
Received: March 23, 2022. Revised: May 9, 2022. Accepted: May 10, 2022
© The Author(s) 2022. Published by Oxford University Press. All rights reserved. For permissions, please e-mail: journals.permissions@oup.com

Cerebral Cortex, 2023, 33, 2470–2484

https://doi.org/10.1093/cercor/bhac220
Advance access publication date 1 June 2022

Original Article

Identification of a novel fatty acid binding protein-5-CB2
receptor-dependent mechanism regulating anxiety
behaviors in the prefrontal cortex
Taygun C. Uzuneser 1, Hanna J. Szkudlarek 1, Matthew J. Jones1, Mina G. Nashed 1, Timothy Clement2,3, Hehe Wang 2,3,

Iwao Ojima 2,3, Walter J. Rushlow1,4, Steven R. Laviolette 1,4,*

1Department of Anatomy and Cell Biology, Schulich School of Medicine and Dentistry, 1151 Richmond Street, Medical Sciences Building, University of Western
Ontario, London, ON N6A 3K7, Canada,
2Institute of Chemical Biology and Drug Discoveries, 100 Nicolls Road, Stony Brook University, Stony Brook, NY 11794-3400, United States,
3Department of Chemistry, 100 Nicolls Road, Stony Brook University, Stony Brook, NY 11794-3400, United States,
4Department of Psychiatry, Schulich School of Medicine and Dentistry, 1151 Richmond Street, Mental Health Care Building, University of Western Ontario, London,
ON N6A 3K7, Canada
*Corresponding author: Department of Anatomy and Cell Biology, University of Western Ontario, 468 Medical Science Building, London, ON N6A 3K7, Canada.
Email: steven.laviolette@schulich.uwo.ca

The endocannabinoid (eCB) system represents a promising neurobiological target for novel anxiolytic pharmacotherapies. Previous
clinical and preclinical evidence has revealed that genetic and/or pharmacological manipulations altering eCB signaling modulate
fear and anxiety behaviors. Water-insoluble eCB lipid anandamide requires chaperone proteins for its intracellular transport to
degradation, a process that requires fatty acid-binding proteins (FABPs). Here, we investigated the effects of a novel FABP-5 inhibitor,
SBFI-103, on fear and anxiety-related behaviors using rats. Acute intra-prelimbic cortex administration of SBFI-103 induced a dose-
dependent anxiolytic response and reduced contextual fear expression. Surprisingly, both effects were reversed when a cannabinoid-2
receptor (CB2R) antagonist, AM630, was co-infused with SBFI-103. Co-infusion of the cannabinoid-1 receptor antagonist Rimonabant
with SBFI-103 reversed the contextual fear response yet showed no reversal effect on anxiety. Furthermore, in vivo neuronal recordings
revealed that intra-prelimbic region SBFI-103 infusion altered the activity of putative pyramidal neurons in the basolateral amygdala
and ventral hippocampus, as well as oscillatory patterns within these regions in a CB2R-dependent fashion. Our findings identify a
promising role for FABP5 inhibition as a potential target for anxiolytic pharmacotherapy. Furthermore, we identify a novel, CB2R-
dependent FABP-5 signaling pathway in the PFC capable of strongly modulating anxiety-related behaviors and anxiety-related
neuronal transmission patterns.
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Introduction
Endogenous cannabinoid (eCB) signaling has been linked
to modulating fear, anxiety, and stress responses, and
its dysfunction is implicated in the pathophysiology of
psychiatric disorders including schizophrenia, substance
abuse, depression, and anxiety disorders (Gunduz-Cinar,
MacPherson, et al. 2013a; Garani et al. 2021; Laviolette
2021; Zhang et al. 2021). Anandamide (AEA) and 2-
arachidonoyl glycerol (2-AG) are eCB ligands that are syn-
thesized on demand following neuronal activation, are
released into the synaptic cleft by diffusion, and activate
numerous targets including cannabinoid CB1 receptor
(CB1R), CB2 receptor (CB2R), peroxisome proliferator-
activated receptor gamma (PPARγ ), and G-protein
coupled receptor 55 (GPR55) (Marsicano et al. 2003; Alger
and Kim 2011; Fowler 2013). Thereafter, AEA and 2-AG
are cleared from the synaptic cleft by cellular uptake and
metabolized by fatty acid amide hydroxylase (FAAH) and
monoacylglycerol lipase (MAGL), respectively (Blankman
and Cravatt 2013). Importantly, pharmacological agents

and genetic manipulations that increase eCB signaling
have been shown to reduce anxiety, facilitate fear
extinction, and dampen amygdala activation in vivo
(Chhatwal et al. 2005; Hill et al. 2013; Gunduz-Cinar,
MacPherson, et al. 2013a). Pharmacological inhibition
of FAAH or AEA uptake has been shown to produce
anxiolytic-like effects and facilitate fear extinction in
rats (Kathuria et al. 2003; Chhatwal et al. 2005; Zaitone
et al. 2012; Lisboa et al. 2015). Furthermore, a key
polymorphism in the FAAH gene, which destabilizes
the FAAH protein, has been associated with reduced
trait anxiety and elevated cortex–amygdala connectivity
(Hariri et al. 2009; Gunduz-Cinar, Hill, et al. 2013b;
Dincheva et al. 2015).

Water-insoluble eCB lipids require chaperone proteins
for their intracellular transport. Research has identified 3
main isoforms of fatty acid binding proteins (FABP) that
are expressed in the adult brain; FABP-3, FABP-5, and
FABP-7 (Owada et al. 1996; Smathers and Petersen 2011).
Kaczocha et al. (2009) identified FABPs as intracellular

https://doi.org/10.1093/cercor/bhac220
http://orcid.org/0000-0002-9290-6453
http://orcid.org/0000-0003-4709-5513
http://orcid.org/0000-0001-9549-0863
http://orcid.org/0000-0002-1735-3481
http://orcid.org/0000-0002-3628-1161
http://orcid.org/0000-0001-5410-7389


Taygun C. Uzuneser et al. | 2471

transporters for AEA, with FABP-5 and FABP-7 having
higher affinities to bind AEA than FABP-3. While the adult
brain abundantly expresses FABP-5, FABP-7 expression
is down-regulated postnatally (Owada et al. 1996),
implicating FABP-5 as the primary transporter of AEA.
Intracellularly, FABP-5 binds to AEA and transports it to
FAAH, which is localized in the endoplasmic reticulum,
for its breakdown (Cravatt et al. 2001; Kaczocha et al.
2009). Thus, similar to the inactivation of FAAH or AEA
uptake, inactivation of FABPs results in elevated AEA-
mediated neurotransmission without impacting 2-AG
levels (Kaczocha et al. 2014; Yu et al. 2014; Yan et al.
2018). Importantly, inhibition of FABP-5 and FABP-7
by systemic SBFI-26 administration results in reduced
ethanol consumption (Figueiredo et al. 2017) as well as
anti-inflammatory and analgesic effects (Yan et al. 2018)
without causing motor or cognitive impairments in mice
(Thanos et al. 2016). Furthermore, FABP-5/7 knockout
mice demonstrate an antidepressive phenotype (Hamil-
ton et al. 2018) while elevated FABP-5 mRNA levels
have been detected in the PFC of postmortem brains
of schizophrenia patients (Shimamoto et al. 2014). These
findings strongly associate FABP signaling abnormalities
with various psychiatric conditions.

