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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. Cannabis’s 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 CB1 and CB2 (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 CB1 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 CB1 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 CB1 receptor signaling
(Vilela et al., 2013). Accordingly, CBD antiepileptic effects
depend on the PI3K/mTOR intracellular pathway, a signal
transduction mechanism coupled to the CB1 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 CB1 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 CB1 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 CB1 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 (ABHD6), and
fatty acid amide hydrolase (FAAH). Enzymes inhibitors: JZL184 irreversible inhibitor for MAGL, URB597 relatively selective inhibitor of FAAH, WWL123 inhibitor of
ABHD6. 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.

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 Rüden et al.,
2015). Importantly, endocannabinoid hydrolysis inhibitors tend
to have a safer pharmacological profile as compared to
direct CB1 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
et al., 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 (Netoff
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
(RNSTM 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 (Buzsáki et al.,
2012). The pace activity offers a temporal-organized framework
for neural communication (Fries, 2005; Buzsáki, 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 (Buzsáki 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 (Buzsáki 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
(Buzsáki 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 CB1R 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 (Hájos et al., 2000, Hajós 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; Buzsáki 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
et al., 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). CB1R 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
CB1R 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 Buzsáki,
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+) 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, PV+ 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).

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 Buzsáki,
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; Buzsáki 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
Buzsáki, 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).

Altogether, both strategies would be complementary in the
sense that on-demand-DBS would have a much faster action,
with a narrower time-window constant, while endocannabinoid
targeting would present long-term background action on
network hypersynchronization.

More research and experimental data are needed in order
to determine if DBS therapy (time-fixed pulses or NPS)
predominantly has its effect by modulating or recruiting the
endocannabinoid system; which is, at this time, speculative
and solely based on the possible coincidental mechanisms
of both therapeutical approaches. Aside from this potential
caveat, a hypothetical rationale is that particular DBS patterns
(high-frequency stimulation – over 50 Hz, or short NPS
interpulse lengths – below 20 ms) could recruit the on-
demand release of endogenous CBR1 ligands triggered by the
increase in abnormal neural activity/connectivity. Thus, the
DBS would directly modulate the brain’s dynamic functional
connectogram by recruiting a built-in on-demand “circuit-
breaker system” (i.e., the endocannabinoid system), consequently
disrupting neural network abnormal synchronization. According
to this proposal, the DBS and cannabinoid system would
have a bidirectional collaborative effect on seizure suppression,
substantially enhancing the common outcomes.

AUTHOR CONTRIBUTIONS

DM, FM, and MM conceived the presented idea and supervised
the project. DM, VC, FM, and MM wrote the manuscript. AO
provided critical feedback and helped shape the manuscript. All
authors reviewed, edited, and approved the manuscript.

FUNDING

The authors thank the funding agencies that supported this work:
FAPEMIG (CBB-APQ-02290-13, CBB-APQ-03261-16, and APQ
02485-15), CNPq (307354/2017-2), and CAPES (PROCAD
88881.068460/2014-01 and BEX 5826/15-2). FM and MM were
supported by Research Productivity Fellowship from CNPq.

ACKNOWLEDGMENTS

In memory of Professor Elisado Carlini (1930–2020), one of the
founders of cannabinoid research in Brazil.

REFERENCES
Asth, L., Iglesias, L. P., De Oliveira, A. C., Moraes, M. F. D., and Moreira,

F. A. (2019). Exploiting cannabinoid and vanilloid mechanisms for epilepsy
treatment. Epilepsy Behav. doi: 10.1016/j.yebeh.2019.106832 [Epub ahead of
print].

Avoli, M., D’Antuono, M., Louvel, J., Köhling, R., Biagini, G., Pumain, R., et al.
(2002). Network and pharmacological mechanisms leading to epileptiform
synchronization in the limbic system in vitro. Prog. Neurobiol. 68, 167–207.
doi: 10.1016/s0301-0082(02)00077-1

Bertram, E. H. (2013). Neuronal circuits in epilepsy: Do they matter? Exp. Neurol.
244, 67–74. doi: 10.1016/j.expneurol.2012.01.028

Billakota, S., Devinsky, O., and Marsh, E. (2019). Cannabinoid therapy in epilepsy.
Curr. Opin. Neurol. 32, 220–226. doi: 10.1097/wco.0000000000000660

Bosman, C. A., Schoffelen, J.-M., Brunet, N., Oostenveld, R., Bastos, A. M.,
Womelsdorf, T., et al. (2012). Attentional stimulus selection through selective
synchronization between monkey visual areas. Neuron 75, 875–888. doi: 10.
1016/j.neuron.2012.06.037

Buzsáki, G. (2010). Neural syntax: cell assemblies, synapsembles, and readers.
Neuron 68, 362–385. doi: 10.1016/j.neuron.2010.09.023

