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SUMMARY
The brain’s endocannabinoid system is a powerful controller of neurotransmitter release, shaping synaptic
communication under physiological and pathological conditions. However, our understanding of endocan-
nabinoid 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 endocanna-
binoids fluctuate with neural activity unresolved. Using novel imaging approaches 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 sei-
zures 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.
INTRODUCTION

The cannabinoid type 1 receptor (CB1) is the most abundant G-

protein-coupled receptor in the brain and plays important roles

in physiological and pathophysiological states, including epilepsy,

mainlyby reducingneurotransmitter release atpre-synaptic termi-

nals (Katona and Freund, 2008; Kano et al., 2009; Soltesz et al.,

2015). The main endogenous lipid ligands for CB1 (termed endo-

cannabinoids: eCBs), anandamide (AEA), and 2-arachidonoyl

glycerol (2-AG) are thought to be synthesized in an activity-depen-

dent manner to provide negative feedback at the synapse (Stella

et al., 1997; Di Marzo et al., 1994). However, the relative contribu-

tions of AEA and 2-AG are still debated (Di Marzo, 2011).

Until recently, our understanding of eCB dynamics in vivo has

been limited by the inappropriately low spatiotemporal resolu-

tion of conventional biochemical approaches. While well suited

for measuring slow eCB changes, quantification of brain lipid
2398 Neuron 109, 2398–2403, August 4, 2021 ª 2021 Elsevier Inc.
levels post-mortem, the current gold standard, is unsuitable for

resolving any rapid fluctuations (i.e., seconds to minutes) that

would return to baseline during the time-consuming process of

removing the brain and dissecting a sample. Thus, a funda-

mental understanding of how eCB levels fluctuate with neural ac-

tivity is missing. We overcame this limitation by applying a

recently developed genetically encoded eCB sensor, GRAB-

eCB2.0, which reports low micromolar eCB concentrations

within seconds and is well suited for in vivo investigation (Dong

et al., 2020). We imaged this sensor in the hippocampus of

awake mice (Figure 1A) to establish the contributions of AEA

versus 2-AG during physiological and pathological neural activity

(i.e., seizures). This novel approach may also resolve the long-

standing discrepancy between prior studies supporting crucial

roles for eCBs in seizure control (Sugaya et al., 2016) but minimal

eCB changes associated with seizure events (Wallace et al.,

2003; Marsicano et al., 2003; Lerner et al., 2017).
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Figure 1. Locomotion- and seizure-driven endocannabinoid increase depends on 2-AG, not AEA

(A) Experimental setup. 2-photon imaging of calcium and eCB signals from awake, head-fixed mice.

(B) Enzymes involved in eCB synthesis and hydrolysis and corresponding inhibitors (abbreviated) used in the study.

(C) eCB (green) and calcium (magenta) traces, averaged across cells, from a representative mouse during locomotion showing altered eCB signal with 2-AG

perturbation.

(D) Representative traces during seizure activity showing a similar pharmacological sensitivity to that of eCB activity during locomotion C.

(E) Summary data for C reported as a percentage change from vehicle. One-way ANOVAswere performed on themaximumDF/F for each session’s run-triggered

average (see Figure S1B). n = 12 for DO34, JZL184, and URB597 (eCB: F3,11 = 26.43, Dunnett post-test **p < 0.01; calcium F3,11 = 3.18). n = 6 for LEI401 (eCB:

F4,5 = 8.61, calcium; F4,5 = 3.57, LEI non-significant for both).

(F) DO34 significantly prolonged electrographic seizure duration (n = 12 group: Friedman test F3,11 = 9.65, Dunnett post-test *p < 0.05; n = 6 group: Friedman test

F4,5 = 8.42, LEI non-significant).

(G) Summary data for D reported as a percentage change in the area under curve for eCB (n = 12 group: F3,11 = 156.0, Dunnett post-test ****p < 0.0001, n = 6

group: F4,5 = 49.73, LEI non-significant) and calcium (n = 12 group: F3,11 = 2.00, n = 6 group: F4,5 = 4.54).

