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Post-traumatic stress disorder (PTSD) involves dysregulation of stress modulators, particularly
corticotrophin-releasing factor (CRF) and glucocorticoid receptor. Endocannabinoid (ECB) signaling
usually serves to inhibit the stress response and has been suggested as a potential target for PTSD treatment.
The Wnt/B-catenin pathway was found to play a significant role in anxiety and depression. We examined
the expression of stress markers in the medial prefrontal cortex (mPFC) and basolateral amygdala (BLA) in
a rat model for PTSD, and whether the stress-buffering effects of enhancing ECB signaling are mediated
via B-catenin in the mPFC. Rats were exposed to the shock and reminders model for PTSD and injected
with the fatty acid amide hydrolase (FAAH) inhibitor URB597 (0.4 mg/kg.). URB597 was found to
normalize the dysregulation in stress markers in the mPFC and BLA as well as the anxiogenic phenotype.
Importantly, downregulation by viral-mediated gene transfer of B-catenin in the mPFC blocked the stress -
buffering effects of URB597 on CRF, a key modulator of the stress response, as well as on CB1r and B-
catenin protein levels. We suggest a novel mechanism for the stress -buffering effects of FAAH inhibition

on CRF that is dependent on B-catenin activation in the mPFC in a PTSD rat model.

© 2023 Irit Akirav. Published by Progress in Neurobiology

Highlights

Corticotrophin-releasing factor (CRF) is a key modulator of the stress
response.

Enhancing endocannabinoids (ECBs) signaling usually inhibits the
stress response.

ECBs prevented the development of an anxiogenic phenotype in aPTSD
rat model.

PFC B-catenin downregulation blocked the stress-buffering effects of
ECBs on CRF.

ECBs’ stress-buffering effects on CRF are PFC-B-catenin dependent in
a PTSD model.

1. Introduction

Post-traumatic stress disorder (PTSD) is a complex condition that
involves the dysregulation of multiple neurobiological systems,
including neuromodulators of stress, such as corticotropin-releasing
factor (CRF), CRF1 receptors (CRFrl), and glucocorticoid receptors
(GRs). These are dysregulated in psychiatric disorders and mediate
anxiety-like behavior and hyperarousal in stressed rats [1-3]. CRF in

particular was repeatedly shown to be involved in stress and anxiety
regulation and to modulate endocannabinoid (ECB) signaling following
stress [4]. The ECB system plays a key role in the modulation of
cognitive and emotional responses and is part of the complex circuitry
that regulates anxiety and stress [5-11]. The ECB system has been
suggested as a therapeutic target for the treatment of severe stress
associated with PTSD [12-19]. There is extensive evidence for a
bidirectional and functional interaction between glucocorticoids and the
ECB system in the stress response [5, 20-22]. Overall, ECBs have been
shown repeatedly to modulate the activation and termination of
hypothalamic-pituitary-adrenal (HPA)-axis function [23-25]. The ECB
components, N-arachidonylethanolamine (anandamide; AEA), 2-
arachidonoylglycerol (2- AG), fatty acid amide hydrolase (FAAH), and
CBL1 receptors (CBLr), are expressed in brain areas modulating stress,
fear, emotions, and reward including the basolateral amygdala (BLA)
and prefrontal cortex (PFC) [8, 26, 27]. CRF signaling has a stimulatory
effect on FAAH enzymatic activity in the amygdala and PFC, which
results in reductions in AEA content following stress [4, 28]. Using the
exposure to shock and situational reminders (SRs) model of PTSD, we
showed that administration of the FAAH inhibitor URB597 (URB) after
shock exposure prevented PTSD- and depressive-like behaviors [29-32].
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Wnt/B-catenin signaling was found to have a main role in various
psychiatric conditions [33-35]. Specifically, B-catenin seems to be
implicated in synaptic plasticity, particularly involving emotional
learning and memory processes and appears to be involved in disorders
associated with strong memory formation such as fear learning in PTSD
[36] acting on fear retrieval through the medial PFC (mPFC) [37].
Decreased B-catenin protein levels were found in postmortem human
brain samples of suicide victims suffering from major depressive
disorder in the mPFC and hippocampus [38-40]. Accordingly, studies
have shown that exposure to chronic stress reduces f-catenin in the PFC
and hippocampus [41-45] and fB-catenin overexpression was found to
normalize depression- and anxiety-like behaviors [30, 46-49]. In the
BLA, contextual and sensitized fear was accompanied by increased
levels of p-catenin [50]. We have recently shown that viral-mediated B-
catenin overexpression in the nucleus accumbens (NAc) restored the
shock- and reminders-induced increase in anxiety- and depressive-like
behaviors, as well as the impaired memory via a CBlr-dependent
mechanism [30]. Moreover, when NAc-p-catenin levels were
downregulated by viral-mediated gene transfer, the effects of URB597
on anxiety- and depressive-like behaviors and memory were blocked,
suggesting that the therapeutic-like effects of FAAH inhibition on
behavior are dependent on -catenin activation in the NAc in aPTSD rat
model [30].

CRF, as well as CRFR1 and GRs, are key modulators of physiological,
endocrine, and behavioral responses during stress and are bi-
directionally associated with the ECB system [5]. In light of this, here
we examined the possible involvement of B-catenin in the effects of
URB597 on stress neuromodulators abnormalities in fear-related brain
circuits. To that end, we downregulated 3-catenin in the mPFC by viral-
mediated gene transfer and assessed the effects of URB597 on protein
and messenger RNA (mRNA) expression of stress markers (CRF, GR,
CRFr1) as well as on protein levels of CBIr and p-catenin in the mPFC
and BLA. We hypothesized that URB597 prevents the shock- and
reminders-induced upregulation in stress markers in the brain and the
behavioral anxiogenic phenotype, and that at least some of these
restoring effects are mediated via B-catenin in the mPFC.

2. Materials and Methods

2.1. Subjects

Male sprague-dawley rats (60 days old, ~250 g; Invigo Jerusalem, Israel)
were caged together according to their group (5 per cage; 59 x 28 x 20
cm) at 22 + 2°C under 12-hour light/dark cycles (lights turned on at
07:00). Plastic pipes were placed in each cage to enrich the animals’
environment. Rats were allowed water and laboratory rodent chow ad
libitum.

2.2. Drug Treatment

The FAAH inhibitor URB597 (0.4 mg/kg; i.p.; Cayman chemicals, M,
USA) was dissolved in 5% dimethylsulfoxide (DMSO), 5% Tween 80
(Sigma, USA) and then diluted with saline (0.9% NaCl) to achieve the
final volume. The concentration of DMSO was < 1.5% in the final
solution. Control groups were injected with vehicle (DMSO, saline-0.9%
NaCl, and tween 80; final DMSO concentration: <1.5%). Drugs were
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injected one hr after shock exposure. Drug concentration was based on
previous studies from our lab [25, 29].

2.3. Shock and Situational Reminders (SRs)

The stress paradigm is based on our previous studies [2, 4, 43]. Rats were
exposed to the stressor in a passive avoidance apparatus (50%25x30 c¢m;
manufactured by the University of Haifa workshop), divided into 2
equal-size compartments separated by an automatic guillotine door. On
shock exposure day, rats were placed in the light compartment, and after
2 min of exploration, the automatic guillotine door was raised allowing
access to the dark compartment. 30 sec after the rat entered the dark
compartment, the door was closed and the rat received a 1.5 mA shock
for 10 seconds. The no-shock groups received the same treatment with
the shock mechanism inactivated.

For SRs, rats were placed in the lighted start chamber for 1 min with the
gate closed to prevent them from entering the shock compartment (to
avoid extinction). SRs were repeated three times every seven days for a
total of 21 days. We used avideo camera during the SR days to monitor
the rats’ freezing behavior (in sec) during the 60 seconds in the lighted
chamber. The percentage of changed pixels between two adjacent 1-s
images was calculated, and if the percentage of change in images was
<0.05%, the rat was scored as “freezing” [51]. Freezing was defined as
the absence of all movement excluding inevitable respiration [52].

For extinction, rats were put back in the light side until they crossed over
to the dark side of the shuttle box for 5 days of extinction training. If
after 300 seconds the rat did not cross over on its own, the experimenter
gently guided it to the dark side. The opening between the two sides was
then blocked and no footshock was given. The rat was allowed to freely
explore the dark side for 180 seconds, after which it was taken back to
the home cage. We measured freezing (sec) in the dark compartment as
a measure of conditioned fear.