Frontiers in Behavioral Neuroscience | www.frontiersin.org 7 November 2020 | Volume 14 | Article 603245

https://doi.org/10.1016/j.yebeh.2019.106832
https://doi.org/10.1016/s0301-0082(02)00077-1
https://doi.org/10.1016/j.expneurol.2012.01.028
https://doi.org/10.1097/wco.0000000000000660
https://doi.org/10.1016/j.neuron.2012.06.037
https://doi.org/10.1016/j.neuron.2012.06.037
https://doi.org/10.1016/j.neuron.2010.09.023
https://www.frontiersin.org/journals/behavioral-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/behavioral-neuroscience#articles


fnbeh-14-603245 November 9, 2020 Time: 14:49 # 8

Medeiros et al. Cannabinoid Modulation Addressing Pathological Synchrony

Buzsáki, G., Anastassiou, C. A., and Koch, C. (2012). The origin of extracellular
fields and currents — EEG, ECoG, LFP and spikes. Nat. Rev. Neurosci. 13,
407–420. doi: 10.1038/nrn3241

Buzsáki, G., and Chrobak, J. J. (1995). Temporal structure in spatially organized
neuronal ensembles: a role for interneuronal networks. Curr. Opin. Neurobiol.
5, 504–510. doi: 10.1016/0959-4388(95)80012-3

Buzsáki, G., and Draguhn, A. (2004). Neuronal oscillations in cortical networks.
Science 304, 1926–1929. doi: 10.1126/science.1099745

Buzsáki, G., Logothetis, N., and Singer, W. (2013). Scaling brain size, keeping
timing: evolutionary preservation of brain rhythms. Neuron 80, 751–764. doi:
10.1016/j.neuron.2013.10.002

Buzsáki, G., and Wang, X.-J. (2012). Mechanisms of gamma oscillations. Annu.
Rev. Neurosci. 35, 203–225. doi: 10.1146/annurev-neuro-062111-150444

Cobb, S. R., Buhl, E. H., Halasy, K., Paulsen, O., and Somogyi, P. (1995).
Synchronization of neuronal activity in hippocampus by individual GABAergic
interneurons. Nature 378, 75–78. doi: 10.1038/378075a0

Cortes-Briones, J., Skosnik, P. D., Mathalon, D., Cahill, J., Pittman, B., Williams, A.,
et al. (2015). 19-THC disrupts gamma (γ)-band neural oscillations in humans.
Neuropsychopharmacology 40, 2124–2134. doi: 10.1038/npp.2015.53

Cota, V. R., de Castro Medeiros, D., da PáscoaVilela, M. R. S., Doretto, M. C.,
and Moraes, M. F. D. (2009). Distinct patterns of electrical stimulation of the
basolateral amygdala influence pentylenetetrazole seizure outcome. Epilepsy
Behav. 14(Suppl. 1), 26–31. doi: 10.1016/j.yebeh.2008.09.006

de Curtis, M., and Avanzini, G. (2001). Interictal spikes in focal epileptogenesis.
Prog. Neurobiol. 63, 541–567. doi: 10.1016/s0301-0082(00)00026-5

de Guzman, P., D’Antuono, M., and Avoli, M. (2004). Initiation of electrographic
seizures by neuronal networks in entorhinal and perirhinal cortices in vitro.
Neuroscience 123, 875–886. doi: 10.1016/j.neuroscience.2003.11.013

de Oliveira, J. C., Drabowski, B. M. B., Rodrigues, S. M. A. F., Maciel, R. M., Moraes,
M. F. D., and Cota, V. R. (2019). Seizure suppression by asynchronous non-
periodic electrical stimulation of the amygdala is partially mediated by indirect
desynchronization from nucleus accumbens. Epilepsy Res. 154, 107–115. doi:
10.1016/j.eplepsyres.2019.05.009

de Oliveira, J. C., Medeiros, D., de, C., de Souza, E., Rezende, G. H., Moraes,
M. F. D., et al. (2014). Temporally unstructured electrical stimulation to the
amygdala suppresses behavioral chronic seizures of the pilocarpine animal
model. Epilepsy Behav. 36, 159–164. doi: 10.1016/j.yebeh.2014.05.005

Devane, W. A., Dysarz, F. A. III, Johnson, M. R., Melvin, L. S., and Howlett, A. C.
(1988). Determination and characterization of a cannabinoid receptor in rat
brain. Mol. Pharmacol. 34, 605–613.

Devinsky, O., Vezzani, A., O’Brien, T. J., Jette, N., Scheffer, I. E., de Curtis, M., et al.
(2018). Epilepsy. Nat. Rev. Dis. Primers 4:18024.

Dragoi, G., Carpi, D., Recce, M., Csicsvari, J., and Buzsáki, G. (1999). Interactions
between hippocampus and medial septum during sharp waves and theta
oscillation in the behaving rat. J. Neurosci. 19, 6191–6199. doi: 10.1523/
jneurosci.19-14-06191.1999

Edakawa, K., Yanagisawa, T., Kishima, H., Fukuma, R., Oshino, S., Khoo, H. M.,
et al. (2016). Detection of epileptic seizures using phase–amplitude coupling in
intracranial electroencephalography. Sci. Rep. 6:25422. doi: 10.1038/srep25422

Espinoza, C., Guzman, S. J., Zhang, X., and Jonas, P. (2018). Parvalbumin
interneurons obey unique connectivity rules and establish a powerful lateral-
inhibition microcircuit in dentate gyrus. Nat. Commun. 9:4605.

