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Cannabis is one of the most commonly used recreational drugs, but research regarding its
rewarding effects is inconsistent. Many aversive effects, including the phenomenon of
cannabinoid hyperemesis syndrome (CHS), are reported and may mask rewarding effects when
tested in animals. The main psychotropic constituent, Δ9-tetrahydrocannabinol (THC), acts on
the cannabinoid 1 (CB1) receptor of the endocannabinoid system. Aversive effects of CB1
receptor agonists are thought to arise from impaired stress homeostasis caused by
endocannabinoid system dysregulation. Therefore, we aimed to elucidate the role of the
endocannabinoid and stress systems in place aversion and nausea produced by CB1 receptor
agonism in Sprague-Dawley rats.
Using an unbiased place conditioning paradigm, acute footshock stress reduced the place
aversion and locomotor suppressing effects of THC, confirming the interplay between stress and
CB1 receptor agonism. Using the taste reactivity paradigm, high but not low doses of THC and
the full CB1 receptor agonist, JWH-018, produced conditioned gaping, a measure of nausea in
rats. Conditioned gaping was blocked with pretreatment of the CB1 receptor inverse
agonist/antagonist, rimonabant, indicating that the effect is CB1 receptor mediated. High doses of
THC and JWH-018 both increased levels of the stress hormone corticosterone (CORT). A high
dose of THC also altered mRNA gene expression of the endocannabinoid degrading enzymes in
the hypothalamus, supporting the involvement of stress.

To further investigate the mechanisms of THC-induced nausea, we investigated the ability
of several drugs that interfere with stress to interfere with THC induced-nausea. Indeed,
increasing levels of the endocannabinoids anandamide (AEA) and 2-arachidonoylglycerol (2AG) and blocking corticotropin releasing hormone, β-adrenergic or serotonin 5-HT1A receptors
interfered with THC-induced conditioned gaping. Lastly, a non-intoxicating cannabis
component, cannabidiol (CBD), inhibited THC-induced conditioned gaping via a 5-HT1A
receptor mechanism and blocked the CORT increase produced by high dose THC. Results with
CBD are consistent with its ability to reduce CB1 receptor agonist aversion.
Interactions of the endocannabinoid system, stress, nausea, and the influence of CB1
receptor agonism are discussed. Overall, the results of this dissertation support the involvement
and interaction between the stress response and the endocannabinoid system mediating the
aversive effects of CB1 receptor agonism.
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CHAPTER 1
1. General Introduction
The plant, Cannabis Sativa, has been used for centuries for recreational and medicinal
purposes and has now become one of the most popular drugs of abuse (Adams & Martin, 1996;
Hasin, 2018; Hasin et al., 2017). It was not until more recently that the plant's effects have begun
to be elucidated in terms of pharmacology and mechanisms of action (Mechoulam, 1986). To
date, several chemical constituents of the plant have been discovered, including cannabidiol
(CBD; Mechoulam & Shvo, 1963) and Δ9-tetrahydrocannabinol (THC; Mechoulam & Gaoni,
1965), but the only compound that exhibits psychotropic effects is THC (Mechoulam et al.,
1988). In the plant, THC exists as the inactive form THC-acid (THCA), which is decarboxylated
and converted to THC upon heating (Mechoulam & Parker, 2013). Isolation of the psychotropic
component of the plant led to the discovery of a cannabinoid receptor, namely the cannabinoid 1
(CB1) receptor, and a whole endogenous cannabinoid system called the endocannabinoid system.
It is THC's agonistic or stimulatory action at the CB1 receptor that leads to its psychotropic
effects (Devane et al., 1988). The endocannabinoid system has since been found to be involved
in many aspects of behaviour, including reward, aversion, feeding, digestion, stress, anxiety,
nausea and vomiting (Mechoulam & Parker, 2013).
Human reports of the subjective side effects of cannabis use indicate that THC is
rewarding, as users commonly report feelings of euphoria, which can result in continued use and
dependence (Green et al., 2003; Karila et al., 2014; Reilly et al., 1998; Schofield et al., 2006).