2.4. Behavioral Tests

All rats were exposed to the same battery of behavioral tests. The tests
were carried out in the following order: activity and anxiety-like
behavior in a novel open field arena, social interaction test, startle, and
extinction. The social test was carried out in the same open field arena
as the first test (after 5 min habituation). Tests were separated by a 24-h
period and took place between 08:00 a.m. and 1:00 p.m. under dim
lighting (15-20 Ix).

2.4.1. Open Field (OF)

The open field consists of a closed wooden box (50x50x50 cm). The
walls and the floor are painted black and placed under dim red light (<10
lux). The floor is divided by 1-cm-wide white lines into 25 squares
measuring 10x10 cm each. The open field arena was thoroughly cleaned
between each trial. The movements of the rat were recorded and
analyzed for 5 min using a video tracking system (Ethovision xT 14.0,
Noldus Information Technology) to measure anxiety and activity. The
anxiety index was calculated as the time spent in the arena center. The
activity was measured as the total distance moved (cm).

Volume 10(1): 2-17



Anandamide Hydrolysis Inhibition Modulates Stress Markers via Beta-Catenin in the PFC in A Rat Model Of PTSD 3

2.4.2 Social Interaction Test (SIT)

After 5 min habituation in the open field arena (50x50x50 cm), a
“partner” rat at the age of25-28 days was placed in the open field. During
the 5-min test, the following social behaviors were scored for duration
and frequency: sniffing the partner; physical contact with the partner;
climbing over or burrowing under the partner (these are considered pro-
social behaviors for analysis); boxing, biting, or threatening the partner
(usually these do not occur); self-grooming; and remaining alone-away
from the partner (these were analyzed as a-social behaviors). Testing
occurred in adim light (15-20 Ix) and was videotaped and analyzed by
an experimenter blind to the treatments [53]. A sociality index was
calculated for each animal which expresses the percent time that each rat
spent engaging in social behavior.

2.4.3 Acoustic Startle Response (ASR)

An acrylic animal holder (8%X8%16 cm; Coulbourn Instruments, USA)
connected to a piezoelectric accelerometer was placed in a soundproof
chamber (25x25x25 cm). Chambers were calibrated for both sensitivity
to movement and sound level to assure consistency between chambers
and experiments. A high-frequency loudspeaker inside the chamber
produced both continuous background noise (68 dB) and acoustic
stimuli. [llumination was provided by a white bulb located on the ceiling
of the chamber. The animals were placed in the holder and allowed a 5-
min acclimatization period with background noise only. After the 5 min
habituation, 30 acoustic startle trials (98 dB or 120 dB white noises;
50 ms duration; 20-40 s intertrial interval) were presented over the 68 dB
white noise background. The mean startle amplitude was assessed. Mean
startle amplitude indicates the average of the response to the 98 and
120 dB in mV [54]. The startle response to both stimulus intensities was
averaged as there were no selective effects on one or the other.

2.5. Western Blotting (WB)

Rats were sacrificed and the brains were frozen in liquid nitrogen within
5 min of decapitation and stored at -80°C until dissection. The mPFC
and BLA were punched outusing a 0.5 mm puncher (coordinates relative
to Bregma in mm: mPFC: anteroposterior (AP), +2.9; medial-lateral
(ML), £0.6; ventral (V), -5; BLA: AP, -1596; ML, +4.2; V, -8.45;
(Figure 11, 1m) in the results section). Protein levels were determined by
the bicinchoninic acid (BCA) protein assay kit (Thermo Fisher
Scientific, Waltham, MA, USA) according to the manufacturer's
protocol. The samples were then diluted in an SDS sample buffer, boiled
(200°C) for 5 min, and stored at -80°C. Aliquots were subjected to SDS-
PAGE (10% polyacrylamide) and immunoblot analysis.

After 25 pl of protein were loaded, blots were incubated overnight at 4°C
with anti CRF {1:1000; predicted molecular weight (PMW): 21 kDg;
Host: Rabbit; abcam (ab184238, GR250583-4), Cambridge, UK}, Anti
CRFr1 {1:500; PMW: 51 kDa; Host: Rabbit; abcam (ah229585, Lot
GR3220542), Cambridge, UK}, Anti GR {1:100; PMW: 97 kDa; Host:
Rabbit; abcam (ab3671, Lot GR3210755-16, GR3210755-17 &
GR3210755-18), Cambridge, UK}, Anti CB1r {1:200;PMW: 53kDg;
Host: Rabbit; abcam (ab23703, Lot GR3193316 & GR3205675),
Cambridge, UK}, or Anti -Catenin {1:1000; PMW: 86 kDa; Host:
Rabbit; abcam (ab32572, Lot GR184212), Cambridge, UK}. This was
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followed by washing and 1 h incubation with an HRP-linked secondary
antibody at room temperature (1: 10,000; goat anti-rabbit 1gG; Jackson
ImmunoResearch Laboratories, West Grove, PA, USA; 111-035-144).
Blots were visualized by enhanced chemiluminescence with ECL
(biological industries) and quantified with an XRS charge-coupled
device camera (Bio-Rad Laboratories) and Quantity One software. All
protein samples were standardized with B-actin (1:1000; PMW: 45 kDa;
Host: Rabbit; Cell Signaling (13E5, Lot 5), Danvers, MA, USA) [55].
For antibody specificity, check the supplementary file. The membranes
were cropped as different proteins were loaded for each sample at each
membrane.

2.6. mMRNA Expression Analysis

Rats were euthanized by decapitation and bilateral samples from the
mPFC were removed by cryostat using a 0.5 mm puncher. All samples
were immediately placed on dry ice and kept at -80°C until further
processing. mMRNA extraction, cDNA preparation, and quantitative real-
time PCR (qRT-PCR) were performed using standard methodology as
previously described [56, 57] to detect the expression of MRNAs of the
stress markers corticotrophin releasing factor (Crf), corticotropin-
releasing-factor-receptor 1 (Crfrl), and nuclear receptor subfamily 3,
group C, member 1 (Nr3cl). 1000 ng of total RNA was converted into
cDNA using JScript cDNA synthesis Kit (Quanta Biosciences,
Gaithersburg, USA). This was followed by real-time SYBR green qRT-
PCR amplification using specific primers (Quanta Biosciences,
Gaithersburg, USA) according to the manufacturer’s instructions. RT
reactions were carried out by a step one real-time PCR system (applied
biosystems). Fold-change values were calculated using the ddCt method
relative to the housekeeping gene hypoxanthine phosphoribosyl
transferase (HPRT). primers (Table S1 in the supplementary information
(SI)) were designed and synthesized by Agentek (Tel Aviv, lsrael).
Primer suitability was determined using standard curve analysis, melting
curve analysis, and linearity and threshold [58].

2.7. Viral-Mediated Gene Transfer

The replication-deficient herpes simplex virus (HSV) p1005 vector is a
“short-term” vector, derived from herpes simplex virus-1 with a high
titer range (3 to 5x10® transduction unit, TU/ml; an illustration of a
modified HSV amplicon plasmid is presented in the supplementary file,
Figure S1). As previously described [30], all experimental rats were
anesthetized via intraperitoneal injection of domitor (2 %, 10 mg/kg,
Vetmarket, Modiin, Israel), and after 10 min incubation they were
injected with ketamine (10 %, 100 mg/kg, Vetmarket, Israel). The
animals were then placed back into the home cage until fully
anesthetized. Cranial holes above the mPFC were drilled (Stoelting,
USA) relative to bregma (AP = +2.9; ML, +0.6; DV, -5). After 5 min
ofrest in the target area (mPFC), 1 pul of an HSV viral vector was injected
bilaterally (0.1 pl/min) through a 10-pl hamilton syringe (Hamilton Co.,
USA) connected to a motorized nanoinjector (Stereotaxic Injector,
Stoelting, IL) into the mPFC. An HSV vector was used to downregulate
(DRB) the activity of B-catenin by overexpressing a dominant negative
mutant of the protein that lacks its DNA-binding domain [49]. The vector
also expresses green fluorescent protein (GFP). A control vector which
expresses GFP alone was used as a control. Vectors were injected five
days before the shock day; the vectors express their transgenes in vivo
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within 2-3 hours, with maximal expression from 3-5 days post-injection
that lasts only 8 days in vivo. The viral dose was determined by rendering
the >90% cell infection rate in brain tissue, diluted in 60% PBS. The
needle was held in place for 5 additional minutes before being slowly
withdrawn. Animals were allowed 5 days of recovery before behavioral
experiments began.