Freund, T. F. (2003). Interneuron diversity series: rhythm and mood in perisomatic
inhibition. Trends Neurosci. 26, 489–495. doi: 10.1016/s0166-2236(03)00227-3

Freund, T. F., and Antal, M. (1988). GABA-containing neurons in the septum
control inhibitory interneurons in the hippocampus. Nature 336, 170–173.
doi: 10.1038/336170a0

Fries, P. (2005). A mechanism for cognitive dynamics: neuronal communication
through neuronal coherence. Trends Cogn. Sci. 9, 474–480. doi: 10.1016/j.tics.
2005.08.011

Fries, P. (2009). Neuronal gamma-band synchronization as a fundamental process
in cortical computation. Annu. Rev. Neurosci. 32, 209–224. doi: 10.1146/
annurev.neuro.051508.135603

Garcia-Cairasco, N. (2009). Puzzling challenges in contemporary neuroscience:
insights from complexity and emergence in epileptogenic circuits. Epilepsy
Behav. 14(Suppl. 1), 54–63. doi: 10.1016/j.yebeh.2008.09.010

Gobira, P. H., Vilela, L. R., Gonçalves, B. D. C., Santos, R. P. M., de Oliveira,
A. C., Vieira, L. B., et al. (2015). Cannabidiol, a Cannabis sativa constituent,

inhibits cocaine-induced seizures in mice: possible role of the mTOR pathway
and reduction in glutamate release. Neurotoxicology 50, 116–121. doi: 10.1016/
j.neuro.2015.08.007

Grill, W. M. (2018). Temporal pattern of electrical stimulation is a new dimension
of therapeutic innovation. Curr. Opin. Biomed. Eng. 8, 1–6. doi: 10.1016/j.
cobme.2018.08.007

Guirgis, M., Chinvarun, Y., Carlen, P. L., and Bardakjian, B. L. (2013). The role
of delta-modulated high frequency oscillations in seizure state classification.
Annu. Int. Conf. IEEE Eng. Med. Biol. Soc. 2013, 6595–6598.

Hajós, M., Hoffmann, W. E., and Kocsis, B. (2008). Activation of cannabinoid-
1 receptors disrupts sensory gating and neuronal oscillation: relevance to
schizophrenia. Biol. Psychiatry 63, 1075–1083. doi: 10.1016/j.biopsych.2007.
12.005

Hájos, N., Katona, I., Naiem, S. S., MacKie, K., Ledent, C., Mody, I., et al. (2000).
Cannabinoids inhibit hippocampal GABAergic transmission and network
oscillations. Eur. J. Neurosci. 12, 3239–3249. doi: 10.1046/j.1460-9568.2000.
00217.x

Hangya, B., Borhegyi, Z., Szilágyi, N., Freund, T. F., and Varga, V. (2009).
GABAergic neurons of the medial septum lead the hippocampal network
during theta activity. J. Neurosci. 29:8094. doi: 10.1523/jneurosci.5665-08.2009

Hill, A. J., Weston, S. E., Jones, N. A., Smith, I., Bevan, S. A., Williamson, E. M.,
et al. (2010). 19-Tetrahydrocannabivarin suppresses in vitro epileptiform and
in vivo seizure activity in adult rats. Epilepsia 51, 1522–1532. doi: 10.1111/j.
1528-1167.2010.02523.x

Hill, T. D., Cascio, M. G., Romano, B., Duncan, M., Pertwee, R. G., Williams,
C. M., et al. (2013). Cannabidivarin-rich cannabis extracts are anticonvulsant
in mouse and rat via a CB1 receptor-independent mechanism. Br. J. Pharmacol.
170, 679–692. doi: 10.1111/bph.12321

Iball, J., and Ali, A. B. (2011). Endocannabinoid release modulates electrical
coupling between CCK cells connected via chemical and electrical synapses in
CA1. Front. Neural Circuits 5:17. doi: 10.3389/fncir.2011.00017

Imamura, S., Tanaka, S., Akaike, K., Tojo, H., Takigawa, M., and Kuratsu, J. (2001).
Hippocampal transection attenuates kainic acid-induced amygdalar seizures in
rats. Brain Res. 897, 93–103. doi: 10.1016/s0006-8993(01)02098-4

Inostroza, M., Brotons-Mas, J. R., Laurent, F., Cid, E., and de la Prida, L. M.
(2013). Specific impairment of “what-where-when” episodic-like memory in
experimental models of temporal lobe epilepsy. J. Neurosci 33, 17749–17762.
doi: 10.1523/jneurosci.0957-13.2013

Jensen, O., and Colgin, L. L. (2007). Cross-frequency coupling between neuronal
oscillations. Trends Cogn. Sci. 11, 267–269. doi: 10.1016/j.tics.2007.05.003

Jiruska, P., de Curtis, M., Jefferys, J. G. R., Schevon, C. A., Schiff, S. J., and Schindler,
K. (2013). Synchronization and desynchronization in epilepsy: controversies
and hypotheses. J. Physiol. 591, 787–797. doi: 10.1113/jphysiol.2012.239590

Kalitzin, S., Petkov, G., Suffczynski, P., Grigorovsky, V., Bardakjian, B. L., Lopes
da Silva, F., et al. (2019). Epilepsy as a manifestation of a multistate network
of oscillatory systems. Neurobiol. Dis. 130:104488. doi: 10.1016/j.nbd.2019.
104488

Karanian, D. A., Karim, S. L., Wood, J. T., Williams, J. S., Lin, S., Makriyannis,
A., et al. (2007). Endocannabinoid enhancement protects against kainic acid-
induced seizures and associated brain damage. J. Pharmacol. Exp. Ther. 322,
1059–1066. doi: 10.1124/jpet.107.120147