Even with the positive reinforcing properties of THC, aversive effects such as panic, paranoia,
nausea and vomiting are also commonly reported among cannabis users, especially at higher
doses (Government of Canada, 2019; Green et al., 2003; Karila et al., 2014; Reilly et al., 1998;
Schofield et al., 2006). In fact, in certain individuals, nausea and vomiting can become so severe
that a syndrome called Cannabinoid Hyperemesis Syndrome (CHS) has been characterized
(Allen et al., 2004). In some long-term cannabis users, CHS produces cyclical episodes of
intense nausea and vomiting, leading to dehydration and kidney failure, which can be fatal
(DeVuono & Parker, 2020).
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Synthetic designer cannabinoid drugs have also garnered popularity in recent years.
"Spice" refers to a group of designer drugs that contain synthetic cannabinoids that are readily
available and legally attainable in convenience stores and online (Spaderna et al., 2013; Vandrey
et al., 2012; Zawilska, 2011). These cannabinoids act on the same receptor as THC (i.e. CB1) but
are more potent and efficacious (Seely et al., 2012). Therefore, synthetic cannabinoid drugs carry
with them several potential aversive side effects that occur more frequently than with THC (Ford
et al., 2017; Forrester et al., 2012; Seely et al., 2012), including CHS mentioned above (Bick et
al., 2014; Hopkins & Gilchrist, 2013; Ukaigwe et al., 2014).
Research regarding the rewarding and aversive effects of drugs is typically performed on
laboratory animals. When it comes to CB1 receptor agonists, results in animal models are very
inconsistent, with the majority of studies showing that cannabinoid drugs are less capable of
producing reward than other drugs of abuse and may have severe side effects (Mechoulam &
Parker, 2013). Evidence suggests that this effect is dose-dependent, with higher doses producing
aversion and lower doses producing reward or no effect in reward paradigms (Mechoulam &
Parker, 2013). Researchers have theorized that the aversion produced by CB1 receptor agonism
may outweigh and mask the mildly rewarding effects (Hempel et al., 2016; Parker & Gillies,
1995).
Using THC and other CB1 receptor agonists as therapeutic agents has become increasingly
popular because the endocannabinoid system is involved in so many biological processes.
Currently, cannabinoids and some synthetic versions, such as Nabilone, are used to treat nausea
and vomiting in chemotherapy patients, stimulate appetite in acquired immunodeficiency
syndrome (AIDS) wasting syndrome patients, and treat muscle spasticity and pain associated
with multiple sclerosis (Pertwee, 2009). Cannabinoids and endocannabinoid manipulation
continue to be investigated as potential therapies for depression, anxiety disorders, addiction and
more (Alexander, 2016). Medical and recreational cannabinoid laws are actively changing,
which has the potential to increase use (Hammond et al., 2020; Leung et al., 2018). In Canada,
recreational cannabis was legalized in October of 2018, and an increase in the prevalence of
cannabis use has since been observed (Rotermann, 2019; Windle et al., 2019). The increase in
cannabis use is noteworthy because THC concentration in cannabis has been consistently
increasing over recent decades (Bidwell et al., 2018, 2020; Elsohly et al., 2017; Freeman &
2

Winstock, 2015), and high potency THC concentrates and synthetic CB1 receptor agonists are an
increasingly popular method of cannabis ingestion (Loflin & Earleywine, 2014; Pierre et al.,
2016; Raber et al., 2015; Vandrey et al., 2012). Therefore, it is of particular importance to
consider the possible negative side effects that accompany these drugs as use and potency
increase in order to minimize potential harms (Windle et al., 2019). This chapter summarizes the
research investigating the rewarding or aversive consequences of CB1 receptor agonists and
reviews the phenomenon of CHS and cannabinoid-induced nausea.
