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Current Review
In Basic Science

Exogenous cannabinoids are receiving renewed attention 
for their anticonvulsant properties in the context of medi-
cal marijuana. Alternative or adjunctive approaches seek to 
exploit the endogenous cannabinoid (endocannabinoid, eCB) 
system to take advantage of the suppressive power of the 
brain’s main cannabinoid receptor, CB1R, while avoiding some 
of the drawbacks associated with marijuana use. Collectively, 
the eCBs, their receptors, degradative and synthetic enzymes, 
uptake systems, and CB1Rs compose the endocannabinoid 
system (ECS). Though generally anticonvulsant at low doses, 
exogenous cannabinoids can cause seizures at high doses. 
While non-ECS–related reasons for this profile are conceivable, 
it is also possible that the inherent complexity of the ECS could 
also explain it. This brief review highlights a few of opportuni-
ties as well as the complexities that arise in the quest to use 
eCBs in the treatment of epilepsy involving hippocampal and 
neocortical systems. Space does not permit a discussion of 
cannabidiol (CBD) (1), a nonpsychotropic cannabinoid that 
does not directly affect CB1R but reportedly is anticonvulsant 
in certain forms of epilepsy (2).

Drugs derived from cannabis plants are “cannabinoids,” 
and the psychoactive agent, tetrahydrocannabinol (THC) is an 
agonist of CB1R. The normal agonists of CB1R are eCBs, mainly 
the fatty acid derivatives, N-acetylethanolamide (anandamide) 
and 2-arachidonolyglycerol (2-AG), with 2-AG being predomi-
nant in most cases (3). eCBs are produced and released (“mo-
bilized”) from postsynaptic cells and travel across the synaptic 
cleft in the reverse (“retrograde”) direction from conventional 
neurotransmission. Anandamide is metabolized by fatty acid 
amide hyrolase (FAAH), while 2-AG is degraded by monoglyc-
eride lipase (MGL) (3) and α-β-hydrolase domain 6 (ABHD6) (4).

CB1Rs are primarily found on axonal terminals near 
presynaptic release sites. CB1R activation always reduces neu-
rotransmitter release, regardless of transmitter identity. eCBs 
can be mobilized by strong postsynaptic activity that raises 
intracellular Ca2+ concentration, [Ca2+]i ,in pyramidal cells; the 
resulting reduction of GABA release is called “depolarization-
induced suppression of inhibition” (DSI), whereas reduction 
of glutamate release, which happens when eCBs released 
from pyramidal cells activate CB1Rs on glutamatergic cells, 
is called DSE. DSI and DSE are transient (tens of seconds) 
periods of depressed transmitter release. A separate, Ca2+-
independent mobilization of eCBs is caused by activation of 
some G-protein-coupled receptors (GPCRs), especially type 
I metabotropic glutamate receptors (mGluRs) (5, 6) and M1 
or M3 types of muscarinic acetylcholine receptors (mAChRs) 
(7) (8); the Ca2+-dependent and -independent pathways also 
interact synergistically (5), probably via PLCβ1 (9). Hence eCB 
mobilization can be driven exclusively by postsynaptic ([Ca2+]
i-dependent) or presynaptic (GPCR-dependent) processes or 
by their combination. Minutes-long stimulation of CB1Rs by 
mGluRs causes long-term forms of synaptic depression (LTD) 
lasting for ≥1 hours (10).

Epileptiform activity often arises when an imbalance of 
excitatory (E) and inhibitory (I) synaptic transmission (the E/I 
ratio) within a neuronal circuit causes increased E, decreased I, 
or both. The possibility that eCBs might participate in E/I shifts 
in the hippocampus and neocortex is implicit in the distribu-
tion of CB1Rs, which are found at high density on certain 
inhibitory interneuron synapses and at very low density at 
excitatory synapses (3). Given the universal inhibitory actions 
of eCBs on transmitter release, their net effect on neuronal 
circuits comprising both excitatory and inhibitory elements is 
not easy to predict.

Circuit Breaker or Dimmer Switch?
Cannabinoids have been viewed as “circuit breakers” because 
of their ability to halt seizures and limit degeneration (11). 
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eCBs are mobilized by brain insults that cause widespread cel-
lular depolarization accompanied by Ca2+ influx and the mas-
sive release of GPCR-coupled neurotransmitters. By inhibiting 
further glutamate release, eCBs help dampen seizures and 
reduce the neuronal cell death that occurs as a consequence 
of status epilepticus.