Katona, I. (2015). Cannabis and endocannabinoid signaling in epilepsy. Handb.
Exp. Pharmacol. 231, 285–316. doi: 10.1007/978-3-319-20825-1_10

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., Sperlágh, B., Sík, A., Käfalvi, A., Vizi, E. S., Mackie, K., et al. (1999).
Presynaptically Located CB1 cannabinoid receptors regulate GABA release
from axon terminals of specific hippocampal interneurons. J. Neurosci. 19,
4544–4558. doi: 10.1523/jneurosci.19-11-04544.1999

Kawamura, Y., Fukaya, M., Maejima, T., Yoshida, T., Miura, E., Watanabe, M.,
et al. (2006). The CB1 cannabinoid receptor is the major cannabinoid receptor
at excitatory presynaptic sites in the hippocampus and cerebellum. J. Neurosci.
26, 2991–3001. doi: 10.1523/jneurosci.4872-05.2006

Klausberger, T., Marton, L. F., O’Neill, J., Huck, J. H. J., Dalezios, Y.,
Fuentealba, P., et al. (2005). Complementary roles of cholecystokinin-
and parvalbumin-expressing GABAergic neurons in hippocampal network
oscillations. J. Neurosci. 25, 9782–9793. doi: 10.1523/jneurosci.3269-05.2005

Frontiers in Behavioral Neuroscience | www.frontiersin.org 8 November 2020 | Volume 14 | Article 603245

https://doi.org/10.1038/nrn3241
https://doi.org/10.1016/0959-4388(95)80012-3
https://doi.org/10.1126/science.1099745
https://doi.org/10.1016/j.neuron.2013.10.002
https://doi.org/10.1016/j.neuron.2013.10.002
https://doi.org/10.1146/annurev-neuro-062111-150444
https://doi.org/10.1038/378075a0
https://doi.org/10.1038/npp.2015.53
https://doi.org/10.1016/j.yebeh.2008.09.006
https://doi.org/10.1016/s0301-0082(00)00026-5
https://doi.org/10.1016/j.neuroscience.2003.11.013
https://doi.org/10.1016/j.eplepsyres.2019.05.009
https://doi.org/10.1016/j.eplepsyres.2019.05.009
https://doi.org/10.1016/j.yebeh.2014.05.005
https://doi.org/10.1523/jneurosci.19-14-06191.1999
https://doi.org/10.1523/jneurosci.19-14-06191.1999
https://doi.org/10.1038/srep25422
https://doi.org/10.1016/s0166-2236(03)00227-3
https://doi.org/10.1038/336170a0
https://doi.org/10.1016/j.tics.2005.08.011
https://doi.org/10.1016/j.tics.2005.08.011
https://doi.org/10.1146/annurev.neuro.051508.135603
https://doi.org/10.1146/annurev.neuro.051508.135603
https://doi.org/10.1016/j.yebeh.2008.09.010
https://doi.org/10.1016/j.neuro.2015.08.007
https://doi.org/10.1016/j.neuro.2015.08.007
https://doi.org/10.1016/j.cobme.2018.08.007
https://doi.org/10.1016/j.cobme.2018.08.007
https://doi.org/10.1016/j.biopsych.2007.12.005
https://doi.org/10.1016/j.biopsych.2007.12.005
https://doi.org/10.1046/j.1460-9568.2000.00217.x
https://doi.org/10.1046/j.1460-9568.2000.00217.x
https://doi.org/10.1523/jneurosci.5665-08.2009
https://doi.org/10.1111/j.1528-1167.2010.02523.x
https://doi.org/10.1111/j.1528-1167.2010.02523.x
https://doi.org/10.1111/bph.12321
https://doi.org/10.3389/fncir.2011.00017
https://doi.org/10.1016/s0006-8993(01)02098-4
https://doi.org/10.1523/jneurosci.0957-13.2013
https://doi.org/10.1016/j.tics.2007.05.003
https://doi.org/10.1113/jphysiol.2012.239590
https://doi.org/10.1016/j.nbd.2019.104488
https://doi.org/10.1016/j.nbd.2019.104488
https://doi.org/10.1124/jpet.107.120147
https://doi.org/10.1007/978-3-319-20825-1_10
https://doi.org/10.1038/nm.f.1869
https://doi.org/10.1038/nm.f.1869
https://doi.org/10.1523/jneurosci.19-11-04544.1999
https://doi.org/10.1523/jneurosci.4872-05.2006
https://doi.org/10.1523/jneurosci.3269-05.2005
https://www.frontiersin.org/journals/behavioral-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/behavioral-neuroscience#articles


fnbeh-14-603245 November 9, 2020 Time: 14:49 # 9

Medeiros et al. Cannabinoid Modulation Addressing Pathological Synchrony

Klinzing, J. G., Niethard, N., and Born, J. (2019). Mechanisms of systems memory
consolidation during sleep. Nat. Neurosci. 22, 1598–1610. doi: 10.1038/s41593-
019-0467-3

Kreuz, T., Mormann, F., Andrzejak, R. G., Kraskov, A., Lehnertz, K., and
Grassberger, P. (2007). Measuring synchronization in coupled model systems:
a comparison of different approaches. Physica D 225, 29–42. doi: 10.1016/j.
physd.2006.09.039

