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Anandamide Signaling Augmentation Rescues Amygdala
Synaptic Function and Comorbid Emotional Alterations in a
Model of Epilepsy
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Epilepsy is often associated with emotional disturbances and the endocannabinoid (eCB) system tunes synaptic transmission in
brain regions regulating emotional behavior. Thus, persistent alteration of eCB signaling after repeated seizures may contribute
to the development of epilepsy-related emotional disorders. Here we report that repeatedly eliciting seizures (kindling) in the
amygdala caused a long-term increase in anxiety and impaired fear memory retention, which was paralleled by an imbalance in
GABA/glutamate presynaptic activity and alteration of synaptic plasticity in the basolateral amygdala (BLA), in male rats.
Anandamide (AEA) content was downregulated after repeated seizures, and pharmacological enhancement of AEA signaling res-
cued seizure-induced anxiety by restoring the tonic control of the eCB signaling over glutamatergic transmission. Moreover,
AEA signaling augmentation also rescued the seizure-induced alterations of fear memory by restoring the phasic control of eCB
signaling over GABAergic activity and plasticity in the BLA. These results indicate that modulation of AEA signaling represents
a potential and promising target for the treatment of comorbid emotional dysfunction associated with epilepsy.
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Significance Statement

Epilepsy is a heterogeneous neurologic disorder commonly associated with comorbid emotional alterations. However, the
management of epilepsy is usually restricted to the control of seizures. The endocannabinoid (eCB) system, particularly anan-
damide (AEA) signaling, controls neuronal excitability and seizure expression and regulates emotional behavior. We found
that repeated seizures cause an allostatic maladaptation of AEA signaling in the amygdala that drives emotional alterations.
Boosting AEA signaling through inhibition of its degradative enzyme, fatty acid amide hydrolase (FAAH), restored both syn-
aptic and behavioral alterations. FAAH inhibitors dampen seizure activity in animal models and are used in clinical studies to
treat the negative consequences associated with stress. Thereby, they are accessible and can be clinically evaluated to treat
both seizures and comorbid conditions associated with epilepsy.

Introduction
Comorbid psychiatric disorders are common in people with epi-
lepsy (Kanner, 2016). These comorbidities include depression,
anxiety disorders, and memory disturbances, which profoundly
impact quality of life (Kanner et al., 2010). Temporal lobe epi-
lepsy (TLE), the most common form of focal epilepsy in people,

is characterized by recurrent self-generated discharges arising
from temporal regions and is frequently associated with interictal
behavioral dysfunction (Kanner, 2016). The most commonly
prescribed antiepileptic drugs reduce seizure frequency or sever-
ity but have no effect, or may even exacerbate emotional and
memory disturbances (Eddy et al., 2011).

The amygdala is a key brain structure involved in ascribing
emotional valence to external stimuli (LeDoux, 2000), and it also
generates and propagates seizure activity (Aroniadou-Anderjaska et
al., 2008). Preclinical studies have shown alterations of emotional
behavior following repeatedly elicited amygdala seizures (Botterill et
al., 2014; Chen et al., 2016). The endocannabinoid (eCB) system is a
neuromodulatory system in the brain that finely shapes neuronal
excitability and synaptic plasticity (Chevaleyre et al., 2006; Kano et
al., 2009). The eCB system is strongly activated during seizures
(Stella et al., 1997), and both exogenous and endogenous
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cannabinoids acutely dampen neuronal hyperexcitability and sei-
zure expression (Marsicano et al., 2003; Wallace et al., 2003;
Colangeli et al., 2017, 2019). The eCB system consists of the canna-
binoid type 1 (CB1) and cannabinoid type 2 (CB2) receptors, the
two main endogenous cannabinoids anandamide (AEA) and 2-
arachidonoylglycerol (2-AG) as well as the enzymes responsible for
their synthesis and degradation (Kano et al., 2009). Alterations of
the eCB molecular elements have been reported in brains of both
animal models of epilepsy and people with TLE (Ludányi et al.,
2008; Di Maio et al., 2019), and reduced levels of AEA have been
observed in the cerebrospinal fluid of people with TLE (Romigi et
al., 2010). Moreover, enhancement of AEA signaling restores sei-
zure-induced impairment of short and long-term synaptic plasticity
in the dentate gyrus after perforant path kindling in rats (Colangeli
et al., 2017).

eCB signaling is as an important regulator of anxiety-like
behavior and fear memory in rodents (Bedse et al., 2014; Morena
et al., 2016a). Impairment of eCB signaling in the amygdala
induces anxiety-like behavior (Haller et al., 2004) and causes
alterations of fear memory dynamics in rodents (Marsicano et
al., 2002). Therefore, we tested the hypothesis that repeated
amygdala seizures caused dysfunction of emotional behavior
through persistent maladaptive alteration of eCB signaling in the
basolateral amygdala (BLA).

Materials and Methods
Animals
Male Hooded Long–Evans (LE) rats (300–350 g; Charles River) at the
start of behavioral or electrophysiological experiments were housed indi-
vidually in a temperature-controlled (236 1°C) vivarium room and
maintained under specified pathogen free conditions and a 12/12 h
light/dark cycle (7:00 A.M. to 7:00 P.M. lights on). Food and water were
available ad libitum. All tests were performed during the light phase of
the cycle. All experimental procedures were in compliance with proto-
cols approved by the University of Calgary Animal Care Committee and
guidelines from the Canadian Council on Animal Care. All efforts were
made to minimize animal suffering and to reduce the number of animals
used.

Surgery
Chronically implanted electrodes for the kindling procedure were con-
structed from Teflon-coated, stainless steel wire, 178mm in diameter
(A-M Systems). Wire ends were stripped of Teflon and connected to
gold-plated male amphenol pins. Rats (both sham and kindled) were
anaesthetized with a 5% isoflurane and maintained between 1% and 2%.
Animals were then positioned in a stereotaxic frame (David Kopf
Instruments), and one bipolar electrode was chronically implanted into
the right BLA (coordinates: anteroposterior, –2.8 mm, and mediolateral,
–4.8 mm from bregma; dorsoventral, –8.0 mm from dura). The electro-
des were anchored to the skull using dental cement and three stainless
steel screws. One of the three screws served as a ground electrode. Rats
were given buprenorphine and allowed to recover from surgery for one
week before the starting of kindling procedures.

Drugs
The AEA hydrolysis inhibitor URB597 (0.5mg/kg; Cayman Chemical),
or its vehicle (5% polyethylene glycol, 5% Tween 80, and 90% saline)
were injected intraperitoneally (2 ml/kg), 60min before the elevated plus
maze (EPM) experiment, or immediately after the fear conditioning ses-
sion, or 60min before slicing preparation for electrophysiology experi-
ments. The dose was chosen based on previous published papers
(Kathuria et al., 2003) and on pilot experiments performed in our labo-
ratory. All drug solutions were freshly prepared before each experiment.

Experimental design and procedure
Kindling procedure
The kindling procedure consisted of a total of 20 electrical stimulations
of the right amygdala (1ms, biphasic square-wave pulses, 60Hz for 1-s)
with a stimulation current 20% above the initial afterdischarge threshold
(Farrell et al., 2016). Electrical stimulation was delivered twice daily over
a period of 10d with a gap of at least 4 h between stimulations to allow
postictal effects to dissipate (Farrell et al., 2016, 2017). Similarly to
kindled rats, sham animals were placed in the kindling cage twice daily
for 10d and connected to the stimulator, but no current was delivered.
The behavioral convulsion elicited by each stimulation was scored using
a Racine’s scale (Racine, 1972). The classes were operationally defined as
class 1: immobility; class 2: orofacial automatisms with head nodding;
class 3: unilateral forelimb clonus; class 4: rearing with bilateral forelimb
clonus; and class 5: rearing with bilateral forelimb clonus followed by
falling. Using this classification system, rats are considered to be
“kindled” after three consecutive class 5 convulsions (Pinel and Rovner,
1978).