The effects of eCBs are more nuanced than the circuit 
breaker model suggests, however. While eCBs are sufficiently 
powerful to silence a synapse completely, silencing can be 
overcome, for example, by blocking axonal K+ channels (12) 
or vigorously activating the presynaptic (CB1R-expressing) 
neuron (13, 14). Because CB1Rs are generally confined to the 
synaptic axonal terminal away from the neuronal cell body and 
dendrites, CB1R activation does not influence somatic action 
potential firing. As a result, excitation of dendrites can trigger 
repetitive somatic action potentials that readily travel to the 
synaptic terminals where they can reduce and ultimately abol-
ish the CB1R-mediated inhibition of release. If overall excit-
ability is not kept within certain bounds, cannabinoid actions 
that are effective in containing moderate levels of excitability 
may wane and lose the ability to limit glutamate release. The 
resulting increase will boost excitability, further decrease eCB 
efficacy, and so on; the ensuing positive feedback could con-
tribute to the onset of seizures.

An example of modulation of eCB-mediated synaptic sup-
pression occurs in the case of mAChRs in hippocampus and 
neocortex. The mAChR agonists stimulate CB1R+ interneurons, 
while eliciting eCB release from pyramidal cells (7). In brain 
slices, there is a continuous barrage of IPSPs that remains 
highly sensitive to eCB-mediated DSI (15–17). Clearly, the IPSPs 
originate from CB1R+ interneurons and are not fully blocked. 
The interaction between eCB inhibition and direct mAChR-de-
pendent excitation of the interneurons achieves an intermedi-
ate, steady-state level of synaptic transmission that can either 
be further depressed by an increase in the eCBs (i.e., by DSI), or 
increased by a CB1R antagonist.

Such considerations are directly relevant to the study of 
epilepsy: Pilocarpine is a convulsant that is used experimen-
tally to induce status epilepticus, leading to spontaneous 
seizures that develop over a period of days to weeks. After 
establishment of the epileptic state in the mouse pilocarpine 
model of TLE, application of anandamide or 2-AG suppresses 
the frequency of spontaneous excitatory postsynaptic currents 
and secondary population discharges in the dentate gyrus 
(18), that is, the eCBs are anticonvulsant in this model. Yet 
pilocarpine is also an mAChR agonist that mobilizes copious 
quantities of eCBs. Why do these eCBs not prevent the initial 
seizure induction? They are certainly produced because the 
severity of the seizures during the induction phase is markedly 
enhanced if activation of CB1R is prevented either pharma-
cologically or by genetic deletion (19). Similar to their effects 
in in vitro slices, mAChRs probably simultaneously excite cells 
and release eCBs that only partially counteract the glutamate 
release; they cannot fully break the circuit.

Epileptiform Activity Generates eCBs and Vice Versa
The artificial stimuli most often used to induce short-term 
eCB mobilization are 1- to 10-second–long depolarizations of 
the postsynaptic neuronal membrane by about 70 mV. Such 

events crudely resemble epileptiform paroxysmal depolar-
izing shifts (PDSs), or burst potentials, and trigger Ca2+ influx 
that mobilizes eCBs. Spontaneous PDSs in an Mg2+-free in vitro 
model (mean duration ~0.33 seconds) (20) and “theta-bursts” 
induce eCB-dependent IPSP depression (21, 22). Therefore, the 
hyperexcitable epileptiform events themselves mobilize eCBs. 
Bouts of theta-burst potential firing produces a pronounced 
eCB-mediated, long-term depression of inhibitory synapses 
(iLTD) in the hippocampus (22), which will increase excitabil-
ity for prolonged periods. Most importantly, stimulation that 
effectively mobilizes eCBs and suppresses IPSPs (DSI) does not 
affect hippocampal EPSPs (22, 24). Whether this is because 
eCBs spread only very small distances from a somatic point 
of mobilization to nearby GABAergic terminals or is attribut-
able to other factors is not known (23). In any case, the eCBs 
produced by burst potential firing will tilt the system toward 
enhanced excitation.

