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In Vivo Endocannabinoid Dynamics at the Timescale of Physiological and Pathological Neural Activity
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The brain’s endocannabinoid system is a powerful controller of neurotransmitter release, shaping synaptic communication
under physiological and pathological conditions. However, our understanding of endocannabinoid signaling in vivo is limited by
the inability to measure their changes at timescales commensurate with the high lability of lipid signals, leaving fundamental
questions of whether, how, and which endocannabinoids fluctuate with neural activity unresolved. Using novel imaging ap-
proaches in awake behaving mice, we now demonstrate that the endocannabinoid 2-arachidonoylglycerol, not anandamide, is
dynamically coupled to hippocampal neural activity with high spatiotemporal specificity. Furthermore, we show that seizures
amplify the physiological endocannabinoid increase by orders of magnitude and drive the downstream synthesis of vasoactive
prostaglandins that culminate in a prolonged stroke-like event. These results shed new light on normal and pathological
endocannabinoid signaling in vivo.

Commentary

The endocannabinoid system is dynamically involved in the
control of neurotransmitter release via retrograde synaptic
signaling and has also been implicated in playing a role in
seizure suppression.1 Endocannabinoids (eCBs) are lipid-
derived messengers that are synthesized post-synaptically.
Endocannabinoids activate cannabinoid type 1 receptors
(CB1), which are expressed throughout the brain at presynaptic
terminals and act to reduce neurotransmitter release.2 The
prevalence of CB1 receptors in the brain, and more specifically
the hippocampus, coupled with their unique signaling proper-
ties, makes the eCB system an excellent target for therapeutic
treatment of epilepsy.1,3 While eCBs have been implicated in
seizure control,4 little is known about their dynamics and the
way in which eCBs act within the temporal lobe. One limitation
in the study of eCB dynamics has been the lack of technology
that permits eCB level monitoring in real-time, while simul-
taneously monitoring neural activity in vivo.

In their recent publication, Farrell et al.5 employed the use of
a novel genetically encoded endocannabinoid sensor, GRAB-
eCCB2.0 (GRAB), that allows for visualization of eCB dy-
namics in vivo. GRAB is sensitive to the 2 major eCBs known
to be present in the CNS, anandamide (AEA) and 2-
arachidonoylglycerol (2-AG). They combined this eCB sen-
sor technology with two-photon calcium imaging to reveal
never-seen-before coupling between neural activity and eCBs.
These techniques were utilized to investigate these dynamics
during physiological activity and seizure pathophysiology.

Farrell et al. began by tackling a gap in the field—that is, which
eCBs are released under physiological conditions and what are
the real-time dynamics? To answer this, they visualized eCBs in
the CA1 cell layer of hippocampus during locomotion. It is well
known that CA1 neurons fire bursts of action potentials, which
elicit calcium transients, when animals traverse precise loca-
tions (place fields) on a linear track. Simultaneous imaging of
calcium activity and eCBs revealed that changes in eCBs levels
were activity-dependent and exquisitely localized such that eCB
levels only increased in close proximity to the neurons that were
active. Through a series of pharmacological manipulations, they
found 2-AG is the primary player during physiological hip-
pocampal eCB signaling during locomotion. As the eCB system
is altered in epilepsy,3 the next question that emerges is whether
eCB signaling during heightened activity, that is, seizures, is
similar to what was observed under healthy conditions. This is
especially pertinent when considering cannabinoid-based in-
terventions in epilepsy.

Seizures were elicited via electrical kindling stimulation in
the ventral hippocampus, which gave the experimenters precise
control over when seizures would occur, making imaging
tractable. Seizure activity was monitored electrographically,
while simultaneously measuring eCB dynamics with two-
photon calcium imaging. They found that there was a
marked increase in 2-AG during seizures and these levels re-
turned to baseline shortly after seizure termination. Consistent
with the hyper-synchronization expected during a seizure, the
authors observed that cells exhibited an increase in overall
correlation during seizures, which in turn resulted in a decrease
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in spatial specificity of 2-AG. The authors reported an increase
in electrographic seizure duration following pharmacological
inhibition of 2-AG synthesis, suggesting that 2-AG may act as a
switch to suppress seizures. However, this result did not occur in
all animals tested. While the observed heterogeneity weakens
the conclusion that 2-AG acts to suppress electrically evoked
seizures, these findings are consistent with previous work
showing that 2-AG suppresses spontaneous seizures in a
chronic model of epilepsy.4 On the other hand, another study
pointed to AEA, rather than 2-AG, as being the eCB that
mediates seizure control.1 It is possible that Farrell et al. are
biased toward observing 2-AG effects based on the imaging
plane (pyramidal cell layer). As designed, they were blind to
eCB dynamics in the distal dendritic tree. Future experiments
with prisms allowing for transverse visualization of CA1
neurons could be enlightening.

Although a surge in 2-AG levels during seizures was shown
to provide some level of protection, it is also known that 2-AG
can have potentially harmful effects.6 Given that Farrell et al.
observed elevated quantities of 2-AG during seizures orders of
magnitude higher than seen during physiological conditions, a
pressing question is whether 2-AG is doing more harm than
good. 2-AG hydrolysis is known to initiate prostaglandin
pathways, and high concentrations of prostaglandins promote
vasoconstriction.7 As both rodents and humans have previously
been shown to be susceptible to hypoxic episodes postictally,8,9

the experimenters explored whether there was a link between 2-
AG induced neuro-inflammation and postictal hypoxia. To test
this, they implemented a series of pharmacological interven-
tions that inhibited specific enzymes involved in the 2-AG-
prostaglandin pathway. They measured brain oxygen levels in
freely behaving mice experiencing electrically evoked seizures
with/without these interventions. Mice with intact 2-AG-
prostaglandin pathways showed substantial postictal hypoxia.
On the other hand, they found that inhibiting the synthesis of 2-
AG or blocking later stages of the 2-AG-prostaglandin pathway
was sufficient to reduce or prevent postictal hypoxia.

These findings highlight the duality of 2-AG. On one side,
increased levels of 2-AG offer a source of protection from
seizure activity and on the other side, activate a cascade of
events resulting in postictal hypoxia. Ideally, therapeutics de-
signed to leverage the endocannabinoid system would harness
the seizure suppressing effects while avoiding promotion of
hypoxia. Moving forward, integrating eCB imaging with a
chronic model of temporal lobe epilepsy could provide exciting
insight to altered dynamics in between seizures, possibly
shedding light on mechanisms of comorbidities. Furthermore,
these techniques could be leveraged to better understand the
mechanisms of existing clinical therapeutics that are aimed at
the endocannabinoid system. For example, cannabidiol (CBD),
the non-psychoactive component of cannabis, has been shown
to have anticonvulsant effects in the treatment of epilepsy,
though little is known of the mechanisms.2,9 Cannabidiol has
been reported to inhibit the degradation of AEA,10 one of the

major eCBs. As discussed above, Farrell et al. found that 2-AG
was the predominant eCB involved in seizure control, but
perhaps AEA becomes a prominent player in the presence of
CBD. Given that GRAB is also sensitive to AEA, an exciting
application of this new technique would be to investigate
whether a role for AEA in seizure control is unveiled in the
presence of CBD.
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