See also Figure S1A.
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RESULTS

2-AG underlies activity-dependent eCB signaling in the
hippocampus
Under physiological conditions, locomotion resulted in

increased intracellular calcium activity in the CA1 pyramidal

cell layer and rapid activation of the eCB sensor (Figures 1A

and 1C; Figures S1A and S1B). Following cessation of locomo-

tion, calcium and eCB activity returned to baseline within

seconds (Figure 1C see VEH), which would not be captured

by conventional methods and highlights the utility of GRAB-

eCB2.0 for studying eCBs. Next, we assessed the coupling of

neural activity and eCB production in the presence of specific

inhibitors for the synthesis and breakdown of 2-AG and AEA

to determine their relative roles as activity-dependent eCBs

(Figure 1B). The locomotion-related eCB signal was sup-
pressed by inhibiting 2-AG synthesis with a diacylglycerol

lipase (DAGL) inhibitor (DO34, 50 mg/kg i.p.) and enhanced

by inhibiting 2-AG hydrolysis with a monoacylglycerol lipase

(MAGL) inhibitor (JZL184, 16 mg/kg, i.p.) (Figures 1B, 1C, and

1E; Figure S1B). In contrast, it was unaffected by inhibiting

AEA synthesis with a N-acylphosphatidylethanolamine phos-

pholipase D (NAPE-PLD) inhibitor (LEI401, 30 mg/kg i.p.) or in-

hibiting AEA hydrolysis with a fatty acid amide hydrolase

(FAAH) inhibitor (URB597, 3 mg/kg i.p.) (Figures 1B, 1C, and

1E), supporting a specific role for 2-AG, not AEA, in activity-

dependent eCB signaling.

Extracellular 2-AG is controlled in a spatiotemporally
precise manner
We then determined the temporal offset and spatial specificity of

eCB coupling to neural activity at the single-cell level (Figure 2A).
Neuron 109, 2398–2403, August 4, 2021 2399



Figure 2. Spatiotemporal characteristics of activity-dependent 2-AG signaling

(A) eCB and calcium traces were pulled from active neurons identified in the baseline period (no seizure). Inset shows neighboring cells with traces displayed in (E).

(B) eCB traces from each cell were moved forward and backward in time to determine the optimal temporal offset (yielding maximum Pearson r value). Histogram

shows an example from a vehicle locomotor session from one mouse with a mean lag of 1 s across cells.

(C) The temporal offset, or eCB lag, was prolonged by JZL pre-treatment for locomotor sessions (F4,5 = 14.98, Dunnett post-test **p < 0.01).

(D) Seizure traces similarly show a prolonged temporal offset by JZL (F4,5 = 26.13, Dunnett post-test ****p < 0.0001)

(E) eCB traces from each cell were correlated to the calcium activity within its region of interest and to all other cells to determine spatial specificity (Pearson r

values). Example traces from a vehicle session show stronger within cell coupling.

(F) Reduced correlation values were observed between cell relative to within for locomotor sessions (one-sample t tests). No significant differences were found on

the amount of reduction in correlation value across drug treatments (F4,5 = 1.67). Note the lower correlation values with DO34 (see Figure S1C).

(G) Reduced correlation values were observed between cell versus within for seizure recordings (one-sample t tests). No significant differenceswere found on the

amount of reduction in correlation value across treatments (F4,5 = 0.39). Note the lower correlation values with JZL184 (see Figure S1D).
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When averaged across cells and mice, the two signals had a

strong, positive correlation (Figure S1C, see VEH in real time).

This within-cell eCB versus calcium correlation was selectively

reduced by 2-AG, not AEA, synthesis, and hydrolysis inhibition

(Figure S1C). Cellular eCB traces were then shifted forward

and backward in time to determine the amount of lag between

eCB and calcium traces or vice versa (Figure 2B). The eCB signal

had a lag of 1.55 ± 0.14 s, which was significantly prolonged by

the 2-AG hydrolysis inhibitor JZL184 (Figure 2C). After correcting

for the time offset, only 2-AG synthesis inhibition and not 2-AG

hydrolysis inhibition reduced the correlation between cellular

eCB and calcium signals (Figure S1C). These data support a

crucial role for 2-AG synthesis in activity-dependent eCB

signaling, whereas 2-AG hydrolysis selectively alters the kinetics

of this coupling.

We also found that this coupling occurred in a spatially precise

manner, since the eCB signal in a given cell was more correlated

to its own calcium signal than that of other cells (Figures 2E and

2F; Figure S1A). The amount of reduction in correlation when

moving from within cell to between cell was not significantly

altered by the various drug treatments (Figure 2F). These data

suggest that the spatial precision of 2-AG signaling is retained

even when its metabolism is inhibited, thereby prolonging its ac-

tivity without significant spatial spillover.
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Seizures amplify activity-dependent 2-AG synthesis
Relative to the locomotion-induced eCB signal change, electri-

cally induced seizures (1 s of kindling stimulation targeted to

ventral hippocampus), on average, resulted in a 349 times

greater signal increase (maximum dF/F of 572% ± 34% versus

2.66% ± 0.44%, Figures 1C versus 1D; Figures S1A and S1B;

Videos S1 versus S2). Based on controlled in vitro experiments,

an additional 2 orders of magnitude increase in bath applied 2-

AG to neuronal cultures would be needed to show similar

changes in fluorescence to that observed during a seizure versus

locomotion (Dong et al., 2020). Moreover, this signal returned to

baselinewithin seconds tominutes after seizure termination (Fig-

ure 1D; Figures S1A and S1B) and provides an explanation for

why previous biochemical methods provided inconsistent as-

sessments of the changes in the levels of eCBs with seizures.