EPM
One week after the last kindling session, rats were tested for anxiety-like
behavior in an EPM. Before EPM testing, animals were handled for
1min each for three consecutive days. To habituate the animals to the
behavioral testing room, rats were transferred to the behavioral room,
and their home cages were placed in sound attenuating, ventilated, and
lighted cabinets for at least 30min before and after the handling and for
90min before EPM testing. The EPM apparatus (Med Associates Inc.)
comprised two open arms (50� 10 � 75 cm3) and two closed arms
(50� 10 � 75 cm3) that extended from a common central platform
(10� 10 cm2). The maze was located within a sound-isolated room
under red light conditions (open arms, 15 lux; closed arms, 5 lux). A
slightly modified procedure of that we previously described (Morena et
al., 2016b, 2019) was used. Each rat was placed in the central area of the
apparatus with the head facing a closed arm. Exposure lasted for 5min,
and the behavior was recorded by using a video camera positioned above
the experimental apparatus and analyzed using the software Noldus
EthoVision XT (RRID: SCR_000441). The following parameters were
analyzed as indicators of anxiety-like behavior and locomotor activity:
percent time spent in the open arms (time open %), expressed as [(sec-
onds spent on the open arms of the maze/seconds spent on the open 1
closed arms) � 100]; percent open arm entries (open entries %),
expressed as [(number of entries into the open arms/number of entries
into open 1 closed arms) � 100]; total distance traveled, expressed in
centimeters (distance). The maze was cleaned with 70% ethanol solution
after each use.

Auditory fear conditioning
One week after the last kindling session, separate cohorts of animals
were used for the auditory fear conditioning experiments, by using a
slightly modified procedure of that previously described (Morena et al.,
2019). To habituate the animals to the behavioral testing room, rats were
transferred to the behavioral room and their home cages were placed in
sound attenuating, ventilated, and lighted cabinets for at least 30min
before and after the handling on days 1 and 2, and for 90min before and
after testing, the following days. Rats were handled for 1min each. On
days 1 and 2, immediately after the handling procedure animals were
habituated to the fear-conditioning chambers (context A, day 1 and con-
text B, day 2) for 10min. Auditory fear conditioning (day 3), was per-
formed in context A. After a 5-min acclimation period, all rats were
exposed to three conditioning trials. Each conditioning trial involved
presentation of the conditioned stimulus (CS; 80 dB, 4-Hz tone) for 30 s,
co-terminating with a 1-s unconditioned stimulus (US; 0.90-mA foot-
shock). Intertrial interval (ITI) between two consecutive CS-US pairings
was 3min. After conditioning, each rat was returned to its home cage.
On day 4, rats received a 24-h memory retention session consisting of 18
CS presentations with an ITI between CSs of 2min, in context B. On day
5, rats received a 48-h memory retention session in context B, consisting
of 5 CSs (2-min ITI). The fear conditioning chambers (30.5� 24.1 �
21 cm3) were equipped with metal stainless-steel rod flooring connected
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to a shock generator. Each chamber was enclosed within ventilated and
sound attenuating cubicles (Med Associates Inc.). Two different contexts
were used (contexts A and B). Context A consisted of a chamber with a
grid floor, back and side metal walls, clear Plexiglas front door and ceil-
ing, and white light. Context A was cleaned with 70% ethanol between
rats. To create a novel testing context (context B), the original grid floor
was covered by a white opaque plastic insert, and the side metal walls
were covered by a white plastic panel to create a curved wall. Context B
was cleaned with Virkon solution between rats. A video camera, located
on the inner door of the conditioning box, recorded video, and the
resulting output was analyzed for freezing behavior (i.e., absence of
movement except for respiration) using Video Freeze software (Med
Associates Inc.; RRID: SCR_014574).

Electrophysiology
One week after the last evoked seizure rats were decapitated under deep
anesthesia with isoflurane and transcardially perfused with ice cold slic-
ing solution containing the following: 87 mM NaCl, 2.5 mM KCl, 25 mM

NaHCO3, 0.5 mM CaCl2, 7 mMMgCl2, 1.25 mM NaH2PO4, 25 mM D-glu-
cose, and 75 mM sucrose. Coronal brain slices of the BLA (300mm in
thickness) were prepared with Leica VT1000S slicer (RRID: SCR_
016495) in ice-cold slicing solution. For recovery, slices were incubated
in a holding chamber with normal artificial CSF (ACSF) containing the
following: 126 mM NaCl, 2.5 mM KCl, 2.5 mM CaCl2, 1 mM MgSO4, 1.25
mM NaH2PO4, 26 mM NaHCO3, and 10 mM glucose at pH 7.4 for 30min
at 32°C, and after that at room temperature for at least 30min. After
incubation, the slices were placed in the recording chamber and perfused
with ACSF at a flow rate of 1.5 ml/min. Only the left side of the BLA,
contralateral to the implantation side, was used in all the electrophysio-
logical experiments. All experiments were performed at room tempera-
ture (22–25°C). For whole-cell patch-clamp recordings, principal
neurons of the BLA were distinguished from interneurons according to
their morphologic and electrophysiological properties (Washburn and
Moises, 1992). Basic intrinsic properties, EPSC recordings and inhibi-
tory/excitatory (I-E) ratio experiments were performed with borosilicate
glass electrodes (4–6 MV) filled with the standard intracellular solution
with the following composition: 108 mM K-gluconate, 8 mM Na-gluco-
nate, 2 mM MgCl2, 8 mM KCl, 4 mM K2-ATP, 0.3 mM Na-GTP, 1 mM

EGTA, and 10 mM HEPES, pH 7.4 adjusted with KOH. GABA-A recep-
tor-mediated IPSCs were recorded by using glass electrodes (3–5 MV)
filled with a solution containing the following: 90 mM CsCH3SO3, 50 mM

CsCl, 1 mM EGTA, 10 mM HEPES, 4.6 mM MgCl2, 0.1 mM CaCl2, 5 mM

QX314, 0.3 mM Na-GTP, and 4 mM Mg-ATP, pH 7.3 adjusted with
CsOH. 40 mM D-(-)�2-amino-5-phosphono-pentanoic acid (D-AP-5)
and 20 mM 6,7-dinitroquinoxaline-2,3-dione disodium (DNQX) were
added to the bath to block glutamatergic transmission. In the I-E experi-
ments, IPSCs were recorded by using standard intracellular solution
allowing both positively directed IPSCs and negative going EPSCs to be
recorded in the same cell during the same experiment where we could
not pharmacologically isolate glutamate or GABA transmissions. The
amplitudes and frequencies of spontaneous IPSCs (sIPSCs) and sponta-
neous EPSCs (sEPSCs) were detected by continuous recording over 300
s by using Mini Analysis 6.0.7 software (Synaptosoft), using thresholds
five times the root mean square of noise levels. Neurons were held at
�60mV to record EPSC and �70mV to record IPSC. For the I-E para-
digm evoked PSCs (ePSCs) were evoked in voltage clamp mode by vary-
ing the membrane potential of the recorded neuron to isolate currents
associated with glutamatergic or GABAergic currents. eEPSCs were
recorded by clamping the voltage of a cell at �60mV where the driving
force for the inhibitory component is effectively eliminated leaving only
excitatory currents. Outward eIPSCs were recorded with the same stim-
ulation setting as for eEPSCs by clamping the voltage of the cell to
0mV where the contribution of AMPA-mediated PSCs is negligible.
Comparison of the respective currents at each of these potentials
(eIPSCS/eEPSC amplitude ratio) was then calculated and analyzed. All
the experiments were performed with the continuous presence of AP-5
to the bath to block NMDA-mediated currents. Cell capacitance and
access resistance (initial value, 25 MV) were monitored during experi-
ments, and recordings were accepted for analysis if either variable did

not change by .20%. Extracellular field potential recordings were per-
formed using glass microelectrodes (1–2 MV) filled with ACSF. To stim-
ulate putative glutamatergic or GABAergic fibers, monopolar ACSF-
filled patch-type pipettes (1 MV) placed within the BLA just medial to
the external capsule were used. Long-term depression of inhibitory trans-
mission (iLTD) was induced by delivering inhibitory low frequency stim-
ulation (iLFS) composed of 100 stimuli at 1Hz through the stimulating
electrode. For high-frequency stimulation (HFS), four trains of 100 pulses
with 100Hz and an interstimulus interval of 20 s were applied in the lat-
eral amygdala (LA). For extracellular field potential recordings, the stim-
ulus intensities were adjusted to produce half-maximal responses. Signals
were collected via an Axopatch 200B amplifier (Molecular Devices). The
pCLAMP 9 software (Molecular Devices) was used for data acquisition.
The signals were filtered at 1 kHz and digitized at 10kHz.