1.1

The Endocannabinoid System
An endogenous cannabinoid system, called the endocannabinoid system, was characterized

following the discovery of THC. The cannabinoid 1 (CB1) receptor was described (Devane et al.,
1988) and determined to be the binding site for the psychotropic constituents of cannabis. A
second cannabinoid 2 (CB2) receptor has since been characterized (Munro et al., 1993). The
cannabinoid receptors are both G-protein coupled receptors (GPCRs) (Devane et al., 1988).
Several endogenous ligands for these receptors, termed endocannabinoids, have been discovered.
The two main and most commonly studied endocannabinoids include arachidonoylethanolamide
(anandamide; AEA) (Devane et al., 1992) and 2-arachidonoylglycerol (2-AG) (Mechoulam et
al., 1995).
Cannabinoid receptors have distinct distributions in the human body. In the periphery, CB1
receptors are found in large concentrations in the intestines, liver, vasculature and muscle tissues.
CB1 receptors are most highly concentrated within the central nervous system (CNS) and are one
of the most abundant GPCRs in the CNS (Biegon & Kerman, 2001; Herkenham et al., 1990). In
the brain, CB1 receptors are highly concentrated in the basal ganglia (i.e. substantia nigra, globus
pallidus, putamen, caudate), amygdala, hippocampus, and the cerebellum, but are only sparsely
found in the brain stem (Herkenham et al., 1990). Notably, CB1 receptors are absent from
cardiovascular and respiratory nuclei but are present in the dorsal vagal complex (DVC), a brain
stem region essential for the vomiting reflex (Herkenham et al., 1990). The CB2 receptor was
initially thought to be found only in the peripheral immune system, but recent evidence suggests
CB2 receptors are also located in the CNS, primarily on microglia, but at much lower
concentrations than CB1 receptors (Ashton et al., 2006; Gong et al., 2006; Munro et al., 1993;
3

Onaivi et al., 2006). Although CB1 and CB2 receptors are both functionally important in the
brain, CB1 receptors are responsible for the psychotropic effects of THC (Compton et al., 1993;
Devane et al., 1988; Mechoulam et al., 1988). The CB1 receptor in the brain will be the focus of
the remainder of this dissertation and the effects that agonism of this receptor has on behaviour,
explicitly regarding rewarding and aversive behaviours.
On neurons, CB1 receptors are primarily found on axon terminals. When bound by a
ligand, the Gi/o coupled receptor becomes activated and leads to the opening of potassium
channels, promoting potassium ion (K+) efflux. Potassium efflux inhibits adenylate cyclase,
reducing cyclic adenosine monophosphate (cAMP) concentration and decreasing calcium ion
(Ca++) influx to the axon terminal (Devane et al., 1988; Howlett et al., 1986). The overall effect
is inhibited vesicle exocytosis, thus reducing neurotransmitter release from the cell (Auclair et
al., 2000; Hoffman & Lupica, 2000). The net result of CB1 receptor activation depends on the
type of neuron on which they are located. For example, if CB1 receptors are at an excitatory
glutamatergic terminal, the overall effect would be inhibitory, as glutamate release would be
inhibited. However, if the receptors are located on an inhibitory γ-aminobutyric acid (GABA)
terminals, the overall effect would be excitatory, as GABA release would be inhibited, thus
disinhibiting the postsynaptic neuron. Therefore, the endocannabinoid system can be viewed as
the "circuit breaker" of the CNS, modulating neurotransmission by inhibiting and disinhibiting
other neurotransmitters to maintain homeostasis of neuronal activity (Hill & Tasker, 2012).
Homeostasis is defined as maintaining biological parameters within a range that supports
survival, and stressors are threats to this balance (McEwen, 2000). Allostasis is the process that
actively maintains homeostasis (McEwen, 2013). Therefore, the endocannabinoid system can be
considered an allostatic mechanism. For example, the endocannabinoid system protects against
excitotoxicity by keeping glutamate signalling at a safe level in the CNS by inhibiting glutamate
release when it becomes too high (Marsicano et al., 2003).