2.8. Perfusion and Immunohistochemistry (IHC)

2.8.1. Perfusion

The paradigm was adopted from an existing protocol with modifications
[59]. Experimental rats were anesthetized via IP injection of domitor (0.4
mg/kg). After 10 min incubation, ketamine (60 mg/kg) was injected
subcutaneously. Post-fixation brains were kept at -80°C for 24 hours.

2.8-.2. GFP Detection

Brains were sectioned in 35-pm-thick slices using cryostat microtome
(LeicBiosystemsms, Deer Park, IL, USA) and stored at 4 °C in PBS.

Then, slices were washed three times for 15 min each in 1 x PBS (Sigma-
Aldrich, St. Louis, MI, USA). After the washing procedure, the brain
slices were mounted on super frost glass slides using PBS as a mounting
solution and left to dry for 24 h. Glass slides were then stored at 4°C in
a dark chamber. Staining was documented using a confocal microscope
at 5x10x and 20x zoom (ZEISS, Jena, Germany).

2.9. Experimental Design

2.9.1. Study Design for Experiment 1 (Scheme 1a)

On day 1, male rats were exposed to a single footshock (1.5 mA, 10 sec)
in an inhibitory avoidance apparatus followed by exposure to 3
contextual 1-minute SR of the shock on days 7, 14 and 21. Drugs
(Vehicle/ URB597) were injected i.p. 1h after shock exposure. On day
23, rats were sacrificed. In experiment 1, half of the brains were taken to
test protein levels of the stress markers (CRF, GR, and CRFrl1), CB1,
and fB-catenin in the relevant brain areas (mPFC and BLA) using WB.
The other half of the brains were tested for mRNA expression in the
mPFC.

Days 1 7
Shock + SR
Injection

(Veh/ urb597)

21 23 -
SR Brain
extraction

Scheme 1a: Study design for experiments 1. Rats were exposed to a severe foot shock (1.5 mA, 10 s) followed by exposure to contextual 1 min SRs. Drugs
were administered i.p. 1 h after shock exposure. On day 23 rats were sacrificed. For experiment 1, protein and mRNA levels of the stress markers (CRF,
GR, and CRFr1) were tested using WB and RT-PCR, respectively. Additionally, CB1 and f-catenin were tested using WB.

2.9.2. Study Design for Experiment 2 (Scheme 1b)

On day -5 male rats were taken to stereotaxic surgery in which the HSV
DR vector was injected bilaterally into the mPFC. On day 1, rats were
exposed to a single severe footshock (1.5 mA, 10 sec) in an inhibitory
avoidance apparatus followed by exposure to contextual 1-minute SR of

the shock on days 7, 14, and 21. Drugs (URB597/Veh) were
administrated i.p. 1 hr after shock exposure. On days 22-32 rats were
exposed to a battery of affective tests: OF, SIT, ASR, and extinction
(n=65). On day 39, rats were sacrificed and protein levels of stress
markers (CRF, GR, and CRFrl), CB1, and B-catenin were tested using
WB in the relevant brain areas (mPFC and BLA).

Days -5 1 7 21 22-38 39
Delivery of  Shock + SR SR Behavioral Brain
DR/GFP URB597/Veh tests extraction

Scheme 1b: Study design for experiment 2. On day -5, the HSV vector was injected bilaterally into the mPFC to downregulate (DR ) B-catenin. On day 0,
rats were exposed to a single severe foot shock (1.5 mA, 10 sec) followed by exposure to contextual 1 min SRs. Drugs were administered i.p. 1 h after shock

exposure followed by a battery of behavioral tests and brain extraction.
2.10. Statistical Analysis

The results are expressed as means + SEM. For statistical analysis, three-
way ANOVA, mixed design two-way ANOVA, repeated-measures
ANOVA, one-way ANOVA, t-tests, and pearson bivariate correlation
tests were used as indicated. All post hoc comparisons were made using
tukey's range test. Data were analyzed using SPSS 27 (IBM, Chicago,
IL, USA). Homogeneity of variance was confirmed with levene’s test
for equality of variances. The normality assumption was examined using
the shapiro-wilk test (p<.05).
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3. Results

3.1. Experiment 1: The Effects of URB597 on Protein
Expression of CRF, GR, CRFr1, CB1, and B-catenin in the
mPFC and BLA in Rats Exposed to Shock and Reminders

Rats were exposed to a single severe foot shock followed by SRs. Drugs
(URB597 or vehicle) were administered i.p. 1 h after shock exposure.
Brains were extracted to measure protein levels of stress markers, CB1,
and B-catenin (for detailed study design, Section 2.12 Experimental
Design).
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FIGURE 1: The effects of URB597 on protein expression of CRF, GR, C,RFrl, CBI1 and B-catenin in the mPFC and BLA in rats exposed to shock and
reminders. Compared to non-shocked rats treated with vehicle (no shock-Veh) and shocked rats treated with URB597 (shock-URB597), a) rats exposed to
shock and treated with vehicle (shock-Veh) demonstrated the following: increased freezing on SR1 (n=10 in each group), b) upregulation of CRF protein
levels in the mPFC (n=8-9), c) and in the BLA (n=7-8); d) upregulation of GR protein levels in the mPFC (n=8-10), €) and in the BLA (n=9-10); f)
upregulation of CRFrl in the mPFC (n=8-10), g) and in the BLA (n=8-10), h) upregulation of CB1r protein levels in the mPFC (n=5-8), j) and in the BLA
(n=8-10) i) and B-catenin downregulation in the mPFC (n=6-9), k) with no effect in the BLA (n=9-10). Brain samples were obtained by punches (1 mm
diameter) [78] of the mPFC () and BLA (m). *, p<.05; **, p<.01; ***, p<.001 indicate statistically significant effects followed by post-hoc comparisons;
##, p<.01; ###, p<.001 indicate statistical significance in drug effect; $$$, p<.001 indicate statistical significance in shock effect.
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3.1.1. Freezing During the First Situational Reminder

Freezing was measured during the three SRs (each reminder lasted 60
sec) (Figure 1a; n=10 in each group). Two-way ANOVA [shockxdrug;
2x2] on the first SR revealed significant effects of shock (F1,36=30.91,
p<.001), drug (F@uss=7.54, p<.01) and drugxshock interaction
(F36=7.54, p<.01). Post-hoc analysis revealed that the shock-vehicle
group spent more time freezing compared to all groups (no shock-vehicle
and no shock-URB; p<.001; shock-URB: p<.05). This suggests that
URB administration in rats exposed to shock and reminders prevented
the increase in freezing behavior during the first SR. In addition, the
shock-URB group spent more time freezing compared to the no shock-
URB group (p<.01). No effects were found on the second and third SRs
(data not shown).

3.1.2CRF

CRF levels were measured in the mPFC (Figure 1d; no shock-vehicle,
shock-vehicle, no shock-URB: n=8; shock-URB: n=9) and BLA (Figure
1i; no shock-vehicle, shock-vehicle: n=8; no shock-URB, Shock-URB:
n=7). Two-way ANOVA [shock x drug; 2 x 2] revealed significant
effects of shock (MPFC: F(124=3.91, p<.05; BLA: F(126=4.70, p<.05),
drug (BLA: F(126=12.96, p<.001) and drugxshock interaction (mPFC:
F1.29=6.73, p<.05; BLA: F1,,6=4.56, p<.05). Post-hoc analysis revealed
a significant increase in CRF protein levels in the shock-vehicle group
compared to the no shock-vehicle and shock-URB groups in the mPFC
(p<.05) and BLA (no shock-vehicle: p<.05, shock-URB: p<.01). Also,
in the BLA the no shock-URB group showed a significant decrease in
CRF protein levels compared to the no shock-vehicle group (p<.05).
Hence, URB prevented the shock- and reminders- induced upregulation
in CRF protein levels in the mPFC and BLA. The same blots were
rehybridized with antibodies specific for -actin to confirm equal protein
loading. As there were no differences between the groups in the levels
of B-actin in the brain regions we examined, we concluded that the
treatment did not affect the levels of B-actin.