eCB extraction and analysis
One week after the last evoked seizure, sham and kindled rats were killed
by rapid decapitation. Both the right and left amygdalae were rapidly dis-
sected and stored at �80°C. The lipid extraction process was conducted
as previously described (Morena et al., 2015; Qi et al., 2015). Brain tissue
was weighed and placed into borosilicate glass culture tubes containing 2
ml of acetonitrile (ACN) with 5 pmol of [2H8]AEA and 5nmol of [2H8]
2-AG for extraction, and homogenized with a glass rod. Tissue was soni-
cated for 30min on ice water and incubated overnight at �20°C to pre-
cipitate proteins, then centrifuged at 1500 � g to remove particulates.
The supernatants were transferred to a new glass tube and evaporated to
dryness under N2 gas. The samples were reconstituted in 300ml of ACN
and dried again under N2 gas. Lipid extracts were suspended in 20ml of
ACN and stored at –80°C until analysis. Analysis of AEA and 2-AG was
performed by liquid chromatography tandem mass spectrometry
(LC-MS/MS) analysis as previously detailed (Qi et al., 2015).

Statistical analysis
Data were analyzed using GraphPad Prism 6 (RRID: SCR_002798).
Differences between groups were analyzed using Student’s t test for
unpaired data, two-way or repeated measures (RM) ANOVA followed
by Tukey’s post hoc test for multiple comparisons when appropriate.
Significance was accepted at p, 0.05. Statistical design for each experi-
ment is detailed in the corresponding figure legend.

Results
Repeated amygdala seizures induce persistent interictal
increase of anxiety-like behavior and impairment of fear
memory retention
Kindling models the pathophysiology of TLE and the aberrant
neural plasticity that promotes interictal emotional and cognitive
comorbidities (Teskey and Corcoran, 2009, 2015). Here, to test
whether amygdala kindling persistently alters emotionality, we
elicited twenty electrically evoked electrographic seizures over
two weeks, and then we assessed emotional behaviors in rats that
have been seizure-free for one week to allow postictal effects to
dissipate. In this study, all rats subjected to kindling showed at
least three consecutive stage five behavioral seizures at the end of
the twenty amygdala stimulations (data not shown). We assessed
anxiety-like behavior in sham or kindled rats by using the EPM
(Fig. 1A) wherein decreased time spent in EPM open arms is
interpreted as increased anxiety. The effect of amygdala kindling
on anxiety-like behavior has previously yielded mixed results
since both anxiolytic and anxiogenic effects of kindled seizures
have been reported (Helfer et al., 1996; Adamec et al., 2004;
Hannesson et al., 2008; Chen et al., 2016). Here, we found that
rats subjected to amygdala kindling showed significantly reduced
percentage of time spent in open arms (Fig. 1B) and open arm
entries (Fig. 1C) with respect to the sham control group, indicat-
ing an increased anxiety-like behavior. These effects were not
due to changes in motor activity because kindling did not affect
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the total distance traveled during the 5-min task (Fig. 1D). We
then tested fear memory dynamics in a different set of rats.
Unlike anxiety-like behavior, the interictal consequences of kin-
dling on fear memory has received much less experimentation. It
has previously been shown that kindling of the BLA impairs the
retrieval of conditioned fear memories (Fournier et al., 2013;
Botterill et al., 2014). However, in these studies, behavioral
assessments were performed 1 d after the final kindling stimula-
tion when the postictal state might still affect behavioral
responses. Moreover, authors performed a form of long-term
kindling consisting of 99 stimulations. Here, we tested sham and

kindled rats by using the classic auditory fear conditioning para-
digm (Fig. 1E) one week after the last of the twenty evoked seiz-
ures. In this task, animals learn to associate a CS, a tone, with an
US, an electric footshock, and subsequent re-exposure to the
tone leads to fear responses, which include freezing behavior. We
found that kindling did not alter the acquisition of fear response
since CS–US-evoked freezing during conditioning revealed a sig-
nificant CS–US presentation effect over time in both groups but
no difference between groups (Fig. 1F), indicating that all rats
acquired CS-evoked fear responses. However, kindling signifi-
cantly impaired learned fear expression and fear memory

Figure 1. Kindled rats present an anxiety-like phenotype with impaired fear memory retention. Schematic representation of the experimental design for the assessment of seizure-induced
effect on anxiety-like behavior (A). Amygdala kindling increased indices of anxiety-like behavior on the EPM (B–D). Effects of repeated amygdala seizures on percentage time spent in the open
arms (B, unpaired t test: t(19) = 2.28, p= 0.034), open arm entries (C, unpaired t test: t(19) = 2.52, p= 0.021), and total distance traveled (D, unpaired t test: t(19) = 0.97, p= 0.34). Schematic
representation of the experimental design for the assessment of seizure-induced effect on fear memory dynamics (E). Repeated amygdala seizures reduced fear expression 24 and 48 h after
conditioning (F–H). Percentage freezing during cued fear conditioning (F, two-way RM ANOVA, seizures effect: F(1,25) = 1.32, p= 0.26; CS-US effect: F(3,75) = 41.15, p, 0.0001; interaction:
F(3,75) = 0.36, p= 0.78), 24-h fear memory retention (G, two-way RM ANOVA, seizures effect: F(1,25) = 7.22, p= 0.013; CS effect: F(6,150) = 21.43, p, 0.0001; interaction: F(6,150) = 0.90,
p= 0.50) and 48-h fear memory retention (H, two-way RM ANOVA, seizures effect: F(1,25) = 7.45, p= 0.011; CS effect: F(2,50) = 42.35, p, 0.0001; interaction: F(2,50) = 3.06, p= 0.056). Data
are expressed as mean6 SEM *p, 0.05; ^p, 0.05 indicates main effect of seizures; n= 10–15 per group.
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retrieval as kindled rats presented decreased mean freezing
throughout the CS presentations when tested both 24 h (Fig. 1G)
and 48 h after conditioning (Fig. 1H) compared with the sham
group.

Repeated amygdala seizures do not alter membrane
properties and intrinsic excitability but do alter synaptic
activity of BLA pyramidal neurons
We then determined the electrophysiological basis of interictal
alterations of emotional behavior by performing whole-cell
patch-clamp recordings in BLA pyramidal neurons one week af-
ter the last evoked seizure (Fig. 2A). We first examined intrinsic
properties of BLA pyramidal neurons (Fig. 2B) and found that
all recorded pyramidal neurons in both groups showed similar
membrane profiles in response to a series of current steps (Fig.
2B) as shown in the current–voltage (I�V) plots (Fig. 2C). The
resting membrane potentials (Fig. 2D), the action potential
threshold (Fig. 2E), the minimal current necessary to evoke
action potential firing (rheobase; Fig. 2F) and the number of
action potentials in response to current steps (Fig. 2G) were simi-
lar between kindled and sham rats. Thus, basic intrinsic proper-
ties of BLA neurons were not altered by repeated seizure activity
in agreement with a previous report (Shoji et al., 1998).

