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Highlights

o TRPV1 antagonists are effective in animal models of anxiety and depression

¢ TRPV1 antagonism reduces addictive-like behaviours in animal models

¢ TRPV1 modulation of endocannabinoid, opioid and reward systems might mediate
these effects

e Few results include schizophrenic- and obsessive-compulsive-like behaviours and
model of fibromyalgia.

e Studies on clinical populations are lacking.



Abstract

Transient Receptor Potential Vanilloid 1 (TRPV1) channels are non-selective cationic
polymodal receptors gated by several different chemical and physical stimuli. TRPV1 receptors
are distributed in several brain areas and interact with important neurotransmitter systems
linked to mental disorders, such as endocannabinoid and opioid systems. The increasing
number of results obtained in this field has recently attracted growing attention to these
receptors as potential targets for the treatment of different psychiatric conditions. To review
the available results on this topic, we searched on the PubMed database up to May 2020 using
the following search string: “TRPV1”, thus including a total of 48 studies. The results, still
limited to preclinical studies, suggest that TRPV1 antagonism could represent a potential
mechanism for the treatment of depression and anxiety, as well as for opioids,
methamphetamine and cocaine addiction. Few available results consider schizophrenia-like
behaviours, suggesting an intriguing role of TRPV1 receptors in the neurobiology of major
psychoses. Single studies report the effectiveness of TRPV1 antagonists in animal models of
obsessive-compulsive disorder and fibromyalgia. Future preclinical and clinical studies are
required to shed further light on the feasibility of the use of TRPV1 modulators in

psychopharmacology.

Keywords: TRPV1, mood disorders, panic, anxiolytic, antidepressant, drug abuse, mental
health



1. Introduction

The past few years have witnessed a growing interest in Transient Receptor Potential channels
(TRP), a superfamily of polymodal receptors that may be relevant in the treatment of mental
disorders.

The TRP superfamily comprises approximately 30 subtypes of tetrameric six-
transmembrane nonselective calcium-permeable ion channels divided into six subfamilies:
ankyrin (TRPA), canonical, melastatin (TRPM), mucolipin, polycystin, and vanilloid (TRPV).
They are expressed on numerous cell types and gated by several different forms of sensory
stimulation [1-3]. In this context, TRP channels are activated by a broad spectrum of physical
and chemical stimuli and mediate different bodily sensations, such as noxious heat, cold or
pain [4,5]. Recently, among TRP channels, the subtype 1 of vanilloid subfamily (TRPV1), has
been examined as potential therapeutic targets for several diseases [6] such as inflammation,
pain, osteoarthritis or epilepsy [7,8]. TRPV1 respond to different stimuli such as substances
containing the vanilloid chemical group in which capsaicin is the most representative member,
resiniferatoxin (RTX), membrane depolarization, noxious temperatures (242 °C) and acidic
extracellular pH [9]. TRPV1 activation also occurs by a plethora of endogenous
factors/molecules indicating a potential dynamic functional relationship with different central
and peripheral pathways. In particular, endocannabinoids such as anandamide (AEA) and
molecules such as retinoids, N-oleoyldopamine, oxytocin, ATP, neurotrophins, and cations can
activate TRPV1 receptors [3,5,9-21]. A more complex framework is due on the identification
of hetero-tetrameric complexes of multiple TRP subtypes (i.e. TRPV1 with TRPA1, TRPV2,
and TRPV3) which possess different sensitivity to temperature, chemicals, and
proinflammatory substances [22—25].

The recent growing interest in the physiological role of TRPV1 in the field of
neuroscience and psychiatry is due to the revelation of the existence of vanilloid-sensitive
neurons at the central nervous system level [26]. Thus, TRPV1 receptors expression is present
across different rodent brain regions, including the locus coeruleus (LC), periaqueductal gray

(PAG), anterior cingulate cortex (ACC) or medial prefrontal cortex (PFC) [27—33]. Notably,



TRPV1 receptors are widely expressed also in critical brain regions that are involved in drug
addiction, such as the nucleus accumbens (NAc) and dorsal striatum (DSt) [34]. TRPV1
channels are widely distributed also on nonneuronal cells such as microglia, astrocytes,
oligodendrocytes and pericytes [18,28-33,35-37]. The expression of TRPV1 receptors seems
dependent mainly on the developmental stage, but also reflects variable physiological and
pathological conditions. For instance, an increase of TRPV1 expression and activity in the
central nervous system occur under severe neuroinflammatory conditions [35].

In recent years, several results have linked inflammatory processes to the
etiopathology of many psychiatric disorders [38]. In this context, TRPV1 channels seem crucial
in the fine regulation of the balance between pro- and anti-inflammatory pathways, that
underlie dynamic mechanisms involved in the resolution of exacerbation of the inflammatory
state [35,39]. About that, synaptic communication and long-term depression processes involve
TRPV1 activity [40]. TRPV1 receptors also have direct bidirectional interactions with the
endovanilloid and opioid systems, both involved in the pathophysiology of disorders such as
addiction and anxiety [41]. Lastly, TRPV1 indirectly modulates the activity of cannabinoid type
1 (CB1) and mu-opioid receptor (MOR) [30,41,42].

Several preclinical data suggest that TRP channels modulation could be a novel
therapeutic target with a high potential translational relevance [43-50]. In particular, the TRPV1
subtype is the most relevant candidate target for the development of therapeutically useful
modulators for the treatment of depression, panic, anxiety and addictive disorders [46,48,51].
Thus, we aim to provide a comprehensive review of the available experimental studies focused
on the TRPV1 modulation in clinical and preclinical models of psychiatric disorders and

addiction.

2. Methods
2.1 Data sources
A systematic search was carried out on Pubmed, Embase and SD (Elsevier Databases). We

searched up to May 2020 using the following search term: “TRPV1”.



2.2. Eligibility criteria

We sought to include reports on the consequences of TRPV1 antagonism on psychiatric
disorders and addiction, studied in humans and animals. We did not restrict the inclusion based
on the date of publication or study design, but we have been considering only reports redacted
in English. No studies performed on humans were identified. We extracted and tabulated data
relative to TRPV1 antagonists used, other drugs co-administered, the injection sites, model
employed, tasks used and main findings. All the experimental studies reviewed were
performed on well-known models of psychiatric disorders. All titles, abstracts and full-text were

screened for inclusion by two researchers (A.E. and B.S.).

3. Results
3.1. Study selection

The search yielded a total of 8021 abstracts. After duplicates removal, we screened by
Title/Abstract 6016 records. Of these, the full text of 215 articles was screened and yielded 48
studies eligible for inclusion, published between 2004 and 2020 [1,34,52-97]. Retracted
studies (1 study, [98]) were excluded.

Studies employed models designed to resemble anxiety and panic disorder,
depression, schizophrenia, obsessive-compulsive disorder, and fibromyalgia, as well as
addictive behaviours among rodents. The studies included the following tasks: forced swim
test (FST, 7 studies), elevated plus-maze (EPM, 18 studies), Vogel conflict test (VCT, 5
studies), social interaction test (SITe, 2 studies), step-down inhibitory avoidance task (IA, 1
study), contextual fear conditioning (CFC, 6 studies), Morris water maze (MWM, 1 study),
repeated social defeat stress protocol (RSDSP, 1 study), escape threshold determination after
dPAG electrical stimulation (ETD, 1 study), behavioural procedure of exposure to threatening
stimuli (BP, 1 study), open field (OF, used to assess anxiety-like behaviour in 4 studies),
light/dark box task (L/DBT, 2 studies), marble burying behaviour (MBB, 2 studies), prepulse

inhibition (PPI, 1 study), conditioned place preference (CPP, 8 studies), self-administration test



(SAT, 4 studies), conditioned taste aversion (CTA, 1 study), and the handling induced
convulsion (HIC, 1 study).

The following TRPV antagonists have studied: capsazepine (CPZ, 31 studies), N-
arachidonoyl-serotonin ~ (AA-5-HT, 6 studies), SB366791 (10 studies), 6-iodo-
nordihydrocapsaicin (6-I0DO, 4 studies), AMG9810 (4 studies), iodoresiniferatoxin (I-RTX, 1

study), and «-Spinasterol (2 studies).

