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Abstract

Anxiety- and trauma-related disorders are chronic debilitating mental
conditions, characterized by dysregulation of aversive memory processing and its
impaired  suppression.  Current  pharmacological and  exposure-based
psychotherapeutic approaches often produce inadequate responses, resulting in
elevated rates of relapse. Cannabidiol (CBD), the non-psychotropic constituent of
Cannabis Sativa, demonstrates a promising therapeutic potential for these disorders

due to its modulating effects on the expression and extinction of learned fear.

In this thesis, the potential effects of systemic CBD on extinction and learned
fear relapse over time were initially investigated, after developing a working protocol
for spontaneous fear recovery. Rats underwent auditory fear conditioning (day 1),
extinction training with CBD administered before or after the session (day 2), and
drug-free tests of extinction recall (day 4) and spontaneous recovery (day 24). CBD
administration before extinction training was found to acutely reduce the expression
of contextual fear, without affecting auditory fear expression or extinction training.
Although CBD did not affect extinction recall, it suppressed later spontaneous

recovery of auditory fear.

Next, the pharmacological mechanisms underlying these CBD effects were
investigated by examining the potential involvement of cannabinoid 1 receptor (CB1R)
or 5-hydroxytryptamine 1A receptor (5-HT1AR) signaling, molecular targets through
which CBD was found to elicit fear-alleviating and anxiolytic-like effects. After
performing dose-response studies with the CB1R inverse agonist AM251 and the 5-

HT1AR antagonist WAY100,635, these compounds were administered in combination



with CBD. However, when CBD was given alone in either study it failed to reproduce
the previously observed effects, rendering it impossible to exclude the potential
involvement of either transmission mechanism in mediating the effects of CBD on

learned fear expression and spontaneous fear recovery.

Lastly, the effects of CBD on stress-induced impairments in extinction learning
triggered by recent fear conditioning were examined by using an immediate extinction
deficit (IED) protocol. Rats were administered with CBD before immediate or no
extinction session, and the next day subjected to a drug-free extinction recall test. CBD
enhanced recall of extinction to prevent the IED phenomenon, without interfering

with the consolidation of learned fear memory.

Taken together, CBD induced long-term protection against fear relapse after
successful extinction and alleviated stress-induced impairments in extinction learning.
Because of the inability to reproduce the effects of CBD on fear relapse while
investigating the involvement of CB1R or 5-HT1AR mediated signaling, this
necessitates further studies to elucidate the exact pharmacological mechanisms
underlying the CBD effects observed in this project. However, these findings add
valuable insight into CBD’s potential as a candidate therapeutic for the management

of anxiety- and trauma-related disorders.
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Chapter 1: General introduction

1.1 Introduction to anxiety- and trauma-related disorders

Anxiety and fear are adaptive responses to dangerous stimuli. Anxiety is
considered as an inner conflict between approaching and passively avoiding a
potential threat. On the other hand, fear is the emotional state induced by an
imminent threat and manifested as defensive mobilization (Gray, 2000; Simon &
Gorman, 2006; Bannerman et al., 2014). Depending on the stimulus nature, distinct
neuronal mechanisms and subsequent defensive responses are activated. Innate fear
is elicited by stimuli that are intrinsically appreciated as dangerous, while learned fear
is induced by neutral stimuli that have been previously associated with innate

threatening ones (Gross & Canteras, 2012).

A major characteristic of anxiety disorders is the misattribution of threat to
benign conditions due to deficient suppression of fear. Anxiety disorders constitute
the most prevalent group of psychiatric conditions, currently reaching a lifetime
prevalence of 7.3% worldwide (Baxter et al.,, 2013). The latest revision of the
Diagnostic and Statistical Manual of Mental Disorders, fifth edition (DSM-V), along
with the differences in survey methodological and sociodemographic factors, are
thought to have contributed to broad cross-national prevalence variations (Stein et
al., 2017). Currently, post-traumatic stress disorder (PTSD) along with acute stress
disorder, adjustment disorder, reactive attachment disorder, disinhibited social
engagement disorder, and persistent complex bereavement disorder have been
excluded from the DSM-V spectrum of anxiety disorders and have been reassigned

the trauma and stressor-related disorders (TSRDs), characterized by distinct



etiopathogenesis, onset, manifestation, severity, and relapse of symptomatology
(Figure 1.1) (Pai et al., 2017). Similarly, obsessive-compulsive disorder has been
removed from the anxiety disorders category and classified as obsessive-compulsive
and related disorders along with body dysmorphic disorder, hoarding disorder,

trichotillomania, and excoriation disorder (Abramowitz & Jacoby, 2014).

Anxiety- and trauma-related disorders constitute a significant socioeconomic
burden in modern societies. They are associated with high utilization of healthcare
resources and development of long-term disability interconnected with significant
cognitive and emotional impairments that lead to social and occupational dysfunction
(Bandelow & Michaelis, 2015). Therefore, the identification of environmental [e.g.
female gender, racial maltreatment and discrimination, family history, adverse
childhood experiences, temperamental vulnerabilities, low educational and
household income level (Blanco et al., 2014)] and genetic [e.g. variations to
glucocorticoid-related gene FKBP5, endocannabinoid degradation enzyme gene,
serotonin transporter gene 5-HTTLPR, brain-derived neurotrophic factor (BDNF)
Val66Met polymorphism (Daskalakis et al., 2016; Lazary et al., 2016; Craske et al.,
2017; Hori et al., 2020)] risk factors related to developing these disorders have gained
much attention as tools for their diagnosis, prognosis and effective therapeutic
management. In particular for the development of PTSD, the peri-traumatic risk
factors like pre-traumatic psychopathology, the extent of trauma-related losses and
the emergence of acute stress disorder during the posttraumatic period are

considered crucial (Stoddard Jr., 2018).
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Anxiety- and trauma-related disorders share common psychological issues like
tension, excessive fear, apprehension, concentration and sleep disturbances, along
with somatic symptoms like tachycardia, heart palpitations, tremor and sweating
resulting from strong sympathetic stimulation, with panic attacks a representative
feature triggered after a robust fear response (Craske et al., 2017; Papadakis, 2017).
The severity of anxiety arousal and avoidance behavior have been suggested as strong
predictors of long-term disability in anxiety disorders (Hendriks et al., 2016). The
overlap of symptoms among and between anxiety, trauma and other mental disorders
is often a challenge for the determination of differential diagnosis, as many of these
may be concomitant or forerunners of other disorders. Symptomatology of medical
conditions like asthma, hyperthyroidism, arrhythmia, epilepsy, etc. can mimic or
contribute to the development of anxiety disorders (Craske et al., 2017), while it is not
uncommon that self-medicated anxiety disorder may progress to alcohol or substance
abuse (Stein et al., 2017). Therefore, detailed medical and psychiatric history with
physical examination targeted to the onset, triggers, and course of symptoms are

paramount in defining the right diagnosis and therapeutic strategy for the patient.

PTSD is a chronic debilitating mental condition, possibly developing due to
poor adaptation after experiencing or witnessing an extremely traumatic event that
has threatened someone’s physical and/ or psychological integrity. Depending on the
type of trauma, PTSD can have either immediate or delayed onset, occurring on
average within six months, demonstrating a chronic or non-chronic course with an
estimated mean duration of six years (Kessler et al., 2017; Schein et al., 2021). It is
estimated that 70% of people worldwide will experience a traumatic event in their

lifetime, but approximately only 4-10% of those will subsequently develop PTSD
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(Benjet et al., 2016). The disorder is characterized by dysregulation in aversive
memory processing that leads to impaired safety signal processing and suppression of
fear (Dunsmoor & Paz, 2015). It is manifested as multidimensional cluster
symptomatology of re-experiencing (e.g., intrusive memories, flashbacks, distressing
dreams), avoidance behaviour to external reminders, hyperarousal and hypervigilance
(e.g., irritability, exaggerated startle reactions, insomnia, concentration disturbances),
dissociation phenomena (e.g., depersonalization, derealisation, fragmented thoughts)
and negative alternation of cognition and emotion symptoms after the traumatic
event (Norrholm & Ressler, 2009; Friedman et al.,, 2011; Stoddard Jr., 2018).
Additionally, PTSD is linked with development of somatic and psychiatric co-
morbidities, elevated rates of relapse after discontinuation of treatment, and
increased risk of suicidal ideation (Goldstein et al., 2016; Tarrier & Gregg, 2004).

1.2 Current therapeutic approaches

Anxiety- and trauma-related disorders are characterized by under-diagnosis, a
wide treatment gap and chronicity, rendering their management a real challenge
(Wang et al., 2007; Stein et al., 2017). Current guidelines propose as first-step
management the introduction of a psychotherapeutic method, commonly cognitive
behavioral therapy (CBT), or an antidepressant like selective serotonin reuptake
inhibitors (SSRIs). The appropriate therapy is determined by multiple factors, like the
final diagnosis, patient age and co-morbidities, adverse effects, or interactions with
concomitant medications (Bystritsky et al., 2013). Responding patients often continue
with a maintenance regimen, while for non-responders a more flexible approach is
considered based on Coordinated Anxiety Learning and Management (Roy-Byrne et

al., 2010). More psychotherapy sessions are added, a trial with a different medication
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is introduced, an adjunctive therapeutic regimen is designed with the combination of

two methods, or more invasive techniques are applied for refractory anxiety.

Most psychotherapeutic methods are usually brief (= 8-12 sessions) and
significantly reduce the duration and intensity of symptoms. These are based on the
minimization of avoidance behaviour and the confrontation of the traumatic stimuli
or situations. During these sessions, the patient will gradually learn to approach such
stimuli under safe conditions, and cope with them with less distress and autonomic
reactivity (Papadakis, 2017). CBT and relative treatment interventions, like exposure
therapy, cognitive processing therapy, psychoeducation, breathing retraining,
cognitive restructuring (Watkins et al., 2018) and eye movement desensitization and
reprocessing are widely used and their efficacy has been assessed by a number of
clinical trials (Craske et al., 2017). Noteworthy strategies have been proposed, like
psychodynamic therapy, hypnotherapy, mindfulness-based cognitive therapy, stress
management, acceptance and commitment therapy, habit-disruption approaches,
retraining of avoidance tendencies (Bisson & Andrew, 2007; Arnaudova et al., 2017)
and interpersonal therapy (Markowitz et al., 2014), which all require further

evaluation in the clinical milieu.

Medications are used as an alternative to psychotherapy or as an adjunctive
treatment. Numerous randomized controlled trials have supported the efficiency,
safety, and minimal abusive profile of SSRIs and serotonin norepinephrine reuptake
inhibitors (SNRIs), rendering them as first-line anxiolytics with a well-balanced risk
benefit ratio (Murrough et al., 2015). To date, the only medications approved by Food

and Drug Administration (FDA) for the management of PTSD are the SSRIs sertraline



and paroxetine (American Psychological, 2017). However, there is a considerable
latency period of 2-6 weeks until the onset of SSRI/SNRI effectiveness, whereas their
acute administration is often related to developing anxiogenic and physiological
adverse effects like gastrointestinal disturbances, fluctuation in appetite and body
weight, agitation, insomnia, headache, sexual dysfunction and increased suicidality
rates in children and adolescents (Bridge et al., 2007; Bandelow et al., 2017). Low
dosage commencement and progressive elevation have been shown to mitigate many
of these side effects, while maximum benefit from these compounds is achieved upon
appropriate dose selection and adherence to the treatment regimen (American
Psychological, 2017). On the other hand, tricyclic antidepressants (TCA) and
monoamine oxidase inhibitors (MAQIs), that are comparably as efficacious as SSRIs
and SNRIs, have been restricted for use as second-line anxiolytics because of their

adverse safety and tolerability profile (Murrough et al., 2015).

Benzodiazepines and barbiturates have been widely prescribed as anxiolytics
in the past, as they have sedative properties by allosterically enhancing y-
aminobutyric acid (GABA) inhibitory neurotransmission. However, their prominent
side effect profile, potential for tolerance, abuse, and physiological dependence, with
potential fatal withdrawal symptoms upon abrupt discontinuation, dose-dependent
anterograde amnesia, profound depression of central nervous system (CNS),
especially after overdose or co-administration with ethanol or opioids, has limited
their use to the management of acute anxiety states, control of panic attacks, and
mitigation of anxiety symptoms until the onset of first-line anxiolytic effects (Bystritsky
et al., 2013; Katzung, 2015; Bandelow et al., 2017). Interestingly, they are relatively

contraindicated for patients already diagnosed with PTSD as they may worsen the
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severity of symptoms and psychotherapy efficacy, resulting in development of co-
morbid conditions, whereas benzodiazepines may potentiate the risk of developing
PTSD in patients recently exposed to a traumatic event (Guina et al., 2015).
Additionally, the GABA analogues pregabalin and gabapentin, well known for their
anticonvulsant and mood-stabilizing effects, have attracted much interest for their
potential anxiolytic properties, whereas buspirone, a serotonin (also called 5-
hydroxytryptamine, 5-HT) 1A receptor (5-HT1AR) agonist, has been found to elicit
some effectiveness in the management of generalized anxiety disorder (Murrough et

al., 2015; Bandelow et al., 2017).

Lately, invasive techniques have attracted much attention and are reserved for
treatment-refractory disorders, targeting brain areas implicated in fear and anxiety
processing (see section 1.3 below). Electroconvulsive therapy, vagal nerve stimulation,
repetitive transcranial magnetic stimulation, psychosurgery and deep brain
stimulation have significant therapeutic effects, but have limited application due to
short and long-term adverse cognitive, sensory and mood dysfunctions (Bystritsky et

al., 2013).

Unfortunately, conventional medications are accompanied by adverse effects
and shortcomings related to their efficacy, adequacy of response, and tolerability,
while the available exposure-based therapies often induce temporary fear-
suppressing effects, therefore limiting the successful management of anxiety- and
trauma-related disorders. The fact that up to 40 % of patients relapse upon treatment

discontinuation or fail to achieve complete remission renders crucial the development



of new pharmaceuticals that will be used as adjuncts to exposure therapy (Singewald

et al.,, 2015).

1.3 Learned fear and the underlying neural circuitry

Pavlovian fear conditioning constitutes a widely used behavioural model in
both animals and humans for the investigation of neurobiological mechanisms
underlying the aetiology and symptomatology of anxiety- and trauma-related
disorders. Fear conditioning is a form of associative learning, by which certain stimuli
become predictive of threat. During fear acquisition, a neutral conditioned stimulus
(CS) (e.g., tone, light, or environmental cues) is associated with an aversive
unconditioned stimulus (US) (e.g., foot-shock). Repetition of such pairings induces
behavioural and physiological reactions to the CS, called conditioned responses (CR)
(Kaplan & Moore, 2011). In rodents, freezing (i.e., absence of movement apart from
respiration), fear potentiated startle (FPS) (i.e., reflexive flinch reaction in response to
an unpredictable CS), darting (i.e., escape-like response commonly exhibited by
females as fast crossing of the chamber), ultrasonic distress vocalizations (i.e., 22 KHz
vocalizations emitted predominantly by males during fear conditioning), and
conditioned suppression (i.e., decrease in operant behaviour like lever press during CS
presentation) constitute the most commonly measured behavioural CRs (Greville et
al., 2013; Daldrup et al., 2015; Gruene et al., 2015; Tryon et al., 2021). In humans, skin
conductance (i.e., electrical conductance induced by perspiration) and FPS (i.e.,
electromyographic recording of eyeblink reflex) are the mostly commonly quantified
responses, while blood pressure, heart or respiratory rate alterations can also be

monitored across both species (VanElzakker et al., 2014; Careaga et al., 2016).



The acquisition of the CS-US association and its subsequent consolidation into
long-term fear memory are dynamic processes and mediated by excitatory and
inhibitory interconnections within multiple brain regions and neuromodulatory
circuits. The amygdala constitutes a critical location of fear learning and expression,
being subdivided into two major areas, the basolateral (BLA) and central (CEA)
amygdala, with each of them having distinct functions and neuronal composition. BLA
is comprised predominately of glutamatergic spiny projection neurons, and to a lesser
extent of GABA-ergic interneurons, consisting of lateral (LA), basal (BA) and basal
medial (BMA) amygdala. CEA is subdivided to lateral (CelL) and medial (CeM) central
amygdala, areas that are interconnected and composed of GABAergic medium spiny
neurons (Tovote et al., 2015).

It is accepted that learned fear acquisition takes place in LA, which receives
converging sensory information about the CS directly from auditory thalamus [i.e.,
medial subdivision of medial geniculate body (MGm) and posterior intralaminar
nucleus (PIN)] and indirectly from ventral auditory cortex (ACx), while the US is relayed
from somatosensory thalamus and cortex, stimulating synaptic plasticity and
association of the CS-US (Figure 1.2) (Johansen et al., 2011; Luchkina & Bolshakov,
2019). LA is directly or indirectly connected through BA, BMA, and intercalated cell
masses (ITC) of amygdala to CEA. This circuit is associated not only with the
orchestration of CRs, but also with the modulation of associative plasticity. Notably,
BA is reciprocally interconnected with ventral hippocampus (vHPC) and prefrontal
cortex (PFC). Specifically, vHPC is responsible for encoding contextual representations
(Kim & Cho, 2020), while PFC serves as a modulator of fear responses with prelimbic

cortex (PL) and infralimbic cortex (IL) promoting and suppressing fear expression,
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respectively (Bannerman et al., 2004; Tovote et al., 2015). CEA plays a significant role
as a fear output, permitting fear learning through Cel activation, and regulation of
fear responses through CeM, which sends projections to various brain regions
(Johansen et al., 2011). Specifically, CeM is connected with bed nucleus of stria
terminalis (BNST) and paraventricular nucleus of hypothalamus (PVN), which both
stimulate stress hormone excretion, and with lateral hypothalamus, resulting in
increased blood pressure, heart and respiration rate through alteration in autonomic
activity (Johansen et al., 2011; Kim & Jung, 2006). In rodent models, depending on
which of the efferent projections sent from the CEA to the ventrolateral
periaqueductal grey (vIPAG) or substantia innominata are activated, then the fear
responses can be respectively switched between those promoting freezing, FPS,
vocalization, and analgesia, or those favouring arousal and risk assessment (Gross &

Canteras, 2012; Bouton et al., 2020).

us W cs
Somatosensory ACx MG PIN
thalamus/cortex
Cortical input Thalamic input
LA I mPFC | o N
B 3 ¥ -« =
onditione
fear response_l CeA I—I BLA I«» vHPC Context

Figure 1.2 Diagram of circuitry underlying fear conditioning (Luchkina & Bolshakov, 2019)

CS=conditioned stimulus, US=unconditioned stimulus, ACx=auditory cortex, MGm=Medial geniculate
body, PIN=Posterior intralaminar nucleus, LA=lateral amygdala, mPFC=medial prefrontal cortex,
vHPC=ventral hippocampus, BLA=basolateral amygdala, CeA=central amygdala.

11



1.4 Extinction, conditions of fear relapse and underlying neural circuitry

Memory formation is a dynamic process and can enter into a labile state every
time that it is reactivated. The retrieval of fear memory induced by brief re-exposure
to the conditioned context or the CS without reinforcement by the US may favor
reconsolidation, preserving the fear response (Lee et al., 2006). Reconsolidation can
lead to memory updating through integration of new information into a previously
consolidated memory, providing the opportunity to modify an undesired fear memory
by updating its emotional valence (Haubrich et al., 2015). On the other hand, fear
memory may gradually attenuate and extinguish upon prolonged conditioned context
re-exposure or repeated presentation of the CS, and parallel omission of the US,
resulting in suppression of the CR (Furini et al., 2014). This extinction of learned fear
results from the violation of the original CS-US contingency (McNally & Westbrook,
2006). However extinction constitutes a fragile and less durable learning process
compared to fear conditioning, and under specific circumstances the CR can re-
emerge after extinction (Tsai & Graff, 2014). For instance, an extinguished CR can be
reinstated when the US is given unexpectedly in the absence of the CS. On the other
hand, when the extinguished CS is delivered outside of the extinction context it can
induce renewal of the CR, whereas spontaneous recovery occurs when fear to the CS
returns merely because significant time has elapsed after extinction (Figure
1.3)(Goode & Maren, 2014). These relapse phenomena indicate that extinction is not
simply a form of forgetting, erasing or eliminating of the fear conditioning memory,
instead it generates a new inhibitory learning that competes with the excitatory fear

memory trace (Myers & Davis, 2006).
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It is not surprising that during extinction the same areas are recruited as for

fear conditioning (Myers & Davis, 2006). It was found that amygdala and medial

prefrontal cortex (mPFC) play crucial roles in extinction memory formation and

maintenance, while hippocampus is critical for integrating contextual information and

novelty, encoding contextual specificity, and regulating extinction expression

(Corcoran & Maren, 2004; Orsini & Maren, 2012). PL facilitates fear expression by

sending excitatory projections to BA, which subsequently innervates the CEA (Senn et

al., 2014). In contrast, IL promotes fear extinction by sending efferent projections to

BLA and the inhibitory intercalated cells of amygdala (Knapska et al., 2012), resulting

in suppression of the CEA activity and fear responding (Figure 1.4)(Quirk et al., 2003).
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However, it was recently reported that a unidirectional excitatory connection from PL
to IL is crucial for extinction memory formation (Wang et al., 2022). Importantly, IL is
also found to regulate extinction recall by integrating the CS with contextual
information from hippocampus and inhibiting CEA-mediated fear responding (Quirk
et al., 2003; Herry et al., 2010). It is well known that both extinction and its recall are
characterized by contextual dependency, which is driven by hippocampus (Sierra-
Mercado et al., 2011). Specifically, vHPC is responsible for establishing contextual
representations during extinction learning and modulating fear renewal upon
contextual change (Sevenster et al., 2018). Projections from vHPC directly to BLA or
indirectly through PL are involved in fear expression and engaged upon fear renewal,
while vHPC projections to IL are implicated in extinction recall (Marek et al., 2018).
Extinction is considered the basis for exposure therapy, which is used for the
management of anxiety- and trauma-related disorders and therefore has considerable
translational utility. From a clinical perspective, patients with PTSD demonstrate
dysregulation of the hippocampus-prefrontal cortex-amygdala circuits. This finding is
associated with impaired extinction retrieval due to overactivation of fear-generating
areas like the amygdala and dorsal anterior cingulate cortex (dACC) (equivalent to
rodent PL) and suppression of regions related to inhibition of conditioned fear like the
ventromedial prefrontal cortex (vmPFC) (equivalent to rodent IL) and hippocampus
(Pitman et al., 2012). However, extinction recall impairments may be not related to
the loss of inhibitory regulation per se but rather to the loss of proper context
engagement of this inhibitory mechanism, resulting in overgeneralization of fear

memory (Maren & Holmes, 2016).
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Figure 1.4 Fear expression and extinction circuitry (Pattwell et al., 2013).

PL=prelimbic cortex, ACC=anterior cingulate cortex, IL=infralimbic cortex, vmPFC=ventromedial
prefrontal cortex, ITC=intercalated cells of amygdala, BLA=basalateral amygdala, CEA=central amygdala

1.5 Phytocannabinoids and their therapeutic actions

Cannabis sativa L. is one of the oldest plants used for its purported medicinal
and recreational properties. It consists of more than 400 chemical compounds, more
than 100 of which are pharmacologically active, called phytocannabinoids. Among
them, the psychotropic A°-tetrahydrocannabinol (A°-THC) and the non-psychotropic
cannabidiol (CBD) are the most studied and found in the greatest concentrations.
Their isolation has led to the identification of specific transmembrane G-protein-

coupled receptors (GPCRs) known as cannabinoid 1 (CB1R) and cannabinoid 2 (CB2R)
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receptors by which they exert their effects, the discovery of endogenous ligands
known as the endocannabinoids (ECBs) [e.g., anandamide (AEA) and 2-
arachidonoylglycerol (2-AG)], and finally to the production of their synthetic
analogues such as nabilone and dronabinol, altogether comprising the broad group of
cannabinoids (Maurya & Velmurugan, 2018). THC and CBD are active compounds
derived from the decarboxylation of their inactive acidic forms of the cannabis plant,
tetrahydrocannabinolic acid and cannabidiolic acid, respectively, which are precursors
of cannabigerolic acid. However, their composition as extracts depends on the variety
of cannabis plant, in which other noteworthy phytocannabinoids exist, like (-) trans-
A° tetrahydrocannabivarin, cannabigerol, cannabichromene, cannabicyclol and B-
caryophyllene, with each having distinct pharmacodynamics properties (Ligresti et al.,

2016).

The ECB system and its components (i.e., cannabinoid receptors, endogenous
ligands and their synthesis and degradation enzymes) have been found to modulate
many physiological processes, while its dysregulation is implicated in the development
of both medical and psychiatric disorders. This is attributed to the widespread
localization of CB1R and CB2R. Specifically, CB1R is the most abundant metabotropic
receptor in the CNS and is distributed to a lesser extent in peripheral tissues. The
highest levels are present in corticolimbic areas like the basal ganglia, especially in the
substantia nigra and globus pallidus, hippocampus, BLA and PFC, while lower levels
are found in brainstem and cerebellum. In contrast, CB2Rs predominate in peripheral
immune tissues and cells like B-, T-, NK- and mast cells, monocytes, macrophages and
microglia, with expression on the latter implicated in the inflammatory responses

detected in neurodegenerative diseases (Pertwee, 1997; Maroon & Bost, 2018). Apart
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from their expression by microglia, CB2Rs were identified in neurons of the frontal
cortex, striatum, basal ganglia, ventral tegmental area (VTA), amygdala, hippocampus,
while modulation of their activity was linked with anxiolytic, antidepressant, or
antipsychotic-like effects (Navarrete et al., 2020). Additionally, cannabinoids were
found to interact with other non-cannabinoid receptors like transient receptor
potential vanilloid type 1 (TRPV1) channels, the orphan G-protein-coupled receptor
55 (GPR55), peroxisome proliferator-activated receptors (PPARy) and 5-HT1AR

(Ryberg et al., 2007; Pertwee, 2010).

Cannabinoids have attracted considerable interest as candidate therapeutics.
Preclinical and clinical studies have revealed their beneficial properties as
neuroprotective, anti-inflammatory, analgesic, anti-psychotic, antidepressant,
anxiolytic, anticonvulsant, anti-emetic, anti-glaucoma, anti-cancer, gastro- and
cardioprotective agents, by improving the symptomatology and decelerating the
progression of numerous disorders (Fraguas-Sanchez & Torres-Sudrez, 2018; Russo,
2018; Scherma et al.,, 2018). The neuroprotective effects of cannabinoids in
neurodegenerative disorders like multiple sclerosis are exerted by CB1R and CB2R,
with the former inducing anti-excitotoxic effects through suppression of glutamate
transmission and calcium influx, while the latter provided immunomodulatory effects
by controlling microglial activation and downregulation of pro-inflammatory cytokines
and oxidative stress (Gowran et al., 2011; Sdnchez & Garcia-Merino, 2012). Of
significance was the approval of nabiximols (Sativex) as an adjunctive treatment of
spasticity and central neuropathic pain for MS and as a palliative treatment of
intractable cancer-related pain. Noteworthy is the efficacy of cannabidiol oral extract

(Epidiolex) for the management of treatment-resistant childhood epilepsies, Dravet
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and Lennox-Gastaut Syndromes, and its approval by the FDA (Devinsky et al., 2017;
Maroon & Bost, 2018). Additionally, the synthetic cannabinoid dronabinol has
previously demonstrated enhancing effects on extinction learning and recall in
humans, while improving the severity of symptoms linked with hyperarousal and sleep
quality in PTSD patients (Rabinak et al., 2013; Roitman et al., 2014). Similar effects
were also observed with nabilone administration (Jetly et al., 2015), rendering

cannabinoid modulators potential candidates for the management of PTSD.

Finally, it is worth discussing the implication of endocannabinoid signaling
dysregulation in the development of psychiatric disorders, like schizophrenia and
depression, with an emphasis on anxiety disorders below. Clinical studies and animal
models of schizophrenia revealed increased AEA levels in blood and cerebrospinal
fluid, alteration of CB1R densities in the dorsolateral prefrontal cortex, ACC, insular
cortex, pons and nucleus accumbens (NAc), along with a decrease in CB2R expression
in mononuclear cells in peripheral blood (Scherma et al., 2018). Cannabis and CB1R
agonist use, like A°>-THC and synthetic analogues such as WIN-55212 and CP-55940, is
associated with an increased risk of development of schizophrenia in genetically
predisposed people, exacerbation of psychotic symptoms in diagnosed patients, and
induction of transient cognitive impairments, and positive and negative symptoms
after acute administration in healthy individuals (D'Souza et al., 2004). On the other
hand, pre-treatment with CBD blocked the psychotomimetic symptoms induced by A°-
THC in healthy volunteers (Bhattacharyya et al., 2010). However, administration of
CBD has revealed that antipsychotic effects can be mediated through a supplementary

mechanism, by partially agonizing the dopamine 2 receptors (D2Rs) (Seeman, 2016).
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Additionally, evidence arising both from human and animal studies suggests that
alterations in 2-AG concentrations in serum and depression-related brain areas, in
parallel with changes in CB1R expression, play a crucial role in depression and bipolar
disorder pathogenesis, while cannabis use is associated with improvement of mood-
related symptoms. Nevertheless, high and regular doses of cannabis may constitute a
risk factor for the development of new-onset depressive and mood disorders (Lev-Ran
etal., 2014; Scherma et al., 2018). On the other hand, alterations in ECB signaling have
been identified upon stress exposure. Specifically, increased levels of CB1IR mRNA and
protein expression were detected in BLA, and CAl area of hippocampus in mice
exposed to foot shock and reminders, while chronic stress was found to result in
downregulation and loss of CB1Rs (Navarrete et al., 2020). On the other hand,
elevated CB1R availability in the amygdala-hippocampal-cortico-striatal neural circuit
after a positron emission tomography (PET) scan, accompanied by low plasma levels
of AEA and cortisol, were identified in patients diagnosed with PTSD, suggesting that
the upregulation of CB1R in response to low anandamide levels plays a critical role in
the etiology of the disorder, while providing an important direction for the
development of novel pharmaceuticals targeting the ECB system (Neumeister et al.,

2013).

1.6 Cannabidiol's pharmacological properties and therapeutic potential

CBD has attracted considerable attention for its potential therapeutic effects
in a wide range of neuropsychiatric disorders. Results from both clinical and preclinical

studies support its promising anti-oxidative, anti-inflammatory, neuroprotective, and
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anxiolytic-like properties against anxiety- and trauma-related disorders (Kerstin &

Franjo, 2017).

CBD is a generally well-tolerated compound, with the only reported side
effects being tiredness, diarrhea, alterations in appetite and weight, when
administered for treatment of epilepsy and psychotic disorders, while neither
psychomotor function nor vital signs have been adversely affected, demonstrating a
more favorable safety profile compared to the commonly prescribed drugs for these
disorders (Iffland & Grotenhermen, 2017). Nevertheless, in vitro and in vivo studies
report some side effects related to cell viability alterations, decreased fertilization
capacity, along with inhibition of enzymatically-induced hepatic metabolism and drug
transporters, which need to be further investigated in human studies for potential
long-term complications and interactions of CBD with other substances (Bergamaschi

et al.,, 2011).

Because of its lipophilicity, CBD undergoes extensive first-pass metabolism and
can have low bioavailability, depending on the route of administration and genetic
polymorphisms of drug metabolizing enzymes, rendering its pharmacokinetics quite
complex (Millar et al.,, 2018). Differences across species in affinity, capacity and
duration of binding between CBD and its molecular targets are some of the crucial
parameters controlling its effectiveness. Since polypharmacy has become integral to
the management of anxiety- and trauma-related disorders and comorbid somatic
conditions, drug interactions should be taken into consideration as many of the
clinically prescribed medications are metabolized by the same isoforms of the

cytochrome CYP450 family as CBD (Ujvary & Hanus, 2016). Therefore, it is of crucial
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importance to determine a thorough safety profile for CBD and co-administered

substances, especially those with a narrow therapeutic window.