Like physiological activity, the seizure-induced eCB signal was

also specifically sensitive to enzymatic manipulation of 2-AG,

but not AEA (Figure 1G). Since electrographic seizure duration

was prolonged by 2-AG synthesis inhibition (Figure 1F), these

data provide further evidence for the role of 2-AG in seizure con-

trol (Katona and Freund, 2008; Sugaya et al., 2016).

At the single-cell level, data obtained during seizures also sup-

ported a selective role for 2-AG, similar to the observationsmade

during physiological locomotor activity. eCB traces during



Figure 3. The endocannabinoid-prostaglandin pathway leads to severe postictal hypoxia

(A) Experimental setup (left) and molecular pathway with associated pharmacological inhibitors (right).

(B) Changes in oxygen profiles following drug pre-treatment. X and Y scales apply to all four graphs. Data are mean ± SEM.

(C) All four drugs significantly reduced the area below 10 mmHg (one-sample t test, DO34 – t4 = 7.51; JZL184 – t4 = 5.75; celecoxib – t4 = 22.73; ONO8130 – t4 =

8.03). **p < 0.01, ****p < 0.0001.

See also Figures S2 and S3.
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seizures had a time offset of 1.12 ± 0.20 s, which was signifi-

cantly prolonged by 2-AG hydrolysis inhibition (Figure 2D). Inhi-

bition of 2-AG hydrolysis also reduced the eCB versus calcium

correlation value in both real-time and adjusted traces (Fig-

ure S1D), which is expected due to the slower decay of the

eCB signal under these conditions (Figure 1D; Figure S1B). The

real-time and shifted correlation values for 2-AG synthesis inhibi-

tion were not altered during seizures (Figure S1D). When

comparing within cell and between cell correlations for eCB

versus calcium, seizures resulted in greater overall correlation

and less spatial specificity than physiological conditions (Figures

2G versus 2F), as expected during hyperactive and hypersyn-

chronous activity.

This supraphysiological surge in 2-AG may indeed act as a

seizure-disrupting circuit breaker by suppressing glutamate

release from excitatory fibers (Katona and Freund, 2008), but un-

usually high local levels of 2-AG may have other, less beneficial

effects. Considering that 2-AG breakdown is coupled to prosta-

glandin synthesis (Nomura et al., 2011), we then assessed the

potentially deleterious downstream pathophysiological effects

of excessive substrate (2-AG) levels.

Pathological 2-AG production during seizures leads to
elevated prostaglandins and a stroke-like event
The hydrolysis of 2-AG by MAGL produces arachidonic acid

(AA), which is a substrate for the enzyme cyclooxygenase-2

(COX-2). COX-2, which is abundant in principal cells, oxygenates

AA to produce vasoactive prostaglandins. This is particularly

interesting in light of the recent finding that COX-2 is necessary

for the induction of stroke-like hypoperfusion events that occur

after seizures, both in animal models and persons with epilepsy

(Farrell et al., 2016; Gaxiola-Valdez et al., 2017; Li et al., 2019).

Based on the findings so far, we hypothesized that postictal hy-

poperfusion/hypoxia is initiated by excessive 2-AG during sei-

zures leading to downstream engagement of a pathway

involving COX-2 and prostaglandins.

To address this hypothesis, we determined how inhibitors of

key endocannabinoid-prostaglandin targets modulate the

expression of postictal hypoxia using chronically implanted oxy-
gen-sensing probes in freely behaving mice (Figure 3A). Without

intervention, vehicle-treated mice displayed the previously re-

ported robust postictal decreases in brain oxygen levels from

the normoxic range of 20–30 mmHg to severely hypoxic levels

(<10 mmHg) lasting for tens of minutes (Figure 3B) (Farrell

et al., 2016). The 2-AG synthesis inhibitor, DO34 (50 mg/kg

i.p.), prevented the induction of severe postictal hypoxia (Figures

3B and 3C), demonstrating the requirement of 2-AG in this

signaling cascade.

We next determined whether MAGL is involved in postictal

hypoxia, sinceMAGL is thought to hydrolyze themajority of brain

2-AG, thereby liberating AA for prostaglandin production (No-

mura et al., 2011). Indeed, pre-treatment with JZL184 reduced

the severity of postictal hypoxia (Figures 3B and 3C), further sup-

porting a key role for 2-AG. These data are paralleled by the

reduced severity of postictal hypoxia with the COX-2 inhibitor,

celecoxib (50 mg/kg i.p.) (Figures 3B and 3C). Together, these

data highlight crucial roles for activity-dependent 2-AG synthe-

sis, subsequent hydrolysis to AA, and oxygenation by COX-2

in severe postictal hypoxia.