Despite the involvement of eCB signaling in many
psychiatric conditions, including anxiety disorders, the
effects of FABPs on the modulation of fear and anxiety
have not been thoroughly investigated. To address this
issue, we investigated the behavioral effects of a novel
compound, SBFI-103, which is a potent FABP-5 inhibitor
with negligible affinities for FABP-3 and FABP-7 (Yan et al.
2018, compound 4j). We administered SBFI-103 locally
into the prelimbic region (PLC) of the mPFC, a cortical
region that expresses FABP-5 (Shimamoto et al. 2014) and
is a strong top-down modulator of contextual fear and
anxiety (Kim et al. 2013), and performed anxiety, fear
memory expression, and cognitive tests in rats. Further-
more, in order to investigate the potential neuronal and
molecular mechanisms underlying the effects of FABP-
5 inhibition, we challenged the effects of SBFI-103 with
CB1R, CB2R, GPR55, and PPARγ antagonists. Finally, using
in vivo electrophysiology in anesthetized rats, we exam-
ined the neuronal firing and oscillatory activity patterns
in 2 functionally interconnected pathways within the
PLC; the BLA and ventral hippocampus (VHipp) following
SBFI-103 exposure.

Materials and methods
Animals
Male Sprague Dawley rats (300–350 g, 8–10 weeks old;
Charles River Laboratories, Quebec, Canada) were pair-
housed until surgeries and single-housed afterwards.
Animals were kept in a temperature (22 ± 2 ◦C), humidity
(55 ± 10%), and light (light on from 7 AM to 7 PM)
controlled room with food and water available ad
libitum. Behavioral tests were conducted between 9 AM
and 5 PM. All procedures were performed in accordance

with the Canadian Council of Animal Care and the
Animal Care Committee at the University of Western
Ontario, Ontario.

Surgical procedures
Rats were anesthetized with a ketamine (80 mg/kg,
Vetoquinol)–xylazine (6 mg/kg, Bayer) mixture, admin-
istered intraperitoneally (i.p.). Animals were placed in
a stereotaxic device (Kopf), and stainless steel guide
cannulae (22 gauge) were bilaterally implanted into
the PLC (3.2 mm anterior, 1.8 mm lateral (15◦ angle),
3 mm ventral from Bregma, (Paxinos and Watson 2013).
Cannulae were secured using screws and dental acrylic
cement. To reduce pain and inflammation, animals
received Meloxicam (1 mg/kg, s.c., Boehringer Ingelheim)
immediately before and 1 day after surgery. Behavioral
tests started after a 1-week recovery period with daily
inspection of recovery status.

Drugs
SBFI-103 (9-Fluorenylmethyl a-3-hydroxycarbonyl-2,
4-di(2-methoxylphenyl)-cyclobutane-1-carboxylate), a
selective inhibitor of FABP-5 with negligible affinity
for FABP-3 and FABP-7, was synthesized as previously
described (Yan et al. 2018). SBFI-103 was administered
in 2 doses (0.5 or 5 μg/side). Other drugs (Cayman
Chemical): CB1R inverse agonist SR141716 (rimonabant;
0.5 μg/side), CB2R inverse agonist AM630 (5 μg/side),
GPR55 antagonist CID16020046 (1 μg/side), and PPARγ

antagonist T0070907 (0.2 μg/side) were co-administered
with 5 μg SBFI-103 or vehicle. The doses of the drugs were
determined by our pilot studies and previous studies
in the literature, and are inversely proportional to the
Ki values of their respective target receptors (Zhang
et al. 2014; Loureiro et al. 2016; Kramar et al. 2017). All
drugs were dissolved in saline containing 10% DMSO–5%
Cremophor and infused bilaterally (volume: 0.5 μL/side,
rate of infusion: 0.5 μL/min) using a 10 μL Hamilton
syringe with Polymicro capillary tubing protruding 1 mm
beyond the implanted guide cannula. Each behavioral
test commenced 5 min after the micro-infusions.

Behavioral tests
Light–dark box

The test arena consisted of 2 identical-sized compart-
ments (50 × 25 × 37 cm), which were divided by a wall
with a 10 × 10 cm door. One compartment was fully dark,
while the other was illuminated with an overhead lamp.
Rats were placed in the light chamber with their heads
facing the wall opposite to the door, and their activities
were recorded for 10 min, as previously described (De
Felice et al. 2021). Time spent in the light chamber, num-
ber of transitions and latency to enter the light chamber
for the first time were analyzed manually to assess the
anxiety-like behavior.
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Elevated plus maze

The apparatus consisted of 4 arms (10 × 50 cm), raised
50 cm above the floor. Two opposite arms were enclosed
with walls (40 cm), while the other 2 arms were open.
Rats were placed in the center of the apparatus, facing
the closed arm, and their activities were recorded for
10 min, as previously described (Szkudlarek et al. 2019).
% time spent in the open arm ((open arm time/open
arm + closed arm time) ∗ 100) and % open arm entries
((open arm entry/open arm + closed arm entry) ∗ 100)
were analyzed manually to assess the anxiety-like
behavior.

Open field

Rats were placed in an automated open field (OF) arena
(40 × 40 × 40 cm; San Diego Instruments, San Diego,
CA, USA), where locomotor activity and rearing were
recorded and analyzed automatically for 30 min, as
previously described (Kramar et al. 2017).

Contextual fear conditioning

Two distinct test environments were used for fear acqui-
sition and retrieval (Fig. 2A). On day 1, animals received 2
5-min acquisition sessions (>3 h apart) in environment A,
during which they received 3 foot-shocks (2 s, 0.9 mA) at
pseudorandomized interval. On day 2, animals received
micro-infusions and 5 min later were placed in envi-
ronment B (neutral environment) for 5 min to test fear
generalization. Immediately afterwards, animals were
transferred to environment A (shock environment) to test
contextual fear memory retrieval. On day 15, animals
were placed again in environment A for 5 min to test
remote fear memory retrieval. The percent time animal
spent freezing in each condition was analyzed manually
to assess the expression of fear. Freezing was defined as
the absence of movement aside of respiration.

Spontaneous alternation

The test apparatus consisted of a Y-shaped maze with
three identical arms (length: 50 cm, height: 40 cm). Rats
were placed in the center of the arm and their activities
were recorded for 10 min, as previously described (Szkud-
larek et al. 2019). An arm entry was scored only when all
4 paws of the animal were in that arm. The total number
of arm entries and spontaneous alternation (SA) % were
assessed. A SA occurs when the rat enters a different arm
in 3 consecutive arm entries.