There is considerable evidence demonstrating that CBD induces both anxiolytic
and modulatory effects on learned fear. Interestingly, it was found that CBD elicits
acute reductions on learned fear expression, by facilitating 5-HT-ergic signalling
(Campos & Guimardes, 2008; Gomes et al., 2011; Gomes et al., 2012; Fogaca et al.,
2014; Marinho et al., 2015). Concomitantly, CBD produces sustained fear-suppressing
effects by regulating several aspects of learned fear memory, disrupting either its
consolidation (Stern et al., 2017; Raymundi et al., 2020) or reconsolidation (Stern et
al., 2012; Bayer et al., 2022), and enhancing its extinction (Bitencourt et al., 2008; Do
Monte et al., 2013). It is believed that CBD possibly facilitates endocannabinoid
signaling indirectly through elevation of ECBs (Ligresti et al., 2016), however, the exact
mechanism through which CBD mediates such effects is not fully elucidated. The
extinction-enhancing effects of CBD may bear significant translational value,

rendering CBD an interesting cannabinoid to explore its therapeutic potentials.

1.7 Pharmacology of the endocannabinoid system

The ECB system has multifunctional regulatory roles in various physiological
processes, while it has attracted much attention for its involvement in the regulation
of fear processing, rendering it a promising therapeutic target for the management of
anxiety- and trauma-related disorder. It was suggested that several of the modulatory
effects of CBD on learned fear memory, extinction and reconsolidation are possibly

mediated indirectly through elevation in ECB levels and subsequent activation of
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cannabinoid receptors. Therefore, it is very important to introduce the principal

elements and mechanisms governing endocannabinoid signaling.

Major ECBs are AEA and 2-AG, while other endogenous ligands identified, like
N-arachidonyldopamine,  2-arachidonylglyceryl ether and  O-arachidonyl-
ethanolamine, can also exert effects (Di Marzo & De Petrocellis, 2012). They are not
stored in vesicles like classical neurotransmitters, instead they are synthesized on
demand in the postsynaptic neuron in response to membrane depolarization,
subsequent calcium influx through voltage gated calcium channels (VGCCs) and
activation of metabotropic glutamatergic and cholinergic receptors (Figure 1.5). AEA
synthesis starts from the membrane precursor N-arachidonoyl
phosphatidylethanolamine (NAPE), either postsynaptically in BLA or presynaptically in
hippocampus (Egertova et al., 2008). Production of AEA may follow four different
enzymatic pathways, but the most significant is that involving NAPE hydrolysis by N-
acyl phosphatidylethanolamine phospholipase D (NAPE-PLD). Another noteworthy
pathway constitutes the cleavage of the NAPE phosphodiester bond by NAPE-
phospholipase C (NAPE-PLC), followed by dephosphorylation of the resulting
phosphoanandamide by phosphatase, liberating AEA (Liu et al., 2008). 2-AG derives
from the hydrolysis of phosphatidyl-inositol bisphosphate by phospholipase CB and
the subsequent hydrolysis of diacylglycerol (DAG) by diacylglycerol lipase a (DAGLa)

(Tsuboi et al., 2018).
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Figure 1.5 Schematic representation of retrograde, non-retrograde and neuron-astrocyte
endocannabinoid signaling along with the components of the ECB system (Patel et al., 2017). ECBs
are synthesized on demand in post-synaptic neuron and released in synaptic cleft. In retrograde
signaling, ECBs activate pre-synaptic CB1Rs and suppress glutamate or GABA release. In non-retrograde
signaling, ECBs stimulate post-synaptically expressed CB1Rs and TRPV1 channels, while in neuron-
astrocyte signaling, ECBs stimulate CB1Rs that are expressed in adjacent astrocytes, leading to indirect
modulation of synaptic function. ECB=endocannabinoid, AEA=anandamide, CB1R=cannabinoid 1
receptor, CB2R= Cannabinoid 2 receptor, TRPV1= transient receptor potential vanilloid type 1,
FAAH=fatty acid amide hydrolase, NAPE-PLD= N-acyl phosphatidylethanolamine phospholipase D.

After their synthesis, ECBs are immediately released and travel across the
synapse and bind to different receptors with distinct binding capacities and efficacies,
mediating retrograde, non-retrograde and neuron-astrocyte signaling, playing a
crucial role in the regulation of synaptic function. More specifically, 2-AG is a high
efficacy agonist at both CB1Rs and CB2Rs, while AEA is a partial agonist with low
efficacy at CB1Rs and even lower at CB2Rs, however it is a full agonist both at TRPV1

and PPARy (Di Marzo & De Petrocellis, 2012). 2-AG mediates phasic signalling in the
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ECB system, while AEA provides a tonic response, mitigating excessive neuronal
excitability (Ahn et al., 2008). In retrograde signaling, ECBs activate CB1Rs found in the
pre-synaptic terminals of excitatory or inhibitory neurons, exerting suppression of
neurotransmitter release. Induction of short-term synaptic plasticity, in the form of
either depolarization-induced suppression of excitation or depolarization-induced
suppression of inhibition, is mediated by inhibiting presynaptic N and P/Q VGCCs and
activating inward rectifier potassium channels. Long-term plasticity, in the form of
either homosynaptic glutamatergic or heterosynaptic GABA-ergic long-term
depression (LTD), is evoked through inhibition of adenylyl cyclase (AC) and subsequent
downregulation of cyclic adenosine monophosphate (cAMP) production and protein
kinase A activity (Lu & Mackie, 2016). Non-retrograde signaling occurs when AEA
stimulates the post-synaptically co-expressed CB1Rs and TRPV1 channels. TRPV1
channel activation is crucial for the regulation of synaptic plasticity, as it induces
postsynaptic LTD through stimulation of AMPA receptor endocytosis that leads to
reduced glutamatergic signaling (Chavez et al., 2010; Ohno-Shosaku & Kano, 2014).
Regarding neuron-astrocyte signaling, postsynaptically released ECBs target CB1Rs
expressed in astrocytes adjacent to the synapse, resulting in gliotransmission and
indirect modulation of presynaptic activity. Depending on the type of neuron that the
astrocyte interacts with, this may result in either short-term plasticity or spike-timing-
dependent LTD. The former occurs upon glutamate-mediated activation of mGluR1s
expressed in presynaptic neurons, a process that enhances neurotransmitter release,
while the latter results from activation of presynaptic NMDA receptors, which leads

to reduced neurotransmitter release (Castillo et al., 2012).
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The function of the ECB system is highly dependent on the maintenance of
adequate endocannabinoid levels in synapses. Uptake of ECBs into the intracellular
compartment and their subsequent enzymatic degradation, terminates their signaling
activity (Ahn et al., 2008). Importantly, the exact mechanism through which ECBs cross
cell membranes is not fully elucidated. Potential reuptake mechanisms may involve
passive diffusion, transporter proteins, endocytosis, or combination of them
(Baggelaar et al., 2018). It is believed that since ECBs are uncharged hydrophobic
molecules, in contrast to other neurotransmitters, they do not require
transmembrane transporters, an opinion that is still debated. To date, a putative
endocannabinoid membrane transporter (EMT) has not been identified, and possibly
AEA diffuses across the cellular membrane down the concentration gradient that is
driven by the fatty acid amide hydrolase (FAAH) enzyme, which is the main
degradative enzyme of AEA. Thereafter, fatty acid binding proteins (FABPs), by acting
as intracellular carriers, shuttle AEA to FAAH for breakdown. Inhibition of FAAH or
FABPs reduces the rate of AEA metabolism and therefore raises AEA levels available
at the synapse (Deutsch, 2016). Although much less evidence exists regarding the
uptake of 2-AG, Chicca and co-workers (2012) has previously suggested that there is a
bidirectional membrane transporter that regulates the trafficking and metabolism of

both ECBs.

FAAH maintains somato-dendritic localization at the membrane surface of
Ca%*-storing cytoplasmic organelles (i.e., endoplasmic reticulum) of principal cells,
predominately distributed in the cerebellum Purkinje cells and the BLA while to a
lesser extent in the CEA (Gulyas et al., 2004). It is responsible for the hydrolysis of AEA

into its metabolites, arachidonic acid and ethanolamide, but also for the degradation
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of other N-acylethanolamine type ECBs like N-palmitoyl ethanolamine and N-oleoyl
ethanolamine (Gunduz-Cinar et al., 2013). Additionally, hydrolysis of AEA can be
performed by N-acylethanoloamine hydrolyzing acid amidase resulting in the same
metabolites, while oxidation constitutes another potential degradative pathway,
mediated predominately by cyclooxygenase-2 (COX-2), producing prostaglandin E2—
glycerol ester. Other noteworthy oxidative enzymes are CYP450 hydrolase, CYP450
epoxygenase and lipoxygenase (LOX) of the -5/ -8/ -11/ -12 and —15 subtypes that
produce 20-HETE-EA, epoxytrienoic acid ethanolamides and 5-/ 8-/ 11-/ 12- HETE
ethanolamides, respectively, as metabolites of AEA (Urquhart et al.,, 2015;

Maccarrone, 2017).

The main degradative pathway of 2-AG is hydrolysis, through which it is
converted into arachidonic acid and glycerol. This is primarily mediated by
monoacylglycerol lipase (MAGL), which is distributed in granule cells, CA3
hippocampal pyramidal cells and in some interneurons, maintaining axono-terminal
localization. The metabolism of 2-AG is also mediated to a lesser extent by alpha/beta
domain-containing hydrolase 6, alpha/beta domain-containing hydrolase 12 and
FAAH, located postsynaptically. Oxidation by COX-2 is another possible route of 2-AG
metabolism, resulting in prostanoid glycerol ester formation, with prostaglandin E2
glycerol ester the most crucial for the enhancement of synaptic plasticity. However,
LOX-12/ -15 and CYP450 epoxidase are additional oxidative enzymes responsible for
2-AG degradation into 12-/ 15-HETE-G and epoxytrienoic glycerol esters, respectively
(Gulyas et al., 2004; Urquhart et al., 2015; Lu & Mackie, 2016; Tsuboi et al., 2018).
Therefore, pharmacological manipulation of the ECB system at the level of

cannabinoid receptors, or enzymes implicated in endocannabinoid biosynthesis or
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degradation may comprise promising therapeutic targets for the treatment of anxiety
and trauma-related disorders (Di Marzo, 2009). Selective inhibition of either FAAH or
MAGL to elevate the levels of AEA or 2-AG is a very promising therapeutic approach
with a more favorable adverse effect profile, with elevation of AEA levels by selective
blockade of FAAH associated with less CB1Rs desensitization and behavioral tolerance

in comparison to MAGL inhibition and 2-AG rise (Schlosburg et al., 2010).

1.8 Pharmacology of the serotonergic system

The ECB system was found to modulate the signaling of other neurotransmitter
systems, with the serotonergic system attracting much attention not only due to its
strong association with the regulation of anxiety, but also because CBD exerts acute
effects on expression of innate and learned fear, by directly interacting with 5-HT1ARs.
Therefore, before describing these interactions in the next sections, it will be useful to

briefly introduce some key elements of serotonergic neurotransmission and circuitry.

5-HT is a widely distributed monoamine in neural and non-neural (e.g.,
gastrointestinal enterochromaffin cells, platelets) tissues, and plays a crucial role in
various physiological processes by interacting with 14 receptor subtypes from seven
families (i.e., 5-HT1, 2, 3, 4, 5, 6, 7). Six of them are G-protein coupled receptors, apart
from 5-HT3 receptors (5-HT3Rs) that are ligand-gated ion channels. 5-HT can act
locally in the synapse as a neurotransmitter or diffuse at extra-synaptic sites producing
paracrine effects (De-Miguel & Trueta, 2005). In the brain, 5-HT-ergic neuronal cell
bodies are restricted to the midbrain dorsal raphe nuclei (DRN) and median raphe
nuclei (MRN), which synthesize, store, and release 5-HT through axonal projections to

various cortical and limbic structures. The PFC, like other cortical areas, receives dense
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convergent 5-HT-ergic innervation from both raphe nuclei, while descending
projections to these nuclei regulate 5-HT release (Puig & Gulledge, 2011). Additionally,
the DRN sends ascending projections to the amygdala, vHPC, lateral septum, and
striatum, whereas the MRN innervates predominately the dHPC, hypothalamus, and
medial septum (Hale & Lowry, 2011). Through this complex circuitry, 5-HT
orchestrates a plethora of brain functions like perception, pain, mood, aggression,
sleep, appetite, vomiting, temperature, and blood pressure, while impaired 5-HT-ergic
signalling has been linked with the pathophysiology of several neuropsychiatric

conditions like depression, anxiety, and migraine (Katzung, 2015).

Essential for the synthesis of 5-HT is the amino acid L-tryptophan (Figure 1.6),
which is converted into 5-hydroxytryptophan (5-HTP) by tryptophan hydroxylase 1
(periphery) or 2 (brain) (Bader, 2020). Subsequently, 5-HTP is enzymatically
transformed by aromatic amino acid decarboxylase into 5-HT, which is transported
and stored in the vesicle with the help of vesicular monoamine transporter 2. 5-HT is
released through exocytosis in response to depolarization of the presynaptic terminal
and diffuses in the synaptic cleft to exert its effects after its binding to postsynaptic or
presynaptic 5-HT receptors. Once neurotransmission is terminated, 5-HT s
transferred across the presynaptic membrane by the serotonin reuptake transporter
(SERT) and can be degraded by monoamine oxidase A and aldehyde dehydrogenase

into 5-hydroxyindole acetic acid (Hensler, 2006).
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Figure 1.6 Schematic representation of processes and components involved in serotonergic signaling
(Wong et al., 2005). TRYP=tryptophan, TH=tryptophan hydroxylase, 5-HTP=5-hydroxytryptophan,
AADC=aromatic amino acid decarboxylase, 5-HT=5-hydroxytryptamine (serotonin), MAO=monoamine
oxidase, 5-HIAA=5-hydroxyindole acetic acid, SSRI=serotonin reuptake inhibitor, ATP=adenosine
triphosphate, AC=adenylyl cyclase, PC=Phospholipase C, DAG=diacylglycerol, PIP>=phosphatidyl-
inositol bisphosphate, IPs=inositol triphosphate, cAMP=cyclic adenosine monophosphate.
Importantly, imbalanced 5-HT-ergic signalling was found to be implicated in
the development of anxiety- and trauma-related disorders. Several studies have
investigated the role of 5-HT1AR, 5-HT2AR, and 5-HT3R -mediated transmission in the
modulation of fear learning and extinction processes (Homberg, 2012), while others
have linked the presence of SERT gene polymorphisms with susceptibility to anxiety-
like behaviours (Ahs et al., 2015). Interestingly, in response to stress or fear
conditioning, increased neuronal excitability and 5-HT synthesis have been observed
in the DRN, which is associated with elevated concentrations of 5-HT in both amygdala
and PFC, areas that, along with the hippocampus, densely express 5-HT receptors
(Krystal & Neumeister, 2009; Bauer, 2015). Specifically, 5-HT1ARs are inhibitory Gi/o -

protein coupled receptors that induce membrane hyperpolarization and inhibition of

AC. Pre-synaptic 5-HT1ARs are distributed in the somatodendritic site of 5-HT-ergic
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neurons in the raphe nuclei and, by acting as autoreceptors, inhibit neuronal firing and
release of 5-HT from 5-HT-ergic terminals (Bockaert et al., 2006). 5-HT1ARs are also
located postsynaptically in 5-HT-ergic synapses in pyramidal neurons and GABA-ergic
interneurons of PFC and hippocampus, inhibiting neuronal excitability (Dong et al.,
1998; Llado-Pelfort et al., 2012; Lopez-Gil et al., 2010; Singewald et al., 2015). In
contrast, 5-HT2ARs are excitatory Gg-protein coupled receptors that exert
depolarizing effects, leading to enhancement of neuronal firing and presynaptic
glutamate release (Stein et al., 2000; Singewald et al., 2015). 5-HT2AR agonism
primarily stimulates phospholipase C that triggers the release of DAG and inositol
triphosphate, which subsequently activate protein kinase C. 5-HT2ARs are widely
expressed in the cerebral cortex (i.e., piriform, entorhinal), claustrum, olfactory bulb,
basal ganglia (i.e., NAc, caudate nucleus), DRN, and BLA pyramidal and parvalbumin
GABA-ergic interneurons, while showing both pre- and post-synaptic distribution
(Singewald et al., 2015; Zhang & Stackman, 2015; da Silva Soares et al., 2019). On the
other hand, 5-HT3Rs are excitatory ligand-gated ion channels, the activation of which
leads to rapid depolarization by changing cation (Na*, K', Ca?') conductance
(Thompson & Lummis, 2006). Depending on their localization, either pre- or post-
synaptic, 5-HT3Rs enhance neurotransmitter release (i.e., 5-HT, norepinephrine (NE),
GABA, dopamine (DA), acetylcholine) or elicit excitatory postsynaptic potentials,
respectively (Zhao et al., 2018). 5-HT3Rs have been identified in several areas in CNS
including the NAc, raphe nucleus, substantia nigra, VTA, area postrema, nucleus
tractus solitarius, entorhinal cortex, and GABA-ergic neurons of hippocampus and BLA

(Cortes-Altamirano et al., 2018).
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1.9 Interaction of endocannabinoid system with other neurotransmitters

As mentioned above, the ECB system interacts with other neurotransmitters
to modulate their signaling in relation to the regulation of anxiety and learned fear,
including glutamate, GABA, NE, and 5-HT. Bidirectional influences of the ECB system
have been found, resulting in either anxiolytic or anxiogenic responses mediated by
both augmentation and attenuation of endocannabinoid tone. This phenomenon is
proposed to be greatly dependent on the localization, basal activation, and sensitivity
of CB1Rs on GABA-ergic and glutamatergic neurons. More specifically, tonic activation
with agonism of CB1Rs localized on GABA-ergic neurons, along with their high
sensitivity to cannabinoids, was found to evoke anxiogenic effects through
suppression of inhibition. On the other hand, phasic activation of CB1Rs localized on
glutamatergic neurons and their lower sensitivity to cannabinoids are factors
contributing to the development of anxiolytic effects by suppressing excitation after

excess glutamate (Ruehle et al., 2012).

The ECB system plays a crucial role in regulating cognition and emotion by
interacting with NE-ergic and 5-HT-ergic circuits. Cannabinoids directly or indirectly
regulate activity of NE-ergic and 5-HT-ergic cells along with the release of their
corresponding neurotransmitters, exerting complex effects from anti-depressive and
anxiolytic effects to aversive behavior and disrupted attention. NE-ergic cells found
predominately in locus coeruleus (LC) play a fundamental role in the control of
cognition, vigilance, stress and selective attention. CB1Rs are mainly distributed
postsynaptically on NE-ergic cells and, to a lesser extent, presynaptically at GABA-ergic

and glutamatergic terminals arriving from prepositus hypoglossi and
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paragigantocellular nucleus, respectively (Williams et al., 1991; Samuels & Szabadi,
2008). The firing of NE-ergic cells occurs in tonic or phasic modes. Tonic activation is
associated with poor performance and attention, while phasic activation is linked with
good task performance and focused attention. During basal conditions, GABA
activates GABAaRs found at postsynaptic NE-ergic cells, decreasing their tonic
activation. Glutamate activates AMPA receptors found postsynaptically to augment
phasic activation of NE-ergic cells. Activation of CB1Rs leads to inhibition of GABA
release and the subsequent increase in tonic activation of NE-ergic cells and, along
with the enhancement of NMDA receptor-induced responses, is thought to account
for the stimulatory effect. On the other hand, the CB1R-mediated inhibition of
glutamate release leads to a decline in phasic activation of NE-ergic cells and to
induction of an inhibitory effect (Ruehle et al., 2012; Mendiguren et al., 2018).
Stimulatory effects on NE-ergic neuronal excitability resulting from a high dose of
CB1R agonist leads to increased NE release and to a low phasic/ tonic activation ratio,
which is linked to anxiogenesis and disruption of attention. Noteworthy are the
mechanisms involved in the increase of NE levels, such as the enhancement of tyrosine
hydroxylase activity, an enzyme involved in biosynthesis of NE, decrease in
norepinephrine transporter activity, cannabinoid-induced activation of the
hypothalamic-pituitary-adrenal (HPA) axis, and the down-regulation of az-adrenergic
receptors after chronic administration of CB1R agonists (Carvalho & Van Bockstaele,

2012).

The serotonergic and endocannabinoid systems act independently and also
interact, modulating stress responses as both systems are implicated in the regulation

of the HPA axis. ECBs are proposed to weaken HPA axis activation, facilitating 5-HT-
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ergic signaling through 5-HT1ARs and 5-HT2ARs. It is suggested that the ECB system
modulates the 5-HT-ergic system by influencing 5-HT release at the level of projection
areas and by regulating the excitability of DRN neurons. This occurs because CB1Rs
and the enzymes involved in ECB biosynthesis and metabolism are expressed in 5-HT-
ergic neurons. The latter receive excitatory and inhibitory inputs from glutamatergic
neurons in PFC and from local GABA-ergic interneurons, respectively. These neurons
express presynaptic CB1Rs and their activation suppresses glutamate and GABA
release. Therefore, ECBs exert indirect bidirectional modulation of 5-HT-ergic neurons
by regulating their excitatory and inhibitory inputs. The balance between these inputs,
along with the synaptic strength and the presynaptic CB1R will determine their
excitability. The activation of CB1Rs by ECBs or exogenous agonists, or inhibitors of
endocannabinoid degradative enzymes, lead to an increase in the firing activity of 5-
HT-ergic neurons and 5-HT release, mediating antidepressant and anxiolytic effects

(Haj-Dahmane & Shen, 2011; Geddes et al., 2016).

1.10 Endocannabinoid modulators as potential anxiolytics

As mentioned above, patients suffering from anxiety- and trauma-related
disorders often do not respond to current pharmacological and psychotherapeutic
treatments, showing limited responses with high relapse rates and impaired
tolerance. Expression of ECB system components in brain areas implicated in
emotional and cognitive processing of fearful stimuli has led to the idea of
cannabinoids as potential therapeutic agents for these disorders, mainly by targeting
the enhancement of aversive memory extinction and mitigation of stress responses

after exposure to reminders (Singewald et al., 2015; Patel et al., 2017).
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CB1R agonists have been found to mediate both anxiolytic and anxiogenic
effects depending on the dose, the route of administration, the various sensitivities of
CB1Rs expressed in different neuronal populations and the aversiveness of the testing
model (Korem et al., 2016). AEA has anxiolytic-like effects with low doses through
activation of CB1Rs, while anxiogenic effects appear with higher doses by stimulating
TRPV1 receptors (Batista et al., 2015). Additionally, CB1R activation was found to
enhance learned fear extinction, while opposing effects were exerted upon TRPV1
activation, leading to augmented fear expression (Moreira et al., 2012). Along with
this, presynaptic and postsynaptic TRPV1 channel expression at brain areas implicated
in anxiety like hippocampus, hypothalamus, BNST, and PAG, have rendered TRPV1
antagonists as emerging pharmacological agents in the treatment of anxiety disorders
(Deng et al., 2016; Uliana et al., 2016). Agonism at TRPV1 in PAG, a region responsible
for the control of coping strategies in response to fear conditioning, has anxiogenic-
like effects, while TRPV1 blockade or activation of CB1Rs cause anxiolytic effects
(Mascarenhas et al., 2013). Therefore, maintaining the balance between activation of
TRPV1 and CB1R is crucial in controlling appropriate behavioural responses and
aversive memory formation (Back & Carobrez, 2018). Interestingly, simultaneous
blockade of FAAH and TRPV1 by N-arachidonoyl-serotonin (AA-5-HT) suppresses
contextual fear memory retrieval by increasing AEA in the dorsal hippocampus,
suggesting a potential therapeutic approach against traumatic memories (Gobira et

al., 2017).

Another promising target for pharmacological intervention is the amplification
of endocannabinoid signalling by blocking FAAH, MAGL and COX-2, or re-uptake

mechanisms, which were found to have promising anxiolytic-like and fear-alleviating
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properties. The investigation of MAGL inhibitors as potential therapeutics emanated
from the fact that reduced circulating levels of 2-AG have been found in humans
suffering from PTSD (Hill et al., 2013). JZL184, a MAGL inhibitor, was suggested to
induce both antidepressant and anxiolytic-like effects through enhancement of
synaptic plasticity and hippocampal neurogenesis (Zhang et al.,, 2015). However,
contradictory findings have been identified regarding MAGL inhibitors as they
potentially impair fear extinction, presumably through CB1R agonism at GABA-ergic
interneurons (Llorente-Berzal et al., 2015). On the other hand, reduced AEA levels,
resulting from stress-induced FAAH mobilization, are associated with increased BLA
excitability, dendritic arborization and spinogenesis, along with exaggerated HPA-axis
responses, which are all correlated with anxiety-like states (Hill et al., 2010). URB597,
one of the most studied FAAH inhibitors, is proposed to reverse the aforementioned
pathological findings and elicit anxiolytic-like effects in animal models of anxiety and
PTSD by enhancing extinction through CB1R-mediated modulation of 5-HT-ergic and
NE-ergic neurotransmission. This is interlinked with increased BDNF and modification
of 5-HT1A and 5-HT2A/C receptor signalling in hippocampus and via astroglial CB1R-
induced LTD in BLA (Bambico et al., 2016; Duan et al., 2017; Danandeh et al., 2018). It
was found that systemic or central administration of URB597 into BLA or CA1l area of
hippocampus before extinction suppressed fear expression across extinction sessions
and later during spontaneous recovery. Simultaneously, URB597 prevented the
alteration in ECB levels and metaplasticity within the BLA-CA1 induced by footshock
and reminders in an inhibitory avoidance task, during which the innate preference of
rodents to explore dark is suppressed following exposure to inescapable aversive

stimulus (Ogren & Stiedl, 2010; Segev et al., 2018).
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Analogous effects were observed after systemic URB597 administration in
socially isolated rats subjected to inescapable foot-shocks. URB597 enhanced
consolidation of extinction memory, resulting in long-lasting suppression of fear and
normalization of social behavior, demonstrating better performance when compared
to the MAGL inhibitor JZL184 or the CB1R agonist WIN55,212-2 (Morena et al., 2018).
Remarkable at this point is the comparative study of JZ184 and the FAAH inhibitor PF-
3845 with the dual FAAH/MAGL inhibitor JZL195. The two former agents are anxiolytic
when administrated alone, while the latter has no effect, suggesting that the
enhancement of endocannabinoid signalling caused by increased 2-AG or AEA levels
alone has an anxiolytic-like effect, which does not arise after a simultaneous increase
of both ECBs (Bedse et al., 2018). Another noteworthy mechanism of regulating
anxiety states is via COX-2 inhibition mediated through two main mechanisms, the
decrease in proinflammatory prostaglandins and increases in AEA and 2-AG levels by
inhibiting their degradation. Both substrate selective COX-2 inhibitors, like LM-4131,
and traditional ones, like Celecoxib, exert anxiolytic-like effects by reducing
behavioural dysregulation after stress and expression of conditioned fear, without
development of tolerance or impairment of locomotor activity (Hermanson et al.,

2013; Gamble-George et al., 2016).

1.11 Molecular targets of cannabidiol

The possible mechanisms of action of CBD have been extensively investigated
over the last decade. CBD binds with low affinity to CB1Rs and CB2Rs, acting as a
negative allosteric modulator for the former and as a weak inverse agonist to the

latter, properties that render it superior in relation to potential adverse side effects in
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comparison with orthosteric modulators (Figure 1.7) (Laprairie et al., 2015; Ligresti et
al., 2016). However, CBD can indirectly agonise CB1Rs and CB2Rs by increasing the
levels of AEA through a decrease of FAAH-mediated degradation or inhibition of
cellular uptake of AEA by targeting fatty acid binding proteins. CBD can also increase
2-AG levels, though to a lesser extent, by reducing MAGL-mediated degradation (De
Petrocellis et al., 2011; Elmes et al., 2015). Interestingly, the neuroprotective, acute
anxiolytic and antidepressant effects of CBD have been attributed to the agonism
exerted at 5-HT1ARs in dorsal PAG, BNST and PFC (Campos et al., 2016; Russo et al.,
2015; Zanelati et al., 2010). Like other cannabinoids, CBD was found to also interact
with TRPV1 receptors, resulting in their activation and desensitization, which are
associated with modulation of anxiety and nociception (lannotti et al., 2014). Another
noteworthy pharmacological target of CBD is the activation of PPARy receptors, which
act as a protective mechanism against reactive gliosis and neuronal damage, while
eliciting positive effects on glucose and fatty acid metabolism (Esposito et al., 2011;
Jadoon et al., 2016). CBD was also found to block the reuptake of adenosine and
subsequently increase its levels through inhibition of the equilibrative nucleoside-
transporter (ENT), thus inducing immunosuppressive effects by indirectly activating
adenosine A2 receptors. Outside the CNS, CBD acts as a full agonist of adenosine Al
receptors, possibly exerting beneficial effects on cardiac arrythmias and myocardial
ischemias (de Almeida & Devi, 2020). Furthermore, CBD, by partially agonising D2Rs,
may elicit antipsychotic effects or be involved in emotional memory processing
through D2Rs in vHPC (Campos et al., 2016; Ligresti et al., 2016; Seeman, 2016). CBD,
by acting also as a negative allosteric modulator at p- and 6-opioid receptors, may

exert beneficial effects in reducing opioid and ethanol-seeking behavior, while
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controlling drug abuse relapse and withdrawal symptoms. Lastly, CBD demonstrates
modulatory effects on neuronal excitability by inhibiting Na* and Ca?* channels,
rendering a possible mechanism for CBD’s antiepileptic effects (de Almeida & Devi,

2020).
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Figure 1.7 Molecular targets of CBD (adapted from de Almeida & Devi, 2020). 5-HT1A= serotonin 1A
receptor, TRPV1= transient receptor potential cation channel subfamily V member 1, D2= dopamine 2
receptor, GPR55= G protein-coupled receptor 55, MOR=p-opioid receptor, CB1/CB2=cannabinoid
receptors, AEA-anandamide, 2-AG=2-Arachidonoylglycerol, AA=arachidonic acid, FAAH=fatty acid
amide hydrolase, EMT=endocannabinoid membrane transporter, Al=adenosine 1 receptor, ENT=
equilibrative nucleoside transporter, PPARy=peroxisome proliferator-activated receptor gamma.

1.12 Cannabidiol’s involvement in neuroplasticity and neuroprotection

Preclinical data have revealed that anxiety is associated with decreased hippocampal
neurogenesis and stress-induced synaptic remodelling, in which reduced hippocampal
volume is highly interlinked with overgeneralization of the aversive context (Fuchs et

al., 2014; Levy-Gigi et al., 2015). These effects were reversed after chronic treatment
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with SSRIs and a 10-week course of prolonged exposure therapy, in clinical studies
(Rubin et al., 2016). Restoration of synaptic function can result from a combination of
several phenomena, like promotion of dendritic remodelling, elevation of BDNF,
increase in synaptic protein expression, like synapsin I/1l, synaptophysin and post-
synaptic density protein 95, and normalization of metabotropic glutamatergic
receptors (Campos et al., 2017). Cannabinoids regulate neurogenesis via CB1R and
CB2R activation by influencing proliferation, differentiation, survival, and migration of
neural progenitor cells through induction of the phosphoinositide 3 kinase/ protein
kinase B/ mammalian target of rapamycin (PI3K/Akt/mTOR) and mitogen-activated
protein kinase kinase/mitogen activated protein kinase/cAMP-response element
binding protein (MEK/MAPK/CREB) cascades. CREB, acting as a transcription factor,
stimulates the production of BDNF, which is mandatory for hippocampal neural stem
cell proliferation through its involvement in BDNF-tyrosine receptor kinase B signalling

(Prenderville et al., 2015).