We also found evidence for endocannabinoid-prostaglandin

coupling when comparing changes in 2-AG and prostaglandin

levels following single or four consecutive seizures (Figure S2A).

We hypothesized that repeated seizure activity would diminish

the levels of substrates in this pathway, resulting in prolonged

seizures and reduced postictal hypoxia. Using 2-photon imaging

in mice, we observed reduced eCB sensor activation and longer

seizures after a fourth seizure in vivo (Figure S2B). Post-mortem

levels of 2-AG, AA, and PGE2 were measured by mass spec-

trometry from rats immediately after a kindled seizure and

showed a blunted response after a fourth seizure at each step

of the endocannabinoid-prostaglandin pathway (Figures S2C–

S2E). To determine whether dampening of this molecular

pathway is associated with a reduction in postictal hypoxia,

we performed the same four-seizure protocol in rats with a

chronically implanted oxygen sensor. If each seizure and the

associated postictal hypoxia was independent of each other,

their effects should summate and yield more severe hypoxia af-

ter a fourth seizure. Instead, the fourth seizure was associated
Neuron 109, 2398–2403, August 4, 2021 2401
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with less severe postictal hypoxia (Figure S2F), consistent with

reduced eCB-prostaglandin signaling. These results further sup-

port that activity-dependent 2-AG synthesis plays a role in

restricting seizure activity but also provides substrate for down-

stream COX-2 signaling that drives severe postictal hypoxia.

Last, we investigated potential mechanisms downstream of

COX-2, since little is known about how the oxygenation products

of AA ultimately lead to postictal hypoperfusion/hypoxia. We

previously observed that inhibition of PGE2 synthase amelio-

rated postictal hypoxia (Farrell et al., 2016). Here, we observed

that PGE2 was themost elevated prostanoid in the hippocampus

of rats, measured immediately after a seizure (Figure S3). While

PGE2 typically leads to vasodilation under physiological condi-

tions via EP2 and EP4 receptors (Lacroix et al., 2015), lower-affin-

ity receptors, such as EP1 receptors, may only be activated by

supra-physiological PGE2 concentrations, as observed here

(1,741% ± 257% increase relative to baseline). Since paren-

chymal arterioles only constrict, rather than dilate, upon PGE2

exposure in an EP1-receptor-dependent manner (Dabertrand

et al., 2013), this receptor is a prime candidate to mediate hypo-

perfusion/hypoxia after seizures. Indeed, pre-treatment of mice

with a selective EP1 receptor antagonist (ONO8130, 25 mg/kg

i.p.) inhibited postictal hypoxia (Figures 3B and 3C).

DISCUSSION

These data provide evidence that 2-AG serves as the dominant

activity-dependent endocannabinoid in the hippocampus and

is coupled to physiological neural activity in a precise spatiotem-

poral manner. Moreover, 2-AG hydrolysis specifically affects the

temporal dynamics of eCB signaling without resulting in spatial

spillover. Seizures, however, result in a loss of eCB spatial

specificity as neural activity becomes hyperactive and

hypersynchronous.

GRAB-eCB2.0 has the potential to rapidly advance our

knowledge of eCB dynamics across a range physiological and

pathological settings. However, as this is a novel tool, possible

limitations should be considered. For example, especially in

the context of pathological changes during seizures (such as

pH shifts), one should consider the possibility that some changes

in sensor fluorescence might be unrelated to eCBs. It is note-

worthy in this regard, therefore, that the scrambled control

sensor did not report fluorescence changes during seizures

(Dong et al., 2020), and the consistent negative or positive mod-

ulation of the sensor fluorescence with specific blockers of 2-AG

synthesis or breakdown also argues against significant seizure-

induced non-specific confounds (e.g., note that the 2-AG syn-

thesis inhibitor DO34 strongly suppressed the sensor response

in spite of the fact that it made the seizures worse). On the other

hand, excessive sensor expression levels should be avoided in

order to minimize the potential for eCB buffering effects that

may restrict endogenous CB1 signaling.