The endocannabinoids (i.e. AEA and 2-AG) differ from the classical neurotransmitters in
several ways. For instance, endocannabinoids are not stored in vesicles in presynaptic neurons
but are instead synthesized on-demand from fatty acid lipid precursors in the post-synaptic cell,
driven by depolarization (Howlett et al., 2002; Katona & Freund, 2012). AEA is synthesized
from N-arachidonoyl phosphatidylethanolamine (NAPE) through cleavage by N-acyl
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phosphatidylethanolamine-specific phospholipase D (NAPE-PLD). 2-AG is synthesized from
diacylglycerol (DAG) by the enzyme diacylglycerol lipase (DAGL) (Bisogno, 2008). After their
synthesis, endocannabinoids diffuse across the membrane and traverse the synapse as retrograde
messengers to act on CB1 receptors on the presynaptic cell (Howlett et al., 1986). AEA and 2-AG
are rapidly removed from the synapse by transporter proteins to terminate their signalling. AEA
is brought back into the post-synaptic cell and broken down into arachidonic acid and
ethanolamine by fatty acid amide hydrolase (FAAH) (Cravatt et al., 1996). Conversely, 2-AG is
degraded in the pre-synaptic cell by monoacylglycerol lipase (MAGL) into arachidonic acid and
glycerol (Dinh et al., 2004).
The activity of AEA and 2-AG is highly dependent on the activity of their anabolic and
catabolic enzymes. Pharmacological inhibition of AEA and 2-AG degradation by inhibiting
FAAH and MAGL, respectively, prolongs and enhances their agonistic effects at the CB1
receptor. Inhibiting FAAH activity increases AEA, and other fatty acids, including
oleoylethanolamide (OEA) and palmitoylethanolamide (PEA), concentrations and signalling
(Kathuria et al., 2003). Whereas inhibiting MAGL leads to an increase in 2-AG concentration
and signalling (Makara et al., 2005). This also suggests that endocannabinoid metabolism
regulation is a mechanism by which the endocannabinoid system can be modulated. The
endocannabinoids AEA and 2-AG differ in binding affinity and efficacy at the CB1 receptor,
suggesting distinct roles in synaptic transmission. AEA is thought to be released tonically to
modulate baseline transmission, whereas 2-AG release is more phasic, induced by prolonged
post-synaptic depolarization (Hill & Tasker, 2012). Thus, 2-AG may be more critical in
endocannabinoid related synaptic plasticity, such as depolarization suppression of excitation or
inhibition and long-term depression (Katona & Freund, 2012).
As mentioned previously, THC causes the psychotropic effects of cannabis by binding to
the CB1 receptor; however, THC is only a partial agonist, therefore, it only has partial efficacy at
this receptor (Devane et al., 1988). In recent years, synthetic cannabinoid compounds have been
developed that are full agonists with full efficacy at the CB1 receptor and, therefore, are more
potent than THC, such as CP 55,940, WIN 55212-2, and HU-210 (Breivogel et al., 1998). These
potent synthetic cannabinoids are also abused in the form of designer drugs (i.e. "Spice"), which
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produce euphoric and dysphoric effects and alter behaviours through action on the CB1 receptor
(Seely et al., 2012).
1.2

Dose-dependent effects of CB1 receptor agonism
Behavioural responses to CB1 receptor agonism are not directly proportional to the dose

administered. Instead, dose-related biphasic effects are often observed, such that high doses of
CB1 receptor agonist commonly produce opposite effects of low doses (Sulcova et al., 1998). For
example, CB1 receptor agonists, including partial agonists, full agonists, and endogenous
agonists, produce biphasic effects on locomotion, body temperature, anxiety-like behaviours,
nausea, and measures of reward (Katsidoni et al., 2013; Rey et al., 2012; Sulcova et al., 1998;
Taylor & Fennessy, 1977; Viveros et al., 2005). One factor likely contributing to the dosedependent biphasic effects of cannabinoids is the distribution of CB1 receptors throughout the
brain. Rubino et al. (2008a) found that THC microinjected into different brain regions produced
opposing anxiety-like responses, dependent upon the dose of THC used. Infusions of a low dose
of THC into the prefrontal cortex (10 µg) and ventral hippocampus (5 µg) produced an
anxiolytic phenotype, whereas a low dose of THC infused into the amygdala (1 µg) elicited
anxiogenic behaviour. However, high doses of THC infused into the prefrontal cortex (25 µg)
and ventral hippocampus (10 µg) produced anxiogenic-like behaviours and had no effects in the
amygdala (Rubino et al., 2008a). Therefore, specific doses of CB1 receptor agonists may be
differentially acting in different brain regions.