Temporal order object recognition

The test arena consisted of an 80 × 80 × 50 cm box. The
test session consisted of 3 4-min trials with an inter-
trial interval (ITI) of 60 min, during which animals were
allowed to explore 2 objects (acquisition 1: objects AA;
acquisition 2: objects BB; test phase; objects AB). Object
exploration was considered when the animal was sniff-
ing the object.

Prepulse inhibition of the startle ref lex

Prepulse inhibition (PPI) testing was performed as
previously described (De Felice et al. 2021). Animals
were confined within transparent tubes (25 × 12 cm),
placed on a movement-sensitive platform in an enclosed
sound-attenuating box (Panlab). On day 1, animals
were acclimated to the startle box (5 min, 65 dB
background noise). On day 2, animals were tested with
an input/output function, consisting of 11 ascending
startle pulses (white noise, from 65 to 115 dB, 5 dB
increment, 20 ms duration, 1 min ITI). On day 3, PPI
test was performed, during which animals received
the following pseudorandomized trials (7 conditions, 10
trials each, 15–20 s ITI): pulse alone (110 dB), pulse +
prepulse (72, 76, or 80 dB) using 2 different interstimulus
intervals (30 or 100 ms). The %PPI was calculated with
the formula of: %PPI = 100 − [100 × (startle amplitude of
prepulse + pulse trials/startle amplitude of pulse alone
trials)].

Histology
Following the completion of behavioral experiments, rats
were sacrificed using sodium pentobarbital (Euthanyl).
Brains were removed and stored at −80 ◦C until slicing.
100 μm thick coronal sections were cut, mounted on
glass slides, stained with cresyl violet, and examined
under a light microscope for the verification of cannula
placements within the PLC region (Fig. 1A).

In vivo electrophysiology
In vivo extracellular recordings in the BLA, VHipp,
nucleus accumbens shell (NAccSh), and ventral tegmen-
tal area (VTA) were performed as described previously
(Renard et al. 2017; De Felice et al. 2021). Naïve rats were
anesthetized with urethane (1.4 g/kg, i.p.) and placed in a
stereotaxic apparatus (Kopf). The rat’s body temperature
was maintained at 37 ◦C (±1◦) using a rectal temperature
controller. The skull was exposed and according to the rat
brain atlas (Paxinos and Watson 2013), craniotomies were
performed above the target areas (in mm from Bregma:
infusion site: mPFC: 10◦ anterior angle, 3.8 anterior,
0.8 lateral; recording sites: BLA: 2.4–2.7 posterior, 4.8–5
lateral; VHipp: 5.6–5.8 posterior, 5.8–6 lateral; NAccSh:
1.8–2.2 anterior, 0.7–0.9 lateral; VTA: 5–5.2 posterior, 0.8–
1 lateral). Intra-PLC infusions were performed using an
injection cannula connected to a 10 μL Hamilton syringe
with Polymicro capillary tubing (3.1 mm ventral from
dura). Extracellular recordings were performed in target
regions (depth in mm from dura: BLA: 6.5–8; VHipp: 4–
6; NAccSh: 5.5–7; VTA: 7–9) using glass microelectrodes
(impedance: 8 ± 2 MΩ) filled with 2% pontamine sky
blue solution (Sigma-Aldrich). Extracellular signals were
filtered (bandpass, 0.3–5 kHz), amplified (Multiclamp
700B amplifier, Molecular Devices), digitized at 25 kHz,
and recorded (Digidata 1440A System and pClamp
Software, Molecular Devices). Neurons in each region
were identified using previously established criteria
(Renard et al. 2017; Norris et al. 2019; De Felice et al. 2021),
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Fig. 1. Acute intra-PLC SBFI-103 administration induces anxiolytic-like behavior, which is prevented by AM630 or CID160 co-administration. (A)
Microphotograph of representative cannula placement within the PLC. Arrows show the tip of injector cannula. (B and C) 5 μg/hemisphere intra-PLC
SBFI-103 infusion increases time spent in the open arm (B) and open arm entries (C) in the EPM. These elevations are reversed by AM630 or CID160 co-
administration. Open arm time % = 100 ∗ open arm time / open + closed arm time. Open arm entries % = 100 ∗ open arm entry/open + closed arm entry.
(D and E) 5 μg/hemisphere intra-PLC SBFI-103 infusion increases time spent in the light chamber (D) and light chamber entries (E) in the LDB. These ele-
vations are reversed by AM630 or CID160 co-administration. (F) 5 μg/hemisphere intra-PLC SBFI-103 infusion did not alter latency to enter light chamber
in the LDB. (G and H) 5 μg/hemisphere intra-PLC SBFI-103 infusion did not alter locomotion (G) or rearing (H) in the OF. Data represent mean + SEM.
EPM: N = 71 (8–14 per group) LDB: N = 82 (8–17 per group) OF: N = 76 (8–16 per group). Groups were compared using 1-way ANOVA followed with Fisher’s
LSD post hoc test. ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001 compared to VEH. $P < 0.05, $$P < 0.01, $$$P < 0.001 compared to 5 μg/hemisphere SBFI-103.
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isolated, and recorded for at least 36 min (5 min
baseline + 1 min infusion + 30 min postinfusion). Local
field potential (LFP) signals were downsampled to 1 kHz,
lowpass filtered (IIR Butterworth filter at 170 Hz, filter
order: 3), and the power of oscillations between 0 and
58 Hz was calculated using a spectrogram function of
NeuroExplorer (NexTechnologies). The spike rate and
oscillatory activities were normalized to the baseline
activity, and postinfusion activities were calculated
as % change from baseline. For histological analyses,
recording electrode positions were marked with an
iontophoretic deposit of pontamine sky blue (−20 mA,
15 min) followed with histological procedures as previ-
ously described (Renard et al. 2017).

Data analysis
Data are presented as mean + SEM and were analyzed
using 2-tailed t-tests, 1-way or 2-way ANOVA where
appropriate (Sigma Plot). Post hoc analyses were calcu-
lated using Fisher’s LSD. Kruskal–Wallis H test was used
for nonparametric datasets, followed by Mann–Whitney
U tests between relevant groups. Behavioral activities
other than OF and PPI were recorded and analyzed later
manually using Behaview software (www.pmbogusz.net).
The significance level was set to P < 0.05.