For seizure pathophysiology, we found that 2-AG has two

opposing roles. Mounting evidence supports that the eCB sys-

tem is a prime target for seizure control (Katona and Freund,

2008; Soltesz et al., 2015), and these data provide clear in vivo

evidence that 2-AG is produced in an activity-dependent manner

and is necessary to suppress seizures. However, this previously
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undetected surge of 2-AG during seizures comes at the cost of

producing extremely high levels of PGE2 that leads to prolonged

hypoperfusion/hypoxia. Given that postictal stroke-like events

result in long-lasting behavioral impairment (Farrell et al., 2016,

2020), the finding that excessive 2-AG feeds this vasoconstric-

tion pathway supports two opposing roles (anti-seizure versus

pro-hypoxia) that are fundamental to our understanding and

treatment of epilepsy.
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Materials availability
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Data and code availability
Data are available upon reasonable request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Electrical kindling seizure model in mice
Experiments using mice were approved and performed in accordance with relevant guidelines and regulations by the Health Sci-

ences Animal Care Committee at the University of Calgary (AC16-0272) and the Administrative Panel on Laboratory Animal Care

(APLAC) at Stanford University, respectively. Mice were group-housed in standard cages with unrestricted access to standard

chow andwater and all experiments were performed during the light cycle. 13 C57BL/6J (P90-120) malemice (Jackson Laboratories,

Strain#000664) were used for In vivo 2-photon imaging. 12 C57BL/6J (P50-100) male mice (Jackson Laboratories, Strain#000664)

were used in the pharmacological study in In vivo local tissue oxygen-sensing (note that some mice were used across more than

one drug treatment with a > 24 hour washout period). Procedures for electrical kindling are described below.

Electrical kindling seizure model in rats
Experiments using rats were approved and performed in accordance with relevant guidelines and regulations by the Health Sciences

Animal Care Committee at the University of Calgary (AC16-0272). Rats were group-housed in standard cages with unrestricted ac-

cess to standard chow and water and single-housed after surgery. All experiments were performed during the light cycle. 80 male
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Long-Evans hooded rats (weight 250 g-350 g, age 8-14 weeks, Charles River) were used for Liquid Chromatography/Mass Spec-

trometry. 5 male Long-Evans hooded rats (weight 250 g-350 g, age 8-14 weeks, Charles River) were used for the 4-seizure protocol

in In vivo local tissue oxygen-sensing. Procedures for electrical kindling are described below.

METHOD DETAILS

Seizure model
Teflon-coated twisted bipolar electrodes (tip separation of 0.5mm) were chronically implanted to the ventral hippocampus of rats

(4.5mm posterior, 4.5mm lateral, 7mm ventral to bregma) and mice (3.2mm posterior, 2.7mm lateral, 4.0mm ventral to bregma) as

previously described (Farrell et al., 2016). Following recovery from surgery (1-2 weeks), seizures were elicited by kindling stimulation

above seizure threshold (300-500 mA of current delivered in 1ms biphasic pulses at 60Hz for 1 s).

In vivo 2-photon imaging
400nL viral mixture of equal parts GRAB-eCB2.0 (prepared here) and jRGECO1a (both under control of a pan-neuronal promoter)

were injected into the right CA1 (2.2mm posterior, 1.5mm lateral, 1.3 ventral to bregma) using a 25 g Hamilton syringe. pAAV.

Syn.NES-jRGECO1a.WPRE.SV40 was a gift from Douglas Kim & GENIE Project (Addgene viral prep 100854-AAV1; http://

addgene.org/100854; RRID:Addgene_100854) (Dana et al., 2016). pAAV.hSyn.GRAB-eCB2.0.WPRE.hGH-polyA was constructed

and AAV2/9.hSyn.GRAB-eCB2.0 was packaged at Vigene Biosciences, China with a titer of 9.5 3 10^13 viral genomes per mL.

The overlying cortex was then aspirated and replaced with a 3mm diameter imaging cannula as previously described (Kaifosh

et al., 2013). The kindling electrode was implanted in the contralateral ventral hippocampus and implants were secured with a

thin layer of Metabond (Parkell) followed by dental cement (Lang) and a stainless steel headbar. Following recovery from surgery,

mice underwent 1-2 habituation sessions to acclimate to head-fixation and to confirm good expression of the sensor and proper

placement of the kindling electrode (presence of after-discharges consistent with ventral hippocampal kindling). The first experiment

performed was the four-seizure protocol (Figure S2A). Mice then received i.p. injections, as described below, 45 minutes prior to

seizure with at least 24 hours in between imaging sessions to ensure clearance of the previous days drug (mean interval = 3.78 ±

0.71 days, see Drug Injections). Imaging sessions consisted of a 5 to 7-minute baseline period where locomotion on a 1-m belt

was tracked with a rotary encoder. Seizures were then initiated and monitored electrographically (amplified 1000X and digitized

at 10kHz) and behaviorally (behavioral camera focused on the face and forelimbs) and imaging continued for 5 additional minutes.