We then hypothesized that, despite the intrinsic excitability of
BLA pyramidal neurons being unaltered in kindled rats, AMPA
receptor-mediated sEPSCs (Fig. 2H) onto BLA pyramidal neu-
rons would be affected by repeated seizure activity. We observed
that the frequency of sEPSCs is significantly increased in the
kindled group compared with the sham group (Fig. 2H). Since
we did not find any difference in the amplitude of sEPSCs
between groups (Fig. 2H), we hypothesized that kindling-
induced alteration of excitatory synaptic activity might be due to
a presynaptic response. To test this hypothesis, we measured
eEPSCs in response to paired stimulation with an interstimulus
interval of 50ms (Fig. 2I). As previously reported (Acharjee et
al., 2018), paired stimulations in sham rats evoked eEPSC
responses with similar amplitude (Fig. 2I). Conversely, kindled
rats had a reduced paired pulse ratio with the second eEPSC
response significantly smaller than the first (Fig. 2I), and, to-
gether with the findings for increased sEPSC frequency, but not
amplitude, this is consistent with an increased probability of neu-
rotransmitter release by presynaptic glutamatergic terminals
onto the BLA in kindled rats. Pyramidal neurons are also under
a pronounced tonic inhibitory control by GABAergic inhibitory
circuits, prompting us to determine how sIPSCs (Fig. 2J) are
affected by repeated seizure activity. We observed reduced fre-
quency, but not amplitude of sIPSCs (Fig. 2J), in the kindled
group which was paralleled with an increased GABAergic paired
pulse ratio (Fig. 2K), suggesting that repeated seizure activity
caused decreased probability of GABA release from GABAergic
terminals targeting BLA principal neurons.

Repeated amygdala seizures downregulate AEA content in
the BLA and systemically boosting AEA signaling rescues
seizure-induced emotional dysfunction
It is well established that the eCB signaling plays an important
role in the modulation of emotional behavior by its tight control
of presynaptic neurotransmitter release in the BLA (Morena et
al., 2016a). Thus, we asked whether repeated seizures persistently
altered the levels of the two main eCB ligands in the amygdala
(Fig. 3A). One week after the last evoked seizure AEA levels were
significantly lower in the kindling group when compared with
the sham group while 2-AG content was unaltered (Fig. 3B,C).

This raised the question as to whether the reduced levels of AEA
were causal in altering behavior. Thus, we attempted to restore
repeated seizure-induced alteration of emotional behavior by
boosting AEA signaling through inhibition of its catabolic
enzyme fatty acid amide hydrolase (FAAH; Kathuria et al.,
2003). In the first experiment, we treated kindled and sham rats
with a systemic administration of either the FAAH inhibitor
URB597 (0.5mg/kg) or its vehicle 1 h before testing on the EPM
(Fig. 4A). We again observed that repeated seizures increased
anxiety-like behavior as the kindled group treated with vehicle
spent significantly less time in the open arms (Fig. 4B) and per-
formed significantly fewer entries in the open arms (Fig. 4C)
compared with the sham/vehicle group. AEA augmentation
completely rescued these alterations. Indeed, kindled rats admin-
istered URB597 had percentages of time spent in open arms (Fig.
4B) and open arm entries (Fig. 4C) equivalent to those of sham
rats administered either vehicle or URB597. Furthermore, nei-
ther amygdala seizures nor drug treatment altered rats’ locomo-
tor activity (Fig. 4D). We then asked whether AEA augmentation
was also able to rescue impairment of fear memory retention in
kindled rats (Fig. 4E). One week after the last evoked sham or
kindled seizure, drug-free rats of both groups were trained to as-
sociate a neutral stimulus with a footshock during the condition-
ing session (Fig. 4E). At the end of the conditioning session, we
treated sham and kindled rats with either vehicle or URB597
(0.5mg/kg), and, after the treatment, we placed rats back in their
home cage. We choose to inject rats immediately after the condi-
tioning to boost AEA signaling during the consolidation phase
of fear memory based on previous findings showing that eCBs,
particularly AEA, modulate emotional memory consolidation
(Morena et al., 2014, 2019). As shown in Figure 4F, during con-
ditioning, there were no preexisting differences in freezing
among rats before drug treatment. Kindled rats treated with ve-
hicle showed impaired fear memory retention at both 24 h (Fig.
4G) and 48 h (Fig. 4H) after the conditioning as we observed in
this group a decreased mean freezing throughout all the CS pre-
sentations when compared with the sham group treated with ve-
hicle. URB597 rescued fear memory alterations in the kindled
group as we no longer observed a difference in mean freezing
during CS presentations among sham/vehicle, sham/URB and
kindled/URB groups at both 24 and 48 h after the conditioning
session (Fig. 4G,H).

Systemically boosting AEA signaling restores repeated
seizure-induced alteration of glutamatergic, but not
GABAergic transmission, and re-establishes the I-E balance
in the BLA
Lower AEA levels were associated with dysfunction in anxiety-
like behavior and boosting AEA signaling with URB597 reversed
those alterations. We then attempted to reverse the seizure-
induced changes in synaptic physiology using the same
approach. In order to keep a consistent experimental protocol
with the behavioral tests, we performed in vivo administration of
either URB597 (0.5mg/kg) or vehicle and then, 1 h after the
injection, proceeded with the killing and collection of brain slices
for electrophysiological experiments. Since both glutamatergic
and GABAergic transmission are under control of the eCB sys-
tem (Yoshida et al., 2011; Hill and Tasker, 2012), we investigated
the effect of a systemic administration of either URB597 or its ve-
hicle on both sEPSCs and sIPSCs recorded in BLA pyramidal
neurons in kindled and sham groups. No significant difference
in either the mean frequency or amplitude of sEPSCs of BLA py-
ramidal neurons recorded from sham rats pretreated with
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URB597 when compared with sham rats
pretreated with vehicle were found (Fig.
5A–C). However, we did find that
URB597 produced a significant reduction
in sEPSC rate in the kindled rats when
compared with the kindled group injected
with vehicle (Fig. 5B), such that there was
no difference between sham and kindled
rats after URB597 administration. Thus,
systemic augmentation of AEA signaling
does not alter glutamate release within the
BLA per se but is able to dampen seizure-
induced increased glutamate release onto
BLA principal neurons. To further con-
firm this finding, we found that boosting
AEA levels restored paired pulse ratio of
eEPSCs in kindled rats (Fig. 5D). Indeed,
we found no differences in eEPSCs
responses to paired stimuli when tested in
BLA pyramidal neurons from kindled rats
given URB597 with respect to those
recorded from sham vehicle group, while
the paired pulse ratio was statistically dif-
ferent between the kindled group treated
with vehicle and the kindled group treated
with URB597 (Fig. 5E). Since the CB1
receptor is also highly expressed on
GABAergic terminals within the BLA
(Yoshida et al., 2011), we examined the
effect of URB597 on BLA GABA trans-
mission (Fig. 5F). We found no differen-
ces either in the sIPSCs frequency or in
the sIPSCs amplitude recorded in pyrami-
dal neurons of the sham group treated
with either URB597 or vehicle (Fig. 5G,
H). Moreover, URB597 did not affect
kindling-induced reduction of sIPSC fre-
quency, since we found no difference
between sIPSCs of cells recorded from
kindled group treated with URB597 or ve-
hicle (Fig. 5G). The paired pulse ratio of
eIPSCs (Fig. 5I) was also not different in