Results
Intra-PLC FABP-5 inhibition reduces anxiety-like
behavior through CB2R- and GPR55-dependent
mechanisms
Given previous evidence demonstrating that elevated
eCB neurotransmission induces anxiolytic effects in
rodents (Kathuria et al. 2003; Gunduz-Cinar, MacPherson,
et al. 2013a), we hypothesized that FABP-5 inhibition
within the PLC may produce anxiolytic behavioral
effects. The effects of FABP-5 inhibition by SBFI-103
were later challenged with CB1R, CB2R, GPR55, and/or
PPARγ antagonists using SR141716, AM630, CID160, and
T007, respectively. Anxiety behaviors were assessed
using the elevated plus maze (EPM) and light–dark
box (LDB) tests. One-way ANOVA revealed a treatment
effect in open arm time (F(6,64) = 2.945, P = 0.013) and
open arm entries (F(6,64) = 2.729, P = 0.02) in the EPM test
as well as light chamber time (F(6,75) = 5.839, P < 0.001)
and light chamber entries (F(6,75) = 4.121, P = 0.001) in
the LDB test. Post hoc analyses showed that SBFI-103
infusion was dose-dependently anxiolytic as animals
receiving 5 μg/hemisphere SBFI-103 spent more time
in the open arm (P = 0.002; Fig. 1B), entered it more
frequently (P = 0.025; Fig. 1C), spent more time in the
light chamber (P = 0.003; Fig. 1D) and entered it more
frequently (P < 0.001, Fig. 1E) compared to the control
animals; however, these effects were absent when the
animals received 0.5 μg/hemisphere SBFI-103 (Ps > 0.05).
Interestingly, SBFI-103-induced anxiolytic effects in the
EPM and LDB were prevented by co-administration

of AM630 and CID160 (open arm time: P = 0.011 and
P = 0.007; open arm entries: P = 0.005 and P = 0.011; light
time: P = 0.011 and P = 0.021; light entries: P = 0.002 and
P = 0.035, respectively), but not by SR141716 or T007
(Ps > 0.05). While the data showed a trend in SBFI-103-
induced decrease in latency to enter the light chamber
(Fig. 1F), 1-way ANOVA was not significant (F(6,75) = 1.694,
P = 0.134). There was no treatment effect when SR141716,
AM630, CID160, or T007 was administered alone (open
arm time: F(4,40) = 0.777; open arm entries: F(4,40) = 0.436,
light time: F(4,47) = 0.313, light entries: F(4,47) = 0.722;
latency to enter light: F(4,47) = 1.834; Ps > 0.05; Supplemen-
tary Fig. S1A–E). These results indicate that intra-PLC
FABP-5 inhibition results in a dose-dependent anxiolytic
behavioral phenotype, which is dependent on CB2R-
and GPR55-mediated mechanisms. Interestingly, CB1R-
mediated mechanisms do not appear to be involved in
these effects.

Intra-PLC FABP-5 inhibition does not alter
locomotor activity
Pharmacological agents modulating eCB signaling may
induce locomotion alterations (Renard et al. 2017), which
could underlie or influence FABP-5 inhibitor-induced
anxiolysis. The results showed that neither FABP-5
inhibition nor co-application of SBFI-103 with CB1R,
CB2R, GPR55, and PPARγ antagonists affected locomotion
(F(6,69) = 0.837, P > 0.05) or rearing (F(6,69) = 0.308, P > 0.05;
Fig. 1G and H). When SR141716, AM630, CID160, or T007
was administered alone, a treatment effect was again not
detected (locomotion: F(4,39) = 0.788; rearing: F(4,38) = 0.855,
Ps > 0.05; Supplementary Fig. S1F and G).

Intra-PLC FABP-5 inhibition reduces contextual
fear expression through CB1R- and
CB2R-dependent mechanisms
In order to investigate the effects of intra-PLC FABP-5
inhibition on fear memory expression (Kim et al. 2013),
we designed a protocol that was adapted from Poulos
et al. (2016). As shown in Fig. 2A, 24 h after contextual
fear memory acquisition, freezing responses of the ani-
mals were measured in a novel environment (fear gen-
eralization) and in the previously experienced fear envi-
ronment (contextual fear retention). Two-way repeated
measures ANOVA revealed a significant treatment ×
environment interaction (F(5,46) = 3.378, P = 0.011). Post hoc
analyses showed that SBFI-103 infusion reduced contex-
tual fear (P = 0.025; Fig. 2B), and this effect was reversed
by co-administration of SR141716 (P = 0.025) and AM630
(P = 0.024), and partially reversed by co-administration
of CID160 (P = 0.06), but not by T007 (P > 0.05). Surpris-
ingly, despite SBFI-103 infusion having no effect on fear
generalization (P > 0.05), SR141716 co-infused animals
showed elevated freezing (vs. VEH: P = 0.012; vs. SBFI-103:
P = 0.019), suggesting exacerbated fear generalization by
SR141716. These findings demonstrate that intra-PLC
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Fig. 2. Intra-PLC SBFI-103 administration before fear retrieval reduces contextual fear expression, which is prevented by AM630 or SR141716 co-
administration. (A) Schematic representation of the fear conditioning procedure. Environment A (30 × 30 × 60 cm white Plexiglas box with black stripes
and a metallic floor grid) was cleaned and odored with 70% ethanol and environment B (30 × 30 × 60 cm white Plexiglas box with black circles and a
smooth Plexiglas floor) with 0.5% acetic acid. Fear acquisition took place in environment A. A day later, effects of intra-PLC SBFI-103 administration
on fear generalization (environment B) and contextual fear expression (environment A) were assessed using freezing response. 14 days later, remote
fear response was assessed (no infusion before test). (B) 5 μg/hemisphere intra-PLC SBFI-103 infusion attenuated expression of contextual fear but
did not influence expression of generalized fear. Attenuated contextual fear was reversed by AM630 or SR141716 co-infusion. SR141716 co-infusion
also increased generalized fear expression. (C) 5 μg/hemisphere intra-PLC SBFI-103 infusion before fear expression (day 2) did not alter fear memories,
as tested by remote fear recall (environment A) on day 15. Freezing was defined as the absence of movement aside of respiration. Data represent
mean + SEM. N = 52 (8–10 per group). Groups were compared using 2-way repeated measures ANOVA (B) or 1-way ANOVA (C) followed with Fisher’s LSD
post hoc test. ∗P < 0.05 compared to VEH. $P < 0.05 compared to 5 μg/hemisphere SBFI-103.

FABP-5 inhibition attenuates contextual fear expression
through CB1R- and CB2R-mediated mechanisms. Fur-
thermore, CB1R modulates generalization of fear without
the involvement of FABP-5.

To test whether the SBFI-103-induced reduction of
contextual fear was persistent, we re-tested contextual
fear responses 2 weeks after the initial fear retention
test without re-infusing drugs. One-way ANOVA revealed
no treatment effect on remote fear recall (F(5,46) = 0.268,
P > 0.05, Fig. 2C), suggesting that infusions before the
initial fear retention test had no impact on long term fear
memory processing.