3.13.GR

GR expression was measured in the mPFC (Figure 1e; no shock-vehicle,
shock-vehicle, no shock-URB: n=10; shock-URB: n=8) and BLA
(Figure 1j; no shock-vehicle, no shock-URB, shock-URB: n=10; shock-
vehicle: n=9). Two-way ANOVA [shock x drug; 2 x 2] revealed
significant effects of shock (MPFC: F(34=27.72, p<.001; BLA:
Fuas=12.25, p<.001), drug (mPFC: F(3,=16.78, p<.001; BLA:
F1,35=20.72, p<.001) and shockxdrug interaction (MPFC: F 34=15.93,
p<.001; BLA: F35=12.33, p<.001). Post-hoc analysis revealed a
significant increase in GR protein levels in the shock-vehicle group
compared to the no shock-vehicle and shock-URB groups in the mPFC
(p<.001) and BLA (no shock-vehicle: p<.01; shock-URB: p<.001).
Hence, URB prevented the shock- and reminders- induced upregulation
in GR protein levels in the mPFC and BLA. Also, in the mPFC, the
shock-URB group showed a significant increase in GR protein
expression compared to the no shock-URB group (p<.001); in the BLA
the no shock-URB group showed a significant decrease in GR protein
levels compared to the no shock-vehicle group (p<.01).
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3.1.4. CRFr1

CRFrl expression was measured in the mPFC (Figure 1f; no shock-
vehicle, shock-vehicle, no shock-URB: n=10; shock-URB: n=8) and
BLA (Figure 1k; no shock-vehicle, shock-vehicle: n=10; no shock-URB,
shock-URB: n=8). Two-way ANOVA [shock x drug; 2 x 2] revealed
significant effects of shock (MPFC: F(34=24.59, p<.001; BLA:
F(1,32=6.04, p<.05), drug (MPFC: F(134=8.03, p<.01) and shockxdrug
interaction (BLA: F(3,=9.60, p<.01). In the mPFC , a significant
increase in CRFr1 protein levels was observed in shocked rats compared
to the non-shocked rats and a significant decrease in rats treated with
URB compared to vehicle. In the BLA, post hoc analysis revealed a
significant increase in CRFrl protein levels in the shock-vehicle group
compared to the no shock-vehicle (p<.001) and shock-URB (p<.05)
groups. This suggests that URB597 prevented the shock- and reminders-
induced upregulation in CRFrl protein levels in the PFC and BLA.

3.1.5. CB1r

CB1r expression was measured in the mPFC (Figure 1g; no shock-
vehicle, shock-URB: n=6; shock-vehicle: n=8; no shock-URB: n=5) and
BLA (Figure 1I; noshock-vehicle, no shock-URB: n=10; shock-vehicle:
n=8; shock-URB: n=9). Two-way ANOVA [shock x drug; 2 x 2]
revealed significant effects of shock (mPFC: F(1,,)=9.89, p<.01; BLA:
F(1,35=6.33, p<.05), drug (PFC: F(,1=24.41, p<.001) and shockxdrug
interaction (BLA: F(135=6.54, p<.05). In the mPFC, a significant
increase in CB1r protein levels were observed in shocked rats compared
to the non-shocked rats and a significant decrease in rats treated with
URB compared to vehicle. In the BLA, post hoc analysis demonstrated
a significant increase in CB1r protein levels in the shock-vehicle group
compared to the no shock-vehicle (p<.01) and shock-URB (p<.05)
groups. Thus, URB prevented the shock- and reminders- induced
upregulation in CBL1r protein levels in the PFC and BLA.

3.1.6. B-catenin

f3-catenin expression was measured in the mPFC (Figure 1h; no shock-
vehicle, shock-URB: n=7; shock-vehicle: n=9; Noshock-URB: n=6) and
BLA (Figure 1m; no shock-vehicle, shock-vehicle, no shock-URB:
n=10; shock-URB: n=9). Two-way ANOVA [shock x drug; 2 x 2]
revealed significant effects of shock (BLA: F(1,35=23.20, p<.001), drug
(MPFC: F(24=24.55, p<.001), and shockxdrug interaction (mPFC:
F24=33.72, p<.001). In the mPFC, post- hoc analysis revealed a
significant decrease in B-catenin protein levels in the shock-vehicle
group compared to the no shock-vehicle and shock-URB groups
(p<.001). Hence, URB prevented the shock- and reminders- induced
downregulation in B-catenin protein levels in the mPFC. In the BLA,
shocked rats showed increased B-catenin protein levels compared to the
non-shocked rats (p<.001).

To summarize, URB administration prevented the shock- and reminders-
induced increase in freezing behavior during the first SR. In the mPFC,
URB prevented the shock- and reminders-induced upregulation in CRF,
GR, CRFrl, and CBIr protein levels and downregulation in B-catenin
protein levels. In the BLA, URB prevented the shock- and reminders-
induced upregulation in the CRF, GR, CRFr1, and CBL1r protein levels.
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3.1.7. Correlations between Protein Levels and Behavior

Pearson bivariate correlation tests (Table 1) were conducted between the
expression of the different proteins in the brain’s fear circuit and

behavior, to examine the association between the freezing levels of the
rats during exposure to the first reminder and the expression of CRF,
GR, CRFrl, CBI1, and B-catenin protein levels.

TABLE 1: Pearson correlations coefficients of freezing levels during the first situational reminder and protein levels.

Pearson Correlation

Freezing measure during SR1 (N)

CRF mPFC 0.801*** (33)
BLA 0.624*** (31)
GR mPFC 0.355* (37)
BLA 0.324* (38)
CRFr1 mPFC 0.423** (37)
BLA 0.367* (38)
CB1 mPFC 0.353 (24)
BLA 0.236 (36)
B-catenin mPFC -0.144 (27)
BLA 0.487** (38)

BLA: basolateral amygdala; CB1: cannabinoid receptor 1; CRF: corticotrophin-releasing factor; CRFrl: corticotrophin-releasing factor receptor 1; GR:
glucocorticoids; mPFC: medial prefrontal cortex; N: number of rats in each group; SR: situational reminder.
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FIGURE 2: The delivery of the DR B vector affects 3-catenin levels in the mPFC. a) On day 0, DR 3 or GFP vectors were injected bilaterally into the mPFC.
After five days of recovery, brains were extracted and taken for GFP detection and B-catenin expression evaluation (n=7 in all groups). b) GFP detection
revealed successful delivery of the DR vector to the mPFC. ¢) The DRp group demonstrated downregulated B-catenin levels compared to the GFP group
in the mPFC. d) The DR group demonstrated downregulated B-catenin levels compared to the GFP group in the BLA. *** p <.001.

The most notable correlations were found between freezing measures
during SR1 and CRF protein levels in the mPFC (r=.801, p<.001) and
BLA (r=.624, p<.001), suggesting that increased freezing was associated
with increased CRF levels in these brain regions. Other significant
correlations were found between freezing and GR levels in the mPFC
(r=.355, p<.05) and BLA (r=.324; p<.05); CRFrl levels in the mPFC
(r=.423, p<.01) and BLA (r=.367, p<.05), and B-catenin levels in the
BLA (r=.487, p<.01). This suggests that increased freezing was also
associated with increased GR and CRFr1 levels in the mPFC and BLA,
and increased B-catenin in the BLA.
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3.2. Experiment 2: The Effects of Downregulating f-catenin in
the mPFC on Behavioral Effects of Shock and Reminders and
the Protein Expression of CRF, GR, CRFrl, CBlr, and -
catenin in the mPFC and BLA

We found pronounced effects of shock exposure on protein expression
that were mostly normalized by URB. However, we found no effects of
URB of normalizing shock-induced changes in gene expression of the
stress markers (Figure S1b in the SI). Hence, in the next experiment
which aimed to study the mechanisms underlying the buffering effects
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of URB on stress markers (CBlr) and f-catenin expression, we
examined alterations in protein expression. Specifically, we aimed to
examine whether the stress-buffering effects of URB are mediated by the
Wnt/B-catenin pathway. To that end, we downregulated B-catenin levels
in the mPFC of rats exposed to shock and reminders and treated with
URB. As shock exposure downregulated the expression of -catenin in
the mPFC, we decided to target the mPFC with a viral vector that
downregulates B-catenin.