Figure 2. Repeated amygdala seizures alter synaptic activity without affecting intrinsic properties of BLA pyramidal neu-
rons. Schematic representation of the experimental design for the assessment of repeated seizure-induced effect on electro-
physiological properties of BLA pyramidal neurons (A). Typical membrane responses to somatic current steps of sham
(above) and kindled (below) BLA pyramidal neurons (B). I–V curves showing no difference between sham (n= 10 cells, 9
rats) and kindled (n= 10 cells, 10 rats) groups (two-way RM ANOVA with current F(6,108) = 81.26, p, 0.0001 and seizures
F(1,18) = 0.16, p= 0.69 as factors; interaction: F(6,108) = 0.67, p= 0.68; C). The resting membrane potential (sham:
�71.76 1.97, n= 10 cells, 9 rats vs kindled: �69.406 1.89mV, n= 10 cells, 10 rats; D), the action potential threshold
(sham: �38.906 2.38mV, n= 10, 9 vs kindled: �36.676 1.24 mV, n= 10, 10; E), and rheobase (sham:
194.06 28.59 pA, n= 10, 9 vs kindled: 186.26 12.75 pA, n= 10, 10; F) were similar in both groups; p. 0.05, Student’s
t test. G, Summary of current-firing curves indicating that the number of evoked action potentials in response to somatic

/

current steps was similar in pyramidal neurons from sham
(n= 10, 9) and kindled rats (n= 10, 10). Two-way RM
ANOVA with current F(13,234) = 49.35, p, 0.0001 and seiz-
ures F(1,18) = 0.17, p= 0.69 as factors; interaction: F(13,234)
= 0.94, p= 0.51. Representative traces and histograms (H,
I) show that relative to sham rats, kindled rats display
increased sEPSC frequency (H, sham n= 12, 7, kindled
n= 12, 6; unpaired t test: t(22) = 5.35, p, 0.0001) without
significant effect on sEPSC amplitude (H, sham n= 12, 7,
kindled n= 12, 6; unpaired t test: t(22) = 0.78, p= 0.44)
and decreased paired pulse ratio of EPSC (I, sham n= 10, 6,
kindled n= 10, 5, unpaired t test: t(18) = 2.38, p= 0.029).
Representative traces and histograms (J, K) show that rela-
tive to sham rats, kindled rats display decreased sIPSC fre-
quency (J, sham n= 12, 5, kindled n= 12, 6; unpaired t
test: t(22) = 3.91, p= 0.0008) without significant effect on
sIPSC amplitude (J, sham n= 12, 5, kindled n= 12, 6;
unpaired t test: t(22) = 0.58, p= 0.57), and increased paired
pulse ratio of IPSC (K, sham n= 16, 9, kindled n= 12, 7;
unpaired t test: t(26) = 2.32, p= 0.028). Data are expressed
as mean6 SEM; *p, 0.05 and ***p, 0.001.

Colangeli et al. · Anandamide Dysfunction and Epilepsy Comorbidities J. Neurosci., July 29, 2020 • 40(31):6068–6081 • 6073



the kindled group treated with either URB597 or vehicle (Fig.
5J). These data demonstrate that AEA augmentation dampened
seizure-induced increased presynaptic glutamate release but had
no significant effect on seizure-induced impairment of presynap-
tic GABA release. We then investigated whether the modulatory
effect of URB597 on glutamatergic but not GABAergic terminals
was sufficient to restore I-E balance altered by repeated amygdala
seizures. As expected, pyramidal neurons of the kindled group
displayed a significantly reduced I-E ratio when compared with
the sham group which was restored following AEA augmenta-
tion in kindled rats (Fig. 5K,L).

Repeated amygdala seizures alter both tonic and phasic eCB
signaling
Tonic eCB signaling has been reported in various brain regions
(Oliet et al., 2007; Lee et al., 2015) as well as in the BLA (Zhu and
Lovinger, 2005). Since we found a persistent alteration of AEA
content in the amygdala, we tested whether eCB signaling toni-
cally modulates presynaptic neurotransmitter release in the BLA
and whether AEA downregulation has an impact on the tonic
eCB activity. Tonic eCB signaling can be observed as an increase
in basal synaptic activity following pharmacological blockade of
CB1 receptors. Here, we recorded either eEPSCs or eIPSCs
before and after bath application of the CB1 receptor antagonist
AM251 (2 mM) in sham and kindled rats. We found that AM251
caused a significant increase of eEPSC amplitude (Fig. 6A–C)
without affecting eIPSC amplitude (Fig. 6D–F) of pyramidal neu-
rons recorded from the sham group, indicating that eCBs signal-
ing tonically controls basal glutamate transmission, but not
GABA transmission, in the BLA. Interestingly, bath application
of AM251 did not produce any significant increase in eEPSC am-
plitude in the kindled group (Fig. 6B), indicating that tonic eCB
control of glutamate release in the BLA is altered by repeated
amygdala seizures.

Activity-dependent phasic mode of eCB mobilization repre-
sents the principal mechanism by which eCBs mediate short- and
long-term forms of plasticity at both excitatory and inhibitory
synapses. While depolarization-induced short-term suppression

of neurotransmitter release is exclusively performed by 2-AG
action at presynaptic CB1 receptors in many brain regions
(Kano et al., 2009), including the BLA (Yoshida et al., 2011),
iLTD in the BLA is likely mediated by AEA (Marsicano et al.,
2002; Azad et al., 2004). Consistent with previous reports
(Marsicano et al., 2002), we found that low-frequency stimula-
tion (iLFS; 100 pulses at 1Hz) to the external capsule was suf-
ficient to induce LTD of eIPSCs (iLTD) recorded in the BLA
pyramidal neurons from sham vehicle rats (Fig. 6G–I). In con-
trast, iLFS did not trigger any significant iLTD in the kindled
group when injected with vehicle, while pretreatment with
URB597 was able to rescue iLTD induction in kindled rats
(Fig. 6G–I). Together, these findings provide evidence that,
within the BLA, both tonic and phasic eCB signaling are
impaired following recurrent seizure activity.

Boosting AEA signaling restores eCB-mediated long-term
synaptic plasticity in BLA following repeated amygdala
seizures
Synaptic plasticity within the amygdala is crucial for fear mem-
ory consolidation (Nabavi et al., 2014) and the LA is thought to
be the storage site of CS-US associations with the basal nuclei
(BA) that constitute an essential relay of potentiated LA activity.
LA-BA pathway has been shown to be an important site of plas-
ticity (Rammes et al., 2000; Azad et al., 2004), particularly in
modulating fear memory consolidation (Anglada-Figueroa and
Quirk, 2005; Amano et al., 2011). Moreover, it has been shown
that eCB signaling influences plasticity in this pathway
(Marsicano et al., 2002; Azad et al., 2004). Here, we tested
whether repeated amygdala seizures affected the capability of
BLA synapses to undergo long-term potentiation (LTP) of the
LA-BA pathway. We observed that HFS (four trains of 100 pulses
at 100Hz) to the LA caused a small but reliable LTP of field
EPSP (fEPSP) amplitude in BA (Fig. 7A–C). However, LTP could
be induced in kindled rats as well suggesting that repeated sei-
zure activity does not alter LTP induction and maintenance (Fig.
7A–C). It has been reported that LTP can be modulated by eCB-
mediated iLTD in many brain regions (Chevaleyre et al., 2006)
including the BLA (Azad et al., 2004). Since we did find that
repeated seizure activity in the amygdala impairs iLTD (Fig. 6G–
I), we attempted to induce LTP in the BLA when it was preceded
by iLFS-inducing iLTD (100 pulses at 1Hz). Azad and colleagues
have shown that in the BLA the magnitude of LTP is significantly
enhanced if the HFS is preceded by iLFS (Azad et al., 2004).
Accordingly, we observed that when iLFS was induced 10min
before HFS, the resulting LTP was significantly enhanced in
sham/vehicle rats (Fig. 7D–F). However, iLTD-induced enhance-
ment of LTP was completely absent in the kindled group treated
with vehicle (Fig. 7G–I). Since the iLTD could be restored by pre-
treatment of URB597 as shown above (Fig. 6G–I), we tested
whether AEA augmentation could restore the proper iLTD-
mediated enhancement of LTP. Indeed, we found that iLTD-
mediated enhanced LTP could be induced in the kindled group
treated with URB597 (Fig. 7J–L), indicating that repeated seizure
activity in the amygdala affects phasic AEA signaling to GABA
transmission within the BLA, which consequently alters the mag-
nitude of LTP at LA-BA synapses.