3.2. Study characteristics

Table 1 and Table 2 report the characteristic of the studies on animal models of psychiatric
and addictive disorders. They include information on the TRPV1 antagonist used, addictive
substances used (only for Table 2), injection site, animal model, animal strain and main
findings. Figure 1 reported detail on the specific site of injection and task used.
Supplementary material report the characteristics of effective TRPV1 antagonists respect to

the site of injection, animal model and dosages (in ug and nmol).

3.3. TRPV1 antagonism in animal models depression and anxiety disorders

See Table 1, Figure 1 and Supplementary material for a description of study characteristics
and results.

Studies employing animal models of psychiatric disorders used different tasks. Thus, we first

report a brief description of tasks and results.

3.3.1. Forced Swim Test

Five studies examined the antidepressant-like effect of TRPV1 modulation in the
context of the FST. The FST is a standard preclinical test that consists of exposure to a
transparent container filled with water, where reduction of the animal immobility time is an
indicator of antidepressant-like activity [99,100]. In this context, the administration of TRPV1

antagonists, either at the systemic level or in specific brain areas, i.e. medial PFC and



amygdala, decreased overall immobility time in the forced swim test in all available studies
[62,63,71,78,82,91].

The systemic or intra-ventromedial PFC administration of AA-5HT, the dual blocker of
TRPV1 and fatty acid amide hydrolase (FAAH), was associated with a decrease of immobility
time during the FST, and with a reduction of Hypothalamic—Pituitary—Adrenal (HPA) axis
activity during the FST [62,79,82]. These findings underline the potential functional relationship
between TRPV1 and CB1 activity that may be important for a general physiological response
to stress, and their potential modulation may exert compensatory behavioural effects
[62,71,82].

Alpha-Spinasterol is a TRPV1 antagonist plant steroid that, together with an anti-
immobility effect in the forced swim test, did not present any effects on locomotor activity or
body temperature [78,91].

Most of these studies, however, are limited by the lack of comparison with appropriate
control, such as standard tricyclic antidepressant drugs, commonly used in most preclinical
trials based on the FST [100]. The few available studies that examined both the effects of
TRPV modulators and antidepressants suggest that TRPV1 antagonists may lead to
synergistic effects, possibly acting on neurotransmitter systems that are involved in
antidepressants’ mechanisms of action (e.g. serotonin). Manna and Umathe found that the
antidepressant-like activity of the TRPV1 antagonist CPZ, injected in the
intracerebroventricular system, was comparable to the effects of fluoxetine; moreover, the
authors detected a synergistic effect due to the co-administration of ineffective doses of CPZ
and fluoxetine [63]. Pretreatment with para-chlorophenylalanine, an inhibitor of serotonin
tryptophan hydroxylase, attenuated the effects of capsaicin and CPZ, highlighting a probable
interplay between TRPV1 receptors and the serotonin system. Moreover, pretreatment with N-
Methyl-D-aspartate neutralized the effects of CPZ, suggesting that TRPV1 antidepressant-like
activity may require decreased glutamatergic transmission [63]. A recent study reported the
activity of a-Spinasterol and SB-366791 in to relieve the depressive-like behaviour induced on

FST by reserpine, a drug with catecholamine-depleting effect [91]. Lastly, low doses of RTX



increased the immobility time in the FST, an effect in turn overcome by amitriptyline or
ketamine administration, thus suggesting a TRPV1 antagonist property for these compounds

[104].

3.3.2. Elevated plus-maze

The EPM is a well-recognized model of anxiety-like behaviour in rodents. Animals are
allowed to freely explore two open and two closed arms, elevated by 50 cm from the floor. The
passage onto the open arms of the EPM is associated with a rising in the plasma of
corticosterone, increased freezing behaviour, and production of faecal boli, processes
indicative of increased anxiety-like state. In particular, a longer time spent in the open arms is
used as an indirect measure of anxiety-like level [102,103]. Seventeen studies assessed the
anxiolytic-like effect of the administration of TRPV1 antagonists on performance in the EPM.
Literature reports evidence regarding the efficacy of TRPV1 antagonists on EPM parameters.
Six studies reported a significant increase of both entries and time spent in the open arms
[57,60,84,93,94,97], while three studies reported only significant increases of the time spent
in open arms [59,73,97] and four studies reported an only significant increase of entries in
open arms [52,66,77,96]. Using the Elevated T-Maze task, Almeida-Santos and colleagues
found that TRPV1 antagonism by CPZ in the dorsolateral PAG decreased escape responses
[65]. On the contrary, four studies did not detect differences between the performance of
animals treated with TRPV1 antagonists and controls [58,68,78,97]. Conflicting results may
depend on differences in the site of drug delivery. In this context, any effects on EPM

parameters were described after systemic administration of AA-5-HT or « -Spinasterol [78,97].

At the same time, Genro and colleagues performed a local injection of CPZ in the dorsal
hippocampus in contrast to most of the other studies [58], and Mascarenhas and colleagues
injected CPZ only in the dorsal, rather than dorsolateral, PAG [58,68,78].

Similarly to results from FST studies, TRPV1 was shown to interact with the
endocannabinoid system and influence the performance in the EPM. The injection of high

doses of AEA in the dorsolateral PAG induced the activation of TRPV1 receptors that, in turn,



produced a neuronal Ca?* influx and the formation of nitric oxide (NO). NO, in turn, facilitated
the presynaptic release of glutamate, which was associated with enhanced behavioural
defensive responses [66,77]. This regulation of aversive response might be operated through
a TRPV1-mediated engagement of the glutamate/NMDA/NO pathway [61]. In the PAG,
activation of TRPV1 enhanced glutamatergic synaptic transmission, implicated in aversive
learning, by fine-tuning of TRPV1/CB1 balance [104-106].

These results further support the role of TRPV1 inhibition in reducing anxiety-like
levels, possibly through effects on the endocannabinoid and the endovanilloid systems within
the dorsolateral PAG and hippocampus, key brain areas involved in defensive and anxiety-like
behaviours.

Moreover, the injection of the TRPV1 antagonist CPZ and the CB1 selective agonist
ACEA, that only at higher doses can bind to TRPV1 receptors, in the ACC and orbitofrontal
cortex support the role of TRPV1 inhibition in reducing impulsive patterns of decision making

in rats exposed to cost-benefit T-maze decision-making tasks [85].

3.3.3. Vogel conflict test

The VCT is widely used to evaluate the efficacy of anxiolytic-like compounds. In the
VCT, water- or food-deprived animals are exposed to aversive stimuli (foot shocks) while they
are trying to access either food or water. Thus, the rate of drinking or feeding behaviours are
an index of the drugs' anxiolytic-like properties [107]. In four out of four available studies, there
was an association between the administration of TRPV1 antagonists CPZ and 6-10DO in the
ventromedial PFC and the dorsolateral PAG with an increase of drinking behaviour

[52,57,66,94].

3.3.4. Social interaction test
The SITe is a test used to assess anxiety-like levels in rodents by evaluating the time
that pairs of male rats spend engaging in social interaction. The interaction time is indexed by

sniffing, following or grooming behaviours [108]. Two studies use the SITe. A seminal study



by Manna and Umathe found increased time spent in social interactions after
intracerebroventricular infusion of CPZ, yielding an anxiolytic-like response of similar
magnitude to diazepam [54]. Moreover, sub effective doses of CPZ potentiated the response
to diazepam without inducing further locomotor impairment [54]. In the second study, Almeida
and colleagues compared the CPZ effects on SITe in two population of rats, composed by
spontaneously hypertensive (SHR, considered as a murine schizophrenia behavioural
phenotype) and Wistar (WR) strains [89]. In contrast with capsaicin, CPZ resulted ineffective
on SITe in SHR [89]. InWR, low-dose CPZ increased time spent in social interactions, whereas

a higher dose mediated the opposite effect [89].

3.3.5. Step-down inhibitory avoidance task

In the 1A task, animals underwent a negative stimulus (footshock) and a grid located on
the floor, avoiding to step down from the platform to the grid and explore the box. This form of
associative learning depends on multiple sensorial stimuli, including spatial, visual and pain
perception, as well as emotional regulation. Inhibitory avoidance is associated with strong
activation of subcortical structures, such as the amygdala or the hippocampus, and is
modulated by the levels of HPA axis activity [109]. In the only available study employing the
IA, intermediate doses of CPZ injected in the dorsal hippocampus produced a significant

reduction of the avoidant behaviour [58].