Statistical tests for changes in seizure duration were performed on raw electrographic seizure duration values using a non-parametric

Friedman’s test, since the DO34 data was not Gaussian distributed. 13 mice were used for data in Figures 1F and 1E and 12 mice

were used for Figure 1D (one mouse was excluded because the calcium and eCB signals were too weak for reliable detection under

physiological conditions).

Imaging data was collected on a Neurolabware 2-photonmicroscope (Neurolabware.com) controlled by Scanbox (scanbox.org), a

GUI that runs in MATLAB (mathworks.com). Data was collected at 15 fps with the laser tuned to 1000nm to simultaneously sample

both sensors with low crosstalk between green and red channels. In a subset of data (n = 6), we optimized the imaging parameters for

single cell imaging, which involved separate laser power and photomultiplier tube gain settings for physiological versus seizure re-

cordings. Motion correction, ROI segmentation, and signal extraction was performed offline in python (python.org) using the SIMA

package (Kaifosh et al., 2014) for broad pyramidal cell layer signal extraction or Suite2p (Pachitariu et al., 2017) for the data subset

where single-cell analysis was performed. For analysis using SIMA, sensor signals were pulled from the pyramidal cell layer of CA1 by

extracting the signal from several large polygons drawn around groups of approximately 40-80 cells and averaged across all ROIs.

For suite2p, segmentation was based on calcium activity during the 5-7 minute baseline period to identify active neurons. Inactive

neurons were excluded from analysis to avoid spurious eCB and calcium correlations due to a lack of signal change. Sensor signal

was pulled from each non-overlapping ROI for baseline and seizure recordings and either analyzed separately or reported as the

mean signal across cells where appropriate. For running-driven signal changes, the change in fluorescence (DF/F) across the pyra-

midal cell layer (averaged across individual cells for suite2p segmentation) was calculated using a baseline from 4 s to 1 s before the

onset of running. Peak calcium and eCB signal change (maximum) were quantified for each session fromGaussian-smoothed traces

(sigma = 0.5 s) of the run-onset triggered average. Seizure-driven calcium and eCB signal changes were calculated using a baseline

of 850 samples pre-seizure to derive DF/F and quantified as the total area under the curve from seizure onset to 1.5 minutes post-

onset. We noted that there may have been a certain amount of fluorescence channel cross-talk during seizure recordings with JZL

pre-treatment, where the bright and prolonged eCB fluorescence may have been detected by the red calcium channel (see Fig-

ure S1B top right). As apparent in the JZL data shown in Figure 1G, this may have occurred in a minority of subjects (likely due to

slight differences in relative expression of each sensor). Note that the differences in temporal kinetics of each sensor suggests

that crosstalk does not occur under physiologic conditions. For both locomotion- and seizure-driven changes, we performed

within-subject ANOVAs and Dunnett’s test to correct for multiple comparisons between vehicle and drug conditions. Since only 6

of the animals were treated with LEI401, a separate ANOVA with Dunnett’s test for multiple comparisons was used on this subset.

For display purposes, data are shown as a percent change from vehicle, but all statistical tests were performed on non-normalized

data. For the 4-seizure experiment, we calculated a ratio of eCB AUC to calcium AUC to determine howmuch eCB is produced for a

given seizure and performed a one-sample t test on the difference between a 4th versus 1st seizure.
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For single cell eCB and calcium analysis, we first analyzed optimized recordings from mice treated with vehicle (n = 6). Cellular

DF/F across the entire recording was normalized to a 3rd order polynomial or the 10th percentile of the signal for baseline and

seizure traces, respectively. To determine the general time-scale of eCB changes that reflect neural activity, we smoothed eCB

and calcium traces from each cell with 1-dimensional Gaussian filters ranging in widths to generate a plot of filter width versus

correlation value. We chose the filter width that achieved 80% of the maximal correlation value (17 frames or 1.1 s), which

captured most of the correlation between both signals without sacrificing temporal resolution. Optimally smoothed eCB traces

from baseline and seizure recordings were shifted forward and backward relative to calcium traces for each cell to determine

the time-shift parameter that yields maximal correlation. We reported the time-offset for each recording session, averaged across

all cells in the session, and analyzed these data with a within-subject ANOVA and Dunnett’s post-test. We used the same statis-

tical tests to determine if the average eCB versus calcium correlation values were altered for real-time and optimally time-shifted

traces. We also correlated a given cell’s eCB signal that of its own calcium signal or the calcium signal of all other cells. We re-

ported the within and between cell comparison averaged across all cells for each session and performed a within subject ANOVA

and Dunnett’s post-test on the difference between these two values. To determine if this with versus between difference was sig-

nificant, we performed one-sample t tests on each treatment.