Evidence suggests low and high doses of cannabinoids act on different subsets of neurons
to modulate the behavioural effects of CB1 receptor agonism (Monory et al., 2007; Rey et al.,
2012). Indeed, mice lacking CB1 receptors on principal cortical glutamatergic neurons, but not
mice lacking CB1 receptors on GABAergic neurons, show diminished spontaneous locomotor
activity and reduced hypothermic response to THC (Monory et al., 2007). Using the same
conditional genetic knockout mice, Rey et al. (2012) investigated CB1 receptors present on
cortical glutamatergic and GABAergic neuronal subpopulation and their role on anxiety-like
behaviours following treatment with low and high doses of the CB1 receptor agonist CP 55,940.
Activation of CB1 receptors on excitatory glutamatergic terminals was necessary to produce
anxiolytic-like effects following low doses of cannabinoids. Conversely, CB1 receptors on
6

inhibitory GABAergic neurons were required for the anxiogenic-like response to high-dose
cannabinoids (Rey et al., 2012). Together, these studies demonstrate that the activation of CB1
receptors on different neuronal subpopulations can determine the behavioural effects of CB1
receptor agonists.
Interestingly, more CB1 receptors are present on GABAergic neurons than on
glutamatergic neurons (Han et al., 2017; Kawamura et al., 2006; Steindel et al., 2013). Thus, if
sensitivity simply determined the dose-dependent effects of CB1 receptors, low doses of CB1
receptor agonists would act on GABAergic terminals before acting on glutamatergic terminals,
as they are more abundant. However, the evidence summarized above demonstrates that CB1
receptors on glutamate neurons tend to be activated by lower doses (Rey et al., 2012). Lower
doses acting on the less abundant CB1 receptors on glutamate neurons could be explained by
differences in intracellular signalling pathways from CB1 receptors on differing neuronal subpopulations. CB1 receptors on glutamatergic neurons are more efficient and activate significantly
more G-proteins than CB1 receptors on GABAergic neurons (Steindel et al., 2013). Therefore,
low doses of CB1 receptor agonists may produce their effects through the more efficacious CB1
receptors on glutamatergic neurons before a high enough agonist concentration is present to
produce effects through CB1 receptors on GABAergic neurons.
Differences in local endocannabinoid concentrations may also explain the difference in
glutamatergic and GABAergic modulation by CB1 receptors. Tonic endocannabinoid signalling
is stronger in GABAergic synapses, whereas phasic endocannabinoid signalling is associated
with glutamate synapses (Morena et al., 2019; Roberto et al., 2010; Slanina & Schweitzer, 2005).
This could explain why low doses act on CB1 receptors on glutamate terminals first, as they are
not occupied by tonic endocannabinoid release. Moreover, AEA and 2-AG levels are dependent
on the activity of their metabolic enzymes. Therefore, changes in enzymatic activity can
significantly impact the concentrations of AEA and 2-AG in the synapse, which alters
endocannabinoid signalling and CB1 receptor availability for exogenous CB1 receptor activation.