Intra-PLC FABP-5 inhibition does not influence
memory performance or sensorimotor gating
FABP-5 has been reported to regulate cognitive function
as genetic ablation of FABP-5 impairs spatial learning
and memory (Yu et al. 2014). Therefore, we investi-
gated the effects of intra-PLC FABP-5 inhibition on
spatial working memory and short-intermediate term
temporal recognition memory (TRM) using SA and
temporal-order object recognition (TOR) tests, respec-
tively. A 2-tailed t test revealed no effect of SBFI-103
(t11 = 0.715, P > 0.05) on alternation performance in SA
(Fig. 3A). Furthermore, number of alternations remained
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Fig. 3. Acute intra-PLC SBFI-103 administration does not influence cognitive performance or sensorimotor gating. (A, B) 5 μg/hemisphere intra-PLC
SBFI-103 infusion did not alter SA performance (A) or number of alternations (B) in the Y-maze. A SA occurs when the rat enters a different arm in 3
consecutive arm entries. SA % = 100 ∗ number of SAs/(total number of arm entries-2). (C) 5 μg/hemisphere intra-PLC SBFI-103 infusion did not alter TRM
performance. Recognition index = 100 ∗ time spent exploring less recently encountered object/time spent exploring both objects. (D) 5 μg/hemisphere
intra-PLC SBFI-103 infusion did not alter PPI with either ISI used (30 and 100 ms). %PPI = 100 − [100 × (startle amplitude of prepulse + pulse trials/startle
amplitude of pulse alone trials)]. Data represent mean + SEM. SA: N = 13 (6–7 per group) TRM: N = 10 (5 per group) PPI: N = 12 (5–7 per group). Groups were
compared using t-test (A–C) or 2-way repeated measures ANOVA (D).

intact (t11 = 0.416, P > 0.05; Fig. 3B), providing further
support for the absence of locomotor-altering effects
of SBFI-103. Similarly, analysis of TOR test revealed no
effect of SBFI-103 on the recall of recognition memory
performance (t8 = −0.0136, P > 0.05; Fig. 3C). Thus, an
effective anxiolytic dose of the intra-PLC FABP-5 inhibitor
appears to produce no side effects on working memory
or recognition memory recall.

To test whether FABP-5 inhibition alters reactivity to
sensory stimuli, we examined the effects of intra-PLC
SBFI-103 on PPI. Two-way repeated measures ANOVA
revealed a significant effect of prepulse intensity (30 ms
interstimulus-interval [ISI]: F(2,20) = 21.192, P < 0.001,
100 ms ISI: F(2,20) = 13.73, P < 0.001); however, a treatment
effect was not detected (30 ms ISI: F(1,10) = 0.0241, 100 ms
ISI: F(1,10) = 0.0804, Ps > 0.05) (Fig. 3D). Thus, sensorimotor
gating system remains intact after intra-mPFC FABP-5
inhibition.

Intra-PLC FABP-5 inhibition attenuates firing of
BLA putative pyramidal neurons in a
CB2R-dependent manner
The PLC region modulates emotional behavior by
exerting top-down control over BLA neuronal activity.
Thereafter, long-range BLA projections to PLC and VHipp
control the expression of emotions, most notably fear
and anxiety (McGarry and Carter 2017). Bidirectional
functional connections between mPFC and BLA, which
are modulated by eCB signaling, controls emotional
learning plasticity, and memory formation (Laviolette
and Grace 2006; Tan et al. 2011). Given our behavioral
results indicating decreased expression of fear and
anxiety-like behaviors by intra-PLC FABP-5 inhibition, we
hypothesized that FABP-5-inhibiton-induced behavioral
effects may be associated with attenuated activation
of projection neurons in the BLA. After isolating a total
of 45 pyramidal neurons in the BLA, we analyzed their
spiking activity pre- and post-intra-PLC infusions of

VEH, SBFI-103, and a combination of the CB2 antagonist
AM630 + SBFI-103 using in vivo electrophysiological
recordings. The effects of the infused agents were
analyzed as 3 10-min bins (Fig. 4B) and as 30 min overall
activity (Fig. 4C), with example recording traces shown
in Fig. 4A and histograms shown in Fig. 4E. Two-way
repeated measures ANOVA revealed a robust effect of
treatment (F(2,42) = 7.897, P = 0.004). Post hoc comparisons
revealed SBFI-103-induced attenuation of firing rate
at 10–20 min (P = 0.006) and 20–30 min (P = 0.003)
postinfusion (Fig. 4B). Furthermore, SBFI-103 infusion
caused a 30.7% reduction of overall firing rate (P = 0.009;
Fig. 4C). AM630 co-administration prevented SBFI-103-
induced attenuation of spiking at 10–20 min (P = 0.002)
and 20–30 min (P = 0.043) postinfusions and in overall
activity (13.6% increase; P = 0.005). Population analysis
of BLA neurons demonstrated that 68.8% (11/16) of BLA
neurons showed decreased activity following SBFI-103
infusion, whereas 23.5% (4/17) showed decreased activity
after VEH infusion and 16.7% (2/12) after AM630 + SBFI-
103 co-infusion (Fig. 4D). Altogether, consistent with our
behavioral findings, these data demonstrate a CB2R-
dependent attenuation of BLA neuronal transmission
by intra-PLC FABP-5 inhibition, which possibly underlies
FABP-5 inhibition-induced changes in the expression
of fear and anxiety, as suggested by our behavioral
pharmacological challenge studies.