Kucewicz, M. T., Tricklebank, M. D., Bogacz, R., and Jones, M. W. (2011).
Dysfunctional prefrontal cortical network activity and interactions following
cannabinoid receptor activation. J. Neurosci. 31, 15560–15568. doi: 10.1523/
jneurosci.2970-11.2011

Kudela, P., Franaszczuk, P. J., and Bergey, G. K. (2003). Changing excitation and
inhibition in simulated neural networks: effects on induced bursting behavior.
Biol. Cybern. 88, 276–285. doi: 10.1007/s00422-002-0381-7

Lima, I. V., de, A., Bellozi, P. M. Q., Batista, E. M., Vilela, L. R., Brandão, I. L.,
et al. (2020). Cannabidiol anticonvulsant effect is mediated by the PI3Kγ

pathway. Neuropharmacology 176:108156. doi: 10.1016/j.neuropharm.2020.10
8156

Lisman, J. E., and Jensen, O. (2013). The θ-γ neural code. Neuron 77, 1002–1016.
Loscher, W. (2020). The holy grail of epilepsy prevention: preclinical approaches

to antiepileptogenic treatments. Neuropharmacology 167:107605. doi: 10.1016/
j.neuropharm.2019.04.011

Maejima, T., Hashimoto, K., Yoshida, T., Aiba, A., and Kano, M. (2001).
Presynaptic inhibition caused by retrograde signal from metabotropic
glutamate to cannabinoid receptors. Neuron 31, 463–475. doi: 10.1016/s0896-
6273(01)00375-0

Marsicano, G., Goodenough, S., Monory, K., Hermann, H., Eder, M., Cannich,
A., et al. (2003). CB1 cannabinoid receptors and on-demand defense against
excitotoxicity. Science 302, 84–88. doi: 10.1126/science.1088208

McNamara, J. O. (1994). Cellular and molecular basis of epilepsy. J. Neurosci. 14,
3413–3425. doi: 10.1523/jneurosci.14-06-03413.1994

Mechoulam, R. (1970). Marihuana chemistry. Science 168, 1159–1166. doi: 10.
1126/science.168.3936.1159

Mechoulam, R., Hanuš, L. O., Pertwee, R., and Howlett, A. C. (2014). Early
phytocannabinoid chemistry to endocannabinoids and beyond. Nat. Rev.
Neurosci. 15, 757–764. doi: 10.1038/nrn3811

Medeiros, D. de C., and Moraes, M. F. D. (2014). Focus on desynchronization
rather than excitability: a new strategy for intraencephalic electrical stimulation.
Epilepsy Behav. 38, 32–36. doi: 10.1016/j.yebeh.2013.12.034

Medeiros, D. C., Oliveira, L. B., Mourão, F. A. G., Bastos, C. P., Cairasco, N. G.,
Pereira, G. S., et al. (2014). Temporal rearrangement of pre-ictal PTZ induced
spike discharges by low frequency electrical stimulation to the amygdaloid
complex. Brain Stimul. 7, 170–178. doi: 10.1016/j.brs.2013.11.005

Mizuseki, K., Sirota, A., Pastalkova, E., and Buzsáki, G. (2009). Theta oscillations
provide temporal windows for local circuit computation in the entorhinal-
hippocampal loop. Neuron 64, 267–280. doi: 10.1016/j.neuron.2009.08.037

Moraes, M. F. D., Chavali, M., Mishra, P. K., Jobe, P. C., and Garcia-Cairasco, N.
(2005a). A comprehensive electrographic and behavioral analysis of generalized
tonic-clonic seizures of GEPR-9s. Brain Res. 1033, 1–12. doi: 10.1016/j.brainres.
2004.10.066

Moraes, M. F. D., Mishra, P. K., Jobe, P. C., and Garcia-Cairasco, N. (2005b).
An electrographic analysis of the synchronous discharge patterns of GEPR-
9s generalized seizures. Brain Res. 1046, 1–9. doi: 10.1016/j.brainres.2005.
03.035

Morrison, P. D., Nottage, J., Stone, J. M., Bhattacharyya, S., Tunstall, N.,
Brenneisen, R., et al. (2011). Disruption of frontal theta coherence by
19-tetrahydrocannabinol is associated with positive psychotic symptoms.
Neuropsychopharmacology 36, 827–836. doi: 10.1038/npp.2010.222

Nariai, H., Matsuzaki, N., Juhász, C., Nagasawa, T., Sood, S., Chugani, H. T., et al.
(2011). Ictal high-frequency oscillations at 80-200 Hz coupled with delta phase
in epileptic spasms. Epilepsia 52, e130–e134.