3.2.1. Verifying B-Catenin Downregulation

In a preliminary experiment, we delivered DR B-catenin vectors into the
mPFC (Figure 2a). In one set of rats (n = 14) we measured p-catenin
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expression in the mPFC and BLA using WB. An independent sample t-
test revealed that downregulating B-catenin in the mPFC resulted in a
significant downregulation of B-catenin levels in the mPFC [t.1,=4.23,
p<.001; Figure 2c] and in the BLA [t1,=6.59, p<.001; Figure 2d]
compared to the GFP group. In a second set of rats (n =6) we verified
the accuracy of the injection in the mPFC using GFP detection (Figure
2b).

Next, we examined whether viral-mediated DR of -catenin in the mPFC
can block the therapeutic effects of URB on shock-induced effects on
behavior and protein expression, compared to rats injected with GFP
(n=8 in each group; Section 2.12. Experimental Design).
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FIGURE 3: mPFC B-catenin DR blocked the preventive effects of URB597 on behavior in rats exposed to shock and reminders. a) In the open field, all
shocked groups demonstrated decreased activity compared to non-shocked rats; b) compared to shock-GFP-Veh and shock-DRB-URB groups, the shock-
GFP-URB group demonstrated decreased anxiety index in the open field; ¢) and increased social behavior; d) the shock-GFP-Veh group demonstrated
increased ASR compared to the no shock-GFP-Veh and shock-GFP-URB groups; e) compared to shock-GFP-Veh and shock-DRB-URB groups, the shock-
GFP-URB group demonstrated decreased freezing during extinction day 5. N=8 in all groups. *, p<.05; **, p<.01; ***, p<.001 indicate statistically
significant effects followed by post-hoc comparisons; p<.05; p<.001 indicate statistical significance in shocked vs non-shocked groups.
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3.2.2. Activity and Anxiety Index in the Open Field (OF) Test

For activity index in the OF test (Figure 3a), mixed design three-way
ANOVA [shockxvirusxdrug; 2x2x2] revealed significant effects of
shock (F157=93.45, p<.001), virusxshock (Fs7=8.94, p<.01) and
shockxdrug (F.57=8.58, p<.01) interactions. Post-hoc analysis revealed
a significant decrease in the distance moved in all the shocked groups
(shock-GFP-Veh, shock-GFP-URB, shock-DRB-Veh, shock-DRp-
URB) compared to the non-shocked groups (no shock-GFP-Veh: p<.05;
no shock-GFP-URB: p<.001; no shock-DRB-Veh: p<.01; no shock-
DRB-URB: p<.001), respectively. Hence, exposure to shock and
reminders decreased activity in the OF test. Also, the no shock-DRp-
URB and no shock-GFP-Veh groups demonstrated a significant increase
and decrease, respectively, in the distance moved compared to the no
shock-DRB-Veh and no shock-GFP-URB groups (p<.05).

For anxiety index in the OF test (Figure 3b), mixed design three-way
ANOVA [shockxvirusxdrug; 2x2x2] revealed significant effects of
shock (Fus7)-7.85, p<.01), virus (Fus)=18.64, p<.001), drug
(Fusn=8.97, p<.01), virusxshock (Fus»=7.19, p<.0l), virusxdrug
(Fusn=6.11, p<.05) and shockxvirusxdrug (Fusn=5.21, p<.05)
interactions. Post-hoc analysis revealed that the shocked groups (shock-
GFP-Veh, shock-DRB-Veh, shock-DRB-URB) demonstrated a
significant increase in the anxiety index compared to the non-shocked
groups (no shock-GFP-Veh, no shock-DRB-Veh, and no shock-DRB-
URB, p<.001), suggesting that exposure to shock and reminders
increased anxiety levels in the OF test.

However, the shock-GFP-URB group demonstrated a significant
decrease in the anxiety index compared to the shock-GFP-Veh (p<.05)
and shock-DRB-URB (p<.01) groups, suggesting that URB normalized
the shock- and reminders-induced increase in the anxiety index, and that
downregulating f-catenin in the mPFC blocked the therapeutic-like
effect of URB. Also, the shock DRB-Veh demonstrated a significant
increase in the anxiety index compared to the shock GFP-Veh group
(p<.05).

3.2.3. Social Interaction Test (SIT)

For SIT (Figure 3c), mixed design three-way ANOVA
[shockxvirusxdrug; 2x2x2] revealed significant effects of shock
(Fasn=12.75, p<.001), virusxshock (Fs7=6.73, p<.05), virusxdrug
(Fs7=5.00, p<.05), and shockxdrug (Fqs7»=8.44, p<.01) interactions.
Post-hoc analysis revealed that the shocked groups (shock-GFP-Veh,
shock-DR-Veh, shock- DRB-URB) demonstrated a significantdecrease
in social behavior compared to the non-shocked groups (no shock-GFP-
Veh: p<.001, no shock-DRpB-Veh: p<.01, no shock-DRB-URB: p<.01,
respectively), suggesting that exposure to shock and reminders
decreased social behavior measured in the SIT. However, the shock-
GFP-URB group demonstrated a significant increase in social behavior
compared to the shock-GFP-Veh and shock-DRp-URB groups (p<.05),
suggesting that URB normalized the shock- and reminders-induced
decrease in social behavior, and that downregulating B-catenin in the
mPFC blocked the therapeutic-like effect of URB.
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3.2.4. Acoustic Startle Response (ASR)

For the ASR test (Figure 3d), mixed design three-way ANOVA
[shockxvirusxdrug; 2x2x2] revealed significant effects of shockxdrug
(Fsn=4.89, p<.05) and virusxshockxdrug (Fus7=7.17, p<.01)
interactions. Post-hoc analysis revealed that the shock-GFP-Veh group
demonstrated a significant increase in ASR compared to the no shock-
GFP-Veh group (p<.05), suggesting that exposure to shock and
reminders increased startle response. However, the shock-GFP-URB
group demonstrated a significant decrease in acoustic startle response
compared to the shock-GFP-Veh and no shock-GFP-URB groups
(p<.05), suggesting that URB normalized the shock- and reminders-
induced increase in acoustic startle response. Also, the no shock-GFP-
URB group showed d significant increase in startle response compared
to the no shock-GFP-Veh group (p<.05).

3.2.5. Extinction Test- Freezing

For the extinction test (Figure 3e), mixed design three-way ANOVA
[shockxvirusxdrug; 2x2x2) revealed significant effects of shock (Fs7=
8.43, p<.01), virus (Fusn= 6.21, p<.05), shockxdrug (Fqus7»= 6.80,
p<.05) and shockxvirus (Fusn= 7.32, p<.01) interactions. Post-hoc
analysis revealed that the shocked groups (shock-GFP-Veh and shock-
DRp-Veh) demonstrated a significant increase in freezing behavior
during extinction day 5 compared to the non-shocked groups (no shock-
GFP-Veh: p<.01 and no shock- DRp-Veh: p<.05, respectively),
suggesting that exposure to shock and reminders increased freezing
behavior measured in the extinction test. However, the shock-GFP-URB
group demonstrated a significant decrease in freezing behavior
compared to the shock-GFP-Veh and shock-DRp-URB groups (p<.05),
suggesting that URB normalized the shock- and reminders-induced
increase in freezing, and that downregulating B-catenin in the mPFC
blocked the therapeutic-like effect of URB.

3.2.6. CRF
3.26.1PFC

CRF expression was measured in the mPFC (Figure 4a; n=8-9). A mixed
design three-way ANOVA [shockxvirusxdrug; 2x2x2] revealed
significant effects of shock (F(,s6=112.14, p<.001), virus (F,s5=14.30,
p<.001), drug (Fs6=51.55, p<.001), shockxdrug (F,s=10.42, p<.01),
virusxshock (F1,54=39.77, p<.001), virusxdrug (Fs5=4.99, p<.05) and
shockxvirusxdrug (F(.56=9.00, p<.01). Post-hoc analysis revealed that
the stressed groups (shock-GFP-Veh, shock-DRp-Veh, shock-DR-
URB) demonstrated significant upregulation in CRF protein levels
compared to the non-shocked groups (no shock- GFP-Veh, no shock-
DRp-Veh, and no shock-DRB-URB, p<.001, respectively), suggesting
that exposure to shock and reminders upregulated CRF protein
expression.