Overall, the ratio of CB1 receptors on glutamatergic versus GABAergic neurons in
different brain regions and their availability to be bound by agonists can impact the behavioural
effects of different doses of cannabinoids. Therefore, factors that alter this balance between CB1
7

modulation of excitatory and inhibitory transmission can affect the behavioural effects of
cannabinoids. CB1 receptor expression and endocannabinoid levels are changed by factors such
as stress or administration of CB1 agonists, thus altering the balance of glutamate and GABA
transmission and disrupting homeostasis. The neurobiological actions of different doses of
cannabinoids should continue to be investigated as a possible mechanism to explain the dosedependent trend in CB1 receptor agonists in reward and aversion.
1.3

CB1 receptor agonists and reward: animal studies
Investigating reward in animals offers an objective and highly controlled way to

investigate the potential rewarding properties of different drugs and their neurobiological
mechanisms responsible for drug reward. Central regions mediating the rewarding effects of
drugs of abuse, including THC, are regions in the mesolimbic dopamine system (Lupica et al.,
2004). Specifically, dopamine is synthesized in the ventral tegmental area (VTA), and
dopaminergic axons project to the nucleus accumbens (NAc). THC and other CB1 receptor
agonists act on this pathway indirectly. It is hypothesized that activation of CB1 receptors on
GABAergic neurons in the VTA disinhibits dopamine projections from the VTA to the NAc,
leading to an increase in dopamine release (Lupica et al., 2004). Within the NAc, CB1 receptors
are found on GABAergic interneurons and glutamatergic terminals that synapse on inhibitory
medium spiny GABAergic neurons (MSN) projecting back to the VTA. CB1 receptor agonists
reduce glutamate and GABA influences on these MSNs (Hoffman & Lupica, 2001; Robbe et al.,
2001; Wright et al., 2017). Agonism of the CB1 receptors here thus inhibits the excitation or
removes the inhibition on MSN, modulating dopamine-producing neurons of the VTA.
Human reports of cannabis and synthetic cannabinoid (i.e. Spice) use and their increasing
popularity suggests that the psychotropic component of cannabis, THC, and synthetic CB1
receptor agonists have rewarding effects, leading to recurrent use (Green et al., 2003; Seely et al.,
2012). Research using animal models, on the other hand, is less clear. Overall, THC seems less
likely than other drugs of abuse, such as cocaine, amphetamine or morphine, to produce reward
or reinforcement in animal models (Mechoulam & Parker, 2013). Indeed, humans also report
negative subjective experiences, such as panic and paranoia, following the use of cannabinoid
drugs (Green et al., 2003), which is more consistent with results from animal studies. This
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section will review evidence from studies investigating the effects of CB1 receptor agonists in
three common reward paradigms; drug self-administration, conditioned place preference, and
intracranial self-stimulation.
1.3.1

Drug Self-administration
In the drug self-administration paradigm, experimental animals are trained to administer

different drugs of abuse by making a specific behavioural response, such as lever-pressing or
nose pokes (reviewed by Panlilio & Goldberg, 2007). If the drug is reinforcing, animals will
learn to repeatedly perform the behaviour in order to self-administer the drug according to a
schedule of reinforcement. If a drug is not reinforcing, animals will fail to learn the behaviour
that results in the delivery of that drug since the drug will not reinforce their behaviour (Panlilio
& Goldberg, 2007). Self-administration is a popular method to investigate drug reward because it
closely resembles human drug-taking. Typically, animals will self-administer any drug that
humans abuse (Collins et al., 1984).
Unlike other drugs of abuse commonly used by humans, THC is not self-administered
reliably by laboratory animals (Amit et al., 1973; Corcoran & Amit, 1974; Harris et al., 1974;
Leite & Carlini, 1974; Li et al., 2012; Pickens et al., 1973). Early THC self-administration
studies demonstrated that neither drug naïve (Corcoran & Amit, 1974; Leite & Carlini, 1974) nor
alcohol-preferring rats (Amit et al., 197) drank solutions containing THC. Similarly, neither
drug-naïve monkeys nor monkeys with pre-exposure to THC or cocaine self-administered THC
intravenously (iv), above the vehicle administration rate (Harris et al., 1974). Therefore, THC is
viewed to be less capable of producing positive reinforcement than other drugs of abuse.
