 2010; Goffin
etal, 2011).

Additionally, in the Wistar audiogenic rat strain (WAR), a
genetic model of audiogenic epilepsy, exhibit and endogenous
increase of CBIR immunostaining in the hippocampus and
amygdala after acute and chronic audiogenic seizures (Lazarini-
Lopes et al., 2020b). These recent data reinforce the link between
the limbic system and seizure susceptibility and provide new
knowledge on the role of the endocannabinoid system in the
control of neuronal excitability.

Preliminary results in our laboratory show that, after repetitive
acoustic stimulation in controls and in GASH/Sal, there is
an increase in Cblr expression in the IC of GASH/Sal (data
not shown).

An increase in the activity of the endocannabinoid system
in stressful situations has been described as a mechanism to
reduce anxiety (Lutz et al., 2015). The CBI1R increase observed
after the seizures, could be part of the physiological response
of the GASH/Sal to mitigate the stress produced by the
crisis. New experiments are necessary to study the changes in
CB1 receptors after seizures and after the administration of
cannabinoid agonists/antagonists, to see more directly the role
of this cannabinoid receptor in the generation and maintenance
of seizures in our epilepsy model.

CONCLUSION

The endocannabinoid system is widely distributed in the central
nervous system of the animals analyzed in this study. We showed
the immunohistochemical and gene expression analysis of the
GASH/Sal model, comparing it with control hamsters and with
what has already been described in the literature.

There is a lower density of CBIR in the epileptogenic focus
of the GASH/Sal model, the inferior colliculus, which could
lead to hyperexcitability. However, the presence of CBIR in
the peripheral auditory system indicates that the activation of
endocannabinoids may also regulate the encoding of auditory
information at its earliest stages in the brain, which is important
due to the alterations found in the spiral ganglion of the
genetically audiogenic seizure-prone hamster GASH/Sal. On the
other hand, we find higher gene expression of the CB1 receptors
in the motor cortex and the hippocampus, which has been related
to a neuroprotective mechanism in epileptic animals. Despite
these differences, we consider that the endocannabinoid system
in the GASH/Sal hamster is extremely similar to that of other
rodents. These results can be used as a basis for further studies
aiming to better understand the pharmacological and behavioral
effects associated with cannabinoid exposure.
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Supplementary Material 1 | Conserved sequence from CB1R identified by EBI
Clustal Omega program. The table shows sequence alignment of the CB1R
sequences in mouse and hamster, with only two aminoacid differences in the
region 120 (green square). The epitope sequence, C-terminal 31aa (hm007726) is
the same in mouse and hamster (red square).

Supplementary Material 2 | Raw data of RT-qgPCR used for analyses. The gPCR
data included a set of six biological replicates (sample cases) for each
experimental group (treatment condition), triplicate technical replicates for all
structures and genes as well as the Ct values of g-actin housekeeping gene used.
Undetermined replicates were not used for analysis due to Cts differences over
0.5. Undetermined data were excluded of the statistical analysis due to high
differences among the Ct value among replicates. Also, some samples were
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discarding for the low quality of RNA. Actb, p-actin used as housekeeping gene;
Cb1r, the cannabinoid receptor type 1.

Supplementary Material 3 | Confocal microscopy images of the GASH/Sal
cerebellum showing CB1-immunolabeled puncta (in green) distributed around
unlabeled cell bodies and dendrites of Purkinje cells (asterisks) as well as
GFAP-immunolabeled glial fibers (in red). Note the dense CB1-immunolabeling
punctate in the cerebellar granular and Purkinje cell layers. The confocal images
were taken from a 6- pm coronal section and DAPI (in blue) was used for nuclear
staining to show cell position. Gr, cerebellar granular layer; Mo, cerebellar
molecular layer; Pu, Purkinje cell layer. Scale bars = 10 um for all panels.
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putative axonal puncta immunolabeled for CB1 in close apposition to a cell body
of a Purkinje cell and granular cells. GFAP-immunolabeling is displayed in red and
DAPI staining (in blue) was used for nuclear staining to show cell position. Scale
bar = 20 pm.

Supplementary Material 5 | Immunoblotting. Single protein bands were
detected with the rabbit anti-CB1R antibody in the Syrian hamster cerebellum,
both in GASH/Sal and control hamsters, showing antibody specificity.
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