However, the shock-GFP-URB group demonstrated a significant
downregulation in CRF compared to the no shock-GFP-URB (p<.05),
shock-GFP-Veh (p<.001) and shock-DRB-URB (p<.001) groups,
suggesting that URB normalized the shock- and reminders-induced
upregulation in CRF expression and that downregulating -catenin in the
mPFC blocked the therapeutic-like effect of URB. Also, the shock-DRB-

Volume 10(1): 9-17



Anandamide Hydrolysis Inhibition Modulates Stress Markers via Beta-Catenin in the PFC in A Rat Model Of PTSD 10

Veh group demonstrated significant upregulation in CRF expression
compared to the shock-GFP-Veh group (p<.05). In addition, non-
stressed URB-treated rats (no shock-GFP- URB and no shock-DRp-
URB) demonstrated a significant downregulation in CRF expression
compared to the non-stressed Veh-treated groups (no shock-GFP-Veh:
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p<.05 and no shock-DRpB-Veh: p<.01, respectively), indicating that URB
downregulated CRF expression in non-stressed rats. Finally, the no
shock-DRB-URB group demonstrated significant downregulation in
CREF protein levels compared to the no shock-GFP-URB group (p<.01).
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FIGURE 4: Stress markers, CBlr, and B-catenin protein regulation by mPFC DR in rats exposed to shock and reminders. CRF expression a-b): the shock-
GFP-Veh group demonstrated significant upregulation in CRF expression compared to no shock- GFP-Veh and shock-GFP-URB groups in the mPFC (a;
n=8-9) and BLA (b; n=8-9). Additionally, in the mPFC, the shock-GFP-URB group demonstrated significant downregulation of CRF expression compared
to the shock-DRB-URB group. GR expression c-d): the shock-GFP-Veh group demonstrated significant upregulation in GR expression compared to no
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shock-GFP-Veh and shock-GFP-URB groups in the mPFC (c; n=8-9) and BLA (d; n=8-9). Additionally in the BLA, the shock-GFP-URB group
demonstrated significant downregulation of GR expression compared to the shock-DRB-URB group. CRFrl expression e-f): the shock-DR-Veh and shock-
DRB-URB groups demonstrated downregulation of CRFrl expression compared to the shock-GFP-Veh and shock-GFP-URB groups, respectively in the
mPFC (e; n=8-9) and BLA (f; n=8-9). Additionally, in the mPFC, the shock-GFP-Veh group demonstrated significant upregulation of CRFrl expression
compared to the no shock-GFP-Veh group. CBL1r expression g-h): the shock-GFP-Veh group demonstrated significant upregulation of CB1r expression
compared to the no shock-GFP-Veh group in the mPFC (g; n=6-9) and BLA (h; n=8-9). Additionally in the mPFC, the shock-GFP-URB group demonstrated
significant downregulation of CB1r expression compared to the shock-GFP-Veh and shock- DRB-URB groups. B-catenin expression i-j): In the mPFC (I;
n=7-9), the shock-GFP-Veh group demonstrated significant downregulation of 3-catenin expression compared to the no shock-GFP-Veh group; and the
shock-GFP-URB group demonstrated significant upregulation of B-catenin expression compared to shock-GFP-Veh and shock-DRB-URB groups. In the
BLA (j; n=8-9), the shock-GFP-Veh group demonstrated significant upregulation of -catenin expression compared to the no shock-GFP-Veh group; and
the shock-GFP-URB group demonstrated significant downregulation of 3-catenin expression compared to shock-GFP-Veh and shock-DRB-URB groups. *,
p<.05; **, p<.01; ***, p<.001 compared to no shock-GFP-vehicle, no shock-DRB-URB, shock-GFP-vehicle and shock- DRB-URB groups; p<.05; p<.001

indicate statistical significance in shocked vs non-shocked groups.
3.2.6.2BLA

CRF expression was measured in the BLA (Figure 4b; n=8-9). A mixed
design three-way ANOVA [shockxvirusxdrug; 2x2x2] revealed
significant effects of shock (Fs7=18.46, p<.001), drug (F(s,=6.39,
p<.05), shockxdrug (F.s7=52.50, p<.001), virusxdrug (Fqs7»=40.36,
p<.001) and shockxvirusxdrug (F s7=37.80, p<.001) interactions. Post-
hoc analysis revealed that the stressed groups (shock-GFP-Veh, shock-
GFP-URB, and shock- DRp-Veh) demonstrated a significant
upregulation in CRF protein levels compared to the non-shocked groups
(no shock-GFP-Veh: p<.05, no shock-GFP-URB: p<.001 and no shock-
DRp-Veh: p<.001, respectively), suggesting that exposure to shock and
reminders upregulated CRF protein expression.

However, the shock-GFP-URB and shock-DRB-URB groups
demonstrated a significant downregulation in CRF expression compared
to the shock-GFP-Veh and shock-DRB-Veh groups (p<.001),
respectively, suggesting that URB normalized the shock- and reminders-
induced upregulation in CRF, and that downregulating B-catenin in the
mPFC did not block the therapeutic-like effect of URB. Also, the shock-
DRpB-URB group demonstrated a significant downregulation in CRF
compared with the no shock-DRB-URB group (p<.001). Finally, the no
shock-GFP-Veh group demonstrated a significant upregulation in CRF
protein levels compared to the no shock-GFP-URB and no shock-DRj-
Veh groups (p<.001) and the no shock-DRB-URB group demonstrated
significant upregulation in CRF levels compared to the no shock-DRg-
Veh and no shock-GFP-URB groups (p<.001).

3.27.GR
3.27.1PFC

GR expression was measured in the mPFC (Figure 4c; n=8-9). A mixed
design three-way ANOVA [shock x virus x drug; 2x2x2] revealed
significant effects of virus (F(s7=8.76, p<.01), shock (F(57=5.02,
p<.05), virus x shock (Fusn=42.58, p<.001) and virus x drug
(Fasn=14.27, p<.001) interactions. Post-hoc analysis revealed that the
stressed groups (shock-GFP-Veh and shock-GFP-URB) demonstrated a
significant upregulation in GR protein levels compared to the non-
shocked groups (no shock-GFP-Veh: p<.001 and no shock-GFP-URB:
p<.05, respectively), suggesting that exposure to shock and reminders
upregulated GR protein expression. The shock-GFP-URB group
demonstrated a significant downregulation in GR compared to the
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shock-GFP-Veh group (p<.05), suggesting that URB normalized the
shock- and reminders-induced upregulation in GR. Nonetheless, the
shock-DRB-Veh group demonstrated significant downregulation in GR
expression compared to the shock-GFP-Veh (p<.001) and no shock-
DRp-Veh (p<.01) groups. Also, the no shock-DRB-URB group
demonstrated significant upregulation in GR expression compared to the
no shock-DRB-Veh (p<.05) and no shock-GFP-URB (p<.01) groups.

3.27.2.BLA

GR expression was measured in the BLA (Figure 4d; n=8-9). A mixed
design three- way ANOVA [shockxvirusxdrug; 2x2x2] revealed
significant effects of virus (F(s5=9.98, p<.01), drug (Fs5=18.80,
p<.001), virusxshock (F(s5=18.04, p<.001), virusxdrug (F,s5=13.96,
p<.001) and shockxvirusxdrug (F,s5=36.73, p<.001). Post-hoc analysis
revealed that the shock-GFP-Veh group demonstrated a significant
upregulation in GR protein levels compared to the no shock-GFP-Veh
group (p<.01). The shock-GFP-URB group demonstrated a significant
downregulation in GR compared to the shock-GFP-Veh group (p<.05),
suggesting that URB normalized the shock- and reminders-induced
upregulation in GR. Nonetheless, the shock-DRB-Veh and shock-DRp-
URB groups demonstrated significant downregulation in GR expression
compared to the shock-GFP-Veh (p<.001) and shock-GFP-URB (p<.05)
groups, respectively. Also, the no shock-DRf-Veh group demonstrated
a significant upregulation in GR compared to the no shock-DRB-URB,
no shock-GFP-Veh, and shock-DRpB-Veh groups (p<.001). Finally, the
no shock-GFP-URB group demonstrated a significant upregulation in
GR expression compared to the no shock-GFP-Veh (p<.05) and no
shock-DRB-URB (p<.001) groups.