Discussion
Here, we showed for the first time that repeated seizure activity
in the amygdala caused a persistent and maintained increase in

Figure 3. Repeated amygdala seizures reduce AEA content in the amygdala leaving 2-AG
levels unaltered. Experimental design for the determination of the effect of repeated amyg-
dala seizures on AEA and 2-AG levels in the amygdala (A). Kindled rats (n= 8) presented
decreased AEA levels (pmol/g tissue) in the amygdala compared with sham rats (n= 7; B,
unpaired t test: t(13) = 2.27, p= 0.041). There were no differences in amygdala 2-AG levels
(nmol/g tissue) between the two experimental groups (C, unpaired t test: t(13) = 0.068, p=
0.95). Data are expressed as mean6 SEM; *p, 0.05.
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anxiety-like behavior and reduced fear memory retention, which
was associated with a sustained downregulation of AEA in the
amygdala. This reduction of AEA signaling resulted in a loss of
tonic inhibition over glutamatergic synapses and a loss of phasic

control over GABAergic synapses, thus driving emotional altera-
tions. Moreover, inhibition of FAAH normalized both behavioral
and electrophysiological dysfunction in rats that had repeated
seizures.

Figure 4. The FAAH inhibitor URB597 reverts the detrimental effects of repeated amygdala seizures on anxiety-like behavior and 24- and 48-h fear memory retention. Schematic representa-
tion of the experimental design for the assessment of URB597 effect on repeated amygdala seizure-induced anxiety-like behavior (A). URB597 treatment reverted repeated amygdala seizure-
induced increase of anxiety-like behavior on the EPM (B–D). Effects of amygdala kindling in rats treated with either vehicle or URB597 on percentage time spent in the open arms (B, two-way
ANOVA, seizures effect: F(1,36) = 5.49, p= 0.025; drug effect: F(1,36) = 0.59, p= 0.45; interaction: F(1,36) = 4.23, p= 0.047), open arm entries (C, two-way ANOVA, seizures effect: F(1,36) = 6.18,
p= 0.018; drug effect: F(1,36) = 2.40, p= 0.13; interaction: F(1,36) = 2.36, p= 0.13), and total distance traveled (D, two-way ANOVA, seizures effect: F(1,36) = 0.11, p= 0.74; drug effect: F(1,36)
= 1.64, p= 0.21; interaction: F(1,36) = 0.38, p= 0.54). Schematic representation of the experimental design for the assessment of URB597 effect on repeated amygdala seizure-induced altera-
tions of fear memory dynamics (E). URB597 treatment rescued repeated amygdala seizure-induced impairment of fear expression 24 and 48 h after conditioning (F–H). Percentage freezing
during cued fear conditioning (F, two-way RM ANOVA, drug effect: F(3,32) = 0.45, p= 0.72; CS-US effect: F(3,96) = 119.2, p, 0.0001; interaction: F(9,96) = 0.49, p= 0.88), 24-h fear memory
retention (G, two-way RM ANOVA, drug effect: F(3,32) = 6.33, p= 0.0017; CS effect: F(6,192) = 51.16, p, 0.0001; interaction: F(18,192) = 1.19, p= 0.27), and 48-h fear memory retention (H,
two-way RM ANOVA, drug effect: F(3,32) = 5.06, p= 0.0056; CS effect: F(2,64) = 75.34, p, 0.0001; interaction: F(6,64) = 2.15, p= 0.06). Data are expressed as mean6 SEM. Tukey’s multiple
comparison test: *p, 0.05, **p, 0.01; Tukey’s multiple comparison test for drug effect: ^p, 0.05, ^̂ p, 0.01 kindled vehicle versus sham vehicle; ��p, 0.01 kindled vehicle versus
kindled URB597; n= 8–12 per group.
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Basal levels of AEA tightly orches-
trate presynaptic activity onto BLA
neurons and, consequently, emotional
behavior (Morena et al., 2019). While
AEA levels, together with 2-AG, transi-
ently rise during an acute seizure in
the brain region involved in seizure ac-
tivity (Marsicano et al., 2003; Wallace
et al., 2003), the chronic effect of
repeated seizure activity on eCB con-
tent has received limited attention in
animal models of epilepsy. Chen and
colleagues (Chen et al., 2003) found
that in the febrile seizure model, there
are no changes in hippocampal eCB
levels one week after seizures. Conver-
sely, we found that AEA but not 2-AG
levels are persistently downregulated
in the amygdala one week after the last
seizure. Consistent with our finding,
similar results have been reported in a
clinical study where AEA content was
significantly lower in the cerebrospinal
fluid of persons with TLE (Romigi et
al., 2010). Our data provide evidence
that, while AEA signaling is engaged
after a seizure to dampen excessive
neuronal activity and re-establish
the homeostatic preseizure condition
(Marsicano et al., 2003), repeated

Figure 5. The FAAH inhibitor URB597 restores seizure-induced alteration of glutamatergic, but not GABAergic transmission,
and re-establishes the I-E ratio in the BLA. Representative traces (A) and histograms (B, C) show the effect of URB597 on sEPSCs
in sham and kindled rats. URB597 treatment restored repeated amygdala seizure-induced increase of sEPSC frequency (B, sham
vehicle, n= 12, 9, kindled vehicle, n= 10, 9, sham URB597, n= 10, 7, kindled URB597, n= 13, 8; two-way ANOVA, drug effect:
F(1,41) = 14.18, p= 0.0005; seizures effect: F(1,41) = 27.39, p, 0.0001; interaction: F(1,41) = 11.96, p= 0.0013) without signifi-
cant effect on sEPSC amplitude (C, sham vehicle, n= 12, 9, kindled vehicle, n= 10, 9, sham URB597, n= 10, 7, kindled URB597,
n= 13, 8; two-way ANOVA, drug effect: F(1,41) = 1.83, p= 0.18; seizures effect: F(1,41) = 0.048, p= 0.83; interaction: F(1,41) =
0.057, p= 0.81). Moreover, URB597 treatment restored repeated amygdala seizure-induced reduction of paired pulse ratio of
EPSC (D, E, sham vehicle, n= 10, 8, kindled vehicle, n= 10, 6, sham URB597, n= 13, 8, kindled URB597, n= 13, 7; two-way
ANOVA, drug effect: F(1,42) = 5.81, p= 0.020; seizures effect: F(1,42) = 8.40, p= 0.0059; interaction: F(1,42) = 2.79, p= 0.10).
Representative traces (F) and histograms (G, H) show the effect of URB597 treatment on sIPSCs in sham and kindled rats.
URB597 treatment did not affect repeated amygdala seizure-induced decrease of sIPSC frequency (G, sham vehicle, n= 12, 9,