3.3.6. Contextual fear conditioning paradigms

Several CFC behavioural paradigms were employed to investigate the neurobiology of
fear learning, as well as the role of the hippocampus in memory [110]. In four studies TRPV1
antagonists, CPZ or 6-I0DO I-RTX, were injected in the dorsolateral PAG [79], dorsal
hippocampus [58], ventromedial PFC, prelimbic or infralimbic regions or systemically [75].
TRPV1 antagonists were associated with a significant decrease in short- and long-term
extinction phase freezing time on contextual fear conditioning [58,67,75,79]. Moreover, CPZ

was able to impair memory consolidation in the strong shock condition [58], while AA-5-HT,
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affect fear-related behaviour in a manner dependent on baseline anxiety-like levels and
environmental context [86]. On the other hand, recently, a single study reported the absence

of effects on CFC in two population of SHR and WR after intraperitoneal injection of CPZ [88].

3.3.7. Morris water maze

In the MWM, the rat is placed in an open-field circular pool and required to find a
platform to escape. This navigation task allows studying different aspects of the spatial
memory (e.g. working memory) and non-spatial discrimination learning at the same time [111].
In the only available study on TRPV1 antagonists, injection of AMG9810 in the ventral
hippocampus did not affect Morris water maze performance on either memory acquisition or

retrieval [69].

3.3.8. Repeated social defeat stress task
Prolonged social defeat stress has excellent etiological, predictive, discriminative and face
validity in experimental approaches to study depression [112]. In the only available study, the

systemic administration of I-RTX did not affect RSDS performance [67].

3.3.9. Escape threshold determination after dorsal PAG electrical stimulation

The Escape behaviour induced by dorsal PAG electrical stimulation is a proposed model of
panic attacks, and the intensity of panic attacks is measurable by the determination of the
escape threshold (the intensity of current needed to generate the response). Indeed the
electrical stimulation of dorsal PAG generates a panic response, which is characterized by
running and jumping; at this regard, blockade of TRPV1 using CPZ and SB366791 enhances
the threshold of the intensity of current required for inducing panic-like response after dorsal

PAG electrical stimulation [56].

3.3.10. The behavioural procedure of exposure to threatening stimuli

11



This test provokes a predator-induced defensive behaviour (panic-like responses) in rats,
using cats as threatening stimuli. Microinjections of CPZ in dorsolateral PAG in rats exposed
to the presence of threatening stimuli was associated with a reduction of defensive behaviours,
suggesting a role for TRPV1 in the regulation of aversive states induced by innate fear stimuli
[76]. Furthermore, the activation of TRPV1 or CB1 receptors due to threatening stimuli exerts
opposite effects in the modulation of defence responses, with a reduction of fear after

cannabinoid exposure [76,113].

3.3.11. Open field

The OF is a very popular behavioural test for the assessment of the spontaneous locomotor
activity or, in particular experimental settings, as a model of anxiety-like behaviours [114]. In
Table 1 we consider OF as a behavioural test only when used to assess anxiety-like behaviour,
through the observation of the time spent in the centre of the chamber, the flight reactions or
the rearing frequency [61,65,86,91]. However, we specify in the main findings sections the
results of the OF when it was used only to assess variations in spontaneous locomotor activity

[54,65,66,68,94].

3.3.12. Light/dark box task

The L/DBT is an animal behavioural paradigm used to investigate anxiety-like behaviours. It
consists of one light and one dark chamber, connected by a small opening or a tunnel [115].
In one study, TRPV1-knockout (KO) mice displayed a faster adaptation to the light

compartment in the L/DBT [116]. Systemic injection of TRPV1 antagonists (AA-5HT and «-

Spinasterol) provided no significant results [78,86].

3.3.13. Marble burying behaviour
The MBB is an animal model used to assess anxiety- and compulsive-like behaviour by
calculating the number of marbles buried in the rodent cage [117]. Umathe et al. found the

opposite effect of TRPV1 agonism and antagonism yielding pro- and anti-compulsive
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behaviours, respectively. Interestingly, intracerebroventricular administration of CPZ exerted

a long-term inhibitory effect on compulsive behaviours [64].

3.3.14. Prepulse inhibition

The PPl is a well-established behavioural paradigm that assesses sensorimotor gating deficits,
and result disrupted in different mental disorders such as schizophrenia [118]. The N-methyl
d-aspartate (NMDA) antagonists MK-801 is frequently used for its disrupting activity in PPI
[118], Cannabidiol (CBD) can reverse MK-801 activity on PPI, possibly through a TRPV1-
mediated effect. In fact, CPZ prevents the CBD activity in reversing the pro-disrupting effect
on PPl of NMDA antagonist MK-801 [90]. However, both CPZ and CBD alone did not affect

PPI [90].

3.4. The TRPV1 antagonism in animal models of addiction disorders

See Table 2, Figure 1 and Supplementary material for a description of study characteristics
and results.

Studies employing animal models of addiction are largely based on similar tasks, based on
different psychoactive substances. Thus, we first report a brief description of the tasks,

followed by the report of results grouped by the type of addictive substances.

3.4.1. Tasks employed in animal models of addiction

Five different tasks were used to study the effects of TRPV1 antagonism in models of
addiction. The CPP is a Pavlovian animal model to assess the motivational effects of a
substance. It consists of a primary exposure to a drug, used as an unconditioned stimulus,
which is repeatedly paired with neutral environmental stimuli. Environmental stimuli
progressively acquire the status of conditioned stimuli: when presented to the animal, they can
produce an approach o withdrawal behaviour [119].

The SAT consists of an instrumental apparatus through which the animal can self-

administer a dose of a drug, typically delivered via an intravenous catheter, insufflation or
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inhalation. This model of addiction provides the most direct correspondence with the naturally
developed addictive behaviour [120]. The mechanisms by which animals learn to avoid harmful
substrates is known as CTA, it is another classical Pavlovian conditioning paradigm, where
the once non-salient, consumed food (conditioned stimulus) becomes correlated with an
aversive outcome such as sickness (unconditioned stimulus). The CTA can accurately
determine measures of the specific taste thresholds of a tastant assessed through its
consumption [121].

The HIC is a task used to evaluate the central nervous system hyper-excitability in mice
during alcohol withdrawal, performed by assessing the seizure behaviour activity when picked

up by the tail [122].

3.4.2. Effects of TRPV1 blockade in opioid addiction

As recently described, TRPV1 channels blockade mediate a significant activity on
opioid addiction and craving behaviours.

The TRPV1 receptors interact with MOR by acting on intracellular pathways such as

PKC, PKA, B-arrestin-2, and MAPK [41]. TRPV1 acts as a physiological regulator of MOR

[42], a receptor highly expressed throughout the neuro-circuitry of addiction with an essential
role in setting the hedonic state, in inducing the euphoric states, in mediating natural rewards
and they are necessary for the rewarding effects of opiates and other drugs of abuse [123],
and potential implications in the field of mood disorder treatment [124].

The explanation of the activity on the addiction of the TRPV1 channels blockade might
encompass, in particular, their expression of TRPV1 receptors in NAc, a region that plays a
pivotal role in addiction behaviours [125]. The blockade of TRPV1, obtained by genetic
deletion, or both via systemic and intra-NAc pharmacological administration of antagonists,
inhibited morphine-induced CPP in mice; CPZ, in particular, may induce prolonged and stable
inhibition of morphine CPP expression [70,80]. The ability of TRPV1 to regulate excitatory
glutamatergic transmission during morphine withdrawal involved the NAc but not the DSt [83].

Furthermore, this effect was entirely blocked by CPZ, with a behavioural outcome of persistent

14



morphine CPP attenuation [83]. Intriguingly, TRPV1 antagonism-induced attenuation of
persistent morphine CPP occurs without affecting normal activity [70,80,83]. At the level of
DSt, morphine administration upregulates TRPV1 expression, modifying synaptic transmission
and neuroplasticity and significantly contribute to morphine reward; on the other hand, injection

of different TRPV1 selective antagonists in DSt significantly suppressed morphine-CPP [72].