3.2.8. CRFr1
3.28.1. PFC

CRFrl expression was measured in the mPFC (Figure 4e; n=8-9). A
mixed design three-way ANOVA [shockxvirusxdrug; 2x2x2] revealed
significant effects of shock (F,s6=15.43, p<.001), virus (F s6=14.07,
p<.001), drug (Fus6=16.74, p<.001), shockxdrug (Fqse=14.09,
p<.001), virusxshock (Fs=10.9, p<.001), virusxdrug (Fs5=9.09,
p<.01) and shockxvirusxdrug (F(s6=6.97, p<.01). Post-hoc analysis
revealed that the shock-GFP-Veh group demonstrated a significant
upregulation in CRFrl expression compared to the no shock-GFP-Veh
group (p<.001), but the other stressed groups (shock-GFP-URB, shock-
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DRpB-Veh and shock-DRB-URB) demonstrated a significant
downregulation in CRFrl protein levels compared to the non-stressed
groups (no shock-GFP-URB: p<.05, no shock- DRB-Veh: p<.001 and no
shock-DRB-URB: p<.001, respectively).

However, the shock-DRB-Veh and shock-DRB-URB  groups
demonstrated a significant downregulation in CRFrl protein levels
compared to the shock-GFP-Veh (p<.001) and shock-GFP-URB (p<.01)
groups, respectively, suggesting that downregulating [-catenin
downregulated CRFrl protein levels in rats exposed to shock and
reminders. Also, The no shock-GFP-URB group showed significant
upregulation in CRFrl protein levels compared to the no shock-GFP-
Veh (p<.001) and no shock-DRB-URB (p<.05) groups. Finally, the no
shock-DRB-Veh group demonstrated significant upregulation in CRFrl
protein levels compared to the no shock-GFP-Veh group (p<.001).

3.28.2.BLA

CRFrl expression was measured in the BLA (Figure 4f; n=8-9). A mixed
design three-way ANOVA [shockxvirusxdrug; 2x2x2)] revealed
significant effects of shock (Fs6=3.93, p<.05), virus (F,s6=57.51,
p<.001), drug (F(.s6=36.01, p<.001), shockxdrug (Fs5=9.42, p<.01),
virusxshock (F156=11.91, p<.001) and shockxvirusxdrug (Fse=6.63,
p<.05) interactions. Post-hoc analysis revealed that the Shock-GFP-
URB group demonstrated a significant downregulation in CRFrl
expression compared to the no shock- GFP-URB group (p<.001). In
addition, the shock-DRB-Veh and shock-DRB-URB  groups
demonstrated a significant downregulation in CRFrl protein levels
compared to the shock- GFP-Veh and shock-GFP-URB groups (p<.001)
respectively, suggesting that downregulating B-catenin downregulated
CRFrl protein levels in rats exposed to shock and reminders. The shock-
DRpB-URB group demonstrated a significant downregulation in CRFrl
expression compared to the shock-DRp-Veh group (p<.001).

In addition, non-stressed URB-treated rats (no shock-GFP-URB and no
shock- DRB-URB) demonstrated a significant downregulation in CRFrl
expression compared to non-treated groups (no shock-GFP-Veh: p<.01
and no shock-DRB-Veh: p<.001, respectively), indicating that URB
decreased CRFrl expression in non-stressed rats. Finally, the no shock-
DRB-Veh group demonstrated a significant downregulation in CRFrl
compared to the no shock-GFP-Veh group (p<.05).

3.2.9.CB1r
3.29.1. PFC

CB1r expression was measured in the mPFC (Figure 4g; n=6-9). A
mixed design three-way ANOVA [shockxvirusxdrug; 2x2x2)] revealed
significant effects of shock (Fs5=4.98, p<.05), virus (Fs3=11.50,
p<.001), shockxdrug (F,s3=4.84, p<.05), virusxshock (Fs5=4.89,
p<.05) and shockxvirusxdrug (F.s3=11.93, p<.001). Post-hoc analysis
revealed that the shock-GFP-Veh group demonstrated a significant
upregulation in CB1r protein levels compared to the no shock-GFP-Veh
group (p<.01). Nonetheless, the other stressed groups (shock-GFP-URB
and shock-DRpB-Veh) demonstrated a significant downregulation in
CB1r expression compared to the non-stressed groups (no shock-GFP-
URB and no shock- DRB-Veh, p<.01, respectively).
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However, the shock-GFP-URB group demonstrated a significant
downregulation in CB1r compared to the shock-GFP-Veh (p<.001) and
shock-DRB-URB (p<.05) groups, suggesting that URB normalized the
shock- and reminders-induced upregulation in CB1r, and that
downregulating B-catenin in the mPFC blocked the therapeutic-like
effect of URB. Also, the no shock-GFP-Veh group demonstrated a
significant downregulation in CB1r protein levels compared to the no
shock-GFP-URB (p<.05) and no shock-DRf-Veh (p<.001) groups.

3.29.2.BLA

CB1r expression was measured in the BLA (Figure 4h; n=6-9). A mixed
design three-way ANOVA [shockxvirusxdrug; 2x2x2] revealed
significant effects of the drug (F45=9.91, p<.01), shock x drug
(F(148=41.31, p<.001), virusxshock (F4g=6.21, p<.05), virusxdrug
(F(148=8.11, p<.01) and shockxvirusxdrug (F.5=8.73, p<.01). Post-
hoc analysis revealed that the stressed groups (shock-GFP-Veh and
shock-DRp-Veh) demonstrated a significant upregulation in CB1r
protein levels compared to the non-shocked groups (no shock-GFP-Veh
and no shock-DRB-Veh, p<.01, respectively), suggesting that exposure
to shock and reminders upregulated CB1r protein expression. However,
the Shock-GFP-URB group demonstrated a significant downregulation
in CB1r compared to the no shock-GFP-URB group (p<.01). Also, the
shock-DRB-URB group demonstrated a significant downregulation in
CB1r compared to the Shock-GFP-Veh group (p<.05).

In addition, non-stressed URB-treated rats (no shock-GFP-URB and no
shock- DRB-URB) demonstrated a significant upregulation in CB1r
expression compared to non-treated groups (no shock-GFP-Veh: p<.001
and no shock-DRB-Veh: p<.05, respectively), indicating that URB
upregulated CB1r expression in non-stressed rats. Finally, the no shock-
DRB-Veh group demonstrated a significant upregulation in CBLlr
compared to the no shock-GFP-Veh group (p<.05), and the no shock-
DRpB-URB group demonstrated significant downregulation in CB1r
levels compared to the no shock-GFP-URB group (p<.001).

3.2.10. p-Catenin
3.2.10.1. PFC

f3-catenin expression was measured in the mPFC (Figure 4i; n=7-9). A
mixed design three- way ANOV A [shockxvirusxdrug; 2x2x2)] revealed
significant effects of shock (F,s6=14.65, p<.001), virus (Fs6=11.31,
p<.001), drug (F,s6=32.39, p<.001), shockxdrug (F s5=5.15, p<.05)
and virusxdrug (F.s6=23.79, p<.001) interactions. Post-hoc analysis
revealed that the stressed groups (shock-GFP-Veh and shock-DRB-Veh)
demonstrated a significant downregulation in B-catenin protein levels
compared to the non-shocked groups (no shock-GFP-Veh: p<.001 and
no shock-DRB-Veh: p<.05, respectively), suggesting that exposure to
shock and reminders downregulated B-catenin protein expression in the
mPFC.

However, the shock-GFP-URB group demonstrated a significant
upregulation in B-catenin compared to the shock-GFP-Veh and shock-
DRp-URB (p<.001) groups, suggesting that URB normalized the shock-
and reminders-induced downregulation in [-catenin, and that
downregulating B-catenin in the mPFC blocked the therapeutic-like
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effect of URB. In addition, the no shock-GFP-URB group demonstrated
a significant upregulation in 3-catenin protein levels compared to the no
shock-GFP-Veh and no shock-DRB-URB groups (p<.01).