/

kindled vehicle, n= 12, 9, sham URB597, n= 12, 8,
kindled URB597, n= 13, 8; two-way ANOVA, drug
effect: F(1,45) = 1.81, p= 0.19; seizures effect: F(1,45) =
20.09, p, 0.0001; interaction: F(1,45) = 3.03,
p= 0.089) and had no effect on sIPSC amplitude (H,
sham vehicle, n= 12, 9, kindled vehicle, n= 12, 9,
sham URB597, n= 12, 8, kindled URB597, n= 13, 8;
two-way ANOVA, drug effect: F(1,45) = 0.55, p= 0.46;
seizures effect: F(1,45) = 0.20, p= 0.65; interaction:
F(1,45) = 0.87, p= 0.36). URB597 treatment did not
affect repeated amygdala seizure-induced increase of
paired pulse ratio of IPSC (I, J, sham vehicle, n= 21,13,
kindled vehicle, n= 11, 7, sham URB597, n= 17, 9,
kindled URB597, n= 23,15; two-way ANOVA, drug
effect: F(1,68) = 1.73, p= 0.19; seizures effect: F(1,68) =
21.59, p, 0.0001; interaction: F(1,68) = 0.40, p= 0.53).
Representative traces (K) show the effect of repeated
amygdala seizures and FAAH inhibition on the I�V rela-
tionship for pure excitatory (blocked by 20 mM DNQX,
below), and pure inhibitory (blocked by 20 mM bicucul-
line, above) evoked synaptic currents. Responses were
recorded at holding potentials of �60 and 0 mV,
respectively. URB597 restored repeated amygdala sei-
zure-induced reduction of I-E ratio in kindled rats (L,
sham vehicle, n= 11, 6, kindled vehicle, n= 11, 6,
sham URB597, n= 9, 5, kindled URB597, n= 7, 5; two-
way ANOVA, drug effect: F(1,33) = 0.92, p= 0.35; seiz-
ures effect: F(1,33) = 1.34, p= 0.26; interaction: F(1,33) =
10.70, p= 0.0025). Data are expressed as mean 6
SEM. Tukey’s multiple comparison test: *p, 0.05,
**p, 0.01, ***p, 0.001.
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seizure activity causes a persistent allostatic downregulation of
AEA signaling in the amygdala, which might drive presynaptic
alterations of BLA pyramidal neurons and subsequently interictal
emotional dysfunction. Indeed, in line with previous findings, we
found that repeated seizure-induced alterations of BLA principal
neurons is confined to the synaptic level while intrinsic neuronal
properties are unaffected by repeated seizure activity (Shoji et al.,
1998; Schubert et al., 2005). In addition to that, here, we showed
that persistent synaptic changes induced by repeated seizures are
restricted to presynaptic glutamatergic and GABAergic terminals
causing unbalanced I-E transmission onto BLA pyramidal neu-
rons. Importantly, it has been reported that presynaptic altera-
tions of amygdala glutamate transmission with consequent
abnormal hyperactivity of the BLA are associated with anxiety-
like phenotypes (Aroniadou-Anderjaska et al., 2012; Lowery-
Gionta et al., 2018), and low AEA content in the amygdala is
associated with increased BLA activity, which drives anxiety-like
behavior (Gray et al., 2015). The fact that our data showed that
systemic administration of the FAAH inhibitor URB597 damp-
ened both glutamatergic presynaptic hyperactivity and anxiety-

like behavior in kindled rats strongly indicates that deficient
AEA signaling within the BLA promotes BLA hyperexcitability
and the development of interictal anxiety. This finding presents a
new potential mechanism driving comorbid anxiety in seizure
related disorders.

eCB signaling exerts presynaptic tonic control of both gluta-
mate and GABA release shaping the synaptic strength of neuro-
nal networks (Zhu and Lovinger, 2005; Oliet et al., 2007).
Thereby, the downregulation of AEA content in the BLA follow-
ing kindling likely restricts the tonic eCB action on glutamatergic
neurotransmitter release causing BLA hyperactivity. Although it
has been reported that tonic eCB signaling occurs at GABAergic
synapses in the hippocampus (Lee et al., 2015), tonic action of
eCB on excitatory transmission in the BLA has also been demon-
strated (Yasmin et al., 2020). In line with this latter study, we
observed that, in sham rats, CB1 receptor blockade revealed a
tonic eCB action on glutamate but not on GABA neurotransmis-
sion within the BLA. Moreover, we found that this tonic control
by eCBs on excitatory transmission is impaired in kindled rats.
These data together with the findings that the FAAH inhibitor

Figure 6. Repeated amygdala seizures alter both tonic and phasic eCB signaling. Graphs (A, B) and sample traces (C) of eEPSC showing that bath application of the CB1 receptor antagonist
AM251 increased the amplitude of eEPSC in sham but not kindled rats (B, sham, n= 8, 6, kindled, n= 9, 7; two-way RM ANOVA, seizures effect: F(1,15) = 5.48, p= 0.034; AM251 effect: F(1,15)
= 17.04, p= 0.0009; interaction: F(1,15) = 5.48, p= 0.034). Graphs (D, E) and sample traces (F) of eIPSC showing that bath application of the CB1 receptor antagonist AM251 did not affect the
amplitude of eIPSC in either sham or kindled rats (E, sham, n= 7, 7, kindled, n= 7, 7; two-way RM ANOVA, seizures effect: F(1,12) = 0.73, p= 0.41; AM251 effect: F(1,12) = 0.063, p= 0.81;
interaction: F(1,12) = 0.73, p= 0.41). Graphs (G, H) and sample traces (I) of eIPSC showing that LTD induction was blocked in kindled vehicle rats (n= 8, 8), compared with sham vehicle rats
(n= 9, 9) and was restored in kindled rats treated with URB597 (H, sham URB597, n= 7, 6, kindled URB597, n= 8, 8; two-way RM ANOVA, drug effect: F(3,28) = 4.66, p= 0.009; LFS effect:
F(1,28) = 85.45, p, 0.0001; interaction: F(3,28) = 4.66, p= 0.009). Data in B, E show the mean of first 5-min recording before AM251 bath application (pre-AM) and from 21- to 25-min record-
ing (post-AM). Data in H show the mean of the first 10-min recording before LFS (pre-LFS) and from 31- to 35-min recording (post-LFS). Data are expressed as mean6 SEM. Tukey’s multiple
comparison test: **p, 0.01, ***p, 0.001 sham (vehicle) versus kindled (vehicle), �p, 0.05 kindled vehicle versus kindled URB597.
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dampens seizure-induced glutamate hyperactivity without affect-
ing GABA transmission provide strong evidence that allostatic
maladaptation of AEA signaling in the amygdala impairs eCB
mediated tonic control over glutamate release, which in turn
causes enhanced BLA excitation and eventually an anxiety-like
phenotype. It is important to mention that, together with AEA,
2-AG subserves tonic eCB signaling (Lee et al., 2015). However,

a recent study has demonstrated that, within the BLA, inhibition
of 2-AG synthesis does not cause changes in basal glutamate and
GABA transmission, ruling out a possible role of 2-AG in the
eCB-mediated tonic control of neurotransmitter release onto
BLA pyramidal neurons (Yasmin et al., 2020). On the other
hand, constitutive CB1 receptor activity in the absence of an en-
dogenous ligand, which tonically regulates neurotransmitter