Liquid chromatography/mass spectrometry
Rats received single, three, four, or no kindled seizure(s) (seizures spaced 30-minutes apart) according to the group they were as-

signed to. Rats were used in this experiment instead of mice, since we found more robust lipid level changes in preliminary exper-

iments, perhaps relating to longer seizure durations in rats yielding higher levels of activity-dependent lipids. Rats were sacrificed at

the time-point listed by decapitation without sedation/anesthesia. Brains were rapidly removed, hippocampi extracted, frozen on dry

ice, and stored at�80C until analysis. The hippocampi contralateral to implantation (to avoid potential inflammation associated with

implantation) were homogenized in methanol and lipid analysis was carried out on a SCIEX 6500 QTrap system as previously

described (Shonesy et al., 2014).

In vivo local tissue oxygen-sensing
In addition to the implantation a kindling electrode, oxygen-sensing probes were implanted in the dorsal hippocampus (1.6mm pos-

terior, 2.0mm lateral, 1.8mm ventral to bregma in mice; 3.5mm posterior, 3.5mm lateral to bregma and 3.5mm ventral to skull surface

in rats). Following 1 week recovery, mice and rats were kindled approximately daily for 5-10 session to ensure that seizures were

consistently elicited with postictal hypoxia, since we previously found that the first sessions are accompanied by shorter seizures

and less severe hypoxia (Farrell et al., 2016). Once stable across consecutive days, oxygen recordings were obtained from freely-

moving rats and mice sampled at 1Hz using the Oxylite system (Oxford Optronix), with a 100 s baseline period and 90-minutes of

postictal recording. This oxygen-sensing system is based on the platinum fluorescence lifetime-quenching properties of oxygen

and has several advantages over other methodologies (see Ortiz-Prado et al., 2010 for full validation), including measurement of ab-

solute oxygen values, lack of oxygen consumption in the measurement process, ability to use chronically, and compatibility with

freely-behaving recordings without movement artifact. Severity of hypoxia was quantified as the area below 10mmHg to take into

account the depth and duration of hypoxia below this critical threshold (Farrell et al., 2016). Paired t tests were used to determine

statistical significance.

Drug injections
Celecoxib, JZL184, ONO8130, and URB597 were obtained from Cayman Chemicals (Ann Arbor, MI), LEI401 was obtained from

MedChemExpress (Monmouth Junction, NJ), and DO34 was obtained from Aobious (Gloucester, MA). Drugs were dissolved in

dimethyl sulfoxide (DMSO) and stored at �20. A stock solution of each drug was further diluted to create a vehicle composing

of 1:1:18 of DMSO:Tween80:saline and injected at a volume of 3mL/kg (intraperitoneal or i.p.) at 45 minutes pre-seizure. The min-

imum washout period for this study was 24 hours with a mean washout period of 3.78 ± 0.71 days between previous drug treat-

ments, to avoid potential lingering effects of previous drugs. This mean does not include the first drug exposure, as it is not asso-

ciated with previous drug administration. The order that mice received drug treatments was varied to balance for the effect of

repeated kindling and time.

Drugs that inhibit eCB synthesis or hydrolysis are often given up to several hours before lipid measurements are taken to allow

enough time for substantial changes in lipid levels to accumulate (Fegley et al., 2005; Ogasawara et al., 2016; Nomura et al.,

2011). In this study, our goal was to inhibit on-demand eCB synthesis/hydrolysis, not to measure slow changes that integrate

over hours, and therefore chose a time-point when drug levels typically reach their maximum brain concentration. Since we required

drug levels to be high in the brain during the baseline period (recording initiated at 10 minutes pre-seizure) and seizure, we chose an

injection time-point of 45-minutes pre-seizure. While detailed pharmacokinetic data are not available for all drugs used in the study,

this time-point is consistent with available data (Mock et al., 2020). Mock et al., (2020) reported brain drugs levels of LEI401, which

reached a maximum between 30 minutes and 1 hour post-injection (intraperitoneal). Thus, the lack of drug effect in our study with

LEI401 is not explained by inappropriate injection timing. Furthermore, the robust effects with JZL184 and DO34 are indicative of

sufficient drug levels in the brain at the time of experimentation.
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QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical methods are described in the above Method Details section for each experiment and significance levels are reported in

figure legends. All statistical tests were performed using Python 3 or Graphpad Prism 5.
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Supplemental Information 