3.4.3. TRPV1 antagonism in cocaine addiction

Experimental findings indicate that the endovanilloid system could be valuable in the
reinstatement of cocaine-seeking behaviour. Adamczyk and colleagues found that the tonic
activation of TRPV1 channel is involved in cocaine-seeking behaviour, although it is not
necessary for the rewarding effect of this psychostimulant [55]. The authors found that
SB366791 was effective on cocaine-induced reinstatement of cocaine-seeking behaviour,
although the administration did not alter cocaine reinforcements [55]. Recently, You and
colleagues found a similar effect on cocaine-induced reinstatement using CPZ [1].
Interestingly, the author reported the absence of reinstatement in TRPV1-KO mice. Finally, in
an elegant series of experiment, the authors found supporting data regarding the role of
TRPV1 receptors in facilitating the cocaine reinstatement [1]. More recently, Galaj et al. report
that CPZ did not alter cocaine self-administration and describe a dose-dependent activity in

prevent a CBD-mediated attenuation of cocaine self-administration [92].

3.4.4. TRPV1 antagonism in methamphetamine addiction

The administration of methamphetamine to mice induces an up-regulation of TRPV1 in
the NAc and the DSt [34,53].

Only one study examined the effects of TRPV1 antagonists on methamphetamine
addiction: CPZ and SB366791 inhibited methamphetamine-induced CPP and self-
administration; moreover, TRPV1-KO mice did not develop methamphetamine-induced CPP

[34]. CPZ, in particular, exert a significant action in reducing dopamine levels in NAc and the

15



enhancement of NAc and DSt dopamine transporter binding levels in methamphetamine-

induced CPP mice [34].

3.4.5. TRPV1 antagonism in ethanol addiction

Ethanol is a well-known positive modulator of TRPV1 receptors, potentiating the
channel response lowering the energy of gating of various activators, such as voltage, pH,
endogenous modulators and temperature, with activation at ~34°C [126]. Thus, TRPV1 may
be involved in ethanol activity effects inside the brain [126]. Despite this evidence, both
TRPV1-KO and CPZ treated mice show an increase of ethanol preference and consumption
and, at the same time, less sensitivity to sedation and motor incoordination [95,127]. On the
other hand, Gregor and colleagues recently reported in rats who chronically consumed alcohol
an attenuation of hyperalgesia, anxiety-like behaviour, and relapse-like drinking after

administration of CPZ into the lateral habenula, [87].

4. Discussion

This systematic review summarized the available evidence on TRPV1 inhibition for the
treatment of psychiatric disorders and addiction. At present, TRPV1 antagonists have been
only tested in preclinical studies, employing a variety of validated behavioural tasks. Overall,
studies regarding animal models of psychiatric disorders suggest that these compounds have
significant antidepressant- and anxiolytic-like properties. We also found minor contrasting
evidence about animal models of schizophrenia-like behaviours and single studies regarding
the obsessive compulsive-like behaviour and an animal model of fiboromyalgia. On the other
hand, studies regarding animal models of addiction disorders suggest effectiveness in opioids,
methamphetamine and cocaine addiction. However, TRPV1 channels seem to play an
important role also for other addiction, such as for ethanol.

Considering depressive- and anxiety-like behaviours, TRPV1 antagonists, may exert
therapeutic effects mainly by influencing the endocannabinoid system. Diverse types of

receptors are co-expressed in the brain regions that may participate in the elaboration of these
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disorders (i.e. PAG), including CB1 and TRPV1 channels [27,30]. These receptors bind
common modulators and may act in concert to modulate behavioural responses [128-130].
Recent studies in rodents demonstrated that a relative imbalance between endovanilloid and
endocannabinoid systems occurs in fear- and anxiety-related behaviours and that TRPV1 can
act as ionotropic counterpart of CB1 receptors [48]. Pharmacological evidence indicating that
AEA activates both TRPV1 and CB1 receptors in a dose-dependent manner, further support
this model [56]. In particular, low doses of AEA induce a CB1-dependent anxiolytic-like effect,
while higher dosages result in TRPV1-dependent anxiogenic-like effects [62,97,131]. These
results support the notion that endocannabinoids can also act as endovanilloids by binding
TRPV1 receptor at higher concentration and that the antidepressant/anxiolytic-like effects of
TRPV1 antagonists depend on the enhancement of the activity of the endocannabinoid on
CB1 receptors.

TRPV1 receptors are indeed an exciting field in schizophrenia research, considering, for
example, their potential involvement in the alteration of the pain sensitivity and of sensorimotor
gating that characterize this disorder [132]. A possible role for TRPV1 antagonists was
suggested by preclinical studies of Newson and colleagues regarding the role of TRPV1
agonist capsaicin in drive developmental brain alterations that resemble those of
schizophrenia [133,134]. However, available studies on schizophrenia-like behaviours report
that TRPV1 antagonists exert no significant activity [88—90]. In studies on spontaneously
hypertensive rats (SHR) [88,89], Almeida and colleagues reported that CPZ did not alter
freezing response and time spent in social interactions. However, TRPV1 receptor activity
seems to play an intricate role in SHR, considering that capsaicin ameliorates social
interactions [89] but increased freezing response [88]. To further increase the complexity,
despite having been suggested as an animal model of schizophrenia [135], SHR might not be
an affordable model, due to the highly heterogeneous phenotype with a plethora of different
behavioural features such as attention-deficit/hyperactivity disorder- and schizophrenia-like
traits or cognitive deficits [136]. Considering the PPl model, Long et al. suggest a TRPV1

agonistic effect of CBD in restoring PPI disruptions [90]. This result is interesting for the
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potential therapeutic implications of the modulation of the endocannabinoid/endovanilloid
systems in major psychoses.

One study using MBB reports a dose-dependently activity of CPZ in relieving MBB [64],
evidence that suggests the assessment of TRPV1 antagonism in obsessive-compulsive
disorder treatment [46].

Recently, Fischer and colleagues report the effectiveness of TRPV1 antagonism in a
reserpine-induced experimental model of fibromyalgia in mice [91]. In particular, the use of
TRPV1 inhibitors rescue the monoamine depletion induced by reserpine and activity on
spontaneous nociception, mechanical allodynia, and depressive-like behaviour [91].
Regarding addiction to opiates and psychostimulants, TRPV1 antagonists may exert
therapeutic effects through the regulation of the activity of MOR [42] and the modulation of
critical areas like NAc and DSt [34,72,125]. On the other hand, the deletion of TRPV1 receptors
increases ethanol addiction [95] possibly through the abolition of a tonic long term depressant
activity of TRPV1 on the NAc [74]. However, the inhibition of the glutamatergic activity in the
lateral habenula by TRPV1 antagonists relieve addiction to ethanol [87].

Although impressive, the present findings are requiring a critical examination. An
important assumption is a limit due to the considered models. The use of animal models of
rats and mice in psychiatry is challenging because of the difficulties in distinguishing if
observed signs and symptoms could be the expression of emotions, motivations, and thought
processes comparable to that of humans [137]. Thus, the results obtained for each model
should be considered only as relevant for assessing the effect of the treatments beyond the
disease classification.

Moreover, the current findings showed the limited translational value
of animals models to the clinical situation.

For example, among the animal models of depression, the use of short-term stress task
such as the FST suffers from significant weakness, and do not resemble the human depression
[138] accurately. To overcome these problems, the use of different models such as the chronic

social defeat, chronic unpredictable stress or early life stress models might be useful, together
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with the examination of critical homeostatic dimensions such as alterations in sleep [138]. The
examination of sleep, in particular, should be of interest considering that an alteration in sleep
architecture is a hallmark of several psychiatric disorders [139,140] and, interestingly, could
be modulated by TRPV1 antagonist like AA-5-HT, that enhance the sleep duration and inhibit
the activation of the neurotransmitter during wakefulness period in rats [141].

Another limit of the current literature is the paucity of studies that consider rodent models of
schizophrenia, like PPI, and the lacking of animal models of bipolar disorder such as glycogen

synthase kinase 3 3 and Clock mutants [138].