Naydenov, A. V., Horne, E. A., Cheah, C. S., Swinney, K., Hsu, K.-L., Cao, J. K.,
et al. (2014). ABHD6 blockade exerts antiepileptic activity in PTZ-induced
seizures and in spontaneous seizures in R6/2 mice. Neuron 83, 361–371. doi:
10.1016/j.neuron.2014.06.030

Netoff, T. I., and Schiff, S. J. (2002). Decreased neuronal synchronization during
experimental seizures. J. Neurosci. 22, 7297–7307. doi: 10.1523/jneurosci.22-
16-07297.2002

O’Keefe, J., and Recce, M. L. (1993). Phase relationship between hippocampal place
units and the EEG theta rhythm. Hippocampus 3, 317–330. doi: 10.1002/hipo.
450030307

Patra, P. H., Barker-Haliski, M., White, H. S., Whalley, B. J., Glyn, S., Sandhu,
H., et al. (2019). Cannabidiol reduces seizures and associated behavioral
comorbidities in a range of animal seizure and epilepsy models. Epilepsia 60,
303–314. doi: 10.1111/epi.14629

Paz, J. T., and Huguenard, J. R. (2015). Microcircuits and their interactions in
epilepsy: Is the focus out of focus? Nat. Neurosci. 18, 351–359. doi: 10.1038/
nn.3950

Pertwee, R. G., Howlett, A. C., Abood, M. E., Alexander, S. P., Di Marzo,
V., Elphick, M. R., et al. (2010). International Union of Basic and Clinical
Pharmacology. LXXIX. Cannabinoid receptors and their ligands: beyond CB(1)
and CB(2). Pharmacol. Rev. 62, 588–631. doi: 10.1124/pr.110.003004

Perucca, P., and Gilliam, F. G. (2012). Adverse effects of antiepileptic drugs. Lancet
Neurol. 11, 792–802.

Petersen, P. C., and Buzsáki, G. (2020). Cooling of medial septum reveals theta
phase lag coordination of hippocampal cell assemblies. Neuron 107, 731–
744.e3.

Quian Quiroga, R., Kraskov, A., Kreuz, T., and Grassberger, P. (2002).
Performance of different synchronization measures in real data: a case study
on electroencephalographic signals. Phys. Rev. E Stat. Nonlin. Soft Matter Phys.
65:041903.

Quilichini, P., Sirota, A., and Buzsáki, G. (2010). Intrinsic circuit organization
and theta-gamma oscillation dynamics in the entorhinal cortex of the rat.
J. Neurosci. 30, 11128–11142. doi: 10.1523/jneurosci.1327-10.2010

Quinkert, A. W., Schiff, N. D., and Pfaff, D. W. (2010). Temporal patterning of
pulses during deep brain stimulation affects central nervous system arousal.
Behav. Brain Res. 214, 377–385. doi: 10.1016/j.bbr.2010.06.009

Robbe, D., and Buzsáki, G. (2009). Alteration of theta timescale dynamics
of hippocampal place cells by a cannabinoid is associated with memory
impairment. J. Neurosci. 29, 12597–12605. doi: 10.1523/jneurosci.2407-09.2009

Robbe, D., Montgomery, S. M., Thome, A., Rueda-Orozco, P. E., McNaughton,
B. L., and Buzsaki, G. (2006). Cannabinoids reveal importance of spike timing
coordination in hippocampal function. Nat. Neurosci. 9, 1526–1533. doi: 10.
1038/nn1801

Santos-Valencia, F., Almazán-Alvarado, S., Rubio-Luviano, A., Valdés-Cruz, A.,
Magdaleno-Madrigal, V. M., and Martínez-Vargas, D. (2019). Temporally
irregular electrical stimulation to the epileptogenic focus delays epileptogenesis
in rats. Brain Stimul. 12, 1429–1438. doi: 10.1016/j.brs.2019.07.016

Schindler, K., Elger, C. E., and Lehnertz, K. (2007). Changes of EEG
synchronization during low-frequency electric stimulation of the seizure onset
zone. Epilepsy Res. 77, 108–119. doi: 10.1016/j.eplepsyres.2007.09.011

Schnitzler, A., and Gross, J. (2005). Normal and pathological oscillatory
communication in the brain. Nat. Rev. Neurosci. 6, 285–296. doi: 10.1038/
nrn1650

de Souza Silva, W., Maciel, R. M., and Cota, V. R. (2019). “Electrographic
spectral signatures of animals submitted to pentylenetetrazole-induced
seizures and treated with bilateral asynchronous non-periodic stimulation,” in
Computational Neuroscience. LAWCN 2019. Communications in Computer and
Information Science, eds V. Cota, D. Barone, D. Dias, and L. Damázio (Cham:
Springer), 258–266. doi: 10.1007/978-3-030-36636-0_19

Sohal, V. S., and Sun, F. T. (2011). Responsive neurostimulation suppresses
synchronized cortical rhythms in patients with epilepsy. Neurosurg. Clin. N.
Am. 22, 481–488. doi: 10.1016/j.nec.2011.07.007

Soltesz, I., Alger, B. E., Kano, M., Lee, S.-H., Lovinger, D. M., Ohno-Shosaku, T.,
et al. (2015). Weeding out bad waves: towards selective cannabinoid circuit
control in epilepsy. Nat. Rev. Neurosci. 16, 264–277. doi: 10.1038/nrn3937

Sunderam, S., Gluckman, B., Reato, D., and Bikson, M. (2010). Toward rational
design of electrical stimulation strategies for epilepsy control. Epilepsy Behav.
17, 6–22. doi: 10.1016/j.yebeh.2009.10.017

Udupa, K., and Chen, R. (2015). The mechanisms of action of deep brain
stimulation and ideas for the future development. Prog. Neurobiol. 133, 27–49.
doi: 10.1016/j.pneurobio.2015.08.001