Intra-PLC FABP-5 inhibition elevates firing of
VHipp putative pyramidal neurons in a
CB2R-dependent manner
Given that the firing activities of pyramidal BLA neurons
are attenuated by intra-PLC FABP-5 inhibition and that
BLA to vHipp inputs modulate anxiety-like behavior
(Felix-Ortiz et al. 2013), we isolated a total of 34 pyramidal
neurons in the CA1 region of the VHipp and analyzed
their firing frequencies pre- and post-intra-PLC infusions
of VEH, SBFI-103, and AM630 + SBFI-103. The effects
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Fig. 4. Intra-PLC SBFI-103 administration attenuates firing of BLA putative principal neurons and elevates firing of VHipp putative pyramidal neurons,
both of which are prevented by AM630 co-administration. (A) Representative example showing spiking activity of a BLA pyramidal neuron (top) and a
single spike (bottom). (B, C) 5 μg intra-PLC SBFI-103 infusion reduced the spiking rate of BLA neurons, as shown in 10 min bins (B) and as overall 30 min
postinfusion activity (C). Attenuated firing rate was restored by AM630 co-infusion. Data are represented as % change from baseline. (D) Percentage of
BLA neurons showing relative changes in firing rates (increase, decrease, or no change) after the infusion of vehicle, SBFI-103 and AM630 + SBFI-103. A
neuron was considered to change its firing rate if the difference in firing rate between pre- and post-infusion is >10%. (E) Sample histograms (20 s bins)
of BLA neurons pre- and post-infusion of vehicle (left panel), SBFI-103 (middle panel), and AM630 + SBFI-103 (right panel). (F) Representative example
showing spiking activity of a VHipp pyramidal neuron (top) and a single spike (bottom). (G, H) 5 μg intra-PLC SBFI-103 infusion increased the spiking rate
of VHipp neurons, as shown in 10 min bins (G) and as overall 30 min postinfusion activity (H). Elevated firing rate was restored by AM630 co-infusion.
Data are represented as % change from baseline. (I) Percentage of VHipp neurons showing relative changes in firing rates (increase, decrease, or no
change) after the infusion of vehicle, SBFI-103 and AM630 + SBFI-103. A neuron was considered to change its firing rate if the difference in firing rate
between pre- and post-infusion is >10%. (J) Sample histograms (20 s bins) of VHipp neurons pre- and post-infusion of vehicle (left panel), SBFI-103
(middle panel), and AM630 + SBFI-103 (right panel). Data represent mean + SEM. BLA: N = 45 neurons (12–17 per group) VHipp: N = 34 neurons (9–14 per
group). Non-normally distributed datasets were compared using Kruskal–Wallis test followed with Mann–Whitney U tests between the relevant groups.
∗P < 0.05, ∗∗P < 0.01 compared to VEH. $P < 0.05, $$P < 0.01 compared to SBFI-103.
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Fig. 5. Intra-PLC SBFI-103 administration (5 μg) elevates the power of beta and low-gamma oscillations in the BLA and attenuates the power of alpha,
beta, and low-gamma oscillations in the VHipp, all of which are prevented by AM630 co-administration. (A) Example recording traces of BLA oscillations.
(B) Group summaries showing increased power of beta (left panel) and low-gamma (right panel) oscillations in the BLA following SBFI-103 administration.
Elevations were restored by AM630 co-administration. Data are represented as % change (average of 30 min postinfusion) from baseline. (C) Example
recording traces of VHipp oscillations. (D) Group summaries showing decreased power of alpha (left panel), beta (middle panel), and low-gamma (right
panel) oscillations in the VHipp following SBFI-103 administration. Reductions were restored by AM630 co-administration. Data are represented as %
change (average of 30 min postinfusion) from baseline. BLA: N = 41 recordings (10–17 per group) VHipp: N = 32 recordings (9–12 per group). Groups were
compared using 1-way ANOVA followed with Fisher’s LSD post hoc test. ∗P < 0.05, ∗∗P < 0.01 compared to VEH. $P < 0.05 compared to SBFI-103.

of the infused agents were analyzed as 3 10-min
bins (Fig. 4G) and as 30 min overall activity (Fig. 4H),
with example recording traces shown in Fig. 4F and
histograms shown in Fig. 4J. Two-way repeated measures
ANOVA revealed a significant effect of treatment
(F(2,31) = 6.173, P = 0.028) and time (F(2,59) = 3.812, P = 0.028).
Post hoc comparisons demonstrated SBFI-103-induced
enhancement of firing rate at 10–20 min (P = 0.025) and
20–30 min (P = 0.05) postinfusion (Fig. 4G). Furthermore,
SBFI-103 infusion caused a 110.9% elevation of overall
firing rate (P = 0.021; Fig. 4H). AM630 co-administration
counteracted SBFI-103-induced elevation of firing rate
at 20–30 min (P = 0.015) postinfusion and restored
overall activity (9.1% increase; P = 0.035). Population
analysis of VHipp neurons revealed that 64.3% (9/14) of
VHipp neurons showed elevated activity after SBFI-103
infusions, whereas 22.2% (2/9) showed elevated activity
after VEH infusion and 27.3% (3/11) after AM630 + SBFI-
103 co-infusion (Fig. 4I). Intra-PLC FABP-5 inhibition,
however, did not affect neuronal firing in the NAccSh
(Supplementary Fig. S2A–C) or VTA (Supplementary
Fig. S2D–F). These results indicate that intra-PLC FABP-
5 inhibition significantly increases activity of putative
VHipp pyramidal neurons, which is prevented by CB2R
antagonism. Furthermore, intra-PLC SBFI-103 does not
modulate mesolimbic dopamine activity states, sug-
gesting FABP-5 inhibition to pose a low risk of addictive
liability.

Intra-PLC FABP-5 inhibition alters the power of
local field potentials in the BLA and VHipp in a
CB2R-dependent manner
In order to investigate the effects of intra-mPFC FABP-
5 inhibition on LFP in the BLA and VHipp, LFPs were
recorded concurrently with single-unit activities. The
powers of delta (0.5–4 Hz), theta (4–7 Hz), alpha (7–14 Hz),
beta (14–30 Hz), and low-gamma (30–58 Hz) oscillations
were analyzed pre- and post-infusions of VEH, SBFI-
103, and AM630 + SBFI-103. Effects of the infused agents
were analyzed for 30 min, with example recording
traces shown for BLA (Fig. 5A) and VHipp (Fig. 5C). In
the BLA, 1-way ANOVA revealed significant treatment
effects for beta (F(2,38) = 3.793, P = 0.031) and low-gamma
oscillations (F(2,35) = 3.832, P = 0.031), but not for other
bands (Ps > 0.05, data not shown). Post hoc comparisons
demonstrated SBFI-103-induced enhancements in the
power of beta (P = 0.018) and low-gamma (P = 0.025)
oscillations, both of which were prevented by AM-630
co-administration (beta: P = 0.04, low-gamma: P = 0.027;
Fig. 5B). In the VHipp, 1-way ANOVA revealed significant
treatment effects for alpha (F(2,28) = 4.611, P = 0.019), beta
(F(2,29) = 6.575, P = 0.004) and low-gamma oscillations
(F(2,28) = 5.41, P = 0.01), but not for other bands (Ps > 0.05,
data not shown). Post hoc comparisons demonstrated
SBFI-103-induced attenuations in the power of alpha
(P = 0.01), beta (P = 0.002), and low-gamma (P = 0.004)
oscillations, all of which were prevented by AM-630

https://academic.oup.com/cercor/article-lookup/doi/10.1093/cercor/bhac220#supplementary-data
https://academic.oup.com/cercor/article-lookup/doi/10.1093/cercor/bhac220#supplementary-data
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co-administration (alpha: P = 0.02 beta: P = 0.01, low-
gamma: P = 0.022; Fig. 5D).

Discussion
Fatty acids not only are effective energy sources, but
also act as signaling molecules causing numerous
physiological effects in the brain. Since eCB signaling is
involved with the regulation of emotions, and alterations
in eCB signaling within the corticolimbic system are
associated with neuropsychiatric conditions including
anxiety disorders, it serves as a promising target for
novel anxiolytic pharmacotherapies. Our behavioral
findings indicate that intra-PLC FABP-5 inhibition
reduces anxiety-like behaviors and the expression of
contextual fear without affecting locomotor activity,
learning, memory performance, or sensorimotor gating.
Furthermore, our electrophysiological findings suggest
that intra-PLC FABP-5 inhibition does not influence the
dopaminergic signaling pathways, which might make it
safer than widely prescribed antianxiety medications in
terms of addictive liability. The present findings identify a
promising role for FABP-5 inhibition as a novel anxiolytic
pharmacotherapy as well as a novel CB2R-dependent
FABP-5 signaling pathway in the mPFC, which modulates
anxiety and fear expression.