According to these results, some potential clinical considerations should be made. First of all,
the simultaneous activity of TRPV1 antagonists both on mood and anxiety-like disorders and
on drug-addiction is intriguing, considering the frequency and the treatment challenge of the
comorbidity between these disorders [142]. The unique antidepressant mechanism of TRPV1
antagonists represents an intriguing psychopharmacological property, considering, for
example, the difficulties of the antidepressant treatment of clinical conditions such as the
bipolar depression, due to the risk of iatrogenic induction of the switch toward hypo/manic or
mixed states of currently available antidepressants [143,144]. Another intriguing property of
TRPV1 antagonists is the efficacy on chronic pain [145], a condition frequently associated with
mood disorders anxiety and to increased risk of opioid addiction [146,147].

Beyond the treatment addictive disorders and pain, the TRPV1-mediated opioid regulation
mechanism should be considered for of the spectrum of psychiatric disorders linked to the
dysregulation of the MOR such as depression, schizophrenia, post-traumatic stress disorder
[148], borderline personality disorder [149] and non-suicidal self-injury disorder [150].

Finally, as we recently suggest, the investigation of different properties of TRPV1 antagonists
like the neuroimmunomodulatory activity, the epigenetic modulation and the neuroprotective
activity could be investigated for the treatment of mental disorders characterized by
inflammatory processes, neuronal damage and the overactivation of stress-related genes such

as major depression or psychotic disorders [39].
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5. Conclusions

In summary, results achieved to date, suggesting the effectiveness of TRPV1 antagonists in
specific behavioural models of psychiatric and addictive disorders. TRPV1 antagonism yields
an anxiolytic/antidepressant activity that might depend on an indirect modulation of CB1
receptors, carried out mainly through a dose-dependent enhancement of the levels of AEA.
Results on animal models of schizophrenia suggest that the neurobiology of psychotic
disorders might encompass alterations of TRPV1 activity. Single studies on obsessive
compulsive-like behaviour and animal model of fibromyalgia provide encouraging results. On
the other hand, studies on animal models of addiction provide intriguing evidence regarding
the addiction to opioids, methamphetamine and cocaine. These results could be explained
through a TRPV1-mediated modulation of the opioid system and key structures of the reward
system. Regarding ethanol addiction, available literature provided mixed findings. However,
TRPV1 receptors seem to influence the preference and addiction to ethanol. Despite these
exciting results, the literature on this topic remains scarce and still limited on in vitro and animal
model experiments. Further investigation and clinical trials are required to shed light on the

feasibility to use TRPV1 antagonists for the treatment of psychiatric and addictive disorders.
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Figure 1. Significant effects of TRPV1 antagonists on animal models of psychiatric disorders
and addiction, relative to the site of injection.
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Legend:

Site of injection: ACC, Anterior cingulate cortex; AMG, Amygdala; BLA, Basolateral amygdala; CA1, Cornu
ammonis area 1; dHIPP, Dorsal hippocampus; dPAG, Dorsolateral periaqueductal grey; Dst, Dorsal striatum;
i.c.v., Intracerebrovascular; i.p., Intraperitoneal; LH, Lateral habenula; mPFC, Medial prefrontal cortex; NAc,
Nucleus accumbens; OFC, Orbitofrontal cortex; PAG, Periacqueductal grey; PLC, Prelimbic cortex; vHIPP, Ventral
hippocampus; vmPFC, Ventromedial prefrontal cortex.

Animal models: BP, Behavioral procedure of exposure to threatening stimuli; CFC, Contextual fear conditioning;
CPP, Conditioned place preference; EPM, Elevated plus maze; ETD, Escape threshold determination after dPAG
electrical stimulation; FST, Forced swim test; FST-IT, Forced swim test-lmmobility time; |IA, Step-down inhibitory
avoidance; L/DBT, Light/dark box task; MBB, Marble-burying behaviour; OF, Open field; SAT, Self-administration
test; SITe, Social interaction test; TFT, Tail-flick test; VCT, Vogel conflict test.
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Flow chart Legend
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based on PRISMA 2009 guideline (ref : Moher D, Liberati A, Tetzlaff J, Altman DG;
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the PRISMA statement. PLoS Med. 2009 Jul 21;6(7):€1000097. doi:
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Table 1. Overview of studies on TRPV1 antagonism in animal models of psychiatric disorders

TRPV1 Injection Model Main findings Strain Reference
antagonists site
CpPz i.p. EPM CPZ increases the percentage of time spent in open arms. SDR [73]
(1-5-10 pg/kg)
CpPz PFC EPM CPZ (10 pg) increased the percentage of entries in open arms and the percentage of SDMR [84]
(10 ug) time spent in open arms. CPZ (5 ug) prevented the AEA (10 ug) induced decrease in

the percentage of entries in open arms and the percentage of time spent in open arms.
CPZ vHipp EPM CPZ increases the percentage of entries in open arms and the percentage of time WR [93]
(2.0 nmol) spent in open arms.
CpPz vmPFC EPM CPZ (1 nmol) increased the percentage of entries in open arms and the percentage of WR [94]
(2-10-60 nmol) VCT time spentin open arms on EPM. CPZ (10 nmol) significantly increased the percentage

WCE of entries in open arms on EPM. CPZ (1-10-60 nmol) increased the number of punished
TFT licks on VCT.

CPZ dIPAG EPM Low dose CPZ alone did not alter the percentage of entries in open arms. On the WR [96]
(10 pmol) contrary, WIN 55, 212—2 (a CB1 receptor agonist; 10 pmol) increased the percentage

of entries in open arms and the percentage of time spent in open arms. However, the

coadministration of CPZ and WIN 55, 212-2 did not alter the percentage of entries in

open arms and the percentage of time spent in open arms.

CBD (30 mmol) alone increased the percentage of entries in open arms but did not

when co-administered with CPZ. OAE. Conversely, the use of CBD alone (60 nmol)

did not alter the percentage of entries in open arms but increased the percentage of

entries in open arms in coadministration with CPZ.

These results suggest that the activation of TRPV1 receptors by high doses of

cannabinoid compounds is responsible for the bell-shaped dose-response curves to

cannabinoids.
AA-5-HT i.p. EPM AA-5-HT increased the percentage of time spent in open arms and the percentage of C57BL/6J [97]
(0.1-0.5-1-2.5-5 entries in open arms in C57BL/6J mice, an effect comparable to diazepam (1 mg/kg), mice
mg/kg) and abolished by olvanil (a TRPV1 agonist; 0.1mg/kg) and reversed by the CB1

receptor antagonist AM251 (1 mg/ kg). Similarly, SB366791 (1mg/kg) increased the SM
SB366791 percentage of time spent in open arms and the percentage of entries in open arms.
(0.1-0.5-1-25 Acute administration of low/intermediate (0.1- 1-2.5 mg/kg) but not high (5 mg/kg)
mg/kg) doses of AA-5-HT produce an elevation of AEA, similarly to diazepam (1 mg/kg). At

high doses of AA-5-HT(5 mg/kg) and SB366791 (2.5 mg/kg,) there was no anxiolytic-
like effect or even an anxiogenic-like effect.

In SM strain, no effect on EPM performance was found after acute or subchronic
administration of AA-5-HT (0.1-0.5-1-2.5 mg/kg), while an anxiogenic-like effect
resulted at the highest dose (5 mg/kg). On the other hand, chronic daily treatment (7
days) with AA-5-HT produced a dose-dependent decrease of a slightly anxiolytic-like
effect for 1-2.5 mg/kg per day, abolished by olvanil. A significant opposite effect of an
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increase in the percentage of time spent in open arms and the percentage of entries in
open arms was produced at the highest dose (5 mg/kg per day), an effect not abolished
after the coadministration with SB366791, thus suggesting that this effect is not due to
activation of TRPV1. Chronic, but not acute, administration of an intermediate dose of
AA-5-HT (2.5 mg/kg per day) caused only the elevation of AEA, while diazepam
(1mg/kg) produced the elevation of AEA or 2-AG.