Figure 7. FAAH inhibitor restores long-term synaptic plasticity in BLA following repeated amygdala seizures. Graphs (A, B) and sample traces (C) of fEPSPs recorded in the BLA showing that
HFS induces LTP in both sham vehicle (n= 8 slices, 7 rats), and kindled vehicle (n= 5, 5) rats (B; two-way RM ANOVA, seizures effect F(1,11) = 0.75, p= 0.40; HFS effect F(1,11) = 26.88,
p= 0.0003; interaction F(1,11) = 0.78, p= 0.40; Tukey’s multiple comparison test: sham vehicle pre-HFS vs post-HFS, p, 0.05; kindled vehicle pre-HFS vs post-HFS, p, 0.01). Graphs (D, E, G,
H) and sample traces (F, I) show that, when iLFS is applied 10 min before HFS, the resulting LTP is significantly enhanced in sham vehicle (E, n= 7, 5; two-way RM ANOVA, iLFS effect: F(1,13)
= 6.63, p= 0.023; HFS effect: F(1,13) = 24.64, p= 0.0003; interaction: F(1,13) = 6.70, p= 0.023) but not in kindled rats (H, n= 6, 6; two-way RM ANOVA, iLFS effect: F(1,9) = 2.68, p= 0.14;
HFS effect: F(1,9) = 43.34, p= 0.0001; interaction: F(1,9) = 2.54, p= 0.15). Graphs (J, K) and sample traces (L) show that treatment with URB597 significantly enhanced LTP in kindled rats
when iLFS was applied 10min before HFS (K, sham URB597, n= 7, 4, kindled URB597 n= 8, 5; two-way RM ANOVA, drug effect: F(3,24) = 3.38, p= 0.035; iLFS1HFS effect: F(1,24) = 76.08,
p, 0.0001; interaction: F(3,24) = 3.32, p= 0.037). Data in B, E, H, K show the mean of first 10-min baseline recording before HFS or iLFS (pre) and the last 10-min recording after HFS (post).
Sham vehicle and kindled vehicle data are repeated in the graphs as they belong to the same experimental design. Data are expressed as mean 6 SEM. Tukey’s multiple comparison test:
*p, 0.05; Tukey’s multiple comparison test for drug effect: ^̂ ^p, 0.001 kindled vehicle versus sham vehicle; �p, 0.05 kindled vehicle versus kindled URB597.
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release, has also been reported and cannot be ruled out (Lee et
al., 2015). Nevertheless, our data providing evidence for a crucial
role of tonic AEA signaling loss following seizure-induced altera-
tions in BLA physiology and emotional behavior which are
paralleled by studies showing how stress exposure results in a
decline in amygdala AEA signaling, causing enhanced BLA pre-
synaptic glutamatergic transmission, which drives anxiety-like
behavior (Gray et al., 2015; Yasmin et al., 2020).

Amygdala AEA signaling is also crucially involved in the con-
solidation of fear memory (Morena et al., 2014) and fear memory
impairments are associated with alteration of AEA signaling
(Morena et al., 2019). LTP and LTD in the amygdala are widely
considered to be the synaptic basis underlying associative mem-
ory including emotional memory (Nabavi et al., 2014) and altera-
tions of synaptic plasticity in the amygdala strongly affect fear
memory dynamics (Marsicano et al., 2002; Nabavi et al., 2014).
A central role of eCBs in modulating long-term synaptic plastic-
ity has been widely demonstrated (Chevaleyre et al., 2006). In
particular, within the hippocampus and amygdala, AEA signal-
ing is involved in both LTP (Zimmermann et al., 2019) and LTD
(Azad et al., 2004). Seizure activity alters synaptic plasticity in the
hippocampus (Colangeli et al., 2017), and in the amygdala
(Schubert et al., 2005), and a recent study showed that AEA aug-
mentation is capable of restoring both short-term and long-term
synaptic plasticity in the dentate gyrus after kindling of the perfo-
rant pathway (Colangeli et al., 2017). Therefore, it is conceivable
that interictal fear memory dysfunction might be caused by alter-
ations of AEA-dependent long-term plasticity within the BLA.
LTD of GABA transmission (iLTD) is a form of synaptic plastic-
ity consisting of long-term reduction of transmitter release from
GABAergic terminals (Chevaleyre et al., 2006). Within the BLA,
iLTD is mediated by AEA signaling, and it plays an important
role in tuning the magnitude of LTP induced by HFS (Azad et
al., 2004). Here, we found that, despite kindled rats displaying
impaired fear memory formation, LTP induction in the amyg-
dala is still intact after repeated seizure activity. Conversely, we
did find both iLTD induction and iLTD-mediated LTP modula-
tion significantly impaired following repeated amygdala seizures,
indicating that repeated seizure activity alters synaptic plasticity
specifically at GABA synapses. Structural and functional plastic-
ity of GABAergic synapses in the BA has been shown to occur
during fear conditioning (Kasugai et al., 2019), thereby, it is pos-
sible to speculate that alterations of GABA plasticity induced by
seizures likely account for the altered fear memory retention in
kindled rats. However, previous studies indicate that a persistent
reduction of basal GABAergic activity together with a sustained
increase of the excitatory drive within the BLA is generally asso-
ciated with increased fear expression (Ehrlich et al., 2009). A pos-
sible explanation for this discrepancy is that synaptic plasticity
occurring during associative learning requires a time-specific
break in the balance of excitation and inhibition (Letzkus et al.,
2015), thereby the persistent and unspecific disinhibition caused
by repeated seizures likely affects the temporal specificity of local
inhibitory network and the precise activation of glutamatergic
activity to drive behavioral responses. In support of this interpre-
tation, we found that FAAH inhibition normalized I-E balance
within the BLA and restored activity-dependent eCB-induced
depression of local inhibitory network in kindled rats. Thus, this
suggests that the physiological role of AEA signaling within the
BLA is to maintains homeostatic tonic control over glutamater-
gic transmission while exerting precise phasic control over
GABA signaling which enables the induction of plasticity.
Therefore, our data provide evidence that seizures persistently

alter tonic AEA signaling at glutamatergic terminals to cause
BLA hyperexcitability, which may contribute to elevations in
anxiety-like behavior. Moreover, repeated amygdala seizures
impair activity-dependent AEA signaling at GABAergic trans-
mission within the BLA, which may account for the impairment
in fear memory retention. In support of this hypothesis, enhanc-
ing AEA signaling through the inhibition of FAAH restored
interictal alterations on emotional behavior. While the available
body of literature supports the hypothesis that these effects are
likely mediated, at least in part, via elevations in AEA/CB1 recep-
tor signaling in the BLA proper, it is important to note that, in
this study, the FAAH inhibitor was given systemically, thereby
effects of AEA augmentation in other brain regions important
for fear memory and anxiety cannot be ruled out. Indeed, it has
been shown that modulating AEA signaling in the hippocampus
or prefrontal cortex can influence fear memory consolidation
and anxiety-like behavior (Rubino et al., 2008; Campos et al.,
2010; Morena et al., 2014; Lisboa et al., 2015; Hartmann et al.,
2019; Zimmermann et al., 2019).

In conclusion, our data show that allostatic maladaptation of
AEA signaling plays a crucial role for the development of interic-
tal emotional dysfunction, pinpointing AEA signaling and the
FAAH enzyme as a chief target for the deployment of new thera-
peutic options for comorbid emotional alterations occurring in
persons with epilepsy. Indeed, clinical studies have reported that
genetic polymorphisms that decrease FAAH activity and increase
basal AEA levels are associated with reduced anxiety, facilitated
consolidation of emotional memories, and protection against
negative emotional consequences following stress exposure
(Spagnolo et al., 2016; Mayo et al., 2020b), and similar results
have been reported in people treated with FAAH inhibitors
(Mayo et al., 2020a). It is important to note that FAAH inhibitors
suitable for human use that are safe, well tolerated, and lack
abuse liability have been already developed (Li et al., 2012; Mayo
et al., 2020a) and could potentially be used in clinical trials to
treat interictal emotional comorbidities. Moreover, given the
potential anti-seizure effect of FAAH inhibitors (Colangeli et al.,
2017), these data now indicate that FAAH inhibitors could have
a potential two pronged therapeutic approach in seizure related
disorders, being able to both reduce the severity of seizures them-
selves as well as alleviate the development of comorbid emotional
alterations. This dual treatment approach offers an entirely new
avenue into the therapeutics of seizure related disorders.
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