Some laboratories have reported successful THC self-administration in rodents following
food deprivation (Takahashi & Singer, 1979, 1980). Drug naïve rats who were restricted to 80%
of their body weight developed iv self-administration of THC at low doses of 6.25 and 12.5
µg/kg/infusion, but not at higher doses. Interestingly, when food restriction was removed, and
rats returned to 100% body weight, self-administration rates fell to vehicle levels (Takahashi &
Singer, 1979). The same has been found with the synthetic CB1 receptor agonist WIN 55,212-2
(Fattore et al., 2001; Lefever et al., 2014). These data should be considered cautiously. Although
the findings may provide a model for investigating cannabinoid use, food restriction changes the
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animal's internal motivational state (Carroll et al., 2011). Food restriction introduces a confound
when interpreting results as the self-administration could be attributed to the change in
motivation instead of the rewarding or motivational properties of the drug itself. Therefore,
successful self-administration of CB1 receptor agonists may be a consequence of food restriction
instead of the positive reinforcing properties of the drug.
Although THC is not self-administered iv consistently by rodents or rhesus monkeys,
squirrel monkeys do self-administer THC at very low doses when weight restricted. Drug naïve
and cocaine-dependent squirrel monkeys will self-administer THC doses between 2.0 and 4.0
µg/kg/infusion (Justinova et al., 2003, 2008; Tanda et al., 2000). These doses are clinically
relevant because they are within the typical range of what is ingested by humans in a single puff
of a cannabis cigarette, as only approximately 20% of the THC from the cigarette is consumed
by the smoker (Agurell et al., 1986). Research indicates that maximal responding occurs
consistently at 4.0 µg/kg/infusion and diminished responding occurs at higher doses (Justinova et
al., 2003, 2008; Tanda et al., 2000). These results provide more evidence that the dose may
dictate whether THC and other CB1 receptor agonists are reinforcing or aversive. Selfadministration behaviours are inhibited when the squirrel monkeys are pretreated with the
selective CB1 receptor antagonist/inverse agonist SR141716A (rimonabant) (Justinova et al.,
2003, 2008; Tanda et al., 2000). The ability of rimonabant to block self-administration indicates
that the reinforcing effects of THC are due to its action at the CB1 receptor. Differences in selfadministration between squirrel monkeys and rodents may be due to species-specific
distributions of CB1 receptors on glutamatergic versus GABAergic terminals as this affects the
behavioural outcomes (Han et al., 2017). Likewise, the consistency of food and weight
restriction may reveal the reinforcing effects of CB1 receptor agonists by altering the animals'
motivational state.
Synthetic designer cannabinoids can be self-administered by food-deprived and non-fooddeprived experimental animals (Braida et al., 2001b; Fattore et al., 2001). Generally, these
synthetic full agonists of the CB1 receptors are more likely to be self-administered than the
partial agonist, THC. Several agonists have been tested in the self-administration paradigm, but
results between compounds remain inconsistent. Both WIN 55,212-2 and JWH-018 are
successfully self-administered iv in drug naïve food-deprived and non-food deprived rats and
10

mice (De Luca et al., 2015; Fattore et al., 2001; Lecca et al., 2006; Lefever et al., 2014;
Martellotta et al., 1998; Mendizábal et al., 2006). The administration of rimonabant blocked selfadministration of WIN 55,212-2 and JWH-018, once again reinforcing the role of the CB1
receptor (De Luca et al., 2015; Fattore et al., 2001; Lecca et al., 2006; Lefever et al., 2014). On
the other hand, the synthetic agonist CP 55,940 has not been shown to be self-administered iv
(Mansbach et al., 1994), but is self-administered into the ventricles of rats (Braida et al., 2001b).
Lower doses, close to those that humans ingest, show the highest rates of self-administration (De
Luca et al., 2015; Fattore et al., 2001; Lecca et al., 2006; Lefever et al., 2014).