Another factor contributing to the bias toward eCB sup-
pression of excitation is that CB1Rs are found on much lower 
density on glutamatergic than on GABAergic terminals (25), 
but there may be others: Febrile seizures in early development 
cause an upregulation of CB1Rs only on inhibitory interneu-
rons (26). Either the eCBs mobilized by the seizures could not 
influence the CB1Rs on the excitatory terminals, or perhaps 
there are differences in cellular machinery downstream of 
CB1Rs on the excitatory and inhibitory neurons. Evidence that 
widespread eCB-generating activity selectively targets inhibi-
tory synapses is puzzling—but not unique—and is seen with 
GPCR-dependent eCB stimulation as well (27, 28).

Perhaps only really massive seizure activity is capable of 
releasing sufficient glutamate onto dendritic spine synapses 
to activate the mGluRs, activate the 2-AG synthetic machinery 
sequestered there (3), and mobilize sufficient 2-AG to achieve 
at least partial protection. Kainic acid (a convulsant that does 
not directly stimulate eCB mobilization) causes seizures and 
mobilizes eCBs but does not do so directly, as does pilocar-
pine. Rather, the increase in activity that leads to neuronal 
degeneration also mobilizes eCBs and limits the extent of 
the damage, which again is inferred from the much greater 
damage seen in the global absence of functional CB1Rs (29). 
The neuroprotective effect in the kainic acid model is provided 
exclusively by the CB1Rs on glutamate cells, as their selective 
elimination exacerbates the damage as much as does global 
CB1R loss (30). Elimination of CB1Rs from GABAergic interneu-
rons was ineffective.

Mixed Reception?
Levels of surface expression of CB1R on neuronal membranes 
are important determinants of cannabinoid efficacy and yet 
are not stable, rapidly becoming down-regulated in cultured 
cells with steady activation of CB1R (31, 32). The degree of 
downregulation is also dependent on the identity of the CB1R 
agonist, being more marked for WIN55212-2 than for THC. In 
organized tissue, persistent stimulation of the ECS suppresses 
neurotransmitter release steadily over a period of an hour—
not declining as expected if functionally significant CB1Rs 
were quickly disappearing from the neuronal surface. More-
over, tonic (steady-state, not directly resulting from specific 
stimulation) eCB actions do occur (33–35) and, indeed, may 
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arise as a consequence of seizure activity (27, 36). Clearly such 
tonic effects are at odds with rapid, use-dependent downregu-
lation of CB1Rs. It is not known whether the receptors that are 
removed in these cases are superfluous, ineffective, or quickly 
replaced.

Pilocarpine-induced status epilepticus up-regulates CB1Rs 
on excitatory fibers in the dentate gyrus (18), but febrile 
seizures in early development cause a selective, long-lasting 
(at least months) upregulation of CB1Rs on CB1R+ interneuron 
axon terminals (26, 27). The increase of CB1Rs on inhibitory ter-
minals will, by decreasing inhibition, increase the E/I ratio, and 
move the system toward hyperexcitability. Intriguingly, the 
upregulation of CB1Rs is itself dependent on CB1R activation 
during the seizures and can be prevented by CB1R antagonists 
(27). The implication is that a treatment that could acutely 
exacerbate the severity of an infantile seizure could prevent 
the development of a very long-lasting, perhaps permanent, 
alteration (increase in the density of CB1Rs at GABAergic 
synapses) that could predispose the system to the establish-
ment of epilepsy. The protective effect of the CB1R antagonist 
occurs even if it is given after the onset of seizures, opening a 
potential new treatment door, if the underlying biochemical 
mechanism can be understood and manipulated.

Cannabinoids—exoCB and endoCBs Are Not the Same
Although both exogenous and endogenous cannabinoids 
act on the same receptors and have qualitatively the same 
inhibitory effects on neurotransmitter release, they are not the 
same, and their differences have practical implications. Exog-
enous cannabinoids act globally—essentially all CB1Rs in the 
brain are activated. eCBs act very locally—only CB1Rs in the 
immediate vicinity of the eCB-releasing cells are activated and 
for only as long as the eCBs are mobilized (their longer lasting 
sequelae, potentiation or depression, are independent of 
continued CB1R activation). The therapeutic implications are 
fairly obvious: Exogenous cannabinoids have a greater ability 
to interrupt seizures quickly over broad expanses of the brain. 
The main drawback is their influence on brain regions having 
nothing to do with seizures and their unwanted psychoactive 
side effects. Controlled stimulation of the ECS might be ac-
complished by selective targeting of conventional neurotrans-
mitter receptors known to be concentrated in specific brain 
regions, or by limited prevention of eCB degradation. Ideally, 
ECS effects would be relatively restricted to the neighbor-
hood of the cells producing eCBs. This should help avoid the 
psychoactive actions—but possibly at the cost of insufficient 
coverage of the hyperactive areas.