Preclinical studies using chronic unpredictable stress (CUS) and
neurodegenerative models have revealed that the behavioural effects induced after
acute or chronic CBD administration are mediated by facilitation of hippocampal
neurogenesis, restoration of synaptic remodelling, and expression of intracellular
protein glycogen synthase kinase 3B (p-GSK3pB). In addition, reductions in FAAH
activity and reactive microglial activation, along with modulation of autophagy
cascades were found to induce neuroplastic and neuroprotective effects (Campos et
al., 2017). The anxiolytic effects exerted by repeated CBD administration in the CUS
model are attributed to neuroplastic changes induced by facilitation of CB1R and

CB2R-mediated signalling (Fogaca et al., 2018). Chronic CBD administration was also
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found to suppress proinflammatory responses by modulating intracellular cascades
like Akt, extracellular-signal-regulated kinase 1/2, p-GSK3B, mTOR, through CB1R,

CB2R and PPARy-mediated activation (Campos et al., 2017).

1.13 Effectiveness of cannabidiol in learned fear

Preclinical studies have shown that CBD can affect every phase of the fear
conditioning process by attenuating memory formation and retention, resulting in a
reduction of conditioned fear behaviour. Resstel et al.,, (2006) showed that
administration of CBD before fear retrieval testing acutely attenuated the expression
of freezing behaviour and cardiovascular responses when rats were re-exposed to the
conditioned aversive context. Lemos et al. (2010) confirmed the effectiveness of
systemically administered CBD in attenuating contextual fear memory expression and
further identified the involvement of PL and BNST through behavioural and c-fos
immunoreactivity studies. Additionally, by directly infusing CBD into PL and IL, they
found that the latter induced opposing effects by exaggerating fear responding. Two
later studies revealed that the suppressing or enhancing effects induced by intra-PL or
intra-IL CBD, respectively, on the contextual fear memory expression were mediated
through a 5-HT1AR-dependent mechanism, given that pre-administration of the 5-
HT1AR antagonist WAY100,635 reversed the effects of CBD (Fogaca et al., 2014;

Marinho et al., 2015).

CBD was also found to attenuate aversive memory formation. Norris et al. (2016)
demonstrated that intra-NAc shell CBD infusion dose-dependently blocked fear
memory acquisition and prevented subsequent freezing behaviour by decreasing

dopaminergic activity within the mesolimbic pathway through 5-HT1AR-mediated
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signalling. However, few studies report conflicting effects on learned fear expression
when CBD is administered before fear conditioning. Specifically, CBD administration
before trace fear conditioning (i.e., during which CS is separated from US by short
temporal gap) enhanced fear acquisition, while the following day augmented fear
generalization in a novel context and impaired extinction of auditory fear memory
(Uhernik et al., 2018). Analogous effects were observed after chronic administration
of CBD for 14 days before fear conditioning, which led to increased expression of
learned fear upon retrieval testing, indicating that CBD enhanced fear acquisition
(EIBatsh et al., 2012). In contrast, administration of CBD for 21 days did not affect
acquisition of conditioned fear in a transgenic mouse model of Alzheimer’s disease

(Cheng et al., 2014).

Noteworthy is that fear memory consolidation involves time-dependent synaptic
reorganization, rendering the intervention time-window after acquisition narrow and
specific. Rossignoli et al. (2017) demonstrated that bilateral intra-PFC infusion of CBD
5 hrs post-conditioning reduced the freezing behaviour 5 days later during fear
retrieval test, while no effect was produced with CBD administration O hr after
conditioning. This effect was associated with disruption in immediate early gene
expression (i.e., c-fos and zif-268) in memory consolidation-specific regions (i.e.,
hippocampus, mPFC, midline thalamus) along with decreased DA-ergic signaling in
PFC. Additionally, in a protocol of varying foot-shock intensity in rats, systemic
administration of CBD was found to disrupt consolidation of both specific fear
memories through reduction of fear expression and of more generalized ones through
inhibition of fear generalization and disruption of extinction resistance, involving an

AEA-mediated activation of CB1Rs and CB2Rs in dorsal hippocampus (Stern et al.,
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2017). Since the principal concern in the treatment of PTSD is the relapse of
symptomatology and return of fear, the identification of which memory stage
interference could produce more efficient and long-lasting fear reduction, and which
brain areas are implicated, have been the major focus of recent studies.
Therapeutically intervening during acquisition or consolidation is considered
controversial, as it should be applied as closely to the time of exposure to the
traumatic event, which is not always feasible, while not all the individuals exposed to
trauma will develop PTSD (Bernardy & Friedman, 2015; Bitencourt & Takahashi, 2018).

As mentioned above (section 1.4) extinction is a form of inhibitory learning that
results in the formation of new memory trace that competes with and suppresses fear
memory expression, involving predominately IL and ITC of amygdala. It is proposed
that CBD may indirectly facilitate CB1R signalling through FAAH inhibition, resulting in
decreased fear responsiveness to aversive memories by extinction enhancement and
reconsolidation blockade (Chhatwal et al., 2005; Stern et al., 2012; Jurkus et al., 2016).
Administration of CBD before extinction training was found to induce persistent
freezing reduction by promoting the extinction of contextual fear. This response was
reversed with pre-administration of the CB1R antagonist SR141716A but not altered
by the TRPV1 antagonist capsazepine, suggesting that the facilitation of extinction was
CB1R-dependent (Bitencourt et al., 2008). Interestingly, Song et al. (2016) found that
CBD has bidirectional effectiveness in modulating contextual fear memory extinction,
likely via the stress levels induced by conditioning rather than the strength of fear
memory. It was found that CBD acutely reduced fear memory expression during
extinction training and 24 hrs later at retention testing by enhancing its extinction

after strong conditioning, while impairing extinction when conditioning was weaker.
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CBD was found to mitigate both recent and older contextual fear memories by
blocking their reconsolidation, leading to a prolonged freezing reduction and
resistance to reinstatement and spontaneous recovery of fear. This effect was
observed when CBD administration was restricted to a specific time-window of less
than 6hrs after reactivation and was dependent on CB1R- rather than 5HT1AR-
mediated signaling (Stern et al., 2012). In another preclinical study evaluating the
effectiveness of THC alone and when co-administered with CBD, fear memory
maintenance was attenuated in both conditions without interference of locomotor
activity through disruption of contextual fear memory reconsolidation, resulting in
reduction in the freezing response (Stern et al., 2015).

1.14 Cannabidiol: from preclinical to clinical studies

Data from preclinical studies highlight the effectiveness of CBD in attenuating
the formation, disrupting the reconsolidation, enhancing the extinction of fear
memory, and along with its favourable safety profile, have rendered necessary its
evaluation in the clinical milieu. Recent clinical and case report studies in either
healthy individuals or patients suffering from PTSD, and receiving CBD alone or in
combination with THC, have revealed significant improvements in alleviation of
symptoms (Passie et al., 2012; Greer et al., 2014). Interest attracts a case report of a
ten-year old girl diagnosed with PTSD after experiencing partial relief and major
adverse effects from previous pharmacotherapy. A maintenance dose of CBD oil trial
relieved her anxiety symptoms and steadily improved her sleep quality (Shannon &
Opila-Lehman, 2016). Encouraging results arise also from a retrospective, open label
case series study, in which adult PTSD patients received oral formulations of CBD in

combination with pharmacotherapy and psychotherapy for 8 consecutive weeks. CBD
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demonstrated good tolerability in the majority of patients and reduced PTSD
symptomatology based on a self-assessment questionnaire undertaken periodically
every 4 weeks, while a subgroup suffering from nightmares presented significant
improvement (Elms et al., 2019). On the other hand, evidence from a clinical study
with healthy individuals revealed that CBD inhalation after extinction of visual fear
memory resulted in attenuation of contextual fear expression during a retrieval
session, suggesting that CBD facilitated the extinction memory consolidation. In
contrast, pre-extinction CBD did not produce any effects on extinction acquisition or
retrieval but demonstrated a trend-like reduction in reinstatement of the autonomic
fear response (Das et al., 2013). In addition, a double-blind randomized trial has
recently revealed that the CBD augmentation of therapist-assisted exposure therapy
did not improve the overall treatment response of patients diagnosed with panic
disorder with agoraphobia or social anxiety disorder, failing to enhance the learning
and consolidation of extinction memory (Kwee et al., 2022). Another interesting
outcome arises from a recent double-blind trial with adult PTSD patients receiving oral
CBD formulation before the recall of previous traumatic experience. CBD reduced the
cognitive impairments induced by the recall of aversive memory when compared to
placebo, an effect that lasted for up to one week later, indicating that CBD disrupted
fear reconsolidation. However, CBD failed to mitigate the increases in physiological or
emotional responses (Bolsoni et al., 2022). These studies demonstrate promising
evidence that CBD alone or in combination with exposure techniques can provide
long-term alleviation in a diverse spectrum of symptoms associated with maladaptive

traumatic memories, while encouraging further research for the exploration of
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potential CBD effects in prevention from fear relapse and the understanding of its

pharmacological and neurobiological underpinnings.

1.15 Aims of study

Given the supporting preclinical and clinical evidence regarding the beneficial
effects of CBD in fear suppression, this thesis aimed to expand knowledge and
investigate its effectiveness on modulation of extinction and relapse of auditory and
contextual learned fear. The initial aim was to establish and validate a Pavlovian fear
conditioning protocol that permitted extinction and subsequent return of learned fear
memory under conditions of renewal, reinstatement, or spontaneous recovery. By
using one such protocol, experiments aimed to investigate the potential effects of CBD
in preventing fear relapse and determine whether this was achieved due to
enhancement of acquisition or consolidation of extinction, given that both approaches
have been found to promote extinction recall and reduce expression of learned fear.
The next aim was to elucidate the pharmacological mechanisms underlying such
effects of CBD. Experiments examined the potential involvement of CB1R- or 5-HT1AR-
mediating signalling, since these constitute principal targets through which CBD elicits
fear-alleviating and anxiolytic-like effects. Initially, dose-response studies were
performed using CB1R or 5-HT1AR antagonists, which later were administered in
combination with CBD. The last aim was to investigate whether CBD can ameliorate
stress-induced impairments in extinction learning triggered by recent fear

conditioning, using an immediate extinction deficit (IED) protocol.
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Chapter 2. Validation studies of spontaneous recovery, reinstatement, and renewal

of learned fear

2.1 Introduction

PTSD is a chronic debilitating mental condition that can develop after
experiencing or witnessing an extreme traumatic event. It appears as a combination
of symptoms like re-experiencing in response to trauma reminders, avoidance
behavior, generalized hypervigilance, experiencing dissociation phenomena and
presenting negative alteration of cognition and emotion (Friedman et al.,, 2011;
Stoddard Jr, 2018). Despite the application of psychotherapeutic methods alone or in
combination with antidepressants, which constitute standard management of PTSD,
patients often reach inadequate remission or relapse after treatment discontinuation,
rendering this disorder a long-term disability and demanding the development of new

treatments (Murrough et al., 2015; Watkins et al., 2018).

The development and repurposing of compounds enhancing the extinction
process has attracted an increased interest and researchers are focused on
overcoming the great challenge of the simultaneous reduction of fear and its relapse
(Singewald et al., 2015). Among them, CBD demonstrates promising therapeutic
potential due to its beneficial effects on the disruption of fear memory consolidation
(Stern et al., 2017), the attenuation of contextual fear memory expression (Lemos et
al., 2010), the enhancement of extinction (Das et al., 2013; Do Monte et al., 2013),
and the blockade of fear memory reconsolidation (Stern et al., 2012; Stern et al.,
2015). However, further research is needed to identify whether CBD can elicit

potential long-term effects on fear extinction and subsequently decrease the return
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of contextual and auditory fear. The following validation studies aim to determine
optimal parameters for establishing protocols of spontaneous recovery,
reinstatement, and renewal of learned fear for assessing the effectiveness of CBD in
extinction and prevention of fear relapse, and later to decipher the candidate
mechanisms that mediate its effects. The design and parameters used are based on
previous studies performed by our laboratory (Fenton et al., 2016; Jurkus et al., 2016)
or modified protocols from studies found in the literature (King et al., 2018a; Vasquez

et al., 2019).

2.2 Materials and methods

2.2.1 Subjects

Male Lister-Hooded rats (Charles River, UK), weighing 250-350 g were used in
these validation experiments. Rats were group-housed in individually ventilated cages
(3-4/ cage) in the Bio-Support Unit at the University of Nottingham, Sutton Bonington
Campus. The animals were held under controlled temperature (~22°C), humidity
(60%), and illumination (12h light/dark cycle, lights on at 8:00 am) conditions with ad
libitum access to water and food, while wooden chew sticks and cardboard tunnels
were placed in the home cages for environmental enrichment purposes. Behavioral
testing was undertaken during the rats’ light cycle, between 9:00 am and 5:00 pm, and
approximately at the same time each day (+ 1 hour). Rats were humanely culled with
rising CO2 concentration at the end of each experiment. All experimental procedures
and animal care were conducted under the principles of refinement and reduction for
the use of animals in preclinical research and performed under internal ethical

approval and in accordance with the Animals (Scientific Procedures) Act 1986, UK (PPL
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30/3230). The number of animals used for the following experiments was estimated
based on power analysis and statistical power calculations from previous studies
conducted in the lab investigating behavioural effects of systemically or centrally
administered compounds on learned fear (Fenton et al., 2016; Jurkus et al., 2016;
Stubbendorff et al., 2019). Data from approximately 8-12 animals per group will be
needed to achieve statistically significant results, assuming a two-tailed hypothesis
with significance level of a = 0.05, moderate-to-large effect sizes with f > 0.25, and

power > 0.8.

2.2.2 Apparatus

The behavioral procedures were conducted in four chambers with dimensions
30 x 24 x 30 cm, placed in sound attenuated boxes, containing a ventilation fan. The
sidewalls were constructed of aluminum, whilst the ceiling, anterior and posterior
walls were Perspex with a distinct pattern of dots or stripes (Figures 2.1 -2.3). The grid
floor was made of 19 stainless steel bars of 0.5 cm diameter, placed 1.5 cm apart, and
connected to an electric current generator (Med Associates, US), while a speaker was
installed for tone emission. The shocks and tones were automatically delivered using
MED-PC IV (Med Associates, US) software, whereas freezing behavior was digitally
tracked by a camera located above the chamber and analyzed using ViewPoint

software (ViewPoint Behavior Technology, France).

2.2.3 Experiment 1: Spontaneous recovery validation protocol
Rats underwent contextual habituation, auditory fear conditioning and
extinction training, followed by extinction testing and spontaneous recovery, using a

24-day protocol (Figure 2.1), the design of which was based on parameters previously
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used for studies in the lab (Fenton et al., 2014). On day 1, all animals (n=12) were
habituated in two distinct contexts for a 10 min session, initially in context B and then
in context A. Context B was defined as lights on, Perspex floor, and 40 % ethanol. The
rats were gently handled before being transported within a transparent Perspex cage,
containing a bedding material similar to their home cages, and introduced to the
behavioral chambers with dotted black and white walls. Immediately after the end of
the testing session, the rats were returned to their home cages in the same way as
described above. Context A was designed as lights on, grid floor and 0.5 % acetic acid.
Animals entered the chambers having black and white lines, transported with an
opaque white plastic pot, containing post-surgical recovery bedding. On day 2, all rats
were subjected to auditory fear conditioning in context A for a 25 min session. Rats
were acclimatized for 2 min pre-CS interval, before receiving tone (CS) habituation,
consisting of 5 CS presentations of 30 sec duration, 80 dB amplitude and 4 kHz
frequency, with a 2 min inter-tone interval (ITl). Auditory fear conditioning
commenced 2 min after the last tone presentation and consisted of 5 tone-shock (CS-
US) pairings, with each tone (CS) lasting for 30 sec and co-terminating with an electric
foot-shock (US) of 0.5 sec duration, current intensity 1=0.4 mA, and ITI duration of 2
min. On day 3, all animals underwent fear extinction training in Context B during a
session lasting 31 min and 30 sec. Initially, rats were tested during the 2 min pre-CS
interval for their contextual fear memory, before being exposed to 30 CS
presentations of 30 sec duration each and separated by ITls of 30 sec. On day 4, the
rats were submitted to a 4 min and 30 sec extinction testing session in Context B,
consisting of a 2 min pre-CS period, before receiving 3 CSs separated by ITls of 30 sec

duration. On day 24 (i.e., 21 days after extinction training), all animals were returned
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to Context B for spontaneous fear recovery testing and subjected to identical
parameters as described above during the extinction testing on day 4. Immediately
after the end of each session, the rats were removed and returned to their home
cages, while the chambers were cleaned with the same solution as used for olfactory
stimulus during behavioral testing, i.e., 40 % ethanol in context B or 0.5 % acetic acid

in context A.
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2.2.4 Experiment 2: Reinstatement validation protocol

Using a 5-day protocol, all rats (n=20) underwent contextual habituation,
auditory fear conditioning and extinction training on days 1, 2 and 3, respectively, as
described above for Experiment 1, followed by reinstatement and extinction testing
(Figure 2.2), the design of which was based on studies found in the literature (King et
al., 2018a). Specifically, 24 hours after extinction training, the animals were randomly
allocated into two numerically equal groups and subjected to a 3 min reinstatement
session, in a modified version of Context B, where the Perspex floor was removed. The
shock group (n=10 rats) was placed in the chambers and after 2 min received a single
unpaired shock with 0.4 mA intensity and 0.5 sec duration, before being removed one
minute later. In contrast, the animals of control group (n=10 rats) were introduced to
the same context for 3 min without receiving any shock. On day 5, all rats underwent

extinction testing in Context B, as previously described in Experiment 1.
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2.2.5 Experiment 3: Renewal validation protocol

All animals (n=10) underwent contextual habituation, auditory fear
conditioning and extinction training, followed by renewal and extinction testing, using
a 5-day protocol. The design of contextual alternation was based on the “ABA-
scheme” (Vasquez et al., 2019), where fear conditioning and renewal testing were
performed in the same context while extinction training and testing were conducted
in a different one (Figure 2.3). In this experiment, Context A was designed as lights on,
grid floor and 0.5 % acetic acid. In an attempt to make the context even more distinct
from each other, a modified version of Context B was used, turning the lights off, but
applying the Perspex floor and 40 % ethanol as described for other experiments.
Similar to above, on day 1, all rats were habituated firstly in Context B and then in
Context A. The next day, they underwent auditory fear conditioning in context A,
receiving 5 CS presentations, followed by 5 CS-US pairings. On day 3, all animals were
submitted to extinction training of 30 CS presentations in Context B. Across the fourth
and fifth days of the protocol, rats were counterbalanced, and subjected initially either
to renewal in Context A and then to extinction testing in context B, or vice versa,
receiving 3 CS presentations on each session. The parameters used during this
experiment, like electric current intensity, duration and/or number of pre-CS intervals,
CS presentations, US-CS pairings, and ITI intervals, were identical to as described in

Experiment 1 and 2.

54



"U0ISSas Yoea ul suolleluasald §J € Sulaladal ‘g 1xa1u0) ul Sui1S91 UOIIDUIIXS pUe Y 1X31U0D) Ul [BMaUSJ 0} padue|egJajunod 3Jam
Ssjel ‘G pue  sAep Ss0Joy "g 1Xaluo) Ul suolieluasald s Og Sulalddal ‘Sululel} UOIIDUIIXS 0} Pa1da[gns aJam sied ‘e Aep UQ 'y 1Xa3uo) ul sSuied SN-SJ G + SJ G YIm
UoISSas SulUOIIIPUOD Jea) JUaMIBpUN ABY) ‘Z Aep UQ "V 1X31U0D U] U3Y] pue g 1X31U0D Ul palenligey 2Jam sjewlue [je ‘T Aep uQ "|020301d [emauay jo usisaq :g°¢ 24nSi4

| 1 1 1 |
<

G Aep v Aep € Aep Z Aep T Aep

YV IXajuo)

SO€ € $J 0€ SN/S2S+S2 6§
gIxa3u0) v 1Xaju0) g Ixaju0) V 1xaju0)
L. L. NS \
\ g1xaju0)
— «— —
S 0, 0
Sunss) Suuies) Suiuonipuo) uoneniiqeH
uoIdUIX Moy
ounRXy uoI3dUIIX] Jeaq |enixajuo)



2.3 Data analysis

Freezing behaviour was continuously recorded and automatically scored, using
a video tracking software (Viewpoint, France) during each testing session, apart from
contextual habituation, in all validation experiments. Freezing is defined as the
absence of movement except for respiration (Fanselow, 1994) and was expressed as
a percentage of freezing per pre-CS or CS intervals of 120 or 30 sec, respectively. All
data are presented as mean + SEM and statistical comparisons were performed using
GraphPad Prism 9, while p < 0.05 was considered the level of statistical significance
for all comparisons. Specifically, in spontaneous recovery validation experiment, fear
conditioning was analyzed using one-way ANOVA, with trial as between-subject
factor. The contextual fear memory during pre-CS interval of extinction training was
presented separately as mean of freezing percentage. Auditory fear during the
extinction training was expressed in blocks of 3 consecutive CS presentations, the
freezing of which was averaged and then analyzed through one-way ANOVA, with
block to be determined as between-subject factor. In order to identify whether there
was fear return over time, contextual and auditory fear memory expression between
extinction test and spontaneous recovery were compared, by using the freezing levels
during the pre-CS intervals, and the mean of freezing levels during the 3 CS
presentations, expressed as CS blocks. Statistical analysis was performed using two-
way ANOVA, with cue and time as between- and within-subject factors, respectively.

In reinstatement validation experiment, contextual and auditory fear were
expressed as percentage of freezing per pre-CS and CS intervals, respectively, as
described above. Freezing differences during the CS-US pairings of fear conditioning

were analyzed using two-way ANOVA, with group as between-subject and trial as
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within-subject factors. Comparisons for the data of pre-CS interval during extinction
training were performed through unpaired two-tailed t-tests, while two-way ANOVA
was conducted for the CS blocks of extinction training, with group and block as the
between- and within-subject factors, respectively. Finally, freezing differences
between rats that were previously subjected to reinstatement or not, across pre-CS
interval and CS block, were analyzed in single extinction test using two-way ANOVA,

with group as the between-subject and cue as the within subject factors.

Likewise, to the first experiment, comparisons of freezing levels during fear
conditioning and extinction training in renewal validation experiment were performed
using one-way ANOVA, with trial or block to be determined as between-subject factor,
respectively. In order to identify whether there was return of fear when the rats were
tested outside the extinction context, the contextual and auditory fear memory
expression between renewal and extinction test were compared, by using the freezing
levels during the pre-CS intervals, and the mean of freezing levels during the 3 CS
presentations, expressed as CS blocks. Statistical analysis was performed using two-

way ANOVA, with cue and time as between- and within-subject factors, respectively.

In the following three experiments, Geisser-Greenhouse correction was
applied to adjust for lack of sphericity, whilst Tukey’s tests were conducted to

compare every mean with every other mean where indicated.

2.4 Results
2.4.1 Experiment 1: Spontaneous recovery

The freezing levels during CS-US pairings in the fear conditioning session are

presented in Figure 2.4.A. One-way ANOVA revealed a significant main effect of trial
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(F 2.921,32.13) = 3.759, P = 0.0210), and increased freezing during trial 1 vs trials 2 and 3
(P < 0.05), indicating effective fear acquisition. Freezing during pre-CS interval before
extinction training is shown in Figure 2.4.B, demonstrating low expression of
contextual fear memory. Figure 2.4.C depicts the freezing levels across the CS blocks
during extinction training session. One-way ANOVA revealed a significant main effect
of block (F (4.7a1, 52.15) = 14.63, P < 0.0001), and decreased freezing during trial block 1
vs 5(P<0.05),6,7,8(P<0.01),9, 10 (P <0.001), trial block 2 vs 4,5, 6,7, 8 (P <0.01),
9, 10 (P < 0.001), and trial block 3 vs 10 (P < 0.05), suggesting reduction of auditory
fear memory expression and an effective extinction memory acquisition. Contextual
and auditory fear during pre-CS interval and CS block, respectively, across extinction
and spontaneous recovery testing is presented in Figure 2.4.D. Two-way ANOVA
revealed a significant main effect of time (F (1,11) = 31.17, P=0.0002) and cue (F (1,11) =
27.52, P=0.0003), but no time x cue interaction (F (1, 11) = 0.05462, P=0.8195). These
results indicate that auditory fear is greater than the contextual fear at both time
points. Simultaneously, contextual and auditory fear was increased during
spontaneous recovery testing compared to extinction testing, suggesting that

spontaneous recovery of fear occurred 21 days after extinction.
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Figure 2.4: Spontaneous recovery of auditory and contextual fear 21 days after extinction training.
(A) Freezing during fear conditioning (n=12 rats total). (B) Contextual fear expression during the pre-CS
interval before extinction. (C) Reduction of auditory fear expression during extinction training, showing
effective extinction memory acquisition. (D) The freezing levels were higher during spontaneous
recovery session, indicating spontaneous recovery of auditory and contextual fear.

2.4.2 Experiment 2: Reinstatement

Freezing behaviour during fear conditioning in two groups is demonstrated in
Figure 2.5.A. Two-way ANOVA revealed significant main effect of trial (F (4,72) = 10.96,
P < 0.0001), but no main effect of group (F (1,18) = 0.08392, P = 0.7754) or group x trial
interaction (F (4,72)= 1.97, P = 0.1083), suggesting similar patterns of fear conditioning
between the animals allocated in Shock or Control groups. Levels of freezing during
pre-CS interval before extinction training are shown in Figure 2.5.B. Unpaired two-
tailed t-test revealed insignificant statistical difference in contextual fear memory (t =
2.022, P =0.0583). Figure 2.5.C. depicts the freezing behaviour during the CS blocks in
the extinction training session. Two-way ANOVA revealed significant main effect of

block (F (3.7a1, 67.34) = 8.562, P<0.0001), but neither main group effect (F (1, 15) = 3.191,
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P=0.0909) nor block x group interaction (F (9, 162) = 0.1764, P = 0.9962), indicating no
reliable difference in auditory fear memory expression or extinction learning
throughout the session. The following day, the Shock group of rats were subjected to
reinstatement, while the controls were merely introduced to the same context
without receiving any shock. 24 hours later, all rats underwent extinction testing and
their freezing levels during pre-CS interval and CS block are shown in Figure 2.5.D.
Two-way ANOVA revealed a significant main effect of cue (F (1, 18) = 21.16, P = 0.0002)
but no main effect of group (F (1,18) = 2.720, P=0.1164) or time x group interaction (F
(1,18) = 1.113, P=0.3055). This indicates higher auditory than contextual fear expression
in both groups while failing to produce reinstatement of contextual and auditory

learned fear.
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Figure 2.5: No evidence of contextual or auditory fear reinstatement with the use of a single unpaired
foot-shock. (A) Auditory fear conditioning did not differ between the groups that later will or will not
receive shock during the reinstatement session (n=10 rats/group). (B) No significant differences in
contextual fear expression were found between the two groups during the pre-CS interval before
extinction training. (C) No reliable differences were observed between two groups during extinction
training. (D) No reliable differences in freezing were found during extinction test between the shock
and the control groups.

2.4.3 Experiment 3: Renewal

Freezing during CS-US pairings in the fear conditioning is demonstrated in
Figure 2.6.A. One-way ANOVA revealed a significant main effect of trial (F (2.958, 26.62) =
4.731, P =0.0092), and increased freezing during trial 1 vs trial 5 (P < 0.01), suggesting
an effective fear learning. Figure 2.6.B presents the freezing during the pre-CS interval,
before extinction training. Figure 2.6.C. depicts the freezing behavior during the CS
blocks in extinction training. Auditory fear expression levels were higher than

expected towards the end of the session, while one-way ANOVA conduction revealed
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insignificant main effect of block (F (3.040, 27.36) = 2.733, P = 0.0624). Freezing levels
during the pre-CS interval and CS block of extinction and renewal test sessions are
shown in Figure 2.6.D. Two-way ANOVA revealed significant main effects of time (F 1,
9)=19.92, P =0.0016) and cue (F(1,9) = 6.824, P =0.0282) but no time x cue interaction
(F 1, 99 = 1.299, P = 0.2838), indicating lower freezing levels during renewal than

extinction test, showing no evidence of contextual or auditory fear renewal.

A. Fear Conditioning B. Extinction Training pre-CS
80 80
60

60+

40 40

20 204 —
0 T T T T T 0-
1 2 3 4 5
CS-US pairings

Freezing (%)
Freezing (%)

C. Extinction Training CS D. Retrieval
El pre-CS
804 80+
Ccs

g 607 g 604
j=2} j=2]
£ £
@ 40+ 3 404
o o
w w

204 204 I

0 T 1 T 1 T 1T 1 T 17T 0- T i T

1 2 3 45 6 7 8 910 Ext. Test Renewal

Blocks (3 CS each)

Figure 2.6. No evidence of contextual or auditory fear renewal with the use of ‘ABA’
paradigm. (A) Freezing during fear conditioning (n=10 rats total). (B) Contextual fear
expression during the pre-CS interval before extinction. (C) Freezing during extinction training.
(D) Auditory fear during CS blocks is higher than contextual fear during pre-CS intervals across
the two retrieval points, with unexpected lower levels of freezing during renewal session.

2.5 Discussion
This study validated a number of experimental parameters for fear relapse
paradigms of spontaneous recovery, reinstatement, and renewal that later will be

used for the investigation of the modulatory effects of CBD in learned fear after
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extinction. In Experiment 1, rats showed spontaneous recovery of auditory and
contextual fear three weeks after successful extinction training. In contrast, despite
the effective fear conditioning and its extinction during Experiment 2, the parameters
used for the unreinforced US one day after extinction training did not result in
reinstatement of fear. Additionally, in Experiment 3, tone presentations in
conditioning context after extinction training did not result in fear renewal. These
results point out not only the importance of the appropriate selection of conditioning
and extinction parameters but also the circumstances under which the relapse
phenomena will subsequently occur.

A challenge for the design of spontaneous recovery, reinstatement, and
renewal of learned fear paradigms is to use robust fear conditioning that will produce
adequately high fear responses, whose expression after extinction will be decreased
but not completely abolished, so as to develop susceptibility for fear return and
provide window for pharmacological intervention. For this reason, conditioning (e.g.,
number of CS-US pairings and foot-shock amplitude), extinction (e.g., days elapsed
from fear acquisition, type of extinction, number of extinction sessions, CS
presentation and their frequency), and fear return (e.g., days elapsed from extinction
training for spontaneous recovery, number and intensity of unreinforced stimuli for
reinstatement, and pattern of contextual alternation for renewal) parameters had to
be carefully considered and determined.

The design and parameters used in the Experiment 1 were modified after their
application in former studies of the lab (Fenton et al., 2016; Fenton et al., 2014). The
present study maintained the same contextual alteration between fear conditioning

(i.e., Context A), extinction and retrieval sessions (i.e., Context B), while the foot-shock
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intensity and duration were decreased from 0.5mA and 1 sec in Fenton et al. (2014)
study to 0.4 mA and 0.5 sec. Although the parameters were less aversive and the
freezing levels were lower during fear conditioning in the present study, they were
sufficient to induce similar auditory fear expression at the beginning of auditory
extinction training session. Analogous freezing levels at an early stage during
extinction were found in other studies investigating the fear relapse mechanisms,
using the same foot-shock intensity (Cruz et al., 2014; King et al., 2018a and b).
However, slightly different rates of extinction acquisition or fear expression at the end
of the session may be attributed to the different number of CS-US pairing or US and
ITI duration across the studies.

Several studies have shown that the magnitude of spontaneous recovery is
influenced by several temporal factors, like the acquisition-extinction interval, the
temporal distribution of extinction, and the extinction-test retention interval
(Devenport, 1998; Rescorla, 2004a and b; Orinstein et al., 2010). Specifically, it was
found that when the interval between conditioning and extinction is smaller, the
spontaneous recovery magnitude is greater, which is often attributed to deficits in
long-term extinction that are observed even with an extinction interval up to 6 hours
post-conditioning (Chang & Maren, 2009). Several studies investigating the extinction
and spontaneous recovery of auditory fear, have used a 24-hour acquisition-extinction
interval that resulted during later spontaneous recovery in similar levels of freezing
response coinciding with the current results (Cruz et al., 2014; Fenton et al., 2016;
Migues et al., 2016; Martinez-Canabal et al., 2019).