Uhlhaas, P. J., Linden, D. E. J., Singer, W., Haenschel, C., Lindner, M., Maurer, K.,
et al. (2006). Dysfunctional long-range coordination of neural activity during
Gestalt perception in schizophrenia. J. Neurosci. 26, 8168–8175. doi: 10.1523/
jneurosci.2002-06.2006

Frontiers in Behavioral Neuroscience | www.frontiersin.org 9 November 2020 | Volume 14 | Article 603245

https://doi.org/10.1038/s41593-019-0467-3
https://doi.org/10.1038/s41593-019-0467-3
https://doi.org/10.1016/j.physd.2006.09.039
https://doi.org/10.1016/j.physd.2006.09.039
https://doi.org/10.1523/jneurosci.2970-11.2011
https://doi.org/10.1523/jneurosci.2970-11.2011
https://doi.org/10.1007/s00422-002-0381-7
https://doi.org/10.1016/j.neuropharm.2020.108156
https://doi.org/10.1016/j.neuropharm.2020.108156
https://doi.org/10.1016/j.neuropharm.2019.04.011
https://doi.org/10.1016/j.neuropharm.2019.04.011
https://doi.org/10.1016/s0896-6273(01)00375-0
https://doi.org/10.1016/s0896-6273(01)00375-0
https://doi.org/10.1126/science.1088208
https://doi.org/10.1523/jneurosci.14-06-03413.1994
https://doi.org/10.1126/science.168.3936.1159
https://doi.org/10.1126/science.168.3936.1159
https://doi.org/10.1038/nrn3811
https://doi.org/10.1016/j.yebeh.2013.12.034
https://doi.org/10.1016/j.brs.2013.11.005
https://doi.org/10.1016/j.neuron.2009.08.037
https://doi.org/10.1016/j.brainres.2004.10.066
https://doi.org/10.1016/j.brainres.2004.10.066
https://doi.org/10.1016/j.brainres.2005.03.035
https://doi.org/10.1016/j.brainres.2005.03.035
https://doi.org/10.1038/npp.2010.222
https://doi.org/10.1016/j.neuron.2014.06.030
https://doi.org/10.1016/j.neuron.2014.06.030
https://doi.org/10.1523/jneurosci.22-16-07297.2002
https://doi.org/10.1523/jneurosci.22-16-07297.2002
https://doi.org/10.1002/hipo.450030307
https://doi.org/10.1002/hipo.450030307
https://doi.org/10.1111/epi.14629
https://doi.org/10.1038/nn.3950
https://doi.org/10.1038/nn.3950
https://doi.org/10.1124/pr.110.003004
https://doi.org/10.1523/jneurosci.1327-10.2010
https://doi.org/10.1016/j.bbr.2010.06.009
https://doi.org/10.1523/jneurosci.2407-09.2009
https://doi.org/10.1038/nn1801
https://doi.org/10.1038/nn1801
https://doi.org/10.1016/j.brs.2019.07.016
https://doi.org/10.1016/j.eplepsyres.2007.09.011
https://doi.org/10.1038/nrn1650
https://doi.org/10.1038/nrn1650
https://doi.org/10.1007/978-3-030-36636-0_19
https://doi.org/10.1016/j.nec.2011.07.007
https://doi.org/10.1038/nrn3937
https://doi.org/10.1016/j.yebeh.2009.10.017
https://doi.org/10.1016/j.pneurobio.2015.08.001
https://doi.org/10.1523/jneurosci.2002-06.2006
https://doi.org/10.1523/jneurosci.2002-06.2006
https://www.frontiersin.org/journals/behavioral-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/behavioral-neuroscience#articles


fnbeh-14-603245 November 9, 2020 Time: 14:49 # 10

Medeiros et al. Cannabinoid Modulation Addressing Pathological Synchrony

Uhlhaas, P. J., and Singer, W. (2006). Neural synchrony in brain disorders:
relevance for cognitive dysfunctions and pathophysiology. Neuron 52, 155–168.
doi: 10.1016/j.neuron.2006.09.020

Uhlhaas, P. J., and Singer, W. (2012). Neuronal dynamics and neuropsychiatric
disorders: toward a translational paradigm for dysfunctional large-scale
networks. Neuron 75, 963–980. doi: 10.1016/j.neuron.2012.09.004

Unal, G., Joshi, A., Viney, T. J., Kis, V., and Somogyi, P. (2015). Synaptic targets of
medial septal projections in the hippocampus and extrahippocampal cortices
of the mouse. J. Neurosci. 35, 15812–15826. doi: 10.1523/jneurosci.2639-15.
2015

Varela, F., Lachaux, J. P., Rodriguez, E., and Martinerie, J. (2001). The brainweb:
phase synchronization and large-scale integration. Nat. Rev. Neurosci. 2, 229–
239. doi: 10.1038/35067550

Vilela, L. R., Medeiros, D. C., Rezende, G. H., de Oliveira, A. C., Moraes, M. F., and
Moreira, F. A. (2013). Effects of cannabinoids and endocannabinoid hydrolysis
inhibition on pentylenetetrazole-induced seizure and electroencephalographic
activity in rats. Epilepsy Res. 104, 195–202. doi: 10.1016/j.eplepsyres.2012.
11.006

von Rüden, E. L., Bogdanovic, R. M., Wotjak, C. T., and Potschka, H. (2015).
Inhibition of monoacylglycerol lipase mediates a cannabinoid 1-receptor
dependent delay of kindling progression in mice. Neurobiol. Dis. 77, 238–245.
doi: 10.1016/j.nbd.2015.03.016

von Stein, A., and Sarnthein, J. (2000). Different frequencies for different
scales of cortical integration: from local gamma to long range alpha/theta
synchronization. Int. J. Psychophysiol. 38, 301–313. doi: 10.1016/s0167-
8760(00)00172-0