CPz dIPAG EPM CPZ (60 nmol) increased the percentage of OAE and the percentage of OAT during WR [52]
(10-30-60 nmol) VCT EPM and the number of punished licks on VCT. The administration of CPZ (60 nmol)
WCE outside dIPAG did not alter the performance on EPM.
TFT
CpPz i.C.v. SITe CPZ (10 and 100 pg) increased social interaction time on SITe. Conversely, CAP (1 SM [54]
(0.1-1-10- 100 and 100 pg) reduced interaction time, an effect that was abolished by pretreatment
ug) with CPZ. Pretreatment with CAP (0.1 pg) significantly decreased interaction time due
to administration of diazepam [2 mg/kg (i.p.)]. A combination of sub-effective or
effective dosages of CPZ (1 and 100 pg) and diazepam [0.25 and 2 mg/kg (i.p.)]
increased social interaction, without sedative or locomotor deficits. Absence of
locomotor activity alterations assessed by OF.
CPz dPAG ETD CPZ (1-10 nmol) and SB366791 increased the electric current threshold required to WR [56]
(0.1-1-10 nmol) inducing a panic-like response. Subeffective doses of CPZ (0.1 nmol), when co-
administered with no- effective doses of ACEA (a CB1 agonist, 0.5 pmol) increase the
SB366791 electric current threshold required to inducing a  panic-like response. The
(2 nmol) coadministration of CPZ (10 nmol) or of SB366791 with the CB1 receptor antagonist
AM251 (75 pmol) suppress their effectiveness.
6-10DO PLC EPM
(2-3 nmol) VCT 6-10DO (1 nmol) did not exert any significant effect on EPM and VCT, while 6-10DO WR [57]
WCE (3 nmol) increased the percentage of entries in open arms and the percentage of time
TFT spent in open arms on EPM and increased the number of punished licks on VCT. On
EPM, coadministration between sub effective doses of 6-I0DO (1 nmol) and the
CB1/TRPV1 selective agonist ACEA (50 pmol) result in an increased percentage of
entries in open arms and of the percentage of time spent in open arms on EPM.
Pretreatment with the CB1 receptor antagonist AM251 (100.0 pmol) blocked the effect
of 6-I0DO (3 nmol) on EPM.
CPZ dHipp 1A Intermediate doses of CPZ (10 uM) decrease the freezing behaviour on CFC at an WR [58]
(2-10-20 puM) (0.5-0.7 electric current threshold of 0.7 mA. There were no significant differences between
mA) training and test session latencies on IA at an electric current threshold of 0.7 mA.
CFC
(0.3-0.7
mA)
EPM
AMG 9810 CAl EPM AMG 9810 (0.03-0.3 pg) increased the percentage of time spent in open arms. WR [59]
(0.003-0.03-0.3
pg)
AA-5-HT BLA EPM AA-5-HT (0.25-0.5 nmol) increased the percentage of time spent in open arms and SDR [60]

(0.125-0.25-0.5
nmol)

the percentage of entries in open arms. On the contrary, CZP (1-10 nmol) and the
inhibitor of the fatty acid amide hydrolase enzyme URB597 (0.01-0.01 pg)
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administration did not alter the task performance. However, coadministration between

CPz CPZ (1-10 nmol) and of URB597 (0.01-0.01 ug) show differential effect, with an
(2-10 nmol) increase of the percentage of time spent in open arms and the percentage of entries

in open arms at lower doses, and an opposite effect at higher doses.
CpPz dIPAG OF The administration of the nitric oxide donor SIN-1 (150 nmol) alone or in combination WR [61]
(20-30 nmol) with AEA (200 pmol) increased respectively, the distance travelled and the maximum

speed. The coadministration of CPZ (30 nmol) abolished the flight reaction effects, thus

implicating the role of TRPV1 or CB1 receptors, activated by AEA in the pro-aversive

effects mediated by nitric oxide.
CpPz i.C.V. TST Both CPZ (100 and 200 ug) and a high dose of CAP (300 ug) significantly reduced the SM [63]
(1-10-100-200 FST FST-IT and the TST-IT, an effect shared with fluoxetine (2.5-10 pg). The combination
ug) of a sub effective dose of CPZ (10 ug) with fluoxetine (1.75 pg) produced a synergistic

effect in FST-IT and TST-IT. On the contrary, ineffective doses of CAP (10-100 ug)

contrast the fluoxetine (10 ug) activity, while a higher dose (200 ug) produced a

synergistic effect. The coadministration of an ineffective dose of CPZ (10 pg) with CAP

(300 pg) produced no significant differences in FST-IT and TST-IT, suggesting that

the antidepressant-like effect is TRPV1-mediated. Moreover, the coadministration with

NMDA (0.1 pg) or with the tryptophan hydroxylase inhibitor PCPA (300 mg/kg/day)

attenuated the antidepressant-like effect suggesting an activity mediated in part

respectively by the glutamatergic tone inhibition and by a serotonergic activity.

Absence of locomotor activity alterations assessed by OF.
CPZ i.c.v. MBB A high dose of CPZ (100 ug) decreases the MBB. Pretreatment with intermediate-dose SM [64]
(0.1-1-10-100 pg) CPZ (10 pg) decreased the MBB induced by CAP, high-dose AEA, AM40,4, and

URB597.
CpPz dIPAG EPM CPZ (1-30-60 nmol) decreased the number of crossing and the jumps on flight reaction WR [65]
(1-10-30-60 nmol) OF on OF induced by NMDA. CPZ (60 nmol) increased the escape latency on EPM, an

effect reversed by the coadministration of the CB1 receptor antagonist AM 251 (100

pmol), thus suggesting activity of AEA through CB1 receptors in TRPV1 antiaversive

effectiveness.
CpPz dIPAG EPM CPZ or AEA (50 or 200 pmol) alone did not exert any significant effect on EPM; WR [66]
(20 nmol) VCT however, they increased the percentage of entries in open arms on EPM (p<0.05) in

WCE coadministration. The combination of AEA (50 or 200 pmol) and CPZ increased the
TFT number of punished licks on VCT and the latency of tail withdrawal on TFT.

I-RTX i.p. CFC I-RTX reduced the long and short term extinction phase freezing time on CFC. C57BL/6JO [67]
(0.025 mg/kg) RSDSP laHsd mice
CPz dPAG EPM CAP (1 nmol) decreased the percentage of entries in open arms and the percentage SAM [68]
(10-30-60 nmol) of time spent in open arms, an effect abolished by pretreatment with CPZ (30 mmol).
AMG9810 vHipp MWM AMG9810 administration did not alter the performance on MWM. WR [69]
(0.003-0.03-0.3
mg)
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AA-5-HT i.p. FST AA-5-HT (2.5 mg/kg) increased hippocampal BDNF mRNA expression level in  WR [71]
(2.5-5mg/kg) stressed versus non-stressed rats. Stressed rats treated with AA-5-HT (2.5 mg/kg)
showed an increase in hippocampal BDNF protein level at a higher dose of AA-5-HT
(5 mg/kg) inducing the opposite effect on hippocampal mRNA expression level, with
an increase in stressed rats and a decrease in non-stressed rats.
CpPz vmPFC CFC CPZ (10- 60 nmol) and 6-I0DO is active on a panic-like response decreasing freezing WR [75]
(2-10- 60 nmol) PL or IL behaviour, A heart rate and A mean arterial pressure. Pretreatment with 6-I0DO
regions reversed the effect of the panic-like response induced by CAP (1 nmol).
6-10DO
(3 nmol)
CpPz dIPAG BP The comparison between rats exposed to cat vs rats not exposed or exposed to dummy WR [76]
(60 nmol) dmPAG cat provided no significant differences in the number of TRPV1 cells. However, there
VIPAG was an increase in the number of TRPV1-positive neurons expressing c-Fos and in the
percentage of double-stained cells in rostral and medial dIPAG and dmPAG, thus
suggesting an increased TRPV1 activity. Moreover, there was an increased number of
TRPVL1 cells in caudal dIPAG and dmPAG after the comparison between rats exposed
to cat and rats exposed to dummy cat versus not exposed rats. Compared to rats not
exposed ta o cat, exposed rats showed an increase of double-stained cells also in
rostral and medial PAG and an increased number of TRPV1 cells in caudal vVIPAG. An
increased number of c-Fos cells was found in caudal dIPAG and dmPAG after the
comparison between rats exposed to cat versus rat not exposed an exposed to a
dummy cat.
6-10DO dIPAG EPM 6-I0DO (3 nmol) increased the percentage of entries in open arms on EPM. An  WR [77]
(2-3 nmol) VCT ineffective dose of 6-10DO (1 nmol) increases the percentage of entries in open arms
WCE while co-administered with c-PTIO (a NO scavenger; 0.3nmol), suggesting a
TFT relationship between nitrergic and endovanilloid systems.
AA-5HT mPFC FST AA-5HT (0.250 nmol) decreased FST-IT, an effect not entirely abolished by the CB1 SDR [62]
(0.125-0.250- receptor antagonist rimonabant (1.6 pg). Absence of locomotor activity alterations
0.500 nmol) assessed by OF.
a-Spinasterol i.p. FST a-Spinasterol (1 and 2 mg/kg) decrease FST-IT. Coadministration of sub effective dose SM [78]
[0.5-1-2 mg/kg i.C.V. EPM of a-Spinasterol (0.5 mg/kg) with CPZ (50 pg) decreased FST-IT. Absence of
(i.p)] L/DBT locomotor activity alterations assessed by OF.
CPZ
[50 pg (i.c.v.)]
6-10DO dIPAG CFC Pretreatment with 6-I0DO reversed the effect of increased freezing behaviour, A heart WR [79]
(3nmol) rate and A mean arterial pressure and of decreased A cutaneous temperature
mediated by the CB1 receptor antagonist AM251 (0.3nmol).
AA-5HT vmPFC FST AA-5HT (0.25- 0.5 nmol) and SB366791 (10 nmol) decrease FST-IT. Coadministration WR [82]