Similarly, it was found that spaced intervals between extinction sessions or

trials were more effective in suppressing spontaneous recovery, compared to
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contiguous sessions or massed trials (Urcelay et al., 2009; Matsuda et al., 2014). Later
an avoidance conditioning study added the observation that the temporal distribution
of sessions left the extinction learning unaffected (Tapias-Espinosa et al., 2018).
Common for the investigation of extinction and spontaneous recovery of auditory
learned fear is the delivery of a single extinction session, while for the contextual fear
multiple extinction sessions are frequently used (Matsuda et al., 2014; Kutlu et al.,
2016; Kutlu et al., 2018; Tumolo et al., 2018). Similar to the present protocol,
Martinez-Canabal et al. (2019) used intermediate length (i.e., 30 sec) ITI between
extinction trials, resulting in levels of freezing during extinction and later spontaneous
recovery comparable to the current results. Despite the identical extinction
parameters used with Fenton et al. (2014 and 2016) studies, their results show faster
rate of extinction acquisition and lower fear expression, especially towards the end of
the session. The use of greater intensity and duration conditioning parameters may
have affected fear expression, although a slower and not faster extinction would be
anticipated. Two other factors that may have played a crucial role are the use of
implanted animals (i.e., with electrodes) and the manually scored freezing.
Noteworthy is that the freezing levels of the present study were analysed and
presented in blocks of 3 CS trials instead of 2, and possibly this has altered the average
percentage of the fear observed during each block. Encouraging for the validity of
these results is that the freezing levels observed during the spontaneous recovery
session are closely matching those of the corresponding pre-CS interval and first CS
block of Fenton and co-workers (2014 and 2016) studies.

Various studies have evaluated the levels of fear return in relation to the time

elapsed from extinction training and a common finding is that expansion of the
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retention interval between extinction and test increases the probability and
magnitude of spontaneous recovery (Quirk, 2002; Rescorla, 2004b). For this reason,
the spontaneous recovery test was performed 21 days post-extinction instead of 15
days (Fenton et al., 2014). Although several studies have used a greater than 15 days
retention interval and all of them have observed significant recovery of learned fear,
the levels of freezing were higher than the present findings and largely varied. These
variations are attributed to protocol differences across studies, such as the use of
smaller number of trials (Cruz et al., 2014) or shorter intertrial intervals (Ponnusamy
et al., 2016) during extinction training, longer retention interval between extinction
and spontaneous recovery test in auditory learned fear protocols (Martinez-Canabal
et al., 2019), or use of same context across all the testing days in the contextual
learned fear protocols (Haubrich et al., 2017), thus impairing the retrieval of the
context-dependent extinction (Orsini et al., 2011). Important for the effectiveness of
the present protocol is that, despite the use of relatively less aversive fear
conditioning, the appropriate combination of extinction parameters resulted in a
significant return of auditory and contextual fear over time, suggesting as appropriate
the application of these conditioning and extinction parameters for the validation of
the following reinstatement and renewal protocols.

For the reinstatement protocol in Experiment 2, identical conditioning and
extinction parameters were maintained as in Experiment 1, while rats were submitted
to a single unreinforced US of 0.4 mA intensity, similar to King et al. (2018a) study.
However, the shock group in the present study failed to show the anticipated high

levels of freezing and, thus, fear reinstatement when compared to the control group.
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King et al. (2018a) have also identified that individual differences in the extinction rate
could differentially affect the return of fear, with the fast-extinguishing rats
demonstrating reinstatement only under stronger relapse conditions, while
individuals with a high anxiety trait have shown higher freezing across extinction
training, test and reinstatement (Paula de Godoy et al., 2022), rendering individual
differences an important factor for the variabilities observed across the protocols.
Although many studies have observed reinstatement of fear with a single
unreinforced US, striking are the differences in foot-shock intensities. For instance,
when compared to the present protocol, some studies delivered US with higher
intensity range across both fear conditioning and reinstatement (Laurent &
Westbrook, 2010; Shen et al., 2013; Hitora-Imamura et al., 2015; Chen et al., 2016),
while others used a combination of higher US intensity during conditioning with lower
unreinforced US intensity during reinstatement (Goode et al., 2015; Jo et al., 2020).
Many of them have separately performed experiments to naive rats only with the
unreinforced US, in order to confirm that the US intensity does not elicit fear
responses per se, but the return of fear observed after the US reminder derives from
the original fear memory. Therefore, the variations in the results across the studies
are more likely due to the differences in US intensities used during fear conditioning
rather than the reinstatement. Of particular interest is a recent study by Wang et al.
(2020), during which reinstatement of learned fear was observed, using an identical
US reminder to the present study. The fact that their reinstatement session was
performed in the same context as fear conditioning, while the reinstatement test in
the extinction context, may have affected the return of learned fear. Similarly, altering

the time of the unreinforced US delivery in relation to extinction acquisition may also
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affect the magnitude of reinstated fear (Verma et al., 2019; Duran et al., 2022). Finally,
evidence from previous studies indicates that using multiple US reminders leads to a
more effective and robust reinstatement of auditory and contextual fear, an approach
that could be applicable in future studies (Auchter et al., 2017; Chen et al., 2020; King
et al., 2018a; Yang et al., 2012).

For the validation of the renewal protocol, in Experiment 3, the behavioural
testing was performed in more distinguishable contexts, using a version of Context B
under dark conditions, while keeping identical the context A along with the conditional
and extinction parameters to those used in Experiments 1 and 2. Rats underwent fear
conditioning in Context A, extinction training in Context B, and tested for renewal back
in context A under strong renewal condition ‘ABA’, though they failed to produce the
anticipated high levels of freezing when compared to moderate renewal conditions
like ‘ABC’, or ‘AAB’ (Chen et al., 2017). Interesting is that several studies using either
smaller (12-20 CSs) (Vasquez et al., 2019; Joo et al., 2020; Adkins et al., 2021; Li et al.,
2021) or larger (40-45 CSs) (Goode et al., 2015; Wang et al., 2020; Shih & Chang, 2021)
number of CS presentations compared to this experiment (30 CSs) during extinction
training, observed effective extinction learning in Context B and renewal of learned
fear when tested in Context A. Approaches like violating the expectancy related to
frequency or intensity of aversive experience, overtraining extinction, retrieval cues
before extinction, presentation of unpaired US during extinction, or performing CS
extinction in multiple contexts have been attempted for maximizing extinction and
have shown mitigation of fear renewal (Myers & Davis, 2006; Craske et al., 2014;
Hermann et al., 2020; Lipp et al., 2021), while none of these have been applied in the

present experiment. Overtraining extinction approaches used in other studies, such
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as a massive number of trials during extinction or multiple extinction training sessions
across consecutive days, resulted in the prevention of fear renewal in taste aversion
and lick suppression paradigms (Denniston et al., 2003; Rosas et al., 2007; Laborda &
Miller, 2013). Prevention of fear renewal in the present experiment might be also due
to a potential “overtraining extinction” effect, even though this protocol does not
include similarly massive numbers of CS trials. The fact that low levels of freezing were
observed during extinction testing indicate that there was extinction encoding despite
the high freezing levels during late stage of extinction. This come into alignment with
a finding by Plendl & Wotjak (2010), that within-session extinction does not
necessarily predict between-session extinction. Taking into account a potentially
slower extinction rate in the rats of current experiment, a greater return of fear would
be expected the next day especially under strong renewal condition (King et al.,
2018a), but that comes in contrast with the low levels of freezing during renewal.
Recently, the modulatory effects of stress and cortisol in extinction and
renewal of learned fear have attracted great research interest. Pre-extinction stress
or cortisol administration in humans and post-conditioning corticosterone in rats were
found to enhance the context-independent consolidation of extinction memory,
resulting in suppression of fear renewal (Wang et al., 2014; Meir Drexler et al., 2020).
In contrast, pre-retrieval manipulations were shown to elicit opposite effects (Kinner
et al., 2016). Consequently, high stress in rats before or early during extinction training
may have led to the lower freezing levels during extinction test and renewal in the
present study. However, this was not verified due to the absence of behavioural
testing (e.g., open field test, elevated plus maze (EPM) or corticosterone plasma

detection before extinction training.
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In conclusion, the parameters used in the validation study of spontaneous fear
recovery demonstrate return of contextual and auditory fear. However, the
parameters used for the reinstatement and renewal protocols did not result in a
similar return of fear. This encourages the investigation of modulatory effects of CBD
in extinction and spontaneous recovery of learned fear, while considering

modification of the other protocols for their application in future studies.
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Chapter 3. Effects of CBD administration before or after extinction on spontaneous

recovery of learned fear

3.1 Introduction

Anxiety and trauma-related disorders are associated with persistent fear-
related memories, while demonstrating dysfunctional extinction and impaired
inhibition of fear responses triggered by specific situations or stimuli (Milad et al.,
2009). Extinction learning, which is the integral component of psychotherapeutic
methods for these disorders, may often be deficient. Even under successful
completion of exposure therapy patients may experience only temporary benefits,
resulting in return of symptoms with mere passage of time, commonly known as
spontaneous recovery (Sartori & Singewald, 2017). A promising therapeutic approach
is the administration of cognitive enhancing compounds either before or after
exposure therapy, facilitating extinction learning or the consolidation of extinction

memory, respectively (Singewald et al., 2015).

Among the novel extinction-enhancing therapeutics, CBD has attracted much
attention due to its considerable anxiolytic and modulatory effects on innate and
learned fear (Papagianni & Stevenson, 2019). Acute effects in animal models of
conditioned fear were associated with attenuation in the expression of contextual fear
when 10 mg/kg CBD was administered systemically (Resstel et al., 2006; Lemos et al.,
2010; Jurkus et al., 2016). Similar effects were observed upon central infusion of 30
nmol CBD in PL (Lemos et al., 2010; Fogaca et al., 2014) and BNST (Gomes et al., 2012),
but not after intra-IL infusion of 15 or 30 nmol CBD (Lemos et al., 2010; Marinho et al.,

2015). Additionally, CBD was found to produce persistent fear reduction when
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combined with fear memory reactivation, disrupting the fear memory
reconsolidation. Specifically, when 10 mg/kg CBD was systemically administered after
a brief retrieval session in the conditioning context, this resulted in long-lasting
reduction of contextual fear (Gazarini et al., 2014). This effect was reproduced after
direct infusion of 30 pmol into ACC or PL but not the IL (Bayer et al., 2022). On the
other hand, systemic (i.e., 10 mg/kg) (Song et al., 2016), intra-IL (i.e., 0.4 pg/ 0.2 pl)
(Do Monte et al., 2013), and intracerebroventricular (i.e., 2.0 pug/ul) (Bitencourt et al.,
2008) CBD administration before extinction training in rodents, enhanced the
acquisition of extinction memory, whereas inhalation of 32 mg CBD after an extinction
session in healthy human volunteers (Das et al., 2013) facilitated the extinction
consolidation, leading to later suppression of contextual fear expression. Therefore,
these studies suggest that CBD used in conjunction with exposure techniques may
comprise a promising therapeutic strategy with long-lasting suppression of

maladaptive behaviours.

Despite the plethora of studies investigating the modulatory effects of CBD on
contextual fear memory, little is known about its effectiveness in the regulation of
cued fear. A study by Norris et al. (2016) revealed that direct infusion of CBD (i.e., 1,
10, and 100 ng/ 0.5 pl) into the shell of NAc dose-dependently impeded the formation
of olfactory fear memory, whereas systemic CBD administration prior to extinction
training resulted in the acute reduction of auditory (i.e., 20 mg/kg) and contextual (i.e.,
5, 10, and 20 mg/kg) fear memory expression during extinction training (Jurkus et al.,
2016). Despite the supporting evidence that CBD exerts enhancing effects on
extinction, up to date, its effects on long-term extinction retention and subsequently

on spontaneous recovery remain undetermined. Therefore, to investigate this issue
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further, CBD was administered systemically either before or after extinction training.
The hypothesis of this study is that enhanced extinction acquisition or consolidation

would prevent the later spontaneous recovery of fear after extinction.

3.2 Materials and methods
3.2.1 Subjects

Male Lister-Hooded rats (Charles Rivers, UK), weighing 300-450 g and 250-350
g were used for Experiments 1 and 2, respectively. Rats were housed and behaviorally
tested under the same conditions as described in previous chapter. All experimental
procedures were performed with internal ethical approval and in accordance with the
Animals (Scientific Procedures) Act 1986, UK (PPL: P6DA59444). The sample size of
each treatment group was calculated based on the power analysis described in

Chapter 2.

3.2.2 Drug preparation and administration

CBD (THC Pharm, Germany) at a dose of 10 or 20 mg/kg was suspended in
vehicle (freshly prepared 98% sterile saline and 2% Tween 80) and administered
intraperitoneally (1 mL/kg, i.p.) either 30 min before or immediately after the
extinction training session. These doses were selected based on previous studies
showing CBD modulation of learned fear processing (Resstel et al., 2006; Lemos et al.,

2010; Stern et al., 2012; Jurkus et al., 2016; Song et al., 2016; Stern et al., 2017).

3.2.3 Experiment 1: Effects of pre-extinction CBD administration on extinction and

spontaneous recovery of learned fear

The effects of systemic administration of CBD before extinction on modulation

of extinction and spontaneous recovery of contextual and auditory learned fear were
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investigated using a 24-day protocol, presented in Figure 3.1. The behavioural testing
apparatus and recording software, along with the design and parameters used in the
following experiments have been described in detail in Chapter 2. On day 1, animals
were habituated in two distinct contexts, initially in context B and then in context A.
On day 2, all rats were subjected to auditory fear conditioning in context A and
acclimatized for a 2 min pre-CS interval, before being habituated to 5 CS
presentations. Auditory fear conditioning consisted of 5 CS-US pairings. Each CS lasted
30 sec and co-terminated with a 0.5 sec foot-shock (US), of I=0.4 mA current intensity,
and ITl duration of 2 min. On day 3, rats were randomly allocated into three groups of
n=10 rats/group, that were administered O (i.e., vehicle), 10 or 20 mg/kg of CBD 30
min before undergoing fear extinction training in Context B. They were tested for their
contextual fear memory during the 2 min pre-CS interval, before receiving 30 CS
presentations of 30 sec duration each and separated by ITls of 30 sec. On day 4,
unexpectedly due to multiple power cuts in the laboratory, only n=16 rats were able
to undergo extinction testing, while the rest (n=14 rats) were tested on day 5, instead.
The rats returned to Context B for a 2 min pre-CS interval, before receiving 3 CSs of 30
sec duration and separated by ITls of 30 sec. On day 24 (21 days after extinction
training), all groups were subjected to spontaneous fear recovery testing in Context B,

with procedure parameters identical to those used for extinction testing.
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3.2.4 Experiment 2: Effects of post-extinction CBD administration on spontaneous

recovery of learned fear

All rats underwent contextual habituation, auditory fear conditioning and
extinction training on days 1, 2 and 3, respectively, as described above in Experiment
1. Rats were randomly allocated into three treatment groups administered 0 (n=10),
10 (n=9) or 20 (n=9) mg/kg of CBD immediately after the end of extinction training. On
day 4 and 24, all rats were returned to Context B and subjected to extinction and
spontaneous recovery testing, respectively, receiving 3 CS presentations, as described

in Experiment 1, Chapter 2.

3.3 Data analysis

The duration of freezing behaviour was expressed as percentage of 120 sec for
the pre-CS interval or 30 sec for each CS trial. Auditory fear during extinction training,
extinction testing and spontaneous recovery testing sessions was expressed in CS
blocks, defined by the average of freezing during 3 consecutive CS presentations. All
data are presented as mean + SEM and statistical analysis was performed using
GraphPad Prism 9, while p < 0.05 was considered the level of statistical significance
for all comparisons. In both experiments, fear conditioning was analyzed using
repeated-measures or mixed model two-way ANOVA, with group as the between-
subject factor and trial as the within-subject factor. Geisser-Greenhouse correction
was applied to adjust for lack of sphericity. The pre-CS interval before extinction
training was analyzed through one-way ANOVA, with treatment group as between-
subject factor for both Experiment 1 and 2, during which CBD was administered either

before or after extinction training, respectively. Bartlett’s test was used to assess the
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homogeneity of variance, while p < 0.05 was considered the level of assumption
violation. Two-way ANOVA with Geisser-Greenhouse correction was conducted for
the analysis of CS blocks during extinction training in Experiments 1 and 2 with
treatment group as the between-subject factor and block as the within-subject factor.
Finally, in both experiments, the freezing levels of pre-CS intervals and the CS blocks
during extinction and spontaneous fear recovery testing were interpreted by using
two-way ANOVA, with treatment and time defined as the between- and within-subject
factors, respectively. The fact that the within-subjects factor was comprised of only
two levels (i.e., extinction test vs spontaneous recovery) rendered inapplicable the
sphericity assumptions. When ANOVA revealed significant main effect and interaction
between independent variables, a Sidak’s post-hoc test was conducted to perform
multiple comparisons of limited pairs of means, comparing lower or higher dose of
CBD against vehicle, but not against each other. Sidak method was preferred over
Bonferroni for its higher power and used to compute adjusted P value for each

individual test and confidence intervals (Lee & Lee, 2018).

3.4 Results

3.4.1 Experiment 1: Effects of pre-extinction CBD administration on extinction and

spontaneous recovery of learned fear

The levels of freezing behavior during CS-US pairings in the fear conditioning
session are presented in Figure 3.2.A. Two-way ANOVA revealed a significant main
effect of trial (F (3.403,91.87) = 5.867, P = 0.0006) but no group effect (F (2,27) = 0.9297, P=
0.4069) and no trial x group interaction (F (s, 108) = 0.5067, P= 0.8490). This indicates

that there were no reliable differences between the groups to receive the different
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doses of CBD prior to extinction training. Freezing during the pre-CS interval before
extinction training is shown in Figure 3.2.B. One-way ANOVA revealed a significant
main effect of treatment group (F (2,27)= 3.421, P = 0.0474). Post-hoc analysis revealed
significantly lower freezing with CBD 10 mg/kg vs vehicle (P=0.0361), but no significant
difference between vehicle and CBD 20 mg/kg (P=0.1361). These results indicate that
the low dose of CBD reduced the expression of contextual fear memory before
extinction training, when compared with vehicle. Freezing during the CS blocks in the
extinction training session is shown in Figure 3.2.C. Two-way ANOVA revealed a
significant main effect of block (F (3.787, 102.2) = 6.799, P < 0.0001), but no treatment
group effect (F (2,27 = 1.517, P = 0.2376) or treatment group x block interaction (F (1s,
243)= 1.277, P = 0.2035), suggesting that CBD had no effect on auditory fear memory
expression or extinction learning. The effects of pre-extinction CBD administration on
retrieval of contextual fear memory a day vs. 21 days after extinction training are
depicted in Figure 3.2.D. To investigate this, two-way ANOVA was conducted on
freezing during the pre-CS interval before extinction and spontaneous fear recovery
testing, revealing a significant main effect of time (F (1, 27) = 9.920, P = 0.0040), but no
main effect of treatment group (F (2,27) = 0.8713, P = 0.4298) or treatment group x time
interaction (F (2,27) = 1.147, P=0.3327). These results indicate that freezing during the
pre-CS interval before spontaneous fear recovery is significantly increased across all
groups when compared with extinction testing, suggesting increased contextual fear
21 days after extinction training but, without any effect of CBD. Finally, Figure 3.2.E
shows the effects of CBD on return of auditory fear over time during the CS block of
extinction and spontaneous recovery testing. Two-way ANOVA revealed no main

effect of treatment group (F (2,27)=1.028, P =0.3712), but there was a significant effect
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of time (F (1,27 = 4.902, P = 0.0355) and treatment group x time interaction (F (2, 27) =
8.411, P = 0.0014). The post-hoc analysis showed that in the vehicle group freezing
was significantly augmented during spontaneous fear recovery when compared with
the extinction test (P = 0.0003). However, there was no reliable difference in freezing
during spontaneous fear recovery versus extinction test with either 10 mg/kg (P >
0.9999) or 20 mg/kg CBD (P = 0.8465). During spontaneous recovery both CBD doses
demonstrated significantly lower levels of freezing than vehicle as revealed by
multiple comparisons of Vehicle vs. CBD 10mg/kg (P = 0.0252), Vehicle vs. CBD 20mg/
kg (P = 0.0154) and CBD 10mg/kg vs. CBD 20mg/kg (P > 0.05). These results indicate

that both doses of CBD prevented spontaneous recovery of auditory learned fear.
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Figure 3.2 Pre-extinction CBD reduces the expression of contextual fear memory and prevents the
spontaneous recovery of auditory fear after extinction. (A) Fear conditioning did not differ between
the groups to receive different doses of CBD (n=10 rats/group). (B) CBD 10 mg/kg i.p. resulted in
significantly less freezing during the pre-CS interval before extinction training, compared to vehicle (*
p < 0.05). (C) No significant differences in freezing were found between the different groups during
extinction training. (D) All groups demonstrated significantly more freezing during the pre-CS interval
of spontaneous fear recovery compared to extinction test (** p < 0.01), but no reliable differences were
observed between VEH and the two CBD doses during each time point. (E) The vehicle-treated group
showed significantly higher levels of freezing during the CS block of spontaneous fear recovery (*** p
< 0.001), while freezing in the CBD-treated groups did not differ between spontaneous fear recovery
and extinction test. Importantly, vehicle-treated group showed significantly higher freezing than both
CBD doses during spontaneous recovery (# p < 0.05). This indicates that both CBD doses suppresses
spontaneous recovery of auditory fear 21 days after extinction training.
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3.4.2 Experiment 2: Effects of post-extinction CBD administration on extinction and

spontaneous recovery of learned fear

The levels of freezing behavior during CS-US pairings in the fear conditioning
session are presented in Figure 3.3.A. Two-way ANOVA revealed a significant main
effect of trial (F (2.842, 71.04) = 9.692, P < 0.0001) but no group effect (F (2, 25) = 0.03336,
P=0.9672) or trial x group interaction (F (s, 100) = 0.6210, P = 0.7584), indicating similar
patterns of fear conditioning between the groups. Freezing during the pre-CS interval
before extinction training is shown in Figure 3.3.B. One-way ANOVA revealed no main
effect of treatment group (F (2, 25)= 0.7486, P=0.4833). These results indicate that there
was no reliable difference between the groups in the expression of contextual fear
memory before extinction training. Freezing during the CS blocks in the extinction
training session is shown in Figure 3.3.C. Two-way ANOVA revealed a significant main
effect of block (F (2.677, 66.93) = 6.590, P = 0.0009), but no treatment group effect (F (2, 25
=0.4888, P=0.6191) or treatment group x block interaction (F (18, 225)= 1.403, P=0.1311),
suggesting that there were no significant differences in auditory fear memory
expression or extinction acquisition between the groups to receive the different doses
of CBD after extinction training. The effects of post-extinction CBD administration on
contextual and auditory fear during pre-CS interval and CS block, respectively, across
extinction and spontaneous recovery testing are presented in Figure 3.3.D and E. To
investigate the effect of CBD on contextual fear, two-way ANOVA was conducted on
freezing during the pre-CS interval before extinction and spontaneous fear recovery
testing, revealing a significant main effect of time (F (1, 25) = 20.12, P=0.0001), but no
main effect of treatment group (F (2,25) = 0.2291, P=0.7969) or treatment group x time

interaction (F 2, 25) = 0.8334, P= 0.4463). These results indicate that freezing during the
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pre-CS interval before spontaneous fear recovery is significantly increased in all groups
when compared with extinction test, suggesting increased contextual fear 21 days
after extinction training but, without any effect of CBD. To examine the effect of CBD
on the return of auditory fear over time, two-way ANOVA was conducted on CS-block
of extinction and spontaneous fear recovery testing. There was no main effect of
treatment group (F 2, 25) = 0.7613, P=0.4776), time (F (1, 25) = 0.6014, P=0.4453) or
treatment group x time interaction (F (2, 25) = 0.9942, P=0.3842), indicating that none
of the treatment groups showed spontaneous recovery of auditory fear during the CS

block, and no effect of post-extinction CBD was observed.
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Figure 3.3 Post-extinction CBD did not produce any effects on extinction of learned fear or its
extinction recall. (A) Fear conditioning, (B) contextual fear expression during pre-CS before extinction,
and (C) auditory fear expression during CS blocks of extinction training did not differ between the
groups to receive i.p. CBD 0, 10, or 20mg/kg after extinction training (Vehicle group: n=10 rats, CBD 10
mg/kg group: n=9 rats, CBD 20 mg/kg group: n=9 rats). (D) All groups demonstrated significantly more
freezing during the pre-CS interval of spontaneous fear recovery compared to extinction test (*** p <
0.001), but no reliable differences were observed between groups during each time point, indicating
no CBD effect on contextual fear expression. (E) Freezing levels did not significantly differ across the
treatment groups or between the two time points during the CS block, indicating no CBD effect on
auditory fear expression 1 and 21 days after extinction training and lack of spontaneous recovery.
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3.5 Discussion

This study investigated the effects of pre- and post-extinction systemic CBD
administration on the expression, extinction, and spontaneous recovery of contextual
and auditory learned fear. In Experiment 1, intraperitoneal administration of CBD prior
to auditory fear extinction reduced acutely the expression of contextual fear memory
during the pre-CS interval before extinction training but did not induce any effects
either on the expression or the extinction learning of auditory fear. Although pre-
extinction CBD did not produce long-lasting effects on auditory or contextual fear
when the rats were tested drug-free 24hrs later during the extinction test session,
interestingly, both CBD doses prevented the spontaneous recovery of auditory but not
contextual fear, 21 days after extinction training. In Experiment 2, CBD administration
immediately after extinction training showed no long-term effects either on
contextual or auditory fear memory during the drug-free extinction test session.
Although, CBD failed to prevent the spontaneous recovery of contextual fear, there
was no indication of spontaneous recovery of auditory learned fear in any of the
treatment groups, when tested 21 days after extinction training. These results point
out the importance of CBD administration time in relation to extinction training for
the augmentation of extinction memory and the induction of a long-lasting effect in
suppressing fear relapse over time, whilst stimulating discussion about possible

experimental parameters that may alter such effects.

The result regarding the effect of the pre-extinction CBD on the reduction of
contextual fear expression that was observed before extinction training agrees with

the findings from previous studies investigating the effects of systemic CBD in
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modulation of contextual fear, showing reduction in expression of fear memory when
CBD was administered prior to behavioral testing (Resstel et al., 2006; Lemos et al.,
2010). Similarly, a previous study by Jurkus et al. (2016) demonstrated reduction in
baseline expression of contextual fear before auditory fear extinction training after
i.p. administration of 10 mg/kg CBD. In contrast to the present results, the same study
showed that 20 mg/kg CBD was effective to reduce acutely both contextual and
auditory fear memory without affecting its extinction. The lack of CBD effect on
auditory fear expression in the present study may be related to the weaker
conditioning parameters when compared to those of Jurkus et al. (2016), during which
foot-shock intensity used was 0.4 mA versus 0.5 mA, respectively. Although the milder
foot-shock used here induced relatively low levels of freezing during CS-US pairings,
fear conditioning led to a robust fear memory acquisition and consolidation as
indicated by the high levels of freezing in the early stage of the auditory extinction
training session the next day. Interestingly, it was found that the consolidation of
extinction memory is dependent on the previous conditioning experience and it is
triggered only upon a critical US duration threshold that will stimulate protein
synthesis and lead to a sufficient difference in US mismatch magnitude between the
experienced US during fear conditioning and the omitted US during retrieval (Stollhoff
& Eisenhardt, 2009). The argument that the CBD effects on expression of learned fear
may be dependent on the strength of fear conditioning is further supported by the
CBD-induced bidirectional effects on contextual fear extinction. Specifically, after
strong fear conditioning CBD induced acute and long-lasting reduction of contextual

fear expression during extinction training and recall. In contrast, after weaker
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conditioning, CBD resulted in no acute effects during extinction, while inducing higher

contextual fear expression at the subsequent extinction recall test (Song et al., 2016).

Additionally, noteworthy are the discrepant findings associated with the
effects of CBD on extinction and its recall. In this experiment, CBD did not produce
either acute effects on extinction acquisition or extinction recall one day later, with
the latter finding similarly observed by Jurkus et al. (2016). In contrast, previous
studies have shown enhancement of contextual fear extinction with freezing
reduction both during the extinction sessions and the next day during extinction recall
testing, when CBD was administered systemically (Song et al., 2016), or infused
intracerebroventricularly (Bitencourt et al., 2008) or directly into the infralimbic cortex
(Do Monte et al., 2013) before each of the consecutive extinction sessions. Possibly,
these beneficial effects of CBD on contextual fear extinction may be attributed to
differences in the route of drug administration. A potential explanation might be that
systemic CBD simultaneously affected multiple areas within the extinction circuit, thus
mutually mitigating the effects of other areas, while infusions directly into brain areas
related with extinction memory modulation may have exerted more targeted effects.
Direct infusions may have also provided better drug bioavailability in brain
parenchyma, by-passing the blood-brain-barrier (BBB) and hepatic metabolism when
compared with systemic administration. On the other hand, the reduced freezing
levels that were observed during extinction recall testing in Bitencourt et al. (2008)
and Do Monte et al. (2013) studies may be attributed to the repeated CBD
administration, given that CBD is highly hydrophobic and can be retained in lipid rich
tissues like brain parenchyma (Long et al., 2012). However, this is unlikely to happen

after a single administration of 10 mg/kg CBD in the present study. This is further
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supported by pharmacokinetic data of Deiana et al. (2012) study, in which acute i.p.
administration of 120 mg/kg CBD in rats demonstrated half-life in plasma T1/2=8-10

hrs., whilst in brain T1/,= 6-11 hrs., depending on the suspension vehicle used.

In addition to the previously mentioned bidirectional effects of CBD on
contextual fear extinction depending on the fear conditioning averseness, both
studies by Bitencourt et al. (2008) and Do Monte et al. (2013) used greater intensity
of foot-shock when compared to the present study, suggesting that the extinction
enhancement may have resulted by the stronger contextual fear (Song et al., 2016).
Another striking difference in the protocols across the studies is the number of
extinction sessions. Those investigating the contextual fear extinction frequently use
multiple sessions, while a single extinction session is applied in studies investigating
auditory fear (Matsuda et al., 2014). Regarding the current experiment and the Jurkus
et al. (2016) study, it is unclear whether the single extinction session in conjunction
with CBD was sufficient to decrease further the expression of contextual fear one day
after the single auditory extinction training session. In contrast, repeated contextual
extinction sessions delivered in three consecutive days and combined by prior CBD
administration, might have acted synergistically to elicit a more robust extinction and
subsequently a more effective recall of extinction memory. The fact that no sustained
effects of CBD were observed on extinction retrieval in the present study may be
attributed to a floor effect, in which the different treatment groups improve negligibly
due to the low levels of freezing during the extinction test (Andrade, 2021). In support
of this argument, despite the lack of CBD effect on extinction recall, CBD was found to
suppress the later spontaneous recovery of auditory fear 21 days after extinction

training. Based on current literature, this is the first report indicating that CBD
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prevents the return of learned fear over time, presumably by enhancing the encoding

of extinction training.

Noteworthy is a previous study by Stern et al. (2012) showing that CBD
prevented the spontaneous recovery of contextual fear through disruption of fear
memory reconsolidation. Nevertheless, this is an implausible mechanism through
which CBD elicits its long-lasting effect in the present experiment, given that the
duration of memory reactivation was much longer than that used in Stern et al. (2012)
study (31 min and 30 sec vs 3 min), which would be expected to engage extinction
rather than reconsolidation mechanisms (Cassini et al., 2017). This is indicated also by
the suppression of freezing to low levels during extinction testing, instead of the
higher freezing levels observed upon retrieval testing in the former study.
Additionally, evidence from a clinical study in healthy individuals revealed that
inhalation of 32 mg CBD before extinction training of visual fear memory did not
produce any effects on extinction acquisition or retrieval, aligning to our findings and
the Jurkus et al. (2016) study, although they demonstrated a trend towards a
reduction in reinstatement of the autonomic fear response (Das et al., 2013).
However, in the same study CBD administered after extinction training, resulted in
attenuation of conditioned responding both during retrieval and reinstatement
sessions, suggesting that these effects are mediated through facilitation of extinction
memory consolidation. Based on this evidence, another aim was to investigate
whether CBD administration after auditory fear extinction training would result in
more effective suppression of spontaneous recovery, through promotion of extinction

memory consolidation and facilitation of between-session retrieval of extinction.
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However, to date there is no previous preclinical study that has investigated the

effects of CBD on fear extinction consolidation.