The observed behavioral effects in this study are
potentially due to elevated AEA-mediated neurotrans-
mission as FABP-5 promotes cellular uptake and hydrol-
ysis of AEA and AEA levels are known to be importantly
involved in affective regulation. Indeed, AEA quantifi-
cation studies using tandem liquid chromatography–
mass spectrometry have found elevated cerebral AEA
levels after pharmacological inhibition and/or genetic
ablation of FABP-5 (Kaczocha et al. 2014; Yu et al. 2014).
FABP-5 inhibition, however, did not alter cerebral 2-AG
levels or the activity of FAAH (Kaczocha et al. 2014),
suggesting that our findings are not likely mediated via
these mechanisms. As an alternative mechanism, FABP-5
inhibition-induced anxiolytic effects might be mediated
by other N-acylethanolamines palmitoylethanolamide
(PEA) and oleoylethanolamide (OEA). For example,
pharmacological inhibition of FABP-5/7 by intracere-
broventricular infusion of SBFI-26, as well as genetic
ablation of FABP-5/7, elevated PEA and OEA levels in
mice brain (Kaczocha et al. 2015; Peng et al. 2017).
Given the role of PEA in the regulation of fear and
anxiety behaviors (Locci and Pinna 2019), elevated PEA
might also be involved in modulating FABP-5 inhibition-
induced anxiolytic-like behavioral effects. Future studies
are required to more clearly define these underlying
mechanisms.

Tissue-specific expression patterns of FABPs and
region-specific expression patterns of FABP-5 in adult
brain make it a particularly promising target for
pharmacotherapeutic interventions. This advantage of
FABPs should significantly decrease the likelihood of
off-target side effects when administered systemically.

Indeed, current anxiolytic treatments are associated
with significant deleterious side-effects, including
dependence, withdrawal, and cognitive impairments
(Griebel and Holmes 2013), which are major therapeutic
limitations. While lower rates of adverse side-effects
have been observed with FAAH inhibitors (Li et al.
2012), the wide expression of FAAH throughout the
body potentially makes targeting FABP-5 safer and more
tolerable. For example, systemic inhibition of FAAH was
linked with hyperglycemia and insulin resistance due
to high levels of FAAH expression in the liver (Tourı̃o
et al. 2010). Systemic inhibition of FABP-5 and FABP-
7 by SBFI-26, however, did not induce dependence,
cognitive impairments, or peripheral side effects (Thanos
et al. 2016). Our results add further evidence on
safety and tolerability of FABP-5 inhibition, suggesting
that local inhibition of FABP-5 in the brain does not
impair locomotion, memory, or sensorimotor gating.
Additionally, our finding that acute FABP-5 inhibition
had no impact on baseline dopamine system activity
states further suggests that this novel mechanism can
produce effective anxiolytic effects whilst bypassing
the mesolimbic dopamine system, posing less risk for
activation of addiction-related brain pathways. Despite
its promising therapeutic activity and safety profile,
we should note that SBFI-103 remains to be validated
for its translatability to humans as well as testing in
other preclinical animal models. In addition, the present
studies focused on intracranial infusions and future
studies are required using systemic administration in
order to confirm its safety and tolerability in human
patients. Furthermore, future studies are required to
address potential off-target side effects of SBFI-103,
especially on dependence, withdrawal and various
aspects of cognition and memory.

Anxiety and fear are both adaptive responses to evade
threats, and although their neural circuitries overlap
regarding neuroanatomy and neurotransmitters/neu-
romodulators, there are clear distinctions between fear
and anxiety in terms of cause and effect as well as their
underlying neurobiological mechanism (Wang et al. 2011;
Perusini and Fanselow 2015). Preclinical findings have
demonstrated a significant role of eCBs and CB1R in
the behavioral adaptation of fear responses (Laviolette
and Grace 2006). Systemic administration of agents
that elevate eCB neurotransmission has been shown to
suppress fear expression and facilitate fear extinction
in rodents (Marsicano et al. 2002; Chhatwal et al. 2005;
Gunduz-Cinar, MacPherson, et al. 2013a) and humans
(Mayo et al. 2020). Furthermore, intracerebroventricular
infusion of agents that elevate eCB neurotransmission,
or their local infusion into the mPFC or BLA prior to
memory retention tests, promotes extinction of cued
and contextual fear, which was dependent on CB1R
(Bitencourt et al. 2008; Lin et al. 2009; Gunduz-Cinar,
MacPherson, et al. 2013a). Systemic antagonism of
CB1R, also, has been shown to impact contextual
fear expression (Suzuki et al. 2004) as well as fear
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generalization (Reich et al. 2008). Although we did not
directly investigate CB1R antagonism in the absence
of SBFI-103, our results are in line with these findings
and may indicate the involvement of CB1R transmission
in both contextual fear expression and fear-memory
generalization behaviors. CB1R-mediated effects on
cortical neurons seem to exert control on behaviors only
when environmental aversiveness exceeds an arbitrary
threshold (Haller et al. 2004; Hölter et al. 2005; Carnevali
et al. 2017). As our fear conditioning paradigm used a
suprathreshold aversion stimulus, it possibly rendered
the neutral, novel environment aversive, causing a CB1R-
dependent generalized fear response. CB2R, despite
not having been as thoroughly investigated, has also
been shown to be involved in the modulation of fear
responses (Ten-Blanco et al. 2022). For example, genetic
ablation of CB2R impaired contextual fear memories
in mice (Li and Kim 2016). Importantly, exposing rats
to trimethylthiazoline, a molecular component of a
predator odor, increased the transcription of Cnr2 gene
(which encodes for CB2R in rodents) in rat PFC (Ivy et al.
2020), which possibly enhances stress-coping behaviors.
Finally, a functional polymorphism on the Cnr2 gene,
which impairs CB2R activity, has been associated with
the pathogenesis of post-traumatic stress disorder
(Lazary et al. 2019), again indicating the involvement
of CB2R in adaptive fear expression.

Although the involvement of CB1R-mediated eCB
neurotransmission in the expression of fear is well-
established in the literature (Lin et al. 2009), there are
conflicting reports about its involvement in anxiety-like
behaviors (Lutz et al. 2015). For example, some findings
suggest that while CB1R antagonism or its genetic abla-
tion could modulate emotional behavior, these effects
may only be limited to conditions of high environmental
stress (Haller et al. 2004; Hölter et al. 2005; Carnevali
et al. 2017). Such stressful environments, leading to
the formation of behavioral coping strategies, could
be more reliably examined with behavioral measures
of fear rather than anxiety, because behavioral tests
measuring fear in rodents are unavoidably stressful and
aversive, whereas during the behavioral tests measuring
anxiety, animals can simply evade the aversive and
stressful environment. Furthermore, both glutamatergic
and GABAergic presynaptic neurons express CB1R (Kano
et al. 2009). Therefore, the emergence of anxiolytic or
anxiogenic responses can depend on whether eCB-
activated CB1Rs are expressed on glutamatergic or
GABAergic neurons. Our findings are in line with reports
associating CB1R-mediated FABP-5 signaling pathway
with the expression of fear, but not with anxiety-like
behavior, which instead depended on CB2R-mediated
FABP-5 signaling pathway. This suggests a novel CB2-
dependent anxiety processing mechanism directly in
the PLC.