(0.125-0.25-0.5
nmol)

SB366791
(0.5-1-10 nmol)

of sub effective dose of SB366791 (0.5 nmol) with ineffective doses of the fatty acid
amide hydrolase inhibitor URB 597 (0.001 nmol) decreased FST-IT. Coadministration
of an effective dose of AA-5HT (0.25 nmol) and the CB1 receptor antagonist AM251
(10 pmol) abolished the effect of AA-5HT on FST-IT. AM 251 (10 pmol) did not abolish
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the activity of the decrease of FST-IT due to an effective dose of SB366791 (10 nmol).
Absence of locomotor activity alterations assessed by OF.

CPz ACC OFC EPM CPZ (100 nmol) reduced the percentage of high reward choice during effort-based and WR [85]
(1-10-100 nmol) delay-based decision making. The same effect resulted from the administration of the

CB1 agonist ACEA (100 pmol). Moreover, coadministration of sub effective doses of

CPZ (10 nmol) with ACEA (100 pmol) showed an effect in reducing the percentage of

high reward choice during effort-based decision making. However, the comparison

between a group treated with this combination versus a group treated only with ACEA

(100 pmol) resulted in an increase of the percentage of high reward choice during

effort-based and delay-based decision making, thus suggesting a complex role of

TRPV1 in decision making.
AA-5-HT i.p. L/DBT Compared with control and CB1 agonist ACEA (1 mg/kg) groups, AA-5-HT treated BCJ male low [86]
(2 mg/kg) CFC mice showed rearing frequency and an increase in total distance travelled on L/DBT.  anxiety-like

OF Compared with control and ACEA (1 mg/kg) groups, AA-5-HT treated B6 mice showed mice

a decrease in the percentage of baseline movement and total distance travelled on (C57BL/6 J;

L/DBT. No differences in % of time spent in the centre of the chamber, rearing [B6])

frequency and absence of locomotor activity alterations assessed by OF.

AA-5-HT and ACEA (1 mg/kg) reduced dopamine release in the BLA of BCJI mice and male high

decreased the dopamine efflux in the NAc of B6 mice. No differences in % of time anxiety-like

spentin the centre of the chamber, rearing frequency and absence of locomotor activity mice

alterations assessed by OF. (BALB/cJ;

[BCJ])

CpPz i.p. PPI CPZ and CBD (5 mg/kg) did not affect PPI by themselves. However, CPZ preventthe SM [90]
(20 mg/kg) CBD-mediated restoration of the deficit in sensorimotor gating induced by the

administration of the NMDA receptor antagonist MK-801 (1 mg/kg),
CpPz i.p. SITe In SHR, CPZ did not alter the time spent on SITe, while CAP (2.5 mg/kg) increased the SHR [89]
(1-5-10 mg/kg) time spent on SiTe. WR

In WR, CPZ (5 mg/kg) increased the time spent in SITe. The opposite effect was

mediated by CPZ (10 mg/kg).

ACEA (0.1-0.3-1 mg/kg) did not alter the time spent in SITe both in SHR and in WR.
CPzZ i.p. CFC CPZ (1-5-10 mg/kg) did not alter CFC freezing response in SHR and WR. CAP SHR [88]
(1-5-10 mg/kg) increased CFC freezing response in SHR (0.5 mg/kg). In WR CAP (0.1 mg/kg) WR

increased CFC freezing response while CAP (0.5-2.5 mg/kg) decreased CFC freezing

response.

TRPV1 immunoreactivity in SHR is lower in CAl and PLC, and increased in BLA.
a-Spinasterol FST Reserpine (1 mg/kg/day for 3 days) induced mechanical allodynia and depressive-like SM [91]
(0.1-0.3-1 mg/kg, OF behaviours in an experimental model of fibromyalgia.

p.0.)

SB-366791
(1 mg/kg, p.o.)

a-spinasterol (0.1-0.3-1 mg/kg, p.o.), and SB-366791 were effective against the
reserpine-induced mechanical allodynia.

a-Spinasterol (0.3 mg/kg, p.o.) and SB-366791 significantly reduced the FST-IT
induced by reserpine.
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Abbreviations: 2-AG, 2-arachidonoylglycerol; 6-I0DO, 6-iodo-nordihydrocapsaicin; AA-5-HT, N-arachidonoyl-serotonin; ACC, Anterior cingulate cortex; ACEA,
Arachidonyl-2-chloroethylamide; AEA, Anandamide; AM251, 1-(2,4-Dichlorophenyl)-5-(4-iodophenyl)-4-methyl-N-(piperidin-1-yl)-1H-pyrazole-3-carboxamide; AMG,
Amygdala; BLA, Basolateral amygdala; BP, Behavioral procedure of exposure to threatening stimuli; CA1, Cornu Ammonis area 1; CAP, Capsaicin; CFC, Contextual
fear conditioning; c-PTIO, 2-4-carboxyphenyl-4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide; CPZ, Capsazepine; d, Dorsal; dl, Dorsolateral; dm, Dorsomedial; EPM,
Elevated plus maze; ETD, Escape threshold determination after dPAG electrical stimulation; FST, Forced swim test; Hipp, Hippocampus, IA, Step-down inhibitory
avoidance; i.c.v., Intracerebrovascular, IL, Infralimbic; i.p., Intraperitoneal; I-RTX, lodoresiniferatoxin; IT, Immobility time; L/DBT, Light/dark box task; m, Medial; MBB,
Marble-burying behavior; MWM, Morris water maze; NMDA, N-methyl-D-aspartate; NAc, Nucleus Accumbens; OF, Open field; OFC, Orbitofrontal cortex; PAG,
Periacqueductal grey; PCPA, Para-chlorophenylalanine; PFC, Prefrontal cortex; PL, Paralimbic; PLC, Prelimbic cortex; p.o., Per os; PPI, Prepulse inhibition; RSDSP,
Repeated social defeat stress protocol; s.c., Subcutaneous injection; SDR, Sprague Dawley rats; SHR, Spontaneously hypertensive rat; SIN-1, 3-morpholinosylnomine

hydrochloride; SITe, Social interaction test; SM, Swiss mice; SP, Stress protocol; TFT, Tail-flick test; VCT, Vogel conflict test; v, Ventral; vl, Ventrolateral; vm,
Ventromedial; WR, Wistar rats; WCE, Water consummatory evaluation.
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Table 2. Overview of studies on TRPV1 antagonism in animal models of addiction

(i.p.)l;

CPP CD-1 mice. TRPV1-KO mice did not develop morphine-induced CPP.