In the second experiment, CBD administration after extinction training failed
to affect extinction retention and long-term expression of contextual and auditory
fear memory across the two extinction recall sessions. However, an unanticipated
finding was the lack of spontaneous recovery of auditory fear across all the treatment
groups. Interest attracts a study investigating the effect of selective FAAH inhibitor,
AM3506, in the modulation of auditory fear extinction and its retention (Gunduz-Cinar
et al., 2013). The systemic administration of AM3506 before extinction training
enhanced extinction and resulted in the reduction of auditory fear expression 10 days
later during a extinction test, an effect that was mediated through augmentation of
anandamide levels in BLA and depended on CB1 receptor activation. However,
AM3506 administration after extinction training failed to affect extinction recall,
suggesting that the increase of AEA through inhibition of its hydrolysis is an insufficient
mechanism to facilitate the extinction consolidation, a finding that partially agrees
with our results. An important difference in the Gunduz-Cinar et al. (2013) study is
that no extinction test was performed soon after extinction training in order to
investigate the effects of AM3506 on extinction recall. Therefore, they could not
directly assess the treatment effects over time on spontaneous recovery of auditory
fear, rendering their finding not entirely comparable to the present results.
Nevertheless, the use of massed extinction trials in their protocol may have exhibited
greater susceptibility to spontaneous fear recovery than the spaced extinction trials

used in the present study (Orinstein et al., 2010).
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As mentioned above, none of the treatment groups exhibited spontaneous
recovery of auditory learned fear in Experiment 2, despite using the same protocol
parameters as in Experiment 1. A possible factor that may have played a role in this
result is the age of rats used. A previous systematic review has highlighted the age of
experimental animals as a crucial factor affecting the model traits of diseases. They
observed variations in age ranges by 3-4 weeks not only between but also within
studies, that were spanning critical ages of development like puberty. After
hippocampal long-term potentiation, behavioural or ex-vivo studies was observed
that the animals’ age was erroneously interpreted, usually because animal body
weight was considered as an accurate instead of approximate indicator of their age
(McCutcheon & Marinelli, 2009). Despite the fact that the specific age of rats was
undefined, there is an indication for age difference between the rats used in
Experiment 1 and 2. The former ones remained at least 5 weeks longer in the premises
until the start of the experiment due to welfare purposes related to reduction in the
animal number used in the laboratory. It was found that adolescent rats present with
impairments in retaining extinction of cued fear (Bisby et al., 2021), while juvenile
male rats do not show spontaneous recovery of auditory fear (Park et al., 2017).
Therefore, considering possible that if the rats in Experiment 2 underwent extinction
training during adolescence, this might have affected their extinction memory
retention and explain the similar levels of auditory fear across extinction recall and
spontaneous recovery testing. Thus, it is possible that the present findings may be
attributed to deficits in extinction retention rather than lack of spontaneous fear

recovery. This observation renders age an important experimental factor to consider
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when using animal models as disease traits or pharmacological efficacy in adult

animals do not necessarily extrapolate to the younger ones.

In conclusion, the results of this study confirm previous findings regarding the
mitigating effect of CBD acutely on expression of contextual fear memory, while also
providing novel evidence that CBD can induce long-lasting effects by suppressing the
spontaneous recovery of auditory fear when it is administered before extinction
training. In contrast, CBD administration after extinction failed to produce any effect
on extinction or its retention. These findings encourage the elucidation of
pharmacological mechanisms through which CBD regulates the spontaneous recovery
of learned fear, by performing pharmacological studies with either CB1 or 5-HT1A
receptor antagonists (Do Monte et al., 2013; Fogaca et al., 2014), since such receptors
were found to be implicated in the extinction enhancing and anxiolytic effects of CBD

(Bitencourt & Takahashi, 2018).
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Chapter 4. Investigation of CB1 receptor signalling as a potential pharmacological
mechanism of CBD in its regulation of extinction and spontaneous recovery of

learned fear

4.1 Introduction

As previously described, the diverse therapeutic potential of CBD is attributed
to the multiple molecular targets that interact with it. Regarding its modulating effects
on anxiety-like and learned fear behaviours, the involvement of not only
endocannabinoid but also endovanilloid and serotonergic signalling has been reported
by various preclinical studies. Specifically, the acute effects of CBD on the expression
of innate and conditioned fear were 5-HT1AR-mediated, when it was centrally infused
at low or intermediate doses (i.e., 15-30 nmol) in dPAG (Campos & Guimaraes, 2008),
PL (Fogacaetal., 2014), BNST (Gomes et al., 2012; Gomes et al., 2011), and IL (Marinho
etal., 2015). In contrast, intra-dPAG administration of a higher CBD dose (i.e., 60 nmol)
was found to be ineffective, due to activation of TRPV1 receptors (Campos &

Guimaraes, 2009).

Several studies have reported that CBD induces sustained fear alleviating
effects by either enhancing the extinction or disrupting the consolidation and
reconsolidation of learned fear memory, during which engagement of cannabinoid
receptors is indispensable. Systemic (i.e., 10mg/kg) or intrahippocampal (i.e., 30 pmol)
CBD administration immediately after contextual fear conditioning was found to
interfere with memory consolidation, through time-dependent activation of CB1 and
CB2 receptors in dHPC (Stern et al., 2017; Raymundi et al.,, 2020). Additionally,

systemic administration of 10 mg/kg CBD after retrieval resulted in long-lasting
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suppression of contextual fear memory expression, through disruption of
reconsolidation (Stern et al., 2012), an effect that was similarly observed when 30
pmol CBD was centrally infused into ACC or PL but not in the IL (Bayer et al., 2022).
Systemic or intra-PFC pre-administration of 50 pmol CB1R antagonist/inverse agonist
AM251, though, prevented the CBD-induced disrupting effects on fear memory
reconsolidation. Additionally, it was found that intracerebroventricular (i.c.v)
administration of 2 ug/ul CBD or intra-IL infusion of 0.4pug/0.2 ul CBD before extinction
training resulted in a reduction of contextual fear expression through CB1R-mediated
facilitation of extinction memory (Bitencourt et al., 2008; Do Monte et al., 2013).
However, the fact that CBD demonstrates low binding affinity to CB1Rs and CB2Rs
suggests that CBD exerts the above-described effects by indirect modulation of
endocannabinoid signalling, through inhibition of degradative and re-uptake

mechanisms of AEA (Ligresti et al., 2016).

Over the last decades, CB1R-mediated modulation in several aspects of
learned fear processing was investigated. However, discrepancies in the findings were
attributed to several factors, such as the behavioural task used, the direct or indirect
activation of CB1Rs, as well as their localization within the fear circuitry, and the time
of intervention. For instance, systemic administration of the CB1R agonist WIN55,212-
2 or direct infusion of AEA into NAc core impaired the acquisition and reduced the
expression of contextual fear, through a CB1R-dependent mechanism, leaving the
auditory fear memory unaffected (Pamplona & Takahashi, 2006; Pedroza-Llinas et al.,
2013). In contrast, CB1R activation in BLA, either directly by WIN 55,212-2 or indirectly
by AM404 administration, an endocannabinoid reuptake inhibitor, potentiated the

acquisition of olfactory fear memory (Tan et al., 2011). Similar contradictory findings
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were observed also in CB1R-mediated regulation of fear memory consolidation. Post-
conditioning CB1R activation in the hippocampus disrupted fear memory
consolidation (Santana et al., 2016), while in retrosplenial cortex (RSC) it ameliorated

the consolidation of contextual fear memory (Sachser et al., 2015).

On the other hand, CB1R-mediated signalling was found to modulate retrieval
of fear memory as well. The elevation of AEA levels in dI-PAG or dHPC, either directly
by infusing AEA in these areas or indirectly by inhibiting its hydrolysis/reuptake
mechanisms, was found to inhibit the retrieval of contextual fear memory, through
activation of CB1Rs (Resstel et al., 2008; Gobira et al., 2017). Similarly, post-
reactivation infusion of the CB1R agonist CP55,940 in hippocampal CA1 area and IL or
in RSC disrupted the reconsolidation of contextual fear memory, while CB1R activation
in RSC facilitated extinction consolidation, providing long-lasting suppression of
learned fear and preventing spontaneous fear recovery (Sachser et al., 2015; Santana
et al., 2016). Importantly, systemic or intracranial administration of cannabinoids that
facilitate endocannabinoid transmission was found to enhance the acquisition,
consolidation, and retrieval of extinction memories, resulting in long-term
suppression of contextual or cued learned fear. This can be mediated either by directly
agonizing CB1Rs (e.g., WIN55212-2, HU210) (Pamplona et al., 2008; Lin et al., 2009;
Ganon-Elazar & Akirav, 2013) or indirectly by increasing AEA levels through blockade
of its reuptake (e.g., AM404) (Bitencourt et al., 2008) or degradation (e.g., URB597,

AM3506) (Gunduz-Cinar et al., 2013; Morena et al., 2018; Segev et al., 2018).

On the other hand, pre-treatment with CB1R antagonists/inverse agonists or

their sole administration was found to abolish the effects induced by the compounds
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enhancing endocannabinoid signaling (Resstel et al., 2008; Gobira et al., 2017), or
produce the exact opposite effects, respectively (Pamplona et al., 2006; Sachser et al.,
2015). SR141716A, also known as rimonabant, and its analogue AM251 are the most
used selective CB1R antagonists for the exploration of learned fear-related
behaviours, due to their high selectivity and affinity to CB1Rs even at sub-nanomolar
concentration range (Howlett et al., 2002; Raffa & Ward, 2012). On the other hand,
under higher concentrations both compounds were found to act as inverse agonists
and reduce the constitutive activity of CB1Rs or exert CB1R-independent actions, by
antagonizing p-opioid receptors (Seely et al., 2012), or agonizing GPR55 (Ryberg et al.,

2007).

Noteworthy is that inconsistent findings are also observed across studies
investigating the effects of CB1R antagonists/inverse agonists. Specifically, AM251
was found to enhance the acquisition of trace, cued or contextual fear conditioning
(Reich et al., 2008; Sink et al., 2010) when administered before the conditioning
session. In contrast, a study by Arenos et al. (2006) showed no effects of AM251 on
the acquisition or consolidation of contextual fear memory. However, during the fear
retention tests, AM251 decreased the expression of background contextual fear in the
auditory conditioning task but not in the contextual one, while it resulted in enhanced
expression of cued fear. Opposite findings were observed in CB1R-deficient mice, in
which background contextual fear memory was enhanced under highly aversive
conditions (Jacob et al., 2012), indicating that task aversiveness plays a crucial role.
Additionally, when AMZ251 was directly infused into BLA immediately after the
reactivation session, it disrupted the reconsolidation of auditory fear memory (Ratano

et al., 2014). In contrast, intrahippocampal or intra-RSC infusion of AM251 enhanced
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reconsolidation and impaired extinction, resulting in elevated conditioned responses
upon extinction test and spontaneous recovery of contextual fear (de Oliveira Alvares
et al., 2008; Sachser et al., 2015), suggesting that CB1R exert opposite effects in
reconsolidation and extinction of learned fear. Similarly, impaired extinction was
observed by either intra-mPFC or systemic AM251 administration in fear-potentiated
startle or contextual fear conditioning protocols, respectively (Kuhnert et al., 2013;
Laricchiuta et al.,, 2013). Comparable effects were described after systemic
administration of CB1R antagonist rimonabant, impairing the extinction of contextual
and cued fear (Marsicano et al., 2002; Chhatwal et al., 2005; Pamplona et al., 2006;
Pamplona et al., 2008; Chhatwal et al., 2009;). The effects of rimonabant have been
also investigated under a protocol of low preincubated fear conditioning, in which
animals received 100 CS-US pairings over 10 days and demonstrated lower fear
expression 2 days after the last fear conditioning session and higher fear when tested
for its retention 30 days later (Pickens et al., 2009). Interestingly, rimonabant was
shown to interfere with the between-session extinction and impair its retention on
low preincubated fear conditioning (Pickens & Theberge, 2014), but disrupted the
within-session extinction in the auditory fear conditioning and the passive avoidance
task (Niyuhire et al., 2007), indicating that CB1R modulation of extinction is specific to

the behavioral task.

In the previous chapter, it was described that CBD administration before
extinction training acutely reduced the expression of contextual fear memory and
elicited a long-lasting effect in preventing spontaneous recovery of auditory fear 21
days after extinction. This chapter aims to extend the previous findings and investigate

whether CB1R signaling is implicated in CBD’s regulation of fear extinction and
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spontaneous fear recovery. In Experiment 1, a dose-response study of the CB1R
antagonist/inverse agonist AM251 was performed to determine an appropriate dose
that would not elicit any effects on its own, in order to investigate in Experiment 2 its

potential interference with the previously described effects of CBD.

4.2 Materials and methods

4.2.1 Subjects

Male Lister-Hooded rats (Envigo, UK), weighing 280-340 g were used for
Experiments 1 and 2. Rats were group-housed and behaviourally tested under the
same conditions as described in previous chapters. All experimental procedures were
performed with internal ethical approval and in accordance with the Animals
(Scientific Procedures) Act 1986, UK (PPL: P6DA59444). The sample size of each

treatment group was calculated based on the power analysis described in Chapter 2.

4.2.2 Drug preparation and administration

AM251, a CB1R antagonist/inverse agonist, (APExBIO Technology, USA) at a
dose of 1 or 3 mg/kg was used in Experiment 1, while 1 mg/kg AM251 was
administered in combination with 10 mg/kg CBD (THC Pharm, Germany) in Experiment
2. Both compounds were suspended in a freshly prepared vehicle made of 95 % sterile
saline and 5 % Tween 80 and administered intraperitoneally before the extinction
session at a volume of 1 mi/kg. The doses of AM251 were selected based on previous
studies investigating their effects on learned fear processing (Arenos et al., 2006; Stern
et al., 2012; Stern et al., 2017). The CBD dose was selected as the lower effective dose

modulating spontaneous fear recovery in the previous experiment in Chapter 3. None
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of the selected doses were found to affect baseline locomotion or sensitivity to the US

footshock in a previous study (Reich et al., 2008).

4.2.3 Experiment 1: Dose-response effects of pre-extinction AM251 administration

on extinction and spontaneous recovery of learned fear

The effects of systemic administration of different AM251 doses before
extinction on modulation of extinction and spontaneous recovery of contextual and
auditory learned fear were investigated using a 24-day protocol, presented in Figure
4.1. The behavioral testing apparatus and recording software, along with the design
and parameters used in the following experiments have been described in detail in
Chapters 2 and 3. On day 1, all rats underwent contextual habituation into two distinct
contexts, A and B. The next day, they were subjected to auditory fear conditioning in
context A, receiving 5 tone presentations (30 s, 4 kHz, 80 dB, ITI=2 min), followed by 5
tone-footshock pairings (0.5 s, 1=0.4 mA, US co-terminated with CS). On day 3, rats
were randomly allocated into three treatment groups (n=10/group) and administered
with 0, 1, or 3 mg/kg AM251 30 minutes before receiving extinction training in Context
B, which consisted of 30 tone presentations (30 sec, ITI=30sec). On days 4 and 24, all
rats returned to the extinction context and were subjected to extinction and

spontaneous recovery testing, respectively, receiving 3 tone presentations.
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4.2.4 Experiment 2: Effect of AM251 pre-treatment on CBD regulation of extinction

and spontaneous recovery of learned fear

All rats underwent contextual habituation and auditory fear conditioning on
days 1 and 2, respectively as described above in Experiment 1. On day 3, rats were
randomly allocated into four treatment groups (n=9/group), Vehicle + Vehicle, AM251
+ Vehicle, Vehicle + CBD, and AM251 + CBD (Figure 4.2). Rats received their pre-
treatment (Vehicle or AM251) and treatment (Vehicle or CBD) with a 30 min-interval
between them, while treatment was administered 30 min before the extinction
training. On days 4 and 24, all rats were subjected to sessions of extinction and

spontaneous recovery testing, respectively, as described in Experiment 1.
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4.3. Data analysis

The analysis of the experimental data in this chapter was performed in a similar
way as in the previous chapters. Specifically, the duration of freezing behavior was
expressed as the percentage of 120 sec for the pre-CS interval or 30 sec for each CS
trial. Auditory fear during extinction training, extinction testing, and spontaneous
recovery testing sessions was expressed in CS blocks, defined by the average of
freezing during 3 consecutive CS presentations. All data are presented as mean + SEM
and statistical analysis was performed using GraphPad Prism 9, while p < 0.05 was
considered the level of statistical significance for all comparisons. In both experiments,
fear conditioning was analyzed using repeated-measures or mixed-model two-way
ANOVA, with group and trial being designated as the between- and within-subject
factors, respectively. Geisser-Greenhouse correction was applied to adjust for the lack
of sphericity. The pre-CS interval before extinction training was analyzed through one-
way ANOVA, with dose or treatment defined as the between-subject factor for
Experiments 1 and 2, respectively. Bartlett’s test was used to assess the homogeneity
of variance, while p < 0.05 was considered the level of assumption violation. Two-way
ANOVA with Geisser-Greenhouse correction was conducted for the analysis of CS
blocks during extinction training in Experiments 1 and 2 with dose or treatment as the
between-subject factor, respectively, and block as the within-subject factor. Freezing
levels during the pre-CS interval of the extinction test and spontaneous recovery were
analyzed using two-way ANOVA, with dose or treatment as the between-subject
factor for Experiments 1 and 2, respectively, whereas time was defined as the within-
subject factor. The fact that the within-subjects factor was comprised of only two

levels (e.g., extinction test vs spontaneous recovery) rendered inapplicable the
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sphericity assumptions. The freezing differences during the CS block of extinction and
spontaneous fear recovery testing were analyzed similarly as above. Sidak’s post-hoc
test for multiple comparisons was applied when ANOVA revealed a significant main
effect or interaction between independent variables. Limited pairwise comparisons
were performed between the means of the lower or higher dose of AM251 and the
vehicle in the dose-response study (Experiment 1). In contrast, the means of each
treatment group were fully pairwise compared against the means of each other group
in the AM251-CBD combination study (Experiment 2). Sidak method was preferred
over Bonferroni for its higher power and used to compute adjusted P value for each

individual test and confidence intervals (Lee & Lee, 2018).

4.4 Results

4.4.1 Experiment 1: Dose-response effects of pre-extinction AM251 administration

on extinction and spontaneous recovery of learned fear

The effects of pre-extinction training AM251 administration on learned fear
expression, extinction training, extinction recall, and later spontaneous recovery are
depicted in Figure 4.3. The levels of freezing behavior during the CS-US pairings in the
fear conditioning session are shown in Figure 4.3.A. Two-way ANOVA revealed
significant main effects of trial (F (3.053, 8242) = 34.94, P < 0.0001) and group (F (2, 27) =
3.776, P = 0.0358) but no trial x group interaction (F (s, 10s) = 1.887, P = 0.0693).
However, after performing post-hoc analysis, no reliable differences in freezing were
identified between the groups (P > 0.05) to receive the different doses of AM251
before extinction training. Freezing during the pre-CS interval before extinction

training is shown in Figure 4.3.B. One-way ANOVA found no main effect of dose (F (2,
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27) = 1.339, P = 0.2791), indicating that neither of the AM251 doses affected the
baseline expression of contextual fear memory before extinction training. Freezing
during the CS blocks in the extinction training session is presented in Figure 4.3.C. Two-
way ANOVA revealed a significant main effect of block (F (2.396, 64.68) = 26.05, P <
0.0001), but no effect of dose (F (2, 27) = 0.7305, P = 0.4909) or block x dose interaction
(F (18, 243) = 1.141, P = 0.3128), indicating that AM251 induced no effect on auditory
fear memory expression or extinction learning. The effects of the pre-extinction
AM251 administration on contextual and auditory fear during the pre-CS interval and
CS block, respectively, across extinction recall and spontaneous recovery testing are
presented in Figure 4.3.D and E. To investigate the effect of AM251 on contextual fear,
two-way ANOVA was conducted on freezing during the pre-CS interval before
extinction and spontaneous fear recovery testing, revealing a significant main effect
of time (F (1,27)= 26.53, P < 0.0001), but no dose effect (F (2,27)=0.6753, P=0.5174) or
time x dose interaction (F (2,27) = 1.742, P = 0.1943). This indicates that freezing during
the pre-CS interval of spontaneous recovery testing was significantly increased in all
groups when compared with extinction testing, suggesting spontaneous recovery of
contextual fear 21 days after extinction training, without any reliable lasting effect of
AM?251 during either test. To determine the effect of AM251 on the return of auditory
fear over time, two-way ANOVA was conducted on CS-block of extinction and
spontaneous fear recovery testing. There was no main effect of time (F (1,27 = 1.191,
P = 0.2849), dose (F (2,27)= 0.9623, P = 0.3947) or time x dose interaction (F 2, 27) =
0.0009292, P =0.9991). This indicates that no reliable differences in freezing behavior
were observed during the CS presentations across the extinction recall and

spontaneous recovery testing, suggesting that none of the AM251 dose groups
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showed spontaneous recovery of auditory fear, while AM251 failed to produce any

lasting effect in either test.
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Figure 4.3 AM251 did not affect expression, extinction or spontaneous recovery of learned fear. (A)
Fear conditioning did not differ between the groups to receive i.p. different doses of AM251 (n=10
rats/group). (B) AM251 did not affect freezing during the pre-CS interval before extinction training. (C)
No reliable differences in freezing were found between the different groups during extinction training.
(D) All groups demonstrated significantly higher freezing during the pre-CS interval of spontaneous fear
recovery compared to extinction recall test (**** p < 0.0001), but no effect on freezing was observed
by AM251. (E) Freezing levels did not significantly differ across the treatment groups or between the
two time points during the CS block, indicating no AM251 effect on auditory fear expression 1 and 21
days after extinction training and lack of spontaneous recovery.

105



4.4.2 Experiment 2: Effect of AM251 pre-treatment on CBD regulation of extinction

and spontaneous recovery of learned fear

To investigate the hypothesis that CBD prevents spontaneous recovery of
auditory fear through activation of CB1Rs, AM251 (1 mg/kg) was administered in
combination with CBD (10 mg/kg), to determine whether AM251 can inhibit this
beneficial effect of CBD. The dose of AM251 was selected based on the results from
Experiment 1, revealing that AM251 alone did not elicit any changes in the freezing
behavior. The effects of the different treatments on learned fear expression,
extinction training, extinction recall, and later spontaneous recovery are depicted in
Figure 4.4. The levels of freezing behavior during the CS-US pairings in the fear
conditioning session are shown in Figure 4.4.A. Two-way ANOVA revealed significant
main effect of trial (F (3.218, 103.0) = 26.56, P < 0.0001), but no group effect (F (3, 32) =
0.9701, P =0.4189), or trial x group interaction (F (12, 128)= 1.384, P = 0.1814), indicating
that there were no reliable differences between the groups to receive the different
treatment combinations prior to extinction training. Freezing during the pre-CS
interval before extinction training is shown in Figure 4.4.B. One-way ANOVA revealed
no significant main effect of treatment (F (3,32 = 0.5822, P = 0.6310), indicating that
treatment with AM251 or CBD alone, or their combination, did not affect the baseline
expression of contextual fear before extinction training. Freezing during the CS blocks
in the extinction training session is presented in Figure 4.4.C. Two-way ANOVA
revealed a significant main effect of block (F (2.820, 90.25) = 21.88, P < 0.0001), but no
effect of treatment (F (3,32)= 1.920, P = 0.1462) or block x treatment interaction (F (27,
288) = 1.076, P = 0.3682), indicating that none of the treatments affected auditory fear

memory expression or extinction learning. The effects of pre-extinction administration
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of AM251, CBD, or their combination on contextual and auditory fear during the pre-
CSinterval and the CS block, respectively, across the extinction recall and spontaneous
recovery testing, are presented in Figures 4.4.D and E. To investigate their effect on
contextual fear, two-way ANOVA was conducted on freezing levels during the pre-CS
interval before extinction and spontaneous fear recovery testing, revealing a
significant main effect of time (F (1,32 = 50.51, P < 0.0001), but no effect of treatment
(F (3,32)= 0.1628, P = 0.9206), or time x treatment interaction (F (3,32 = 0.3381, P =
0.7979). This indicates that the freezing levels were significantly increased in all
treatment groups during spontaneous recovery when compared to extinction testing,
suggesting spontaneous recovery of contextual fear 21 days after extinction training,
which was not affected by any of the treatments. To determine the effects of AM251
or CBD alone or their combination on the return of auditory fear over time, two-way
ANOVA was conducted on CS-block of extinction and spontaneous fear recovery
testing. There was a significant main effect of time (F (1,32) = 5.346, P =0.0274), but no
effect of treatment (F (3,32)= 0.6078, P = 0.6148), or time x treatment interaction (F 3,
32) = 0.5754, P = 0.6354). This indicates elevated freezing during the CS presentations
of spontaneous recovery, compared to extinction testing and suggests that
spontaneous recovery of auditory fear occurred in all treatment groups, while neither
AM251 nor CBD produced any lasting effect in either test, and freezing remained

unaffected by the administration of AM251 before CBD.
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Figure 4.4: AM251, CBD, or their combination had no effect on the expression of learned fear,
extinction, or spontaneous recovery. (A) Fear conditioning did not differ between the groups to receive
i.p. AM251 (1 mg/kg), CBD (10 mg/kg) or their combination (n=9 rats/group). (B) None of the treatments
affected freezing during the pre-CS interval before extinction training. (C) No reliable differences in
tone-induced freezing were found between the treatment groups during extinction training. (D) All
groups demonstrated significantly higher freezing during the pre-CS interval of spontaneous fear
recovery compared to extinction recall test (**** p < 0.0001), but no effect of AM251, CBD, or their
combination was observed during either time point. (E) All treatment groups showed significantly
higher tone-induced freezing during spontaneous recovery testing than the extinction recall test (* p <
0.05), but AM251, CBD, or their combination did not have any reliable effect.
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4.5 Discussion

This study investigated the possible role of CB1R signaling in mediating the
acute reduction of contextual fear expression and the long-lasting suppression of
spontaneous recovery of auditory fear induced by pre-extinction CBD administration.
In Experiment 1, a dose-response study with AM251 was performed to identify the
dose that did not elicit effects per se but could potentially abolish the CBD effects
observed in Chapter 3. None of the AM251 doses used affected the expression of
learned fear, extinction learning, or had long-lasting effects on extinction recall the
next day. Although AM251 had no effects on the spontaneous recovery of contextual
fear, none of the treatment groups showed spontaneous recovery of auditory fear. In
Experiment 2, CBD and the low dose of AM251 were administered either in
combination or with their vehicle counterpart. None of the treatment groups affected
the baseline expression of contextual fear memory, while CBD-treated animals failed
to reproduce the previous findings. Neither the expression of auditory fear memory
nor extinction learning was affected by the different treatment groups. Similarly, none
of the treatment groups elicited any long-lasting effect on extinction recall one day
later during the extinction test or 21 days later upon spontaneous fear recovery
testing. Importantly, CBD failed to suppress the spontaneous recovery of auditory
fear, as demonstrated in the previous chapter, while the pretreatment with AM251
failed to induce any effects either. Due to the lack of reproducibility of the CBD effects
in the current study, it is unclear whether CB1R signalling is involved in CBD’s fear-
suppressing effects shown in the previous chapter. Nevertheless, the present findings
will be compared with relevant studies from the literature and the possible factors

that may have contributed to this irreproducibility will be discussed in detail below.
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In Experiment 1, the fact that the administration of 1 or 3 mg/kg AM251 before
extinction did not elicit any effects on the expression of contextual or auditory learned
fear is not an unexpected finding. In a study by Gobira et al. (2017) i.p. administration
of 1 mg/kg AM251 was found to abolish the effects of systemically injected AA-5-HT,
a dual FAAH and TRPV1 blocker, that inhibited the contextual fear memory retrieval,
when administered before the retrieval test. However, in a dose-response study, none
of the AM251 doses (0.3, 1, or 3 mg/kg) affected fear memory expression when
administered alone. In contrast, in another study, the i.p. administration of 3 mg/kg
before the fear retrieval tests decreased the expression of background contextual fear
but increased cued fear expression (Arenos et al., 2006). The lack of effects in the
present study might be attributed to the lower foot-shock intensity in comparison to
theirs (0.4 vs 1.0 mA) and the lower volume of drug administration (V=1 vs 3 mL/kg)
applied. In addition, AM251 did not produce any acute effects during extinction
training or long-lasting effects on extinction recall the next day, which is contradicted
by other studies using either AM251 or rimonabant. Noteworthy is that other studies
have shown impairments in the extinction encoding after contextual or trace
conditioning, only under higher doses of AM251 (i.e., 5 or 6 mg/kg) (Reich et al., 2008;
Laricchiuta et al., 2013). Similarly, dose-dependent effects were observed with
rimonabant, disrupting the extinction of contextual and cued fear with doses usually
greater than 1 mg/kg, while 0.2 mg/kg only prevented the extinction enhancing effects
of systemically or centrally administered cannabinoids (e.g., WIN 55212-2, AM404,
CBD) (Marsicano et al., 2002; Chhatwal et al., 2005; Pamplona et al., 2006; Niyuhire et

al., 2007; Bitencourt et al., 2008; Do Monte et al., 2013).
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Interestingly, a study by Sachser et al. (2015) has shown that intra-RSC infusion
of AM251 did not elicit within-extinction effects, and instead resulted in between-
extinction impairments, suggesting that AM251 blocked extinction consolidation. This
was observed as an increased expression of contextual fear upon extinction test and
later during spontaneous recovery sessions, a finding that did not resemble the
present results. This possibly indicates that the route of drug administration along
with the differential modulation of contextual and cued fear conditioning by CB1Rs
might play a role in the discrepancies between the studies. Although AM251 did not
induce any long-lasting effects on the spontaneous recovery of contextual fear in this
experiment, the lack of spontaneous recovery of auditory fear in all treatment groups
is difficult to interpret. A possible explanation might be that the rats used came from
a different breeding company compared to those used in the previous chapter.
Previous studies have observed differences in anxiety-like behaviours between
rodents of the same strain obtained from different vendors, although conditioned fear
responses either did not reveal any significant differences or were not assessed (Tsuda
et al., 2020; Ericsson et al., 2021). Noteworthy is that the freezing levels throughout
this experiment were higher than those observed in the previous chapters. Possibly,
the rats might present poor between-session extinction recall of cued fear, thus
reaching a maximal tone-induced fear responding (i.e., ceiling effect) across both
extinction and spontaneous recovery testing.

Despite not finding spontaneous fear recovery in any of the groups in
Experiment 1, the low dose of AM251 was selected to proceed with the AM251-CBD
combination study. This was supported by previous studies showing that this dose

(i.e., AM251 1mg/kg) was sufficient to abolish the reconsolidation blockade induced
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by CBD (Stern et al., 2012; Stern et al., 2017) or to prevent anxiolytic-like effects of
URB597, a FAAH inhibitor (Haller et al., 2009), but not to elicit behavioural effects on
its own. A lower dose of 0.3 mg/kg AM251 has also been used to block the effects of
URB597 or WIN 55212-2 on extinction memory or acoustic startle response (Fidelman
et al., 2018; Segev et al., 2018). However, there is no previous evidence of using this
dose of AM251 to investigate the potential involvement of CB1Rs in CBD’s extinction-
facilitating effects.

In Experiment 2, as mentioned above, none of the treatments CBD or AM251
alone, or their combination, administered before extinction training affected the
expression of learned fear, extinction learning, extinction recall, or spontaneous fear
recovery when compared to the vehicle-treated group. As expected, AM251 + Veh
showed no effects since this dose (1mg/kg) was validated and selected for not eliciting
any effect by itself, but for solely interfering with CBD-induced effects. Here AM251-
treated animals demonstrated spontaneous recovery of auditory fear in contrast to
Experiment 1, but they did not show any differences in freezing in comparison to the
other treatment groups.