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. J. Pharmacol. Exp. Ther. 307,
129–137. doi: 10.1124/jpet.103.051920

Wang, X.-J. (2010). Neurophysiological and computational principles of cortical
rhythms in cognition. Physiol. Rev. 90, 1195–1268. doi: 10.1152/physrev.00035.
2008

Whittington, M. A., Traub, R. D., Kopell, N., Ermentrout, B., and Buhl, E. H.
(2000). Inhibition-based rhythms: experimental and mathematical observations
on network dynamics. Int. J. Psychophysiol. 38, 315–336. doi: 10.1016/s0167-
8760(00)00173-2

Wilson, R. I., and Nicoll, R. A. (2001). Endogenous cannabinoids mediate
retrograde signalling at hippocampal synapses. Nature 410, 588–592. doi: 10.
1038/35069076

Womelsdorf, T., Schoffelen, J.-M., Oostenveld, R., Singer, W., Desimone, R., Engel,
A. K., et al. (2007). Modulation of neuronal interactions through neuronal
synchronization. Science 316, 1609–1612. doi: 10.1126/science.1139597

Wu, J., Yang, H., Peng, Y., Fang, L., Zheng, W., and Song, Z. (2013). The role of
local field potential coupling in epileptic synchronization. Neural Regeneration
Res. 8, 745–753.

Wyckhuys, T., Boon, P., Raedt, R., Van Nieuwenhuyse, B., Vonck, K., and
Wadman, W. (2010). Suppression of hippocampal epileptic seizures in the
kainate rat by Poisson distributed stimulation. Epilepsia 51, 2297–2304. doi:
10.1111/j.1528-1167.2010.02750.x

Wyeth, M. S., Zhang, N., Mody, I., and Houser, C. R. (2010). Selective reduction
of cholecystokinin-positive basket cell innervation in a model of temporal lobe
epilepsy. J. Neurosci. 30, 8993–9006. doi: 10.1523/jneurosci.1183-10.2010

Zhang, W., and Buckmaster, P. S. (2009). Dysfunction of the dentate basket cell
circuit in a rat model of temporal lobe epilepsy. J. Neurosci. 29, 7846–7856.
doi: 10.1523/jneurosci.6199-08.2009

Zheng, L., Feng, Z., Hu, H., Wang, Z., Yuan, Y., and Wei, X. (2020). The appearance
order of varying intervals introduces extra modulation effects on neuronal
firing through non-linear dynamics of sodium channels during high-frequency
stimulations. Front. Neurosci. 14:397. doi: 10.3389/fnins.2020.00397

Zuardi, A. W. (2006). History of cannabis as a medicine: a review. Rev. Bras.
Psiquiatr. 28, 153–157. doi: 10.1590/s1516-44462006000200015

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 Medeiros, Cota, Oliveira, Moreira and Moraes. 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 10 November 2020 | Volume 14 | Article 603245

https://doi.org/10.1016/j.neuron.2006.09.020
https://doi.org/10.1016/j.neuron.2012.09.004
https://doi.org/10.1523/jneurosci.2639-15.2015
https://doi.org/10.1523/jneurosci.2639-15.2015
https://doi.org/10.1038/35067550
https://doi.org/10.1016/j.eplepsyres.2012.11.006
https://doi.org/10.1016/j.eplepsyres.2012.11.006
https://doi.org/10.1016/j.nbd.2015.03.016
https://doi.org/10.1016/s0167-8760(00)00172-0
https://doi.org/10.1016/s0167-8760(00)00172-0
https://doi.org/10.1124/jpet.103.051920
https://doi.org/10.1152/physrev.00035.2008
https://doi.org/10.1152/physrev.00035.2008
https://doi.org/10.1016/s0167-8760(00)00173-2
https://doi.org/10.1016/s0167-8760(00)00173-2
https://doi.org/10.1038/35069076
https://doi.org/10.1038/35069076
https://doi.org/10.1126/science.1139597
https://doi.org/10.1111/j.1528-1167.2010.02750.x
https://doi.org/10.1111/j.1528-1167.2010.02750.x
https://doi.org/10.1523/jneurosci.1183-10.2010
https://doi.org/10.1523/jneurosci.6199-08.2009
https://doi.org/10.3389/fnins.2020.00397
https://doi.org/10.1590/s1516-44462006000200015
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

	The Endocannabinoid System Activation as a Neural Network Desynchronizing Mediator for Seizure Suppression
	Introduction
	Cannabinoids and the Endocannabinoid System
	Cannabinoid on-Demand and Circuit Breaker Functions

	Epilepsy as a Network Dysfunction and Hypersynchronous Disease
	Endocannabinoid System Diminishes the Neural Organization
	Cannabinoid Activity on Inhibitory Cells as a Mechanism for Neural Network Desynchrony and Seizure Suppression

	Conclusion
	Author Contributions
	Funding
	Acknowledgments
	References