Drug TRPV1 Injection Model Main findings References
antagonist site
Ethanol CpPz i.p. CTA TRPV1-KO mice show increased ethanol preference and consumption the in confront of WT mice. [95]
(10 mg/kg) HIC There were no differences in preference to other solutions (saccharine or quinine). TRPV1-KO mice
reported reduced sensitivity to ethanol-induced sedation (3.2-3.4 g/kg) and faster recovery from
ethanol-induced motor incoordination (2 g/kg). No differences were found between TRPV1-KO and
WT mice for CTA or acute ethanol withdrawal severity measured with HICs. In WT mice CPZ (10
mg/kg) decreased the sedative effects of low dose-ethanol (3.4 g/kg) and on the recovery time for the
ethanol-induced motor impairments (2 g/kg).
MAP - i.p. CPP Repeated MAP treatment increased TRPV1 mRNA expression at 1, 2, 6, 24, 48 h, and 1 week in  [53]
2 frontal cortex but not in the striatum or hippocampus.
mg/kg/day
x3
treatment)
Cocaine SB366791 [AYA SAT SB366791 did not alter cocaine reinforcements but significantly reduced the cocaine-induced [55]
(0.1-1 reinstatement of cocaine-seeking behaviour.
mg/kg)
Morphine CPz NAc CPP CPZ (1-10 nM) injected the in bilateral NAc core showed a dose-dependent effect in decreasing [70]
1-3-10 (0.1-1-10 Dst persistent morphine CPP after both one week and three weeks withdrawal. Low-dose CPZ (0.di hat
mg/kg, s.c. nM) no effect on CPP. Unilateral NAc or DSt administration failed to influence persistent morphine CPP.
Morphine administration increased TRPV1 immunoreactivity only at high dosage (10 mg/kg) and was
associated with higher TRPV1-positive asymmetric synapses in withdrawal animals.
Ethanol - LTD in NAc induced by ethanol was rescued by endocannabinoid signalling acting on TRPV1 [74]
40mM receptors, thus demonstrating a novel form of TRPV1-dependent LTD in the NAc shell that may be
critical for ethanol dependence.
Morphine CPz i.p. CPP Morphine  increased the TRPV1 mRNA expression of protein levels and [72]
5 mg/kg, [1.25-2.5 DS the [®H]resiniferatoxin receptor binding in the DSt. Pretreatment with CPZ (2.5 mg/kg) and with
S.C. mg/kg; SB366791 (150 pg/kg) decreased CPP. Local injection of SB366791 into DSt decreased CPP. On the
(i.p.)] other hand, CAP (200 pg/kg) increased CPP, an effect blocked by pretreatment with SB366791 (150
ug/kg). [BHIDAMGO autoradiography showed increased binding in DSt after repeated morphine
SB366791 treatments, an effect diminished after CPZ (2.5 mg/kg) treatment. SB366791 (150 ug/kg) blocked the
[37.5-75- adenylyl cyclase type 1 cells increasing in DSt of morphine-CPP mice. The p38/ NF-kB pathway,
éspo)ﬁj'g[/cl)(% involved in morphine reward in rats, is suppressed by SB366791 administration in DSt.
ng (in DSt)
Morphine SB366791 i.p. CPP In CD-1 mice, SB366791 (0.15-0.3 mg/kg; i.p. and 0.5 ng/site, unilateral) decreased CPP mice. [80]
5mg/kg [0.15-0.3- NAc SB366791 (0.15 mg/kg) induced a reduction of the number of cells and expression morphine reward-
0.6mg/kg associated proteins phospho-p38 MAPK, adenylyl cyclase type 1 and p-NF-kB in the NAc of morphine
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(every 2 [0.2-0.5-2

days for 10 ng/site

days) (unilateral
in NAc)]

Morphine SB366791 - SAT SB366791 (150-300 pg/kg) and AMG9810 decreased morphine self-administration. AMG9810 [81]

self- (150-300 prevented morphine-induced c-fos expression into the NAc. SB366791 decreased both the morphine-

administrat  ug/kg) priming reinstatement and the anxiolytic-like effect during morphine abstinence period.

ion
AMG9810
(300 ug
/kg)

Morphine Cpkz - CPP CPZ decreased the excitatory glutamatergic transmission only in NAc during reinstatement, contrary  [83]

(10 (10nMm) to CAP (1-10 uM) and the CB1 receptor antagonist AM251 (10 pM).

mg/kg/day,

for 7 days)

MAP CPz i.p. CPP Pretreatment with CPZ (5 mg/kg) SB366791 (0.6 mg/kg) inhibit the effect on MAP-induced CPP [34]

(1 mg/kg) (2.5- SAT reinstatement. SB366791 (5-10 mg/kg) significantly decreased MAP self-administration. Pretreatment
5 mg/kg) with CPZ (5 mg/kg) and SB366791 (5 mg/kg) significantly decreased the MAP-seeking behaviour on

SASA significant increased binding of [*H]resiniferatoxin was founded in MAP-treated mice. Dopamine
SB366791 transporter binding levels in NAc and DSt was significantly lower in MAP-treated mice, a down-
(0.3-0.6-5- regulation reversed by CPZ (5 mg/kg). Pretreatment with CPZ (5 mg/kg) reduced the extracellular
10 mg/kg) dopamine release induced by MAP in NAc. After CPP development, TRPV1 mRNA was significantly
higher in NAc, but not in the DSt region, after both CPP development and reinstatement. The level of
TRPV1 protein was higher both in NAc and DSt after CPP development but up-regulated only in the
NAc after the reinstatement. TRPV1-KO mice did not develop MAP-induced CPP.

Ethanol CPz Lat. Hab. CPP CPZ decreased ethanol consumption and CPP upon resuming drinking and elicited a CPP in EtOH- [151]
(0.1 to 100 EPM WD. EtOH-WD showed an increased excitatory glutamatergic transmission in Lat. Hab., an activity
uM) MBB reversed by CPZ and AMG9810 administration. CPZ or CAP significantly increased %OAT on EPM

FST and decreased the MBB In EtOH-WD; on FST CPZ did not alter the latency or total immobility time.
AMG9810
(0.1to 100
uM)

Cocaine CkPz i.p. SAT CPZ (5 mg/kg) did not alter cocaine self-administration. [92]
(3and 5 Pretreatment with CPZ (3 and 5 mg/kg) dose-dependently prevent the CBD (20 mg/kg)-mediated
mg/kg) attenuation of cocaine self-administration.

Cocaine CkPz i.p. CPP Pretreatment with CPZ abolished the cocaine-primed reinstatement of CPP; the opposite effect was [1]
(5 mg/kg) obtained with the administration of CAP (0.3 mg/kg). CAP combined with CPZ prevented enhanced

NAc reinstatement of cocaine CPP.
SB366791
(5-10uM) TRPV1 mRNA and protein expression in the NAc are increased after the reinstatement of cocaine

CPP.
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Cocaine-induced reinstatement was absent in TRPV1-KO mice.

NAc microinjections of SB366791 (5-10uM) decreased D1-like dopamine receptor and cocaine-
induced Ca?* influx and reduced the increase of total CaMKIl and phospho-CaMKIl induced by
cocaine. Moreover, SB366791 attenuated the cocaine reinstatement mediated by the administration
of SKF-81297 (a D1-like receptors agonist).

Abbreviations: AM251, 1-(2,4-Dichlorophenyl)-5-(4-iodophenyl)-4-methyl-N-(piperidin-1-yl)-1H-pyrazole-3-carboxamide; CAP, Capsaicin; CPP, Conditioned place preference;
CPZ, Capsazepine; condition, Conditioned taste aversion; DA, Dopamine; DAT, Dopamine transporter; DSt, Dorsal striatum; eCB, Endocanaobinoids; EP, Ethanol preference;
EPM, Elevated plus maze; EtOH-N, Ethanol naive rats; EtOH-WD, Ethanol-withdrawn rats; FST, Forced swim test; HIC, Handling-induced convulsions; ICR (CD1), Institute for
cancer research mice; i.p., Intraperitoneal; i.v., Intravenous; KO, Knockout; Lat. Hab., Lateral habenula; LTD, Long-term depression; MAP, Methamphetamine; MBB, Marble-
burying behaviour; MOR, Mu-opioid receptors; SDR, Sprague dawley rats; NAc, Nucleus Accumbens; RRS, Rotarod test; SAT, Self-administration test.
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