Striking is that CBD administration (i.e., Veh + CBD) in Experiment 2 did not
acutely reduce the baseline expression of contextual fear or suppress the spontaneous
recovery of auditory fear as previously observed in Chapter 2. One factor that needs
to be considered is the increase in Tween 80 concentration of the vehicle in which CBD
was suspended, from 2% to 5%. This was decided in order to use the same vehicle
both for AM251 and CBD suspension, given that this method had previously been
applied in other studies (Stern et al., 2012; Stern et al., 2017). However, this change

might have affected the micellization process and thus the penetration of CBD through
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the BBB (Bruni et al., 2018). A previous study revealed that an increase in Tween 80
concentration was found to decrease the droplet size of the nanoparticle during the
drug formulation process. As the particle size plays a crucial role in the rate of
endocytosis across the BBB, smaller particles demonstrated enhanced BBB
penetration and improved drug delivery to the brain parenchyma, along with
increased pharmacological effects (Yadav et al.,, 2017). Additionally, other groups
observed higher absorption, plasma, and brain parenchyma levels of per os
administered compounds, that have been suspended in higher Tween 80
concentration solutions, demonstrating as well a greater area under the curve (AUC)
(i.e., definite integral of the drug plasma concentration over time) and Cmax (i.e.,
maximum drug concentration in a compartment) (Azmin et al., 1982; Zhang et al.,
2003). Therefore, the suspension of CBD in a vehicle solution with a higher
concentration of Tween 80 might have resulted in greater CBD bioavailability in the
extinction brain-related areas, inducing possibly a more robust inhibition of AEA
reuptake and degradation mechanisms. Increasing AEA pools in the synapse, CBD may
have indirectly stimulated both CB1 and TRPV1 receptors, or activated other non-
specific targets, resulting in the neutralization of previously observed effects (Moreira
et al., 2012; Aguiar et al., 2014).

Despite the lack of CBD effects in this experiment, we could speculate that the
pre-administration of AM251 would have blocked the CB1R signalling, leaving intact
the TRPV1 receptors and thus increasing conditioning responses (Uliana et al., 2016).
However, AM251 + CBD treated animals did not show any effects on learned fear,
extinction, or spontaneous recovery when compared with the other treatment

groups. It was found that i.c.v or intra-IL CBD infusion facilitated the extinction of
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contextual fear memory and produced a long-lasting reduction of freezing during the
extinction recall through a CB1R-dependent manner (Bitencourt et al., 2008; Do
Monte et al.,, 2013). In the previous chapter, it was discussed that the protocol
aversiveness (i.e., 0.4 vs 1.5mA), route of CBD administration (i.e., systemic vsi.c.v or
intra-IL), and the type of fear conditioning (i.e., auditory vs contextual) might have
played a critical role in the lack of CBD effect on extinction facilitation observed in the
present study, possibly because CB1R signaling differentially modulated fear retrieval
and extinction processes. Indeed, there is evidence from studies abolishing CB1R
signaling either through genetic silencing or pharmacological blockade that increased
contextual fear memory was observed only with stronger footshock intensity (Lin et
al., 2011; Jacob et al., 2012), while no effects were produced with weaker footshock
(Suzuki et al., 2004). This suggests that a critical threshold of aversiveness should be
reached for the endocannabinoid system to get activated. Also, supporting this idea
are the bidirectional effects induced by CBD on contextual fear extinction upon
stronger or weaker fear conditioning parameters (Song et al., 2016). Additionally, it
was observed that CB1R signaling differentially modulated the contextual versus
auditory fear conditioning and the processing of background (i.e., tone is principally
associated with US) versus foreground (i.e., contextual stimuli only associated with
US) contextual fear memory (Arenos et al., 2006; Sink et al., 2010). Therefore, in the
present studies, CBD may have differentially regulated the extinction and
spontaneous recovery of learned fear, possibly because indirect CB1R activation
elicited different behavioral responses under these specific experimental parameters,
or such a mechanism was partially involved in these effects, or CBD has acted by

engaging an entirely different pharmacological mechanism.
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Although CBI1R signaling was found to be implicated in CBD-mediated
modulation of extinction and reconsolidation of learned fear (Bitencourt et al., 2008;
Stern et al., 2012; Do Monte et al., 2013; Bayer et al., 2022), it is worth mentioning
that its effects on acquisition and consolidation are governed by other mechanisms of
action as well. Specifically, direct infusion of CBD in the shell of NAc before fear
conditioning resulted in disruption of auditory fear memory acquisition, through 5-
HT1AR-mediated signaling (Norris et al., 2016). Additionally, systemic or central
infusion in dHPC of CBD immediately after fear conditioning, induced impairment in
contextual fear memory consolidation, involving concomitant CB1R and CB2R
activation. In contrast, the same effect induced by CBD when administered one hour
after conditioning was mediated by PPARYy signaling in dHPC, indicating that CBD’s
effects on learned fear memory consolidation rely on a time-dependent engagement
of CB1, CB2, and PPARYy receptors (Stern et al., 2017; Raymundi et al., 2020). Possibly,
through a similar mechanism, CBD may time-dependently modulate extinction
encoding and consolidation, activating distinct types of receptors, that remains to be
elucidated.

In conclusion, the results of this study failed to reproduce the previously
observed effects of CBD on acute reduction of contextual fear expression and long-
lasting suppression of spontaneous recovery of auditory fear, while the pre-treatment
with AM251 left unaltered the conditioned responses mediated by CBD. Due to the
results of this study, the possibility of indirect CB1R activation mediating, at least in
part, the effects of CBD cannot be excluded. Therefore, future studies could involve
the repetition of AM251-CBD experiment under as identical as possible experimental

conditions to those of Chapter 3 (i.e., using the same vehicle for CBD), and thereafter,

115



the exploration of other pharmacological targets either by dually inhibiting CB1 and

CB2 receptors, or antagonizing PPARy, and 5-HT1ARs.
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Chapter 5. Investigation of 5-HT1AR signalling as a potential pharmacological
mechanism of CBD regulation of extinction and spontaneous recovery of learned
fear
5.1 Introduction

As mentioned earlier, CBD’s diverse therapeutic effects are attributed to its
multifaceted mechanisms of action, engaging signaling pathways that are not only
restricted within the endocannabinoid system. CBD was found also to modulate
serotonergic neurotransmission by acting as an agonist or allosterically interacting
with 5-HT1ARs (Russo et al., 2005; Rock et al., 2012). Facilitation of 5-HT1AR-mediated
signaling is associated with CBD’s antidepressant (Zanelati et al., 2010; Linge et al.,
2016; Sartim et al., 2016) anti-aggressive (Hartmann et al., 2019), and panicolytic
(Soares Vde et al.,, 2010; Campos et al., 2013) properties. Additionally, CBD has
attracted much attention for its 5-HT1AR-dependent anxiolytic-like effects that were
observed after systemic (Moreira et al., 2006; Resstel et al., 2009), and central
administration (i.e., PAG and BNST) in the anxiety models of EPM and Vogel conflict
test (Campos & Guimaraes, 2008; Gomes et al., 2011). Noteworthy is that EPM is
based on the animal’s innate conflict between motivation to explore and avoidance of
open spaces that may expose it to danger, whilst Vogel conflict test is based on the
approach-avoidance conflict between the animal’s intense motivation to drink after a
long period of water deprivation and the footshock delivery after a fixed number of

licks (Hoffman, 2016).

As outlined above, several studies have demonstrated that CBD induces
sustained fear-alleviating effects through facilitation of extinction (Bitencourt et al.,

2008; Do Monte et al., 2013) or disruption of the consolidation (Stern et al., 2017;
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Raymundi et al., 2020) and reconsolidation (Stern et al., 2012; Bayer et al., 2022) of
learned fear, by indirectly activating CB1Rs. In contrast, CBD was found to acutely
produce anxiolytic responses in models of innate and learned fear, through a 5-
HT1AR-dependent mechanism, only upon administration in specific brain areas within
the circuitry. Specifically, intra-BNST infusion of CBD before the EPM and Vogel conflict
test (Gomes et al., 2011) or re-exposure to a conditioning context (Gomes et al., 2012)
resulted in anxiolytic-like responses, by increasing the number of the open arm
explorations and the footshock-associated licks, or suppressing the expression of
contextual learned fear, respectively. Interestingly, opposing effects were observed in
the EPM after direct infusion of CBD in IL and PL, inducing anxiolytic and anxiogenic-
like responses, respectively (Fogaca et al., 2014; Marinho et al., 2015). However, these
effects were reversed when restraint stress was applied a day before the EPM test.
Analogous effects were reported when CBD was directly infused in PL, but not IL,
before re-exposure to the conditioning context, leading to suppression of contextual
fear memory expression. The anxiogenic or anxiolytic effects induced by intra-PL CBD
infusion on the expression of innate and learned fear, respectively, were mediated
through 5-HT1AR-dependent mechanisms, since pre-administration with the 5-HT1AR
antagonist WAY100,635 blocked the effects of CBD. Importantly, the opposing effects
observed after intra-IL CBD infusion were also mediated by activation of 5-HT1ARs.
Additionally, a study by Norris et al. (2016) revealed that 5-HT1AR-mediated signaling
was responsible for the disrupting effects of CBD on the acquisition of olfactory fear
memory after direct infusion into shell of NAc, as this effect of CBD was abolished by
5-HT1AR antagonist pre-treatment. Although a recent study has revealed that intra-

dHPC CBD administration impaired contextual fear memory consolidation through a
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time-dependent activation of CB1 and CB2 receptors, this effect was also partially
mediated by 5-HT1AR signaling when CBD was administered immediately after
conditioning (Raymundi et al., 2020). Additionally, a study by Stern et al. (2012) has
revealed that CBD provided lasting suppression of reinstatement and spontaneous
recovery of contextual fear by disrupting reconsolidation of learned fear memory,
through activation of CB1Rs, rather than 5-HT1ARs. To date, there is no evidence from
previous studies that 5-HT1ARs are involved in the facilitatory effects of CBD on

extinction, rendering this an interesting question to be investigated.

Although this chapter is centered around the effects of 5-HT1AR-mediated
signaling on the expression of learned fear memory, and its extinction, it is worth
briefly mentioning the roles of 5-HT2A and 5-HT3 receptors. A study by Zhang et al.
(2013) has shown that systemic administration of the 5-HT2AR agonist TCB-2 (i.e., 1.0
mg/kg, i.p.) after fear conditioning enhanced consolidation of both contextual and
cued fear memory, while fear acquisition and retrieval were unaffected when TCB-2
was administered either before conditioning or before retrieval testing. Additionally,
pre-extinction TCB-2 administration facilitated the acquisition of extinction memory
after trace and delay conditioning (Zhang et al., 2013). Regarding 5-HT3Rs, mice
overexpressing these receptors showed enhancement in contextual fear conditioning
(Harrell & Allan, 2003). Conversely, antagonism of 5-HT3Rs through i.p. administration
of tropisetron (i.e., 0.01-0.1 mg/kg) and ondansetron (i.e., 0.001-1.0 mg/kg) led to
impaired expression of contextual learned fear (Yoshioka et al., 1995) and potentiated
startle (Nevins & Anthony, 1994), respectively, while another 5-HT3R antagonist
granisetron (i.e., 0.5 or 1.0 mg/kg, i.p.) enhanced extinction consolidation of cued and

contextual fear memory (Park & Williams, 2012).
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Over recent decades, several studies have investigated the role of 5-HT1AR-
mediated signaling in the modulation of learned fear processing, while trying to
disambiguate the differential involvement of 5-HT1A autoreceptors and postsynaptic
receptors, distributed in the raphe nuclei or projection forebrain areas, respectively.
Stiedl et al. (2000) approached this issue by performing subcutaneous (i.e., 0.1-1.0
mg/kg) and intra-hippocampal (i.e., 5.0 pg) administration of the 5-HT1AR agonist 8-
OH-DPAT. Both methods interfered with the acquisition of fear conditioning.
However, intrahippocampal infusion of 0.5 pg WAY100,635 reversed only the
impairment induced by the intrahippocampal, and not by subcutaneous 8-OH-DPAT
administration indicating that these inhibitory effects were mediated through post-
synaptic 5-HT1AR activation. Similarly, a study by Youn et al. (2009) revealed that
subcutaneous administration of 0.01-0.5 mg/kg 8-OH-DPAT impaired both contextual
and cued fear memory acquisition in a dose-dependent manner. In contrast, S15535
(i.e., 0.01-5.0 mg/kg), a selective presynaptic 5-HT1AR agonist with lower efficacy for
postsynaptic 5-HT1ARs, predominantly impaired contextual fear and produced
weaker effects than those exerted by 8-OH-DPAT. This suggests that the impairments
observed in the fear acquisition were mediated by post-synaptic 5-HT1ARs (Youn et
al., 2009). In contrast, a recent study revealed that systemic administration of both 8-
OH-DPAT (i.e., 0.03 mg/kg, s.c) and the selective 5-HT1A autoreceptor agonist F13714
(i.e., 0.16 mg/kg, i.p.) impaired cued fear acquisition, but reduction of both cued and
contextual fear expression in the FPS test was presented upon administration of 0.1—
0.3 mg/kg 8-OH-DPAT and 0.04—-0.16 mg/kg F13714 (Zhao et al., 2019). Whereas i.p.
administration of either 0.04 or 0.16 mg/kg F15599, a selective agonist of cortical post-

synaptic 5-HT1A heteroreceptors, did not induce any effects either on acquisition or
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expression of conditioning fear, indicating that these processes are regulated by 5-
HT1A autoreceptors, rather than heteroreceptors (Zhao et al., 2019). Another study
has also demonstrated the involvement of 5-HT1AR activation in inhibition of auditory
learned fear acquisition that was induced by s.c. administration of 0.5 mg/kg 8-OH-
DPAT. This was indicated by the attenuation of conditioned-induced tachycardia, an
effect that was abolished by pretreatment with the 5-HT1AR antagonist WAY100,635
(i.e., 0.03 mg/kg, s.c.) (Youn et al., 2013). All these studies indicate that 5-HT1AR

activation leads to impairments in both contextual and cued fear memory acquisition.

In addition, there is extended evidence supporting that 5-HT1AR activation
leads to a reduction of learned fear expression, with postsynaptic 5-HT1ARs
contributing to a greater extent compared to autoreceptors (Homberg, 2012).
Specifically, it was found that intra-CEA infusion of flesinoxan (i.e., 5—-20 pg/ 1 ul and
40 pg/ 2 ul) a selective 5-HT1AR agonist, dose-dependently inhibited fear-potentiated
startle, while intra-DRN or intra-MRN infusion failed to elicit any effects, indicating
that flesinoxan-induced inhibitory effects were dependent on activation of 5-HT1AR
found in CEA, rather than autoreceptors distributed in raphe nuclei (Groenink et al.,
2000). Another study revealed that intra-dHPC and intra-amygdala flesinoxan (i.e., 3
ug/ 0.5 pl) infusion reduced the expression of contextual fear, through activation of
5-HT1ARs expressed post-synaptically in these areas (Li et al., 2006). A study by
Almada et al. (2009) has also demonstrated a greater contribution of post-synaptic 5-
HT1ARs compared to autoreceptors in the modulation of learned fear expression, as
the intra-dIHPC infusion of 1 nmol/0.2 pl 8-OH-DPAT led to reduction in both
contextual-induced freezing and fear-potentiated startle responses, while intra-MRN

infusion of the same dose reduced only freezing behavior. It is worth mentioning that
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compounds activating or antagonizing 5-HT1ARs were found not only to elicit effects
on their own on learned fear but also to modulate SSRI-mediated responses.
Specifically, subcutaneous administration of a sub-effective dose of WAY100,635 (i.e.,
0.15mg/kg) potentiated the reduction of contextual fear expression induced by 3
mg/kg citalopram, possibly by further increasing the 5-HT levels through inhibition of
presynaptic 5-HT1AR autoreceptors (Muraki et al., 2008). Analogous additive effects
on the reduction of contextual-induced freezing were demonstrated by co-
administration of the selective 5-HT1AR agonist flesixosan (i.e., 0.3 mg/kg, s.c.) and
the SSRI fluvoxamine (i.e., 30 mg/kg) (Li et al., 2001). Therefore, the above-mentioned
studies provide supportive evidence that the activation of 5-HT1AR results in
suppression of learned fear expression, while indicating that the contribution of post-

synaptic 5-HT1ARs in these inhibitory effects is greater than autoreceptors.

On the other hand, there is limited evidence regarding the effects of 5-HT1AR-
mediated signaling on the modulation of learned fear extinction. A study by Nachtigall
et al. (2019) revealed that hippocampal 5-HT1ARs influence the novelty-induced
enhancement of contextual fear extinction while demonstrating that DA-ergic and NE-
ergic transmission have an integral role in this process. Additionally, it was found that
systemic administration of a partial 5-HT1AR agonist tandospirone (i.e., 5 mg/kg, i.p.)
facilitated the acquisition and recall of contextual fear extinction in a juvenile stress
exposure model and restored the synaptic function in CA1 and mPFC (Saito et al.,
2013). Interestingly, a study by Pereyra et al. (2021) has demonstrated that amygdalar
5-HT1AR display a modulatory role in the extinction of reward-driven learning, given
that intra-BLA infusion of 8 nmol/0.2 ul 8-OH-DPAT impaired extinction, while 0.37

nmol/ul WAY100,635 resulted in opposite effects. The fact that the BLA neuronal
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populations responsible for the formation and storage of fear extinction memory are
overlapping with those driving reward behavior (Zhang et al., 2020), raises the

possibility that 5-HT1AR expressed in BLA may modulate fear extinction as well.

The 5-HT1AR antagonist WAY100,635 has been widely used over the recent
decades in plethora of preclinical studies, comprising an invaluable tool for the
investigation of pharmacological and physiological function of 5-HT1ARs in learned
fear processing and anxiety, whilst it has been used in several human studies as
radiotracer in PET studies for determining the distribution of 5-HT1ARs. This was
attributed to the compound’s high potency and selectivity to both presynaptic and
postsynaptic 5-HT1ARs, with 100-fold selectivity over other receptors in CNS (Fletcher
et al., 1996). However, a later study by Chemel et al. (2006) revealed that both
WAY100,635 and its metabolite WAY100,634 can also act as full agonists at human

D4.2Rs, demonstrating high affinity.

The above-mentioned studies provide supporting evidence to investigate
further the role of 5-HT1AR agonists in the extinction of learned fear and reveal any
potential benefit in prevention of fear relapse. The fact that CBD demonstrates affinity
for the 5-HT1AR along with the previous observations that it reduced acutely the
expression of contextual fear and suppressed the spontaneous recovery of auditory
fear, encouraged the investigation of potential involvement of 5-HT1ARs on these
pharmacological effects. In Experiment 1, a dose-response study of the 5-HT1AR
antagonist WAY100,635 was performed to determine the appropriate dose that does
not elicit effects on its own on learned fear expression, extinction, or spontaneous

recovery. In Experiment 2, CBD or the sub-effective dose of WAY100,635 was
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administered alone or in combination to investigate whether WAY100,635 could

abolish the previously described effects of CBD.

5.2 Materials and methods
5.2.1 Subjects

Male Lister-Hooded rats (Charles Rivers, UK), weighing 290-380 g were used
for Experiments 1 and 2. Rats were group-housed and behaviourally tested under the
same conditions as described in previous chapters, while the sample size of each
treatment group was calculated based on the power analysis described earlier in
Chapter 2. All experimental procedures were performed with internal ethical approval
and in accordance with the Animals (Scientific Procedures) Act 1986, UK (PPL:

P6DA59444).

5.2.2 Drug preparation and administration

In Experiment 1, WAY100,635 maleate (Selleck Chemicals, US) at a dose of 0.3
or 1.0 mg/kg was suspended in sterile saline and administered 30 min before the
extinction training session. The doses of WAY100,635 were selected based on
previous studies investigating its effects on learned fear processing (Youn et al., 2009;
Zhao et al., 2019). In Experiment 2, rats were pre-treated with the low dose of
WAY100,635 (0.3 mg/kg) administered 60 mins before the extinction session. This
dose was selected after Experiment 1 showed that it was not effective to elicit effects
in freezing behaviour on its own. In the same experiment, 10 mg/kg CBD was
suspended in a vehicle made of 98 % sterile saline and 2 % Tween 80 and administered
30 min before extinction. This CBD dose was selected as the lowest effective dose to

modulate spontaneous fear recovery in the previous experiment in Chapter 3. The
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compounds were freshly prepared the morning of extinction training sessions and

administered intraperitoneally at a volume of 1 ml/kg.

5.2.3 Experiment 1: Dose-response effects of pre-extinction WAY100,635

administration on extinction and spontaneous recovery of learned fear

The effects of different WAY100,635 doses administered before extinction
training on modulation of extinction and spontaneous recovery of contextual and
auditory fear were investigated performing a 24-day behavioural protocol (Figure 5.1),
that was identical to Experiment 1, in Chapter 4. The behavioural testing apparatus
and recording software, along with the experimental design and parameters used
have been described in detail in Chapters 2 and 3. On day 1, all rats underwent
contextual habituation in two distinct contexts, and 24 hrs later were subjected to
auditory fear conditioning in Context A. On day 3, rats were randomly allocated into
three treatment groups (n=10/group) and administered with 0, 0.3, or 1.0 mg/kg
WAY100,635 30 minutes before receiving extinction training in Context B. On days 4
and 24, all rats returned to the extinction context and were submitted to extinction

recall and spontaneous recovery testing, respectively.
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5.2.4 Experiment 2: Effect of WAY100,635 pre-treatment on CBD regulation of

extinction and spontaneous recovery of learned fear

All rats were subjected to the same behavioral procedures as described in
Experiment 2 of Chapter 4, undergoing contextual habituation and auditory fear
conditioning on days 1 and 2, respectively. On day 3, rats were randomly allocated to
four treatment groups (n=10/ group): Saline + Vehicle, WAY100,635 + Vehicle, Saline
+ CBD, and WAY100,635 + CBD. Rats received their pre-treatment (Saline or
WAY100,635) and treatment (Vehicle or CBD) with a 30 min-interval between them,
with the latter administered 30 min before the extinction training (Figure 5.2).
Similarly to as described above, extinction recall and spontaneous recovery testing

were delivered on days 4 and 24, respectively.

127



‘uo1ssas AJanodas snoauejuods e Joj pausniad 1am Aayi ‘Sulules) uoIIDUIIXS Jo34e SAep Tz g IXIU0D Ul “SUl3Sa] UOIIDUIIXD 404 S € 01 pasodxa a4am sdnous ||e
‘v Aep uQ g 1xa1u02 Ul suoneuasasd § OE 01 pa1dalgns auam siey Sululesy UOIIDUIIXS 31043 Ulw O gD 8%/Sw QT 40 3|21YaA pue ‘Suluiesy UOIIDUIIXD 24043q UIW
09 SE9'00TAVM 3/8w g0 4o auljes Jayls “d'1 SuiaIedal ‘sdN0US JusJalIp ¢ 01 Pa1edo||e Ajwopues auam sied ‘e Aep uQ "y 1xa1uod ul s3uuited sN-S) g Ag pamoj|oy
SD G YM SujUOIHPUOD JBD} JUSMISPUN SBJ ‘7 ABp UQ "V 1X93UOD USY3 PuUB g 1X21U0d 03 paleniigey aJ4om sied ‘T Aep uQ °ieaj paused] Jo A1anodas snoauejuods
pue uoipunRxa jo uonendas ggd ayl uo juswieasy-aid SE9'00TAVM JO 1999 ay3 Sunedisanul Joy pasn |030304d jo uonejuasasdal dnewayss ¢'s ainsiy

| 1 | } 1
2 Y | 1 1 ) 1

vz Aep v Aep € Aep Z Aep T Aep

v 1xajuo)

Suurey 0y Joud uiw Qg
uonesisiulwpe agd

Va
Q€ SOE SJ0€ SN/SOS+S0§

g 1xa2qu0) gIxajuo) g3ixajuo0) Y Xajuo)

g Xajuo)
Bujuresy o3 Joud Jnoy T B
uoneslsiuIWpe SE9'00T AVM
4
Aianooay Sunse) Suiuies) Suluonipuo) uonenjiqey

wsowcwuccnm uonounx3y uonodunxy leaq jenjxajuo)



5.3 Data analysis

Freezing behavior was expressed and analyzed similarly as described in
Chapters 3 and 4. However, due to a failure in the automatic scoring software, some
of the recordings ended up interrupted, resulting in loss of data and, thus, exclusion
of these animals from the group analysis (n=7-10/group). The cumulative duration of
freezing was expressed as the percentage of 120 sec for the pre-CS interval or 30 sec
for each CS trial. Auditory fear during extinction training, extinction recall testing, and
spontaneous recovery testing was calculated in CS blocks, defined by the average
freezing percentage during 3 consecutive CS presentations. Fear conditioning was
analyzed using repeated-measures or mixed-model two-way ANOVA, with group and
trial being designated as the between- and within-subject factors, respectively.
Geisser-Greenhouse correction was applied to adjust for the lack of sphericity. To
compare baseline contextual fear at the start of extinction training, the pre-CS interval
was analyzed through one-way ANOVA, with dose or treatment defined as the
between-subject factor for Experiments 1 and 2, respectively. Bartlett’s test was used
to assess the homogeneity of variance, while p < 0.05 was considered the level of
assumption violation. Two-way ANOVA with Geisser-Greenhouse correction was
conducted for the analysis of CS blocks during extinction training in Experiments 1 and
2 with dose or treatment as the between-subject factor, respectively, and block as the
within-subject factor. Freezing levels during the pre-CS interval of the extinction test
and spontaneous recovery were analyzed using two-way ANOVA, with dose or
treatment as the between-subject factor for Experiments 1 and 2, respectively,
whereas time was defined as the within-subject factor. The fact that the within-

subjects factor was comprised of only two levels (e.g., extinction test vs spontaneous
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recovery) rendered inapplicable the sphericity assumptions. Differences in tone-
induced freezing during CS blocks of extinction recall and spontaneous fear recovery
testing were analyzed similarly as above. All data are presented as mean £ SEM and
statistical analysis was performed using GraphPad Prism 9, while p < 0.05 was
considered the level of statistical significance for all comparisons. Sidak’s post-hoc
tests were applied where indicated. In the dose-response study (Experiment 1),
limited pairwise comparisons were performed between the means of the lower or
higher dose of WAY100,635 and saline. Whereas, in the WAY100,635-CBD
combination study (Experiment 2), the means of each treatment group were fully

pairwise compared against the means of each other group.

5.4 Results

5.4.1 Experiment 1: Dose-response effects of pre-extinction WAY100,635

administration on extinction and spontaneous recovery of learned fear

The effects of pre-extinction training WAY100,635 administration on learned
fear expression, extinction training, extinction recall, and later spontaneous recovery
are depicted in Figure 5.3. As previously stated, due to interruption of experimental
recordings, statistical analysis was performed in data from n=9 rats in Saline group,
n=9 rats in WAY 0.3 mg/kg group, and n=8 rats in WAY 1.0 mg/kg group. The freezing
levels during the CS-US pairings in the fear conditioning session are shown in Figure
5.3.A. Two-way ANOVA revealed a significant main effect of trial (F (2.936,67.53) = 7.592,
P = 0.0002), but no effect of group (F (2, 23) = 0.4839, P = 0.6225) or trial x group
interaction (F s, 92) = 0.5359, P = 0.8266), indicating that there were no reliable

differences between the groups to receive the different WAY100,635 doses before
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extinction training. Freezing during the pre-CS interval before extinction training is
presented in Figure 5.3.B. One-way ANOVA revealed a significant main effect of dose
(F (2, 23y = 3.704, P = 0.0403). Post-hoc analysis demonstrated significantly lower
freezing with WAY100,635 1.0 mg/kg vs saline (P = 0.0227), but no reliable difference
between saline and WAY100,635 0.3 mg/kg (P = 0.3487). These results indicate that
the high dose of WAY100,635 reduced the baseline expression of contextual fear
memory before extinction training when compared with the vehicle. Tone-induced
freezing during the CS blocks in the extinction training session is shown in Figure 5.3.C.
Two-way ANOVA revealed a significant main effect of block (F (2.160, 49.67) = 14.72, P <
0.0001), but no effect of dose (F (2, 23) = 1.323, P = 0.2858) or block x dose interaction
(F (18,207)=0.9998, P = 0.4613), indicating that WAY100,635 did not affect auditory fear
memory expression or extinction learning. The effects of pre-extinction WAY100,635
on contextual fear during the pre-CS interval across extinction recall and spontaneous
recovery testing are presented in Figure 5.3.D. Two-way ANOVA revealed a significant
main effect of time (F (1,23)= 26.78, P < 0.0001) but no effect of dose (F (2,23) = 1.208, P
= 0.3172) or time x dose interaction (F 2, 23) = 2.412, P = 0.1119). This indicates that
freezing during the pre-CS interval of spontaneous recovery testing was significantly
increased in all groups when compared with extinction recall testing, indicating
spontaneous recovery of contextual fear 21 days after extinction training, without any
lasting effect of WAY100,635 during either test. To investigate the effect of
WAY100,635 on the return of auditory fear over time, two-way ANOVA was conducted
on CS block of extinction recall and spontaneous recovery testing, demonstrating a
significant main effect of time (F (1, 23) = 14.46, P = 0.0009) but no effect of dose (F (2, 23)

= 0.5318, P = 0.5946) or time x dose interaction (F 2, 23) = 0.4844, P = 0.6222). This
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indicates that tone-induced freezing during the CS block of spontaneous recovery was
elevated in comparison to extinction recall testing (Figure 5.3.E) and indicates that
auditory fear spontaneously recovered in all groups, regardless of WAY100,635

treatment.
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Figure 5.3 Pre-extinction high dose of WAY100,635 reduces the expression of contextual fear. (A) Fear
conditioning did not differ between the groups (Saline group: n=9, WAY 0.3 mg/kg group: n=9, WAY 1.0
mg/kg group: n=8) to receive different doses of WAY100,635. (B) WAY100,635 1.0 mg/kg resulted in
significantly less freezing during the pre-CS interval before extinction, compared to the saline-treated
group (* p < 0.05). (C) No reliable differences in freezing were found between the different groups
during extinction training. (D) All groups demonstrated significantly higher freezing during the pre-CS
interval of spontaneous fear recovery compared to the extinction recall test (**** p < 0.0001), but no
effect on freezing was observed with WAY100,635. (E) All treatment groups showed significantly higher

tone-induced freezing during spontaneous recovery testing than the extinction recall test (*** p <
0.001), but WAY100,635 did not induce any significant effect.
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5.4.2 Experiment 2: Effect of WAY100,635 pre-treatment on CBD regulation of

extinction and spontaneous recovery of learned fear

To investigate the hypothesis that CBD prevents spontaneous recovery of
auditory fear in 5-HT1A receptor-dependent manner, WAY100,635 (0.3 mg/kg) was
administered in combination with CBD (10 mg/kg), to determine whether
WAY100,635 can inhibit this beneficial effect of CBD. The low dose of WAY100,635
was selected based on the results from Experiment 1, where on its own it did not elicit
any changes in freezing behaviour. The effects of the different treatment
combinations on learned fear expression, extinction training, extinction recall, and
later spontaneous recovery are depicted in Figure. 5.4. Freezing levels from a reduced
number of animals per treatment group (i.e., n=8 in Sal + Veh, n=8 in WAY + Veh, n=7
in Sal + CBD, and n=8 in WAY + CBD) were statistically analyzed, due to multiple
interruptions in the behavioural recording during this experiment. Tone-induced
freezing during the CS-US pairings with fear conditioning is shown in Figure 5.4.A. Two-
way ANOVA revealed a significant main effect of trial (F (2.869, 77.47) = 14.60, P < 0.0001),
but no effect of group (F (3,27 = 1.082, P = 0.3733) or trial x group interaction (F (12, 108)
=0.6743, P = 0.7727), indicating that no reliable differences were observed between
the groups to receive the different treatment combinations before extinction training.
Freezing levels during the pre-CS interval before extinction training are demonstrated
in Figure 5.4.B. One-way ANOVA revealed no significant main effect of treatment (F 3,
27)=0.6748, P = 0.5750), indicating that treatment with WAY100,635 or CBD alone, or
their combination, did not influence the baseline expression of contextual fear before
extinction training. Figure 5.4.C depicts the tone-induced freezing during the

extinction training. Two-way ANOVA revealed a significant main effect of block (F (2.797,
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75.53) = 17.17, P < 0.0001), but no effect of treatment (F (3,27 = 1.110, P = 0.3624) or
block x treatment interaction (F (27, 243)= 0.8820, P = 0.6377), indicating that none of
the treatments affected auditory fear memory expression or extinction learning.
Figure 5.4.D presents the effects of pre-extinction administration of WAY100,635,
CBD, or their combination on contextual fear memory across extinction recall and
spontaneous recovery testing. Two-way ANOVA was conducted on freezing levels
during the pre-CS interval before either test, revealing a significant main effect of time
(F (1, 27)=13.01, P = 0.0012), but no treatment effect (F (3,27 = 0.5490, P = 0.6531), or
time x treatment interaction (F (3, 27) = 0.7801, P = 0.5154). This indicates that the
freezing levels were significantly elevated in all treatment groups during spontaneous
recovery in comparison with extinction recall testing, indicating that contextual fear
memory spontaneously recovered 21 days after extinction training and was not
affected by any of the treatments. The effects of different treatment combinations on
the return of auditory fear over time are shown in Figure 5.4.E. Two-way ANOVA was
conducted on tone-induced freezing during extinction recall and spontaneous fear
recovery testing, revealing a significant main effect of time (F (1,27 =9.199, P = 0.0053),
but no effect of treatment (F (3,27) = 1.185, P = 0.3340), or time x treatment interaction
(F (3,27)= 0.2546, P = 0.8574). These results indicate that tone-induced freezing was
higher during spontaneous recovery than extinction recall testing and suggest that
spontaneous recovery of auditory fear occurred in all treatment groups. Neither
WAY100,635 nor CBD alone induced any lasting effects in either testing session, while
freezing was not affected by the pretreatment of WAY100,635 before CBD

administration.
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Figure 5.4: WAY100,635, CBD, or their combination did not affect the expression of learned fear,
extinction, or spontaneous recovery. (A) Fear conditioning did not differ between the groups to receive
WAY100,635 (0,3 mg/kg), CBD (10 mg/kg), or their combination. (B) None of the treatments (Sal + Veh
group: n=8, WAY + Veh group: n=8, Sal + CBD group: n=7, WAY + CBD group: n=38) affected freezing
during the pre-CS interval before extinction training. (C) No reliable differences in tone-induced freezing
were found between the treatment groups during extinction training. (D) All groups demonstrated
significantly higher freezing during the pre-CS interval of spontaneous fear recovery compared to the
extinction recall test, but no effect of WAY100,635, CBD, or their combination was observed during
either time point (** p < 0.01). (E) All treatment groups showed significantly higher tone-induced
freezing during spontaneous recovery than the extinction recall test (** p < 0.01), but WAY100,635,
CBD, or their combination did not have any effect.
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5.5 Discussion

This study investigated the potential involvement of 5-HT1AR signaling in the
reduction of contextual fear expression and the lasting suppression of spontaneous
recovery of auditory fear induced by the systemic administration of CBD before
extinction training. A dose-response study with the 5-HT1AR antagonist WAY100,635
was carried out in Experiment 1 to determine a dose that did not produce any effect
on its own but could potentially reverse the previously observed effects of CBD. The
high dose of WAY100,635 administered systemically before extinction training acutely
reduced the baseline expression of contextual fear memory, leaving auditory fear
expression and extinction learning unaffected. Additionally, none of the WAY100,635
doses induced any lasting effects on extinction recall when rats were tested drug-free
the following day during the extinction test or 21 days later upon spontaneous fear
recovery testing. Next, in Experiment 2, CBD and the low dose of WAY100,635 were
administered in combination or with their vehicle/saline counterpart before
extinction training. None of the treatment combinations affected learned fear
expression, its extinction, or its recall during the extinction test and spontaneous
recovery sessions. Importantly, in the current study CBD failed to reproduce the
previous effects observed in Chapter 3 in reducing baseline expression of contextual
fear and suppression of the spontaneous recovery of auditory fear, while pre-
treatment with WAY100,635 failed to induce any effects either. Therefore, the lack of
reproducibility of these findings rendered it impossible to exclude the potential

involvement of 5-HT1AR transmission in CBD’s fear-suppressing effects.