3.210.2. BLA

f3-catenin expression was measured in the BLA (Figure 4j; n=8-9). A
mixed design three- way ANOVA [shockxvirusxdrug; 2x2x2] revealed
significant effects of shock (Fs6=12.98, p<.001), drug (Fs6=7.55,
p<.01), shockxdrug (Fs6=27.93, p<.001), virusxdrug (Fqss=99.05,
p<.001), shockxvirus (F(,s5=13.84, p<.001) and shockxvirusxdrug
(Fs6=7.83, p<.01) interactions. Post-hoc analysis revealed that the
shock-GFP-Veh group demonstrated a significant upregulation in -
catenin protein levels compared to the no shock-GFP-Veh group
(p<.001).

However, the shock-GFP-URB group demonstrated a significant
downregulation in B-catenin compared to the shock-GFP-Veh and
shock-DRB-URB groups (p<.001), suggesting that URB normalized the
shock- and reminders-induced upregulation in [-catenin, and that
downregulating f-catenin in the mPFC blocked the therapeutic-like
effect of URB. Also, the shock-DRB-Veh group demonstrated a
significant downregulation in B-catenin expression compared to the
shock-GFP-Veh group (p<.001). In addition, the no shock-DRpB-URB
group demonstrated a significant upregulation in 3-catenin protein levels
compared to the no shock-GFP-URB and no shock-DRB-Veh groups
(p<.001); and the no shock-GFP-Veh group demonstrated a significant
upregulation in B-catenin compared to the no shock-GFP-URB (p<.01)
and no shock-DRp-Veh (p<.05) groups.

4., Discussion

Our findings show that the restoring effects of URB597 on mPFC-CRF
and CBIr are mediated through B-catenin activation in the mPFC,
suggesting a new mechanism that mediates the stress-protective effects
of URB597 in a PTSD model. Viral downregulation of mPFC-f-catenin
in rats exposed to shock and reminders also blocked the restoring effects
of URB597 on the development of an anxiogenic behavioral phenotype.

4.1. The Effects of URB597 on the Stress Markers

Exposure to the shock and reminders model of PTSD upregulated the
expression of stress markers (CRF, CRFrl, and GR) and CB1r in the
brain’s fear circuit, and induced anxiety-like behavior, deficits in social
behavior, and impaired extinction learning. The upregulation of CRF,
CRFrl, and GR in the mPFC and BLA was positively correlated with
freezing behavior during exposure to the first SR. URB597 administered
one hr after shock exposure prevented the shock- and reminders-induced
alterations in behavior (anxiety, social interaction, and freezing) and the
effects of the shock on the stress markers in the mPFC and BLA, as well
as the upregulation in CB1r. These results are consistent with our
previous findings demonstrating a therpeutic-like effect of URB597 that
alleviated the actions of shock and reminders on anxiety- and depression-
like behaviors, plasticity in the BLA and hippocampus, alterations in
brain-derived neurotrophic factor (BDNF) and CB1r [25, 29, 53].
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The upregulation in CRF and CRFr1 levels in the mPFC and BLA after
exposure to shock and reminders, which was associated with anxiety-
like behavior, corroborates other studies [3, 5, 18, 25, 27, 31, 32, 39, 58].
In humans, PTSD patients show upregulated CRF expression in the
cerebrospinal fluid (CSF), attributable to CRF overexpression from
extrahypothalamic sources such as the central amygdala [60-64]. PTSD
patients show brain CRF hypersecretion and HPA-axis dysregulation
while presenting startle hyperreactivity in response to stressful situations
[65]. Preclinical studies showed that acute and chronic stress increased
BLA-CRF-binding protein gene expression [66], and was correlated
with sustained elevation in CRF1r expression [67]. Exposure to
inescapable electric foot shock as a PTSD model or a single prolonged
stress resulted in increased CRFr1 protein expression in the PFC and
amygdala [25, 32]. Moreover, predator odor stress upregulated mPFC
CREF cell counts of rats that avoided a stress-paired context, and CRF
infusions in the vmPFCresulted in conditioned avoidance [3]. Moreover,
CRFrl antagonist administration in the mPFC blocked CRF signaling
reversing stress-paired avoidance [3] and mitigating hyper-arousal
symptoms in stressed rats [68]. Another study showed fear extinction
memory is impaired by the upregulation of endogenous CRF in the
amygdala as well as by intra-BLA CRF infusions [69]. Moreover, intra-
BLA infusions of CRF resulted in a behavioral profile identical to that
seen with predator exposure resembling aspects of PTSD as an
exaggerated startle [70]. Altogether, these findings suggest that
increased CRF signaling may regulate PTSD-related phenotypes.

It has been suggested that CRF and endocannabinoids regulate
behavioral and hormonal stress responses in an opposing manner, hence
ECB activation terminates the stress response and CRF activation
promotes an anxiogenic behavioral phenotype [71]. Chronic stress
upregulates CRF in the amygdala and PFC, which in turn increases
FAAH activity that results in an AEA deficient state and an anxiogenic
phenotype, suggesting that CRF regulates stress-induced alterations in
ECB signaling [4, 28]. Moreover, a CB1r-dependent mechanism in the
mPFC was suggested to mediate the termination of HPA axis activation
following exposure to stress [72]. CB1r mRNA was found co-localized
with CRF mRNA both in the hypothalamic nuclei of the paraventricular
nucleus [73] and in other extrahypothalamic areas in the brain’s fear
circuit, such as PFC and amygdala [74]. Pharmacological and knockout
studies show that CBL1r activity limits hypothalamic CRF release [73].
We found that activation of mPFC-CB1lr with FAAH inhibition
downregulated the expression of mPFC-CRF and terminated the stress
response, supporting that enhancing ECB signaling modulates cortical
CRF following stress.

4.2. The Effects of Downregulating p-catenin on URB597
Modulation of the Stress Markers and CB1

Viral-mediated mPFC downregulation of B-catenin function blocked the
therapeutic-like effect of URB597 on behavior, corroborating previous
studies from our lab that targeted the NAc [30, 75]. We previousely
showed that inhibition of B-catenin in the NAc using the non-selective
f3-catenin antagonist sulindac or downregulating B-catenin activity using
a viral approach blocked the therapeutic effects of enhancing ECB
signaling on anxiognic- and depressive-like behavior [30, 75].
Importantly, here we show that downregulating mPFC-B-catenin blocks
the ameliortaing effects of URB597 on the stress-induced increase in
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CRF and CB1r. We have previousely suggested therapeutic-like effects
of URB597, acting through CBlr to modulate 3-catenin and produce
pro-resilient responses [30]. CBLrs, which are predominantly localized
to gamma-aminobutyric acid (GABA)-positive interneurons, have a key
role in regulating PFC activity and stress response termination [72, 76].

A strong functional interaction between CBI1r and B-catenin has been
suggested [30]. CB1r activation increases PI3K/AKT activity leading to
GSK-3B phosphorylation, B-catenin stabilization, and its translocation
into the nucleus; in the nucleus, B-catenin regulates transcription and
gene expression to promote anti-stress responses [54, 35, 49, 54]. Hence,
URB597, acting through CB1r, modulates B-catenin that produces pro-
resilient responses.

f3-catenin expression was decreased in the mPFC and increased in the
BLA following shock and reminders, and this was restored by URB597.
Only in the mPFC, the restoring effects of URB597 were blocked by f3-
catenin downregulation. It has been shown that resveratrol reduced CRF
MRNA expression in the hypothalamus of stressed rats and upregulated
the relative ratio of phosphorylated (p)-GSK3B/GSK3p and protein
levels of p-GSK3p, cyclin DI, and c-myc, while downregulating the
relative ratio of p-B-catenin/p-catenin and expression of GSK3f in the
hippocampus. The authors suggested that the antidepressant-like effects
observed for resveratrol were obtained by downregulation of the HPA
axis hyperactivity and regulating the Wnt/B-catenin pathway [77].
Together with our findings, this suggests a functional relationship
between B-catenin and CRF that needs to be further investigated.

5. Conclusion

In conclusion, our results demonstrate that URB597 prevents the
development of an anxiogenic phenotype in rats exposed to shock and
reminders due to regulation of CRF via CBlr and the Wnt/B-catenin
pathway in the mPFC.
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