Behavioral tolerance to cannabis caused by changes in 
CB1R numbers does develop over a period of days or weeks, 
but the time course and even direction of the changes (up or 
down) are markedly different across brain regions (31, 37–39). 
Hopes of manipulating the ECS pharmacologically to increase 
eCB levels by reducing their degradation have been tempered 
by observations that, following prolonged and profound inhi-
bition of the degradative enzyme for 2-AG, MGL (40), cannabi-
noids lose efficacy, suggesting that CB1R desensitization takes 
place. Interestingly, similar effects are not seen with inhibition 
of anandamide degradation when FAAH is blocked. Confusing-
ly, the FAAH-/- mouse has a seizure phenotype, not a seizure-

resistant one as anticipated (41), suggesting that a persistent 
increase in anandamide promotes—rather than prevents—
hyperexcitability, perhaps by suppressing inhibition via CB1R 
activation. Such complexities and others pose problems for 
potential therapeutic strategies based on the ECS (42).

Endocannabinoids Go Up and Down in Fragile X Syndrome
A dramatic example of the challenges to implementing an 
ECS-based anticonvulsant therapy is provided by fragile X 
syndrome (FXS), an autism spectrum disorder that is the most 
common cause of mental retardation attributable to a single 
gene defect (43). FXS patients suffer from anxiety, hyperactiv-
ity, and seizures. The Fmr1 gene, which is disrupted by large 
numbers of trinucleotide repeats, codes for the fragile X men-
tal retardation protein (FMRP), a protein translation inhibitor. 
Loss of FMRP is associated with overexpression of a number 
of proteins, especially those regulated by mGluR5. In the 
Fmr1-/- mutant mouse, mGluR5-dependent eCBs are produced 
in excess at inhibitory synapses (44–46) and cause pronounced 
depression of synaptic inhibition and a concomitant increase 
in excitatory synaptic plasticity. Surprisingly, the situation 
at excitatory synapses is very different, with both a deficit 
(47) and an excess (48) of eCBs being reported (although in 
autaptic cultures [48], excess production of 2-AG leads to CB1R 
downregulation, and eventually a functional deficit in eCB 
signaling). Note that a deficit of eCB at excitatory synapses will 
contribute to a net increase in network excitability, as will an 
excess of eCBs at inhibitory synapses. The major therapeutic 
problem is that the implications for an ECS-based treatment 
seem diametrically opposed: Restoring balance would involve 
decreasing inhibition at inhibitory synapses (e.g., with a CB1R 
antagonist) and increasing inhibition at excitatory synapses 
(e.g., with a CB1R agonist). It is not yet known if it is necessary 
for both to occur to prevent seizures—perhaps one or the 

Highlights

1. Endocannabinoids can affect, and be affected by, 
seizures.

2. Cannabinoid receptors are present at both glu-
tamatergic and some GABAergic synapses; they 
always inhibit transmitter release.

3. The strength of the endocannabinoid system is 
not fixed but can vary up or down as a function of 
disease process, activity-including seizures, and 
drug treatment, including drug identity, amount, 
and duration of exposure.

4. Understanding the endocannabinoid system will 
help explain the multitude of exogenous can-
nabinoid actions, including both anticonvulsant 
and convulsant effects.

5. Taking advantage of the ubiquity and potency of 
the ECS for therapeutic uses should be possible 
but may not be easy.
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other action is dominant, but determining if it is possible to 
provide therapy with a single drug, or whether a combination 
therapy could be devised, will be challenging.

Conclusions
The ECS remains a powerful and tempting target for develop-
ment of anticonvulsant drugs. While acute activation of CB1Rs 
can suppress abnormal excitability, many factors can dimin-
ish their efficacy with long-term continuous use, including 
activity-dependent modulation and receptor downregulation. 
Attempts to avoid possible problems associated therapeutic, 
long-term use of exogenous cannabinoids by targeting the 
ECS and altering eCBs will no doubt have to confront some of 
the same problems. Increasing local eCB levels by preventing 
their degradation eventually leads to CB1R desensitization 
and internalization. Exploiting the ECS for therapeutic uses will 
require detailed information about the underlying condition, 
brain region involved, and developmental age, among other 
considerations.
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