In Experiment 1, the finding that the administration of 0.3 mg/kg WAY100,635
before extinction did not exert any effects on learned fear expression is not
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unexpected. This dose has been used in previous studies for blocking the inhibitory
effects of 5-HT1AR agonist 8-OH-DPAT on acquisition (Stiedl et al., 2000) or expression
of learned fear (Youn et al., 2009), without producing any effects on its own.
Importantly, systemic administration of 0.3mg/kg WAY100,635 was found to be
devoid of any effects by itself, while such a dose was able to reverse the CBD-induced
anti-aggressive (Hartmann et al., 2019) and anti-depressant effects (Linge et al., 2016)
in resident-intruder and open field tests, respectively. On the other hand, 1 mg/kg
WAY100,635 in the present study resulted in the reduction of baseline expression of
contextual fear, without affecting auditory fear expression. Noteworthy is that quite
diverse findings have been reported with the higher doses of WAY100,635. For
instance, previous studies have demonstrated that a dose range from 0.03 - 3 mg/kg
of WAY100,635 did not induce any effect by itself in either conditioned emotional
response or resident-intruder test (Stanhope & Dourish, 1996; Hartmann et al., 2019).
However, a study by Madjid et al. (2006) revealed that doses of 1-3 mg/kg
WAY100,635 administered before passive avoidance training led to enhanced aversive
memory retention during the test session. In contrast, WAY100635 (0.03-1.0 mg/kg)
failed to influence the acquisition of fear conditioning but reduced overall fear
expression during FPS test (Zhao et al., 2019). Possibly, these discrepancies might be
attributed to the different behavioural models used across the studies, and to the
property of WAY100,635 in antagonizing both 5-HT1A autoreceptors and post-

synaptic receptors at higher doses (Kakui et al., 2009).

Additionally, neither of the WAY100,635 doses administered before extinction
training elicited any effects on extinction learning, extinction test, or spontaneous

recovery of learned fear when compared to saline. There is very limited evidence from

138



the literature regarding the involvement of 5-HT1AR signalling in extinction. Solely, a
study by Pereyra et al. (2021) has recently revealed the facilitatory effects of intra-BLA
infusion of 0.37 nmol/0.2 ul WAY100,635 in the extinction of reward-driven learning.
Whereas a study by Nachtigall et al. (2019) infused 1.25 pg/ul NAN-190, a 5-HT1AR
antagonist, bilaterally into CA1 to investigate the involvement of 5-HT1AR signalling in
the enhancement of fear extinction by novelty. NAN-190 did not affect extinction
consolidation on its own but reversed the impairments on extinction induced by 8-
OH-DPAT (i.e., 6.25 pg/ 1 ul). However, neither of these studies is directly comparable
to the present one due to the differences in the 5-HT1AR antagonist used, the route
of drug administration, and the behavioural model. Thus, for the following CBD-
WAY100,635 combination study, the low dose of WAY100,635 (i.e., 0.3 mg/kg) was
selected, that according to the present dose-response study did not produce any

effects across the behavioral sessions.

In Experiment 2, as mentioned above, administration of CBD or WAY100,635
alone, or their combination, before extinction training failed to have any effects on
the expression of learned fear, extinction learning, extinction recall, or spontaneous
fear recovery, when compared to vehicle and saline. The fact that WAY + Veh
produced no effects is an anticipated finding as this dose of WAY100,635 (i.e.,
0.3mg/kg) was validated and selected for not exerting any effect on its own, but for
preventing CBD-induced effects. Striking is that the administration of 10 mg/kg CBD
(i.e., Sal + CBD) before extinction training did not induce either acute reduction of
baseline expression of contextual fear or long-term suppression of spontaneous
recovery of auditory fear, in contrast to the findings of Chapter 2. It is unclear what

has caused the irreproducibility of CBD effects in this experiment, given that all the
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previously identified variations in the experimental factors have been currently
eliminated. Here, the same vehicle has been used for the suspension of CBD as in
Chapter 2, while the rats were obtained from the same breeding company. It is
important to mention that due to recording interruptions in some of the behavioural
sessions, at least 2 animals per treatment group were left out from the analysis (n=8
in Sal + Veh, n=8 in WAY + Veh, n=7 in Sal + CBD, and n=8 in WAY + CBD). This decrease
in sample size along with some extreme freezing values that were exhibited by rats
within Sal + Veh and Sal + CBD groups may have led to the wider inferential error bars
observed, especially during the CS interval of extinction test and spontaneous

recovery session, providing less reliable treatment effects (Cumming et al., 2007).

Despite the lack of CBD effects in this experiment, the fact that pre-treatment
of WAY100,635 did not induce any alterations in freezing behaviour may be attributed
to other factors such as the route of WAY100,635 administration. Specifically, it was
found that CBD infused directly into PL (Fogaca et al., 2014) or BNST (Gomes et al.,
2012), but not in IL (Marinho et al., 2015), before the fear retrieval test resulted in
reduction of contextual fear expression, effects that were reversed by local
WAY100,635 infusion. This suggests that the 5-HT1AR-mediated fear suppressing

effects of CBD were limited only to these specific areas.

Although most of the studies have shown that the acute effects of CBD on the
reduction of learned fear expression are mediated through 5-HT1AR signaling, CBD’s
enhancing effects on extinction through this pathway have not been yet investigated.
Interestingly, a previous study has revealed that the disrupting effects of CBD on fear

memory reconsolidation were reversed by the pre-administration of AM251 but not
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WAY100,635, indicating that these effects were mediated through CB1R-, rather than
a 5-HT1AR-dependent mechanism (Stern et al., 2012). Given that both reconsolidation
and extinction require reactivation of previously acquired learned fear memory, this
raises the question of whether 5-HT1AR transmission is implicated in CBD’s effects on
extinction. Worth mentioning is that intra-PL and -IL infusion of CBD exerted anti-
depressant-like effects in the forced swim test through activation of both CB1 and 5-
HT1A receptor signalling. It was suggested that CBD possibly mediated these effects
by modulating serotoninergic transmission in PFC through indirect activation of CB1Rs
(Sartim et al., 2016). Similarly, another study revealed that systemic CBD
administration induced anti-aggressive effects in a resident-intruder test, through a

CB1R- and 5-HT1AR-dependent manner (Hartmann et al., 2019).

Regarding the short- and long-term alleviating effects of CBD on learned fear,
Alexander & Vasefi (2021) have recently put forward a model through which CBD acts
within the cortico-raphe circuit. It was suggested that acute CBD administration
activates 5-HT1AR expressed on DRN serotonergic neurons projecting to BLA, thus
suppressing serotonin release in DRN-BLA synapses and limiting overexcitation of BLA.
Simultaneously, CBD-induced elevation of AEA at DRN serotonergic neurons
retrogradely activates presynaptic CB1R of the BLA glutamatergic neurons projecting
to DRN, thus inhibiting glutamate release to DRN and reducing its firing. This CBD-
mediated reduction of DRN-BLA excitability constrains the disparity between BLA
overactivation and PFC hypoactivation, enabling PFC to restore its inhibitory role on
BLA excitability. In this way, CBD interferes with learned fear memory formation and
reduces its expression upon re-experiencing of conditioned stimuli. In contrast,

facilitation of extinction memory formation is induced after chronic CBD
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administration. This is enabled after desensitization of 5-HT1AR on DRN serotonergic
neurons, leading to enhancement of serotonin release in PFC, and thus to restoration
of PFC activity. In parallel, CBD-induced stabilization of AEA levels in DRN results in
activation of CB1Rs on GABAergic interneurons, suppressing their inhibitory control,
while permitting PFC glutamatergic innervation of DRN. However, in the present
study, it is unlikely that CBD would engage the second mechanism described above,
given that a single CBD administration cannot induce desensitization of 5-HT1ARs.
Instead, it is more plausible for CBD to suppress BLA overexcitability through blockade
of 5-HT1AR on DRN serotonergic neurons, leading to restoration in the balance
between PFC and BLA activities. Although all the mechanisms proposed above remain
to be determined, we need to consider the possibility that CBD may induce long-
lasting fear-suppressing effects by engaging both CB1R and 5-HT1AR-dependent

pathways.

Conclusively, in this study it was initially observed that high dose of
WAY100,635 administered before extinction acutely reduced the baseline expression
of contextual fear memory, a result that could be compared with previous findings
demonstrating an overall reduction of fear expression induced by WAY100,635 in the
FPS test (Zhao et al., 2019). Next, in the WAY100,635-CBD combination study, CBD
alone failed to reproduce the previously observed effects on suppression of
spontaneous fear recovery. Due to these results, it is impossible to exclude the
potential involvement of 5-HT1AR signaling, at least in part, in the CBD-mediated
suppression of learned fear. For this reason, a repetition of the WAY100,635-CBD
experiment is recommended for the future studies, while improving the experiment’s

statistical power by increasing the animal number per treatment group.
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Chapter 6: Effects of pre-extinction CBD administration on immediate extinction and

extinction recall of learned fear

6.1 Introduction

Inconsistencies in the CBD-mediated modulation of extinction learning and
retrieval have not only been observed across the present experiments but also
between other studies in the field, an issue that was thoroughly discussed in the
previous chapters. The level of aversion and stress evoked by the relatively mild fear
conditioning in the current protocol may have resulted in an aberrant or lack of
engagement of endocannabinoid signaling in some experiments. In parallel, this mild
conditioning may have also led to those relatively low freezing levels observed across
all the treatment groups, especially during the late phase of extinction training, upon
the extinction test, and spontaneous recovery sessions. Therefore, the inconsistent
effects of CBD in modulating learned fear could be attributed to a floor effect in
conditioned responding. To address this issue, it would be particularly interesting to
investigate the effects of CBD under a more aversive learned fear protocol that is

resistant to fear extinction.

Performing extinction training immediately after fear conditioning or within
the fear memory consolidation window (i.e., 15 min up to 6 hours post-conditioning)
has been linked to impairments in long-term retention of extinction memory despite
the within-extinction session suppression of conditioned freezing, a phenomenon
described as the immediate extinction deficit (IED) (Maren & Chang, 2006; Maren,
2014). Chang & Maren (2009) described that immediate extinction leads to a context-

independent and short-lasting suppression of fear, that completely relapses upon

143



extinction retrieval testing the following day, thus indicating a habituation process
rather than extinction. In contrast, standard delayed extinction (i.e., delivered 24
hours after conditioning) results in successful extinction retention, demonstrating
context-dependent and long-lasting fear suppression. It appears that the IED results
from the high levels of arousal and stress induced by the experience of the
conditioning procedure (Maren, 2022). Weakening the fear conditioning parameters
was found to abolish the IED, whereas delivering an unsignalled US right before a
delayed extinction session was found to impair its later retrieval (Maren & Chang,
2006). Interestingly, the IED was also observed in appetitive conditioning tasks, where
no noxious stimuli were presented (Woods & Bouton, 2008). This might be explained
by the overlapping of neural circuits governing fear and appetitive conditioning
procedures (Goode & Maren, 2019). Of particular importance is that appetitive
conditioning and extinction may represent stressful events in food-deprived animals,
triggering hyperarousal (Mingote et al., 2004). Additionally, IED was observed in
absence of emotional arousal in human participants subjected to a predictive learning
task. This effect was detected only when a stimulus did not undergo contextual change
between the acquisition and extinction phases. In contrast, IED was abolished when a
contextual change occurred, indicating that contextual processing plays a critical role

in the modulation of IED occurrence (Merz & Wolf, 2019).

However, other factors like the interoceptive context in which conditioning
and immediate extinction take place or the temporal gap between these two events,
can serve as potent contexts that may influence the IED (Maren et al., 2013). Possibly,
when extinction trials are immediately delivered after fear conditioning, extinction

encoding is realized within the same interoceptive context induced by the US. Such
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context is no longer available upon the extinction recall, serving thus as a change in
the interoceptive context that leads to renewal of conditioned responses (Maren,
2022). However, even after matching the conditioning-induced arousal state during
the extinction recall test by delivering immediately before that a conditioning session
with a distinct CS, this was not enough to rescue IED (Woods & Bouton, 2008). On the
other hand, a human study by Dunsmoor et al. (2018) suggested that the short
temporal interval separating fear conditioning and immediate extinction may act as
an event boundary, promoting the consolidation and retrieval of fear memory, while
protecting its interference by extinction memory. In contrast, a later animal study
revealed that the elimination of the event boundary did not prevent the IED, as the
delivery of both continuous (i.e., immediately) and segmented extinction (i.e., 15 min)
sessions after fear conditioning led to an equally robust IED in comparison to the non-
extinction group during the extinction recall test (Totty et al., 2019). This indicated
that IED is not dependent on a temporal gap, but rather on the stress and arousal state

associated with the conditioning.

Although the exact mechanisms underlying IED are not fully elucidated, stress
was found to modulate the neural activity within the extinction circuitry, through
coordinated activation of the locus coeruleus-norepinephrine (LC-NE) and
corticotropin-releasing factor (CRF) systems. The pharmacological inhibition of these
stress-sensitive neuromodulatory and neurohormonal systems was found to prevent
IED and contributed to an in-depth understanding of its etiology (Hollis et al., 2016;
Maren & Holmes, 2016; Giustino et al., 2017; Jo et al., 2020). The LC-NE system is
thought to provide a fine-tuning between learned fear encoding and its extinction.

Under low arousal levels, LC favors PFC function and downregulates the amygdala,
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enhancing the extinction of learned fear memory. In contrast, under high-stress levels,
such as immediately after conditioning, LC promotes fear learning at expense of
extinction by enhancing amygdala function and simultaneously suppressing PFC
activity (Giustino & Maren, 2018). Several studies revealed that acute stress can
induce synaptic remodeling and excitability alterations in IL, a critical structure for
extinction acquisition and expression (Wilber et al., 2011; Nava et al.,, 2017).
Noteworthy is that upon basal stress levels during delayed extinction, IL is recruited
and suppresses BLA excitability, by stimulating IL excitatory projections to inhibitory
interneurons in BLA (Bloodgood et al., 2018). In contrast, upon immediate extinction,
PFC demonstrates compromised activity as observed by the sustained decreases in c-
Fos expression (Singh et al., 2018) and spontaneous single-unit firing in IL (Chang et
al., 2010). Electrical stimulation of IL with concomitant CS delivery or systemic
administration of the B-adrenergic blocker propranolol (i.e.,10 mg/kg, i.p.) was found
to mitigate the IED and restore the conditioning-induced impairments in IL activity
(Kim et al., 2010; Fitzgerald et al., 2015). This suggests that IED may result after the
suppression of IL activity mediated by the excessive stress and NE-ergic stimulation

triggered by the recent fear conditioning.

However, a later study by Giustino et al. (2017) added new insight into the
neural circuitry underlying IED. Although the systemic administration of propranol was
found to prevent IED through enhancement of extinction retention (Fitzgerald et al.,
2015), this effect was reproduced only after 5 pg/ul intra-BLA, and not 10 pg/ul intra-
IL propranolol infusion (Giustino et al., 2017), suggesting that possibly the stress-
induced elevated NE-ergic activity in BLA, and not IL, was responsible for the IED. The

fact that acute stress results in elevation of BLA principal neurons' intrinsic excitability
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(Hetzel & Rosenkranz, 2014), while BLA receives dense projections from LC, stimulated
further research investigating their roles in IED. A study by Giustino et al. (2020)
revealed that spontaneous firing activity in BLA was increased during and/or
immediately after fear conditioning, which was restored by systemic propranolol (i.e.,
10 mg/kg). Although weaker conditioning did not elicit either robust increases in BLA
firing or extinction impairment, prior LC chemogenetic activation in association with
weaker conditioning was sufficient to produce IED. Taken together, these findings
indicated that the high-stress levels induced by the conditioning experience activate
LC-NE afferents projecting to BLA, leading to its sustained overactivation. Possibly, BLA
by stimulating IL inhibitory interneurons, may lead to feed-forward inhibition of IL

principal cells, and thus to suppression of IL firing and promotion of the IED.

In addition to the LC-NE system, CRF-expressing neurons in the CEA were
suggested to also be involved in the modulation of IED. Anatomical studies revealed
that LC does not only send potent projections to BLA but also receives efferents from
CEA (Van Bockstaele et al., 2001). Fear conditioning was found to increase the CEA
neuronal activity (Valentino & Van Bockstaele, 2008), while optogenetic stimulation
of the CEA-CRF terminals reaching LC resulted in a high-tonic firing of LC-NE neurons,
producing robust anxiogenic-like responses in a CRF-mediated manner, as these
effects were reversed after systemic or local CRFR1 receptor blockade (McCall et al.,
2015). Recently, a study by Jo et al. (2020) demonstrated the role of CEA-CRF neurons
in IED. Specifically, they observed an elevated activation in the CEA-CRF neurons both
during immediate extinction training and later upon the extinction recall test when
compared to the delayed extinction group. Importantly, inhibition of the CEA-CRF

neurons resulted in the prevention of extinction deficits when extinction was
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delivered immediately after conditioning, while their activation after delayed
extinction resulted in reinstatement of previously extinguished responses.
Collectively, these findings suggest that the CEA-CRF system contributes to the
development of extinction deficit by potentiating the increased LC firing activity
induced by the recent conditioning, leading to excessive NE-mediated BLA activation
and subsequent IL suppression (Maren, 2022). Although this represents an indirect
mechanism through which CRF modulates BLA excitability, it was suggested that
stress-induced increases in CRF levels also directly overstimulate BLA through
activation of abundantly expressed CRFR1 receptors (Rainnie et al., 2004; Korosi &
Baram, 2008). Interestingly, intra-BLA infusion of the CRF1R antagonist NBI30775 (i.e.,
1 or 10 pg/ 0.5 ul) before immediate extinction session enhanced the recall of
extinction (Hollis et al., 2016), while intra-BLA administration of 1 pug/ 0.5 pl CRFe.33, a
CRF agonist, before standard delayed extinction led to opposite effects (Abiri et al.,
2014), indicating that CRFR1 receptor activation plays a crucial role in stress-induced

increased BLA firing and contributes to IED effect.

Evidence from several studies indicates that the ECB system plays a crucial role
in the modulation of NE and CRF signaling within the stress and fear extinction circuitry
(Gazarini et al., 2022; Warren et al., 2022), suggesting the plausibility for its role in the
regulation of stress-induced extinction learning impairments. After a thorough search
on the relevant literature, the effects of cannabinoids have not been investigated up
to now in the IED model, which has significant translational value for the development
of pharmacological treatments for PTSD. Therefore, in the following experiment, CBD
was systemically administered before the immediate extinction session to determine

its effects on extinction recall, while non-extinction control groups were used to assess
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whether CBD elicited any of its effects by engaging fear memory consolidation or

extinction processes.

6.2 Materials and methods

6.2.1 Subjects

Male Lister-Hooded rats (Charles Rivers, UK), weighing 300-350 g were used
for this experiment. Rats were housed and behaviourally tested under the same
conditions as described in previous chapters, while the sample size of each treatment
group was calculated based on the power analysis described earlier in detail. All
experimental procedures were performed with internal ethical approval and in

accordance with the Animals (Scientific Procedures) Act 1986, UK (PPL: P6DA59444).

6.2.2 Drug preparation and administration

CBD (Noramco, US) at a dose of 10 mg/kg was suspended in a freshly prepared
vehicle, consisting of 98 % sterile saline and 2 % Tween, and administered
intraperitoneally at a volume of 1 mg/kg immediately after the end of the fear
conditioning session and 30 min before the immediate extinction training session. This
dose was selected based on previous studies in the literature (Resstel et al., 2006;
Lemos et al., 2010; Stern et al., 2012; Jurkus et al., 2016; Song et al., 2016; Stern et al.,
2017) and the results from Experiment 1 in Chapter 3, demonstrating CBD modulation

of spontaneous fear recovery after extinction.

6.2.3 Experimental procedures

To determine the effects of systemic pre-extinction CBD administration on the

amelioration of immediate extinction deficit phenomenon, a 2-day protocol was used,
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presented in Figure 6.1. The behavioural testing apparatus and recording software
used have been described in detail in Chapter 2, while the experimental design and
parameters were adapted from previous studies in the field (Maren & Chang, 2006;
Chang & Maren, 2009) and validated in the lab. On day 1, all rats were subjected to
auditory fear conditioning in context A for a 12 min and 30-sec session. Rats were
acclimatized for a 2 min pre-CS interval before receiving 5 tone-shock (CS-US) pairings
(CS=30 sec, US=1 sec co-terminated with CS, I=0.5 mA, ITI=2 min). Rats were randomly
allocated to four groups (n=10 rats/group) as follows: receiving vehicle with
immediate extinction, CBD with immediate extinction, vehicle with immediate no
extinction, and CBD with immediate no extinction. Immediately after the end of fear
conditioning, rats were administered either CBD or vehicle and then were returned to
their home cages. Immediate Extinction or No Extinction sessions were performed in
context B 30 min after the conditioning session, lasting for 46 min and 30 sec. The rats
in the immediate extinction groups were tested during the 2 min pre-CS interval for
their baseline contextual fear memory, before receiving 45 CS presentations (CS=30
sec, ITI=30 sec). In contrast, rats of the immediate no extinction group were exposed
solely to Context B without receiving any CS presentations. The following day, all rats
were returned to context B for a drug-free extinction recall testing session of 11 min
and 30-sec duration, consisting of a 2 min pre-CS period before receiving 10 CS

presentations (CS=30 sec, ITI=30 sec).
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6.3 Data analysis

The duration of freezing behavior was expressed as the percentage of 120 sec
for the pre-CS interval or 30 sec for each CS trial. Auditory fear during extinction
training or extinction recall testing was calculated in CS blocks, defined by the average
freezing percentage during 5 or 10 consecutive CS presentations, respectively.
Freezing differences during fear conditioning were analyzed using two-way ANOVA,
with group designated as the between-subject factor and trial as the within-subject
factor, whilst Geisser-Greenhouse correction was applied to adjust for the lack of
sphericity. For the evaluation of the acute effects of CBD on baseline contextual fear,
the freezing levels from the two CBD-treated groups (i.e., immediate extinction and
immediate no extinction) and two vehicle-treated groups (i.e., immediate extinction
and immediate no extinction) were combined during the pre-CS interval before
extinction. For the investigation of acute CBD effects on auditory fear expression, the
freezing levels of the CBD and vehicle immediate extinction groups were compared
during the first CS block at the start of extinction. Differences in both context- and
tone-induced freezing were similarly analyzed using two-tailed unpaired t-tests. A
priori F tests were performed to determine whether the variance between groups was
not significantly different for permitting the application of a parametric t-test, while p
< 0.05 was set the level of assumption violation. Two-way ANOVA with Geisser-
Greenhouse correction was conducted for the freezing analysis of the CS blocks during
the immediate extinction session, with treatment and block as the between-, and
within-subject factors, respectively. Freezing levels during the pre-CS interval of the
extinction recall test were analyzed using one-way ANOVA, with treatment defined as

the between-subject factor. Bartlett’s test was used to assess the homogeneity of
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variance, while p < 0.05 was considered the level of assumption violation. Finally, the
tone-induced freezing during the extinction recall test was analyzed by comparing
either the differences in average freezing during the CS block or each individual CS
presentation across the different treatment groups. For the former analysis, one-way
ANOVA was applied, with treatment as the between-subject factor, while for the latter
analysis, two-way ANOVA was used, with treatment and trial being defined as the
between- and within-subject factors, respectively. All data are presented as mean +
SEM and statistical analysis was performed using GraphPad Prism 9, while p < 0.05
was considered the level of statistical significance for all comparisons. Newman-Keuls
or fully pairwise Sidak’s posthoc analyses were applied for multiple comparisons

where indicated.

6.4 Results

The effects of CBD administration before the immediate extinction training on
the expression of learned fear, immediate extinction, and extinction recall are
depicted in Figure 6.2. The levels of freezing behavior during the CS-US pairings in the
fear conditioning session are shown in Figure 6.2.A. Two-way ANOVA revealed a
significant main effect of trial (F (3.137, 112.9) = 20.81, P < 0.0001) but no main effect of
group (F (3,36) = 0.7383, P = 0.5361) or trial x group interaction (F (12, 144) = 0.6628, P =
0.7846), indicating that there were no reliable differences between the groups.
Freezing during the pre-CS interval before immediate extinction is shown in Figure
6.2.B. An unpaired two-tailed t-test revealed no significant difference (t 35 = 0.1578,
P = 0.8754) between the vehicle (immediate extinction and immediate no extinction)
and CBD (immediate extinction and immediate no extinction) treated groups,

indicating that CBD did not affect the baseline contextual fear expression. Freezing
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during the first CS block of immediate extinction is shown in Figure 6.2.C. An unpaired
two-tailed t-test revealed a significant statistical difference (t (1) = 3.10, P = 0.0062)
between the vehicle and CBD immediate extinction groups, indicating that CBD
reduced the expression of auditory learned fear acutely when compared with the
vehicle. Tone-induced freezing during the CS blocks of immediate extinction is
presented in Figure 6.2.D. Two-way ANOVA revealed a significant main effect of block
(F (3.119, 56.14) = 8.623, P < 0.0001), but no treatment effect (F (1,18) = 3.718, P = 0.0697),
or treatment x block interaction (F (s, 144) = 0.9594, P = 0.4702), suggesting that CBD
had no reliable effect on extinction learning. The freezing levels during the pre-CS
interval before the extinction recall test are depicted in Figure 6.2.E. One-way ANOVA
revealed a significant main effect of treatment (F (3,36 = 5.116, P = 0.0047), with
posthoc analysis demonstrating significantly higher freezing in vehicle immediate
extinction over the other groups (P < 0.05). These results indicate that the vehicle
immediate extinction group resulted in higher baseline expression of contextual fear
before the extinction recall test. The average freezing of 10 CS presentation during the
extinction recall is presented in Figure 6.2, while differences across treatment groups
were analyzed performing an a priori confirmatory one-way ANOVA, which revealed
a significant main effect of treatment (F (3, 36) = 8.028, P = 0.0003). Posthoc analysis
revealed significantly lower levels of freezing with CBD immediate extinction when
compared with the other groups (P < 0.01), whilst no reliable differences were
identified between any of the other groups. This indicates that CBD immediate
extinction resulted in enhancement of extinction recall, an effect that was further
explored by analyzing each CS presentation separately across the different treatment

groups, as depicted in Figure. 6.2.G. Two-way ANOVA revealed a significant main
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effect of treatment (F (3,36) = 8.028, P = 0.0003), trial (F (9, 324) = 27.30, P < 0.0001), and
a treatment x trial interaction (F (27, 324y = 6.736, P < 0.0001). Posthoc analysis
demonstrated significantly lower freezing levels with the CBD immediate extinction
group during the CS presentations 4 - 7 and 10 (P < 0.05), when compared to vehicle
immediate extinction and the two immediate no extinction groups. Significantly lower
freezing was also observed with the vehicle immediate extinction group during the CS
presentations 7-10 (P < 0.05) in comparison to the vehicle and CBD immediate no
extinction groups. Additionally, there were no reliable differences in freezing between
the two immediate no extinction groups throughout the extinction recall test. These
results suggest that CBD combined with immediate extinction facilitated extinction
encoding to prevent the IED, in comparison to vehicle combined with immediate
extinction. Additionally, they indicate that extinction is a prerequisite for CBD
effectiveness and exclude the possibility that CBD acts by impairing the consolidation
of learned fear memory, as CBD administration without extinction did not induce any
effect. Finally, the fact that vehicle immediate extinction demonstrated a freezing
reduction during the late phase of the extinction recall test suggests that immediate
extinction exerted a beneficial effect on learned fear suppression, when compared to

the vehicle and CBD treated groups not receiving extinction.
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Figure 6.2 Cannabidiol administration before immediate extinction prevents the IED. (A) Fear
conditioning did not differ between the groups (n=10 rats /group) to receive i.p. vehicle or 10 mg/kg
CBD before immediate extinction (VEH Imm Ext, CBD Imm Ext) or no immediate extinction (VEH No
Imm Ext, CBD No Imm Ext). (B) CBD had no effect on baseline contextual fear expression during the pre-
CS interval before immediate or no extinction. (C) CBD Imm Ext resulted in significantly less freezing
compared to VEH Imm Ext in the first CS block at the start of immediate extinction (** p < 0.01). (D)
CBD had no effect on tone-induced freezing during immediate extinction training. (E) VEH Imm Ext
showed significantly higher levels of freezing during the pre-CS interval of extinction recall testing,
compared to the other groups (** p < 0.01). (F) CBD Imm Ext demonstrated significantly decreased
levels of tone-induced freezing during the extinction recall testing, compared with the other groups (**
p <0.01). (G) CBD Imm Ext showed significantly lower freezing in response to tones 4-7 and 10 during
the extinction recall testing, when compared to other groups (* p < 0.05, ** P < 0.01). VEH Imm Ext
resulted in decreased freezing in response to tones 7-10, when compared to VEH and CBD No Imm Ext
groups (++ p <0.01, +++ p < 0.001).
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6.5 Discussion

This experiment investigated the effects of pre-immediate extinction CBD
administration on the extinction learning impairments induced by high-stress levels
associated with the recent fear conditioning. Specifically, CBD did not affect the
baseline expression of contextual fear during the interval before the CS trials of
immediate extinction. However, particularly interesting is that CBD reduced freezing
levels during the first CS-block of extinction training when compared to the vehicle,
indicating an acute suppression of auditory fear. Although CBD did not influence the
extinction learning, it led to the suppression of both baseline contextual and auditory
fear expression when rats were tested drug-free the following day, indicating that CBD
enhanced recall of extinction to prevent the IED phenomenon. These long-term
beneficial effects of CBD in ameliorating the stress-induced impairments of extinction

demonstrate a novel finding in the field.