Although earlier studies suggested a lack of functional
CB2R expression in healthy brain (Munro et al. 1993;
Griffin et al. 1999; Benito et al. 2003), recent imaging

studies reported brain-wide neuronal and glial CB2R
expression, including the mPFC (Onaivi et al. 2012; Jordan
and Xi 2019). Disrupted CB2R activity was linked with
the pathophysiology of schizophrenia, depression, and
anxiety disorders (Onaivi et al. 2008; Ishiguro et al. 2010;
Ortega-Alvaro et al. 2011; Li and Kim 2017), while CB2R
overexpression with a depression-resistant phenotype
(García-Gutiérrez et al. 2010) and decreased vulnerability
to anxiety in mice (García-Gutiérrez and Manzanares
2011). Importantly, unlike CB1R, CB2R activation opens
postsynaptic calcium-activated chloride channels in
rodent mPFC, leading to reduced neuronal excitability
and reduced firing frequency in layer II/III pyramidal
cells (Den Boon et al. 2012). FABP-5 inhibition-induced
CB2R activation, employing this mechanism, might
underlie the behavioral and physiological action of SBFI-
103, and explain why the anxiolytic-like effects of SBFI-
103 are reversed by CB2R, but not CB1R, antagonism.
We also demonstrate that GPR55-mediated neuro-
transmission is involved in the expression of anxiety.
In HEK293 cells, CB2R and GPR55 have been shown
to interact and form functional heteromers, which
modulate activation of various transcription factors
and signaling pathways, most notably the extracellular
signal-regulated kinase (Erk) 1/2 (Balenga et al. 2014).
Furthermore, the expression of CB2R-GPR55 heteromers
is elevated in the dorsolateral PFC of suicide victims
(García-Gutiérrez et al. 2018), possibly as a compensatory
alteration. Thus, a CB2R-GPR55 heteromer-mediated
mechanism might underlie the anxiolytic effects of FABP-
5 inhibition.

The mPFC, BLA, and VHipp form a tripartite circuit
regulating fear and anxiety-related behaviors. The mPFC
exerts top-down control and drives BLA neurons that
preferentially project to mPFC and VHipp to form a
connected circuitry, which selects appropriate behavioral
adaptation and coping strategies to fearful and/or poten-
tially dangerous environmental stimuli (Sotres-Bayon
et al. 2012; Felix-Ortiz et al. 2013; McGarry and Carter
2017). Furthermore, monosynaptic inputs from VHipp
to mPFC are believed to be a key component of this
circuitry, conveying contextual information for context-
unconditioned stimulus associations and modulating
anxiety-related behavior by representing aversive infor-
mation (Adhikari et al. 2010; Kim and Cho 2017). The
anxiolytic and fear-inhibiting actions of FABP-5 inhibition
could act on this circuitry to exert its behavioral effects.
Using electrophysiological recordings, we demonstrated
attenuated firing activity of BLA putative principal
neurons and elevated firing of VHipp putative pyramidal
neurons after intra-PLC FABP-5 inhibition. Intra-PLC
FABP-5 inhibition may therefore activate CB2Rs in the
mPFC to reduce excitability of glutamatergic neurons
projecting to BLA, dampening its activity. Nonspecific
activation of projection neurons in the BLA was shown
to induce anxiety-like behavior, whereas their inacti-
vation was anxiolytic (Janak and Tye 2015), similar to
specific activation/inactivation of BLA efferents in VHipp
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(Janak and Tye 2015), and supporting our findings.
Furthermore, humans with high trait-anxiety and post-
traumatic stress disorder (PTSD) show elevated BLA
activation to fear cues (Shin et al. 2005; Indovina et al.
2011). As the firing of BLA projection neurons is reduced
by intra-PLC FABP-5 inhibition, excitatory monosynaptic
BLA → Vhipp projections should also be reduced, yet we
detected elevated firing of VHipp principal neurons. As
the majority of BLA projection neurons are excitatory,
a disinhibitory effect of GABAergic interneurons in the
VHipp could explain this inconsistency. Interestingly,
VHipp efferents in the BLA preferentially activate
GABAergic interneurons resulting in dampened activity
of principal BLA neurons (Janak and Tye 2015), corrob-
orating our results correlating increased VHipp activity
with decreased BLA firing.

Synchronized oscillatory activity between VHipp-
mPFC and VHipp-BLA is elevated during the expression
of fear and anxiety (Çalışkan and Stork 2018). In the
VHipp, exposure to anxiogenic environments increases
theta and gamma power (Adhikari et al. 2010; Çalışkan
and Stork 2018). However, in these studies, definition
of theta oscillations was 4–12 Hz, which corresponds to
our theta (4–7 Hz) and most of the alpha (7–14 Hz) band.
With this difference in mind, FABP-5 inhibition decreased
the power of alpha, and low gamma oscillations in the
VHipp, which might help overcome the anxiety-inducing
aversiveness of conditioned fear environments. In the
BLA, mPFC theta activity drives gamma oscillations in
the BLA during fear processing (Stujenske et al. 2014).
Furthermore, in the BLA, safety signals have been shown
to increase gamma power, whereas fear signals attenuate
it (Stujenske et al. 2014). These reports, together with our
findings indicate that elevated BLA gamma oscillations
may be involved in the suppression of fear and anxiety-
related behaviors.

While the present study focused on the behavioral and
electrophysiological effects as well as the safety of intra-
PLC inhibition of FABP-5, it is important to note that the
therapeutic efficacy and tolerability of systemic FABP-5
inhibition remains unknown, which limits its transla-
tional potential. Furthermore, although we believe that
FABP-5 inhibition-induced behavioral and neurophysio-
logical effects are mediated by elevated AEA-mediated
neurotransmission, AEA quantification has not been
performed in the PLC, which is a major limitation in
this study. Finally, only male animals have been used in
this study, thus, the therapeutic effects and tolerability
of FABP-5 inhibition should also be tested in female
animals. Future studies are required to address these
limitations.

In summary, our findings identify a novel CB2R-
dependent FABP-5 signaling pathway in the mPFC,
which modulates anxiety, fear expression, and neuronal
transmission patterns. This data suggests that the
prefrontal cortical FABP-5 system may serve as a
promising target for the development of novel anx-
iolytic interventions. Additionally, our findings that

intra-mPFC inhibition of FABP-5 can reduce anxiety-
related behaviors in the absence of cognitive side-effects
or modulation of dopaminergic signaling pathways,
further identify this FABP-5-CB2R dependent mechanism
as a promising alternative to traditional anxiolytic
compounds.
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