Figure S1. Pharmacological sensitivity of single cell calcium and eCB dynamics during 
locomotor and seizure activity. Related to Figure 1 and Figure 2. 
(A) Heatmaps showing single cell calcium (top, magenta outline) and eCB (bottom, green outline) traces 
for locomotor and seizure activity from a representative mouse (vehicle treatment). Cells are sorted 
based on calcium activity during the seizure using the rastermap algorithm 
(github.com/MouseLand/rastermap). For both locomotor activity and seizure activity, similar activity is 
reported by both sensors demonstrating correlation at the single cell level. Note that the color scale is 
increased for seizure traces showing both excessive and synchronous activity during seizures with both 
sensors.  
(B) Mean run onset- and seizure onset-triggered averages (n=6 mice per drug) across drug treatments. 
Calcium is plotted on top with eCB on the bottom for locomotion (left) vs. seizures (right). Note the 
reduced vs. increased endocannabinoid signal with 2-AG synthesis and hydrolysis inhibition, 



respectively, by DO and JZL. Data are mean +/- sem and smoothed with a narrow gaussian filter for 
visualization purposes (sigma = 2 frames).  
(C) Real time (top) vs. time-shifted (bottom) correlation values for calcium vs. eCB activity during 
locomotion, averaged across cells in each session (n=6 mice per drug). In real time, DO and JZL 
reduced the correlation between cellular calcium and eCB (within-subject ANOVA F4,5=16.46, Dunnett’s 
post-test **p<0.01). When the traces were adjusted to optimize for the time-shift, only DO reduced this 
correlation (within-subject ANOVA F4,5=14.81, Dunnett’s post-test **p<0.01). 
(D) Analysis from B performed on seizure traces in real time and shifted time. JZL reduced the 
correlation between cellular calcium and eCB (within-subject ANOVA F4,5=25.63 and F4,5=9.58, 
respectively; Dunnett’s post-test ***p<0.01). 
  



 
Figure S2. Repeated seizures diminish the endocannabinoid-prostaglandin pathway, worsen 
seizures, and attenuate postictal hypoxia. Related to Figure 3. 
(A) Four seizure protocol.  
(B) the fourth seizure was longer than the first seizure (left, t7=3.50). Calcium (middle-left) and eCB 
(middle-right) responses to the first and fourth seizures. The eCB to calcium ratio (area under curve) 
decreased upon the fourth seizure (right, t7=1.23).  
(C) the proposed molecular pathway leading to seizure-induced prostaglandin production.  
(D) LC/MS on tissue collected immediately after single or four seizures was used to quantify lipid levels.
(E) 2-AG (left) increased after a first (t18=2.44), but not a fourth seizure (t17=0.78, p=0.45). AA (center) 
increased after a first (t18=3.07), but not a fourth seizure (t17=0.39, p=0.35). PGE2 (right) increased after 
a single seizure (t18=6.77) and a fourth seizure (t17=7.98), but to lesser extent.  
(F) hippocampal oxygen was recorded following single or four consecutive seizures. The fourth seizure 
was associated with less severe hypoxia (area below 10mmHg, t4=4.98).  
*p<0.05, ** p<0.01, ***p<0.001, ****p<0.0001. 



 
Figure S3. Prostanoid changes relative to single or four consecutive seizures. Related to Figure 
3. 
(A) Schematic of COX-2 metabolites from arachidonic acid. PGE2 PGF2α, PGD2 and the stable 
metabolites of TXA2 and PGI2, TXB2 and 6-keto-PGF1α, respectively, were measured with mass 
spectrometry.  
(B) PGE2 levels with respect to single (grey) or fourth (red) seizures. PGE2 was significantly increased 
following single (t18=6.770) and repeated seizures (t17=10.00). The immediate increase following a 
fourth seizure was significantly less than immediately following a single seizure (t17=3.857).  
(C) PGF2α levels were significantly increased following single (t18=5.246) and repeated seizures 
(t17=4.908). The immediate increase following a fourth seizure was significantly less than immediately 
following a single seizure (t17=2.546).   
(D) PGD2 levels were significantly increased following single (t18=9.222) and repeated seizures 
(t17=9.754). The immediate increase following a fourth seizure was significantly less than immediately 
following a single seizure (t17=5.151).  
(E) TXB2 (TXA2 metabolite) levels were significantly increased following single (t18=14.09) and repeated 
seizures (t17=5.693). The immediate increase following a fourth seizure was significantly less than 
immediately following a single seizure (t17=7.231).  
(F) 6-keto-PGF1α (PGI2 metabolite) levels were significantly increased following single (t18=7.710) and 
repeated seizures (t17=7.109). The immediate increase following a fourth seizure was significantly less 
than immediately following a single seizure (t17=3.121).  
(G) Normalized percent change immediately following a single seizure relative to the pre-seizure 
baseline condition (100%, dotted line). Relative increase reveals that PGE2 > PGF2α > PGD2 > TXB2 > 
6-keto-PGF1α. 
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