The fact that the administration of CBD immediately after conditioning did not
show any effects in the absence of extinction indicates that CBD required extinction
training to prevent IED and excludes the possibility that CBD elicited its effects by
interfering with the consolidation of learned fear memory. Likewise Song et al. (2016)
observed extinction enhancement of a stronger contextual fear memory only when
CBD was given in conjunction with extinction training, and not without it. It is worth
highlighting that immediate extinction groups in the present study demonstrated
extinction recall during later phases of testing, indicating that extinction encoding is

impaired and not obliterated by immediate extinction (Chang & Maren, 2009).
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As mentioned earlier, weakening the aversiveness of the conditioning protocol
or administering antagonists of stress mediators were found to rescue IED.
Particularly interesting are two previous studies in which intra-BLA infusion of a B-
receptor (Giustino et al., 2017) or CRFR1 (Hollis et al., 2016) antagonist prevented IED.
These compounds, similarly to CBD, did not induce within-extinction session
reductions in freezing, but only upon the drug-free extinction recall testing. Although
the exact mechanisms through which CBD regulates immediate extinction remain to
be investigated, the above observation suggests the possibility that CBD may act by
modulating the NE-ergic and CRF signalling, possibly through elevation of the

endocannabinoid levels.

This is supported by the fact that endocannabinoid and noradrenergic
interactions were identified in various brain areas governing both innate and learned
fear processes. The LC-NE afferent projection to mPFC plays a particularly important
role in successful extinction learning (Hugues et al., 2007). CB1Rs are localized pre-
and post-synaptically in both LC and mPFC, modulating their excitability and NE
release (Gobbi et al., 2005; Mendiguren & Pineda, 2006). Specifically, it was found that
CB1Rs located either post-synaptically on LC-NE neurons or pre-synaptically at
glutamatergic terminals projecting to LC-NE neurons modulate their basal activity
(Mendiguren & Pineda, 2006). Additionally, CB1Rs expressed either pre- or post-
synaptically at LC-NE neurons projecting to mPFC were suggested to regulate NE
release and mPFC firing, respectively (Oropeza et al., 2007; Reyes et al., 2015). Based

on the above observations, Warren et al. (2022) have recently suggested that the ECB
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and NE systems have synergistic roles in regulating extinction, as CB1Rs when
activated facilitate extinction, while simultaneously increasing the spontaneous firing
of LC-NE neurons and NE efflux from afferent projections to mPFC, which is also linked
with potentiation of extinction learning. Furthermore, it is worth noting that the ECB
system is also engaged in high-stress states to modulate NE signaling within BLA (Atsak

et al., 2015; Bedse et al., 2015).

Another potential mechanism through which CBD may regulate immediate
extinction is through ECB-mediated modulation of CRF system, which is well known
for controlling stress-related responses through HPA axis and amygdala activation
(Steiner & Wotjak, 2008; Ganon-Elazar & Akirav, 2013). Supporting evidence indicates
that a large percentage of CRF neurons within BLA and CEA express CB1Rs (Cota et al.,
2007), while significantly higher mRNA levels of CRF, CRF1R, and CB1R were identified
in rats exposed to aversive events (Aisenberg et al., 2017). A study by Gray et al. (2015)
has suggested that under low-stress conditions, AEA-mediated activation of
presynaptic CB1Rs located in glutamatergic neurons projecting to BLA inhibits the
excessive efflux of glutamate and therefore the BLA hyperactivation. In contrast,
under high stress, elevations in CRF release within BLA induce CRF1R-dependent
activation of FAAH, depleting the AEA pools within glutamatergic BLA synapses. This
loss of AEA-mediated tonic inhibition results in enhanced release of glutamate and
subsequent overactivation of BLA principal neurons, thus initiating stress-related
responses. The fact that FAAH inhibition reverses the stress-induced effects indicates
that possibly CBD can exert similar effects by increasing AEA levels through inhibition
of its enzymatic degradation by FAAH and transporter-mediated reuptake (Bisogno &

Maccarrone, 2013). Another study revealed that CBD restrains the stress-induced
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elevations of CRF expression in amygdala (Viudez-Martinez et al., 2018), indicating
that CBD may act by modulating CRF in BLA. Additionally, compelling evidence of CRF
modulation by the ECB system at the LC level is provided by a previous study revealing
that CEA inhibitory and excitatory afferents projecting to LC were found to co-express
both CRF and CB1 receptors (Wyrofsky et al., 2017). This raises the possibility that CBD
could induce stress-alleviating effects by modulating CEA-CRF afferents to LC through

indirect activation of CB1Rs.

In conclusion, the results of this study demonstrate novel evidence that CBD
can alleviate impairments in extinction learning that accompany immediate extinction
as a result of excessive stress induced by recent conditioning. These findings
encourage the elucidation of pharmacological and neural mechanisms underpinning
CBD effects on the regulation of immediate extinction, focusing on its potential
interaction with the ECB, NE, and/or CRF systems, that appear dysregulated after
exposure to an aversive event (Gazarini et al., 2022). Unraveling such mechanisms
could stimulate further research at a clinical level, determining the potential efficacy
of CBD in achieving long-term remission from anxiety and fear-related symptoms

when combined with exposure therapy.
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Chapter 7. General discussion

This thesis aimed to investigate the effectiveness of CBD on the regulation of
extinction and relapse of learned fear and to determine the underlying
pharmacological mechanisms. In Chapter 2, validation studies were initially performed
to establish a fear relapse protocol, which was used in Chapter 3 to assess the effects
of CBD on extinction and spontaneous recovery of contextual and auditory fear. CBD
administration before extinction acutely reduced the expression of contextual fear
memory and prevented the spontaneous recovery of auditory fear. To elucidate on
the pharmacological mechanisms behind the CBD-mediated effects, the involvement
of CB1R and 5-HT1AR signalling was examined in Chapters 4 and 5, respectively, by
administrating CBD in combination with either the CB1R or the 5-HT1AR antagonist.
The results of these experiments did not replicate the previously observed effects of
CBD on spontaneous fear recovery, rendering inconclusive the involvement of either
signalling mechanisms. Lastly, Chapter 6 aimed to investigate the effects of CBD on
the extinction learning impairments induced by stress following recent fear
conditioning, using the IED protocol previously established in the lab. CBD enhanced
recall of extinction to prevent the IED phenomenon, without interfering with the
consolidation of learned fear memory. Below follows a more in-depth explanation of
the findings from each chapter, possible refinements and suggestions for future

research directions.
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7.1 Validation studies of spontaneous recovery, reinstatement, and renewal of

learned fear

In the first validation experiment, spontaneous recovery of contextual and
auditory fear was observed 21 days after successful extinction. Despite the use of
identical parameters during fear conditioning and extinction training, in the second
experiment, delivering a single unreinforced stimulus one day after extinction failed
to reinstate fear responses. Similarly, renewal of learned fear was not observed after
delivery of tone presentations in the conditioning context a day after extinction
training in a distinct context. Despite the use of a relatively weak fear conditioning,
this was sufficient to induce high levels of tone-induced freezing at the beginning of
extinction training, which resulted in effective extinction. Particularly important for
the robustness of fear return is the elapsed retention interval from extinction training

until the test.

The fact that the animals did not exhibit either reinstatement or renewal of
learned fear may be attributed to the combination of experimental parameters used.
Regarding the reinstatement paradigm, possibly the degree of aversiveness induced
by the single unreinforced stimulus was not sufficient to reinstate fear, compared with
the multiple stimuli delivered in other studies (King et al., 2018a). Noteworthy is that
US intensity used during the fear conditioning plays a crucial role in the robustness of
fear renewal and reinstatement of learned fear, which in the present experiments was
relatively weak. In the validation of renewal protocol, unexpected was the lack of fear
return despite animals being tested after strong ‘ABA’ renewal conditions. The

variability in light-dark conditions between contexts A and B, apart from the other
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contextual cues, may have played an important, though underappreciated role in the
modulation of emotional responses. Warthen et al. (2011) have shown that light
enhances freezing behaviour in mice during both acquisition and recall of learned fear,
specifically in response to the acoustic and not contextual conditioned stimuli.
Importantly, alteration in lighting conditions between fear conditioning and recall
testing can acutely modulate the freezing response, manifested as decreased freezing
upon light removal during testing or enhancement when light is added. When trying
to translate this evidence to the present protocol, somebody would anticipate higher
levels of freezing during the renewal session given that it took place in light conditions.

However, it is not known how extinction learning may be affected by dark conditions.

Additionally, the stress experienced before fear conditioning, extinction or
extinction test critically influences the effective encoding and recall of extinction.
Specifically, exposure to stress before fear conditioning enhances its consolidation
and induces deficits in extinction learning (Maldonado et al., 2011; Bender et al.,
2018). On the other hand, stress before extinction training was found to enhance its
consolidation in a context-independent manner, thus preventing renewal upon
contextual change, while exposure to stress prior extinction test impedes its recall

therefore promoting relapse (Meir Drexler et al., 2020).

7.2 Suggestions and refinements for future validation studies

The procedural parameters validated for the spontaneous fear recovery
protocol, demonstrating the return of both contextual and auditory fear, encouraged
the investigation of the modulatory effects of CBD on extinction and the relapse

condition of spontaneous recovery. For future studies it would be particularly
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interesting to investigate the efficacy of CBD upon reinstatement and renewal
conditions. A promising approach to ensure a more robust reinstatement protocol is
to increase the number of unreinforced US stimuli applied after extinction training
(Yang et al., 2012). On the other hand, the renewal protocol can be modified by
presenting rats in the same contexts A and B as in other relapse paradigms but both
under “lights-on” conditions, while maintaining the same “ABA” contextual alteration
(Khoo et al., 2020). In the case that these modifications fail to reinstate or renew fear,
increasing the intensity and/ or duration of US stimulus during fear conditioning could
be another potentially effective approach as indicated by previous studies in the field
(Jo et al., 2020; Li et al., 2021). According to Lissek et al. (2006) and Lonsdorf & Merz
(2017) stronger experimental conditions may also elicit more uniform fear responding,
diminishing the inter-individual differences between the experimental subjects, that

are theoretically manifested upon weaker conditions.

7.3 Effects of CBD in the regulation of extinction and spontaneous fear recovery

Based on the enhancing effects of CBD on extinction that were previously
observed (Bitencourt et al., 2008; Do Monte et al., 2013; Song et al., 2016), this study
aimed to investigate its potential long-term effects on extinction retention and
prevention of spontaneous fear recovery, using the above-mentioned validated
spontaneous fear recovery protocol. CBD administration before extinction training
resulted in an acute reduction in baseline expression of contextual fear memory, a
finding that agrees with previous studies (Resstel et al., 2006; Lemos et al., 2010;
Jurkus et al., 2016). Notably, the present study provided novel evidence that CBD can

produce long-term fear-suppressing effects by inhibiting spontaneous recovery of
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auditory fear 21 days after extinction training, presumably through facilitation of
extinction encoding. In contrast, CBD administration after extinction training failed to
exert any long-term effect either during extinction recall or spontaneous recovery
testing, while unexpectedly none of the treatment groups exhibited spontaneous

recovery of auditory fear.

The fact that pre-extinction CBD failed to reduce auditory fear expression or
enhance extinction learning or its recall contradicts previous findings in the field
(Bitencourt et al., 2008; Do Monte et al., 2013; Jurkus et al., 2016). Such discrepancies
may be attributed to the differences in the aversiveness of fear conditioning, as CBD
has previously demonstrated acute and long-lasting reduction of contextual fear
expression during extinction training and recall, respectively, but only upon strong and
not weak fear conditioning (Song et al., 2016). Additionally, another crucial factor
might be the route of CBD administration. Direct brain infusions may provide better
bioavailability and more targeted effects compared to the intraperitoneal
administration, in which CBD undergoes extensive first-pass metabolism, leading to
low concentration particularly in brain tissue (Lust et al., 2022). On the other hand,
there is no evidence from preclinical studies regarding the effects of post-extinction
CBD that can be compared with the present study. However, administration of CBD in
healthy human participants after extinction training suppressed conditioned
responding during retrieval through enhancement of extinction consolidation (Das et

al., 2013).

Particularly striking in the second experiment was that none of the treatment

groups demonstrated spontaneous recovery of auditory fear. This raised the
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possibility that this finding may be attributed to the younger age of the rats used in
this experiment compared to previous ones, although their exact age was not
specified. Indeed, several studies have demonstrated age-dependent differences in
extinction learning and retention. For instance, juvenile male rats do not exhibit
renewal, reinstatement, and spontaneous recovery of learned fear (Park et al., 2017).
In contrast, adolescent male rats demonstrate impaired extinction retention
compared to juvenile or older rats, while no age-related differences are observed in
extinction learning (McCallum et al., 2010). This might explain that the present
findings were induced due to the impairments in extinction retention rather than to
lack of fear relapse. All these observations provide significant translational insights
that deepen the understanding regarding the roles of age- and sex in the

predisposition, development, and pharmacological management of PTSD.

7.4 Suggested refinements for future studies investigating the effects of CBD on

extinction and spontaneous recovery of learned fear

For the future studies, it is recommended to use animals as identical as
possible in developmental stage, so to avoid age-dependent discrepancies in
pharmacological and behavioural effects. An interesting topic from both the
preclinical and clinical perspectives will be to explore the therapeutic potential of CBD
in modulation of extinction and learned fear relapse in rats of different age and/ or
sex groups, given that females are twice as likely to experience PTSD than males, a
difference that begins to emerge at adolescence (Garza & Jovanovic, 2017). A recent
study revealed that systemic or intra-dHPC CBD infusion impaired fear memory

consolidation in adult female rats (Franzen et al., 2022), but CBD effects on
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modulation of extinction in female rats remain to be investigated. Given the fact that
females display more active defensive behaviours compared to males, it is crucial for
such studies to implement additional quantitative measures of conditioned responses
like darting (i.e., escape-like response exhibited as fast crossing of the chamber) to
avoid misinterpretation of female’s low freezing as poor conditioning or extinction

learning (Gruene et al., 2015).

The findings of the present study encourage the investigation in future studies
of the neural mechanisms underpinning these long-lasting fear-suppressing effects
induced by pre-extinction CBD. Combining behavioural testing with in vivo
electrophysiological recordings from areas regulating extinction learning and
retention (e.g., IL, PL, BLA, vHPC or dHPC CA1/CA3) will help to elucidate how CBD
modulates neuronal activity to induce its effects (Goonawardena et al., 2011). It would
be also interesting to identify the neural circuitry involved in CBD-mediated effects by
culling the animals either after extinction or spontaneous recovery testing and
performing ex vivo sampling and immunohistochemistry for expression of c-Fos, Arc
or Zif268, immediate early genes that were previously associated with neuronal
activation and synaptic plasticity related to extinction and fear relapse (Knapska &
Maren, 2009; Gallo et al., 2018). Another potential approach is to infuse CBD directly
into the brain areas mentioned above to replicate the effects induced by systemic CBD
administration. The principal aim of this thesis was to investigate the potential
involvement of CB1R or 5-HT1AR signalling on CBD-induced pharmacological effects,

however results of these studies will be further discussed below.
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7.5 Possible pharmacological mechanisms involved in CBD regulation of extinction

and spontaneous fear recovery

Evidence from previous studies reveals that CBD acutely reduces conditioned
fear expression through a 5-HT1AR-dependent mechanism (Gomes et al., 2012;
Fogaca et al., 2014; Marinho et al., 2015). On the other hand, CBD produces sustained
fear alleviation by enhancing the extinction (Bitencourt et al., 2008; Do Monte et al.,
2013) or disrupting the consolidation (Stern et al., 2017; Raymundi et al., 2020) and
reconsolidation of learned fear memory (Stern et al., 2012; Bayer et al., 2022), in a
CB1R-dependent manner. Based on this encouraging evidence, the present study
aimed to explore whether these two signalling pathways are involved in the long-

lasting suppression of spontaneous fear recovery induced by CBD.

Initially in Chapter 4 a dose-response experiment was performed using the
CB1R inverse agonist AM251 to identify the dose that could abolish the previously
observed CBD effects, without eliciting an effect by itself. AM251 did not affect
expression of learned fear, extinction learning or recall, however none of the
treatment groups displayed spontaneous recovery of auditory fear. For the
combination study with CBD, the low dose of AM251 was selected. However, none of
the treatments affected fear responses across the different sessions. Importantly, the
administration of CBD alone failed to replicate the previous effects in suppressing
spontaneous recovery. Next, Chapter 5 aimed to investigate the potential involvement
of 5-HT1AR-signalling in mediating CBD’s effects. The dose-response study for the 5-
HT1AR antagonist WAY100635 revealed that the high dose reduced the baseline

expression of contextual fear, rendering it inappropriate for the combination study
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with CBD. However, none of the treatment combinations affected freezing behaviour
in any of these sessions, while CBD was incapable of replicating any of the previously
observed effects. The lack of reproducibility in these two studies rendered it
impossible to exclude the potential involvement of CB1R or 5-HT1AR-mediated

signaling in CBD’s acute and long-lasting fear-suppressing effects.

As mentioned above, the irreproducibility of CBD effects observed across the
experiments may be attributed to the age of the rats used, which was not determined
in the present studies. Although it is inconclusive whether ECB or 5-HT-ergic signaling
is involved in the previously observed fear suppressing effects of CBD, it is worth
discussing the age-dependent adaptations that have been identified in these two
neurotransmitter systems. Regarding ECB signaling, 2-AG levels rise during perinatal
period and then decline at early postnatal dates, reaching the adult concentrations. In
contrast, AEA gradually increases from early postnatal stage reaching maximum levels
around adolescence which is associated with increased expression of NAPE-PLD (i.e.,
responsible for AEA synthesis) in the PAG (Kwok et al., 2017). Robust changes in CB1R
expression occur in prefrontal and limbic areas, reaching its highest expression during
adolescence and then decreases by adulthood. Such changes contribute to the
maturation of corticolimbic circuitry, maintaining balance between excitatory and
inhibitory neurotransmission and thus playing a critical role in cognitive and
behavioural processing (Meyer et al.,, 2018). However, stress during early life or
adolescence can interfere with this developmental process, leading to deficits in
hippocampal function and downregulation of CB1R expression later in life, increasing
the vulnerability to psychopathology (Goldstein Ferber et al., 2021). Possibly, fear

conditioning may exert analogous effects in the hippocampus of adolescent rats,
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making them more vulnerable to fear generalization or unsuccessful recall of
extinction when tested several days after extinction training. On the other hand, it was
found a decrease in 2-AG and DAGLa (i.e., responsible for synthesis of 2-AG) levels in
hippocampus and putamen, while reductions in AEA were observed in the putamen,
PFC, and cingulate cortex, strongly affecting mice of middle-age. This was associated
with a transient compensatory increase in CB1R expression, followed by a steep
decline in both hippocampus and limbic forebrain, that was associated with learning

and memory impairments (Nidadavolu et al., 2022).

Age specific-differences have been described as well in 5-HT-ergic
transmission. Both human and rodent studies demonstrate an age-dependent
increase of SERT levels in the DRN and lateral septum, which is followed by a gradual
decrease in middle age (Ulloa et al., 2014). Significantly larger declines with age were
observed in the expression of 5-HT2ARs, compared to post-synaptic 5-HT1ARs, while
pre-synaptic 5-HT1ARs in raphe nuclei were preserved (Karrer et al., 2019). On the
other hand, exposure to stress early in life or during puberty was found to induce
persistent alterations in the 5-HT system e.g., increased 5-HT1AR expression in
amygdala but reduced in DRN or hippocampus, and reduced SERT expression in DRN,
within brain areas associated with the development of stress-related disorders
(Matsuzaki et al., 2011; Bravo et al., 2014). Therefore, across the different studies, it
is important to select rats at the same stage of development, to avoid unexpected
behavioural and pharmacological responses that may be driven by the age-dependent

alterations in the ECB and 5-HT-ergic signaling.
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The fact that these studies failed to reproduce the previously observed fear-
suppressing effects of CBD may be attributed to differences in animals’ personality
traits, that can be promoted especially under weak experimental situations. Often the
existence of potentially unrecognized subpopulations within a group (i.e., rats
competent vs resistant to extinction) may mask important patterns of behavioral
responding (i.e., suppression or relapse of conditioned fear) and lead thus to non-
significant statistical effects between the different groups (Lonsdorf & Merz, 2017).
Therefore, particularly challenging can be the interpretation of the present results
when considering the influence of temperamental factors in a study with a decreased
sample size (i.e., WAY100,635-CBD study) in combination with the previously
described bidirectional effects of CBD on extinction memory depending on the

aversity of fear conditioning (Song et al., 2016).

Alterations in the process of CBD formulation may also result in an inability to
replicate previous findings. Specifically, in the AM251-CBD combination study, CBD
was suspended in a vehicle made of a greater concentration of Tween 80, when
compared to the study reported in Chapter 3. As described above, alterations in
surfactant concentration within a vehicle solution can affect the micellization process
during the drug formulation, altering its pharmacokinetic properties (Yadav et al.,
2017). Other parameters like temperature, surfactant type, pressure, solvent,
sonication, etc., were found also to influence the process of micellization through
which CBD formulation is developed (Mohajeri & Noudeh, 2012; Mohd Yusof, 2021).
Although these parameters generally are not meticulously monitored or described in
different studies, any changes could influence the physicochemical properties of the

drug, and therefore its effectiveness (Bruni et al., 2018). A possible solution to this
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issue would be to introduce a quality control checkpoint during the drug preparation
for example, to monitor the size of the CBD micelles with dynamic light scattering

(Sutherland et al., 2009).

7.6 Future studies for the elucidation of pharmacological mechanisms involved in

CBD regulation of extinction and spontaneous recovery of learned fear

A principal aim for the future is to determine the potential involvement of
CB1R or 5-HT1AR signaling in the suppression of spontaneous fear recovery induced
by CBD. This could be achieved by repeating the AM251-CBD and WAY100,635-CBD
experiments under as identical as possible experimental conditions to Chapter 3, like

using rats of the same age, or vehicle of same Tween 80 concentration for CBD.

In case that CB1R-signalling is involved in mediating the effects of CBD, it would
be interesting to characterize the fluctuations of AEA and 2-AG within the extinction
circuitry, to further examine the role of CB1Rs. Ex-vivo sampling can be performed in
discrete brain areas like dHPC, vHPC, BLA, IL, and PL after completion of extinction
training, extinction testing or spontaneous recovery testing to undergo later
guantification for endocannabinoid levels through liquid chromatography-mass
spectrometry. This would provide significant information about both the
pharmacological and neural targets related to these effects of CBD. For instance,
elevated AEA levels would suggest CBD-mediated inhibition of either reuptake (i.e.,
FABPs) or degradation (i.e., FAAH, COX-2) of AEA, while elevated 2-AG levels would
suggest MAGL inhibition. On the other hand, elevation of either ECB alone would

narrow down the receptors that may be involved, given that AEA activates CB1Rs,
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CB2Rs, TRPV1, PPARy, and SK channels, while 2-AG only activates CB1Rs and CB2Rs

(Patel et al., 2017).

The fact that CB1Rs, CB2Rs and PPARyRs in the dHPC were previously found to
time-dependently modulate CBD-induced disruption of fear memory consolidation
makes it interesting to explore their involvement in extinction and spontaneous
recovery of learned fear (Stern et al., 2017; Raymundi et al., 2020). On the other hand,
it is less likely that TRPV1 is implicated in the fear-attenuating effects induced by CBD
in the present study. This is supported by a previous study revealing that both CBD
and AM404, compounds that similarly elevate AEA and stimulate TRPV1, enhanced
contextual fear extinction through CB1R-, rather TRPV1-mediated signalling
(Bitencourt et al., 2008). Additionally, activation of TRPV1 receptors was found to
impair extinction of cued fear, while their blockade produced facilitating effects on
contextual fear extinction (Laricchiuta et al., 2013; Morena et al., 2021). Another
interesting pathway to explore is whether CBD can potentially attenuate learned fear
through inhibition of COX-2-mediated degradation of AEA. Evidence from a previous
study revealed that both traditional (i.e., celecoxib and lumiracoxib) and substrate
selective (i.e., LM-4131) COX-2 inhibitors induced anxiolytic-like effects in the EPM and
novelty-induce hypophagia assay after exposure to foot-shock stress. These effects
were mediated through a SK-dependent mechanism, as pre-administration of SK-
inhibitor, but not CB1R, CB2R or TRPV1 antagonist, blocked such effects (Gamble-
George et al., 2016). Additionally, the fact that SK channels are activated by AEA
(Wang et al., 2011) and have been identified on pyramidal neurons of extinction-

related areas like, BLA, PFC, and hippocampus (Faber, 2010; Hermann et al., 2020),
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raises the possibility that CBD may indirectly modulate SK signaling through inhibition

of COX-2-mediated inactivation of AEA.

As already mentioned, 5-HT1AR-mediated signaling attracts significant
attention as a possible pharmacological mechanism underlying the CBD-induced
effects on suppression of spontaneous fear recovery. This is because CBD was
previously found to interfere with learned fear acquisition and expression in 5-HT1AR-
dependent manner (Gomes et al., 2012; Fogaca et al., 2014; Norris et al., 2016).
Interestingly, chronic fluoxetine applied in combination with extinction training
resulted in prevention of spontaneous fear recovery (Karpova et al., 2011), although
the involvement of 5-HT1AR has not yet been determined. Given this evidence, it is
worth repeating the previous WAY100,635-CBD combination study, and thereafter
identifying the neural substrates and the specific 5-HT1ARs (i.e., pre- or post-synaptic)
that underpin the effects of systemically administered CBD. This could be approached
by reproducing systemic effects after direct CBD infusion into areas of the
corticoraphe circuit like DRN, BLA, or PFC, that may govern the effects of CBD on
reduction of learned fear expression and facilitation of extinction. Additionally, prior
injection or infusion with 5-HT1AR antagonists into BLA or PFC would provide insight
about the pharmacological mechanism underlying CBD effects (Alexander & Vasefi,

2021).

7.7 Effects of CBD on immediate extinction and extinction recall of learned fear

The inconsistencies observed across the present studies in the CBD-mediated
modulation of extinction learning and its recall triggered the exploration of CBD

effects under more aversive experimental conditions, given that the level of stress
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regulates not only the vulnerability for developing maladaptive fear memories but also
the responsiveness to extinction and pharmacological interventions. To achieve this,
the effects of CBD were investigated on stress-induced extinction learning
impairments following recent fear conditioning, by using the IED protocol. It was
observed that CBD administration before immediate extinction acutely reduced
auditory fear expression but did not influence either baseline expression of contextual
fear or extinction learning. The following day, CBD resulted in suppression of both
contextual and auditory fear expression, indicating an enhanced extinction recall that
prevented the IED phenomenon. This novel ameliorating effect of CBD required
extinction training and did not involve any interference in fear memory consolidation.
After a thorough search on the relevant literature, CBD is one of the first cannabinoids
investigated for its effectiveness in the IED model, but the pharmacological and neural

mechanisms underlying its effects remain to be determined.

7.8 Future directions towards investigation of pharmacological and neural

mechanisms underlying CBD effects on IED

As earlier described, it is suggested that the IED involves excessive activation
of BLA induced by the enhanced NE-ergic and CRF signaling associated with high stress
levels after recent fear conditioning. BLA subsequently may stimulate IL inhibitory
interneurons, leading to suppression of IL firing (Maren, 2022). The fact that the ECB
system was found to modulate NE-ergic and CRF signaling within the stress and fear
extinction circuitry (Gazarini et al., 2022; Warren et al., 2022) raises the possibility that
it may be also involved in regulation of stress-induced impairments in extinction

learning, although the exact mechanisms need to be explored. A potential mechanism
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through which CBD may ameliorate extinction resistance could involve the modulation
of the NE-ergic and/or CRF signaling through indirect activation of CB1 receptors. An
initial approach would be to identify the circuit which systemic CBD modulates. /n vivo
microdialysis for the quantification of NE levels can be performed at IL and BLA, the
principal sites involved in the IED to which LC-NE neurons project. This would provide
insight into whether CBD acts to restore NE-ergic stimulation of IL or to dampen the
NE-mediated overstimulation of BLA. Therefore, possible elevated NE levels at IL could
indicate that CBD, by indirectly activating CB1Rs, may enhance the efflux of NE at IL,
or increase the activity of LC-NE neurons projecting to IL, resulting in increased NE
release post-synaptically in IL (Warren et al., 2022). However, these two mechanisms
require further exploration. On the other hand, decreased NE levels at BLA could
indicate that CBD may inhibit overstimulation of LC-NE by activating presynaptic
CB1Rs located at the CEA-CRF neurons projecting to LC. This would restrict the CRF
release and prevent therefore the CRFR1-mediated stimulation of LC-NE neurons
projecting to BLA, thus dampening excessive BLA firing (Wyrofsky et al., 2017; Maren,
2022). Further studies administering CBD directly into the LC, BLA or PFC, or combining
that with CB1R antagonist pre-treatment, would provide additional information about
the involvement of these areas in immediate extinction processes. Finally, it would be
interesting to investigate potential long-term effects of CBD when combined with
immediate extinction in prevention of fear relapse conditions, while incorporating also
female gender rats in future studies, given that male rats have previously exhibited
greater levels of fear renewal than females in the aftermath of immediate extinction

(Binette et al., 2022).
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7.9 Conclusion

The results of this thesis confirm previous findings regarding the acute effects
of CBD in reducing learned fear memory expression, while demonstrating novel
evidence that CBD can provide long-term protection against fear relapse after
successful extinction and alleviate stress-induced impairments in extinction learning.
Although it was inconclusive whether CB1R or 5-HT1AR signaling is involved in CBD-
induced suppression of spontaneous fear recovery, the potential pharmacological and
neural mechanisms underlying its effects were still discussed, while reevaluating
possible experimental factors that may have influenced the experimental
reproducibility. Determining CBD’s effects and mechanisms of action in both sexes will
provide valuable insight about its adequacy as a candidate therapeutic and potential
adjunct to exposure therapy in achieving lasting remission from trauma and stressor-

related symptoms.
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