Researchers have found that rodents will self-administer THC by local brain injections
(Braida et al., 2004; Zangen et al., 2006). Rats exhibited intracerebroventricular (icv) selfadministration when water-deprived for low, clinically relevant doses of THC, comparable to the
doses self-administered by squirrel monkeys and humans (Agurell et al., 1986; Justinova et al.,
2003). Strong icv self-administration was also found for the synthetic cannabinoid receptor
agonist CP 55,940 at low doses in water-deprived rats (Braida et al., 2001b). Once again, both
THC and CP 55,940 self-administration were blocked when animals were pretreated
systemically with rimonabant (Braida et al., 2001b, 2004). Zangen et al. (2006) found that nonfood deprived Sprague Dawley rats self-administered THC delivered intracranially into the
posterior VTA and the posterior region of the NAc shell, which was inhibited by systemic
rimonabant, indicating that the self-administration was CB1 receptor mediated. Intracranial
administration offers more targeted delivery of the CB1 receptor agonist and may mitigate any
peripheral or off-target aversive effects to reveal the rewarding effects of CB1 receptor agonists
(Braida et al., 2004; Rubino et al., 2008a).
The routes of drug-administration used to investigate the effects of CB1 receptor agonists
in animals (i.e. ip, iv, icv, etc.) differ greatly from how humans typically use cannabis. Inhalation
is the most common route of administration for recreational cannabis use in humans (Sexton et
al., 2016); therefore, Freels et al. (2020) developed a self-administration paradigm where nonfood-deprived rats were trained to nose-poke to deliver vaporized cannabis to mimic how
humans are likely to ingest THC. The pharmacokinetics and behavioural effects of CB1 receptor
agonists differ depending on the route of administration (Grotenhermen, 2007; Huestis, 2007;
Manwell et al., 2014a, 2014b; Marshell et al., 2014; Wilson et al., 2002). Much higher doses of
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inhaled THC are needed to reach equivalent blood levels to ip or iv administered THC (Manwell
et al., 2014a; Marshell et al., 2014; Wilson et al., 2002). Moreover, inhaled THC produces
equivalent levels of THC in the brain and blood; however, THC levels in the brain are 2-3 fold
higher in the brain relative to blood after iv THC administration (Wilson et al., 2002). Inhalation
may be the preferred method for cannabis use because it ensures lower levels of THC in the
brain and blood compared to other routes of administration (Manwell et al., 2014a; Wilson et al.,
2002), reducing the risk of aversive effects. Indeed, in humans, iv administration of THC
produces adverse effects (Carbuto et al., 2012; Vaziri et al., 1981). Thus, delivery of vaporized
cannabis might reduce some of the aversive effects in rats and support self-administration.
To further attempt to reduce aversion produced by THC, Freels et al. (2020) also
investigated how the addition of the non-intoxicating phytocannabinoid compound CBD impacts
THC self-administration. Among many mechanisms of action, CBD has been shown to act as a
negative allosteric modulator of the CB1 receptor (Laprairie et al., 2015) and counteracts some of
the aversive effects of THC such as paranoia, anxiety and memory impairments (Bhattacharyya
et al., 2010; Englund et al., 2013; Malone et al., 2009; Vann et al., 2008; Zuardi et al., 1982,
1993, 2006); therefore, the presence of CBD may reduce the aversiveness of THC and reveal
positive reinforcement. The cannabis used by Freels et al. (2020) had different ratios of THC:
CBD to create two groups, THC dominant cannabis (~116.8 mg/ml THC and ~4.4 mg/ml CBD)
and CBD dominant cannabis (~7.84 mg/ml THC and ~ 237.2 mg/ml CBD). Self-administration
behaviour was supported by THC dominant cannabis vapour, but not CBD dominant cannabis
vapour, indicating that THC concentration, or the ratio of THC: CBD, is essential for
determining the reinforcing properties in the presence of CBD (Freels et al., 2020). It is possible
that CBD alters the pharmacodynamics and pharmacokinetics of THC and reduces the aversion
to THC and supports self-administration. Since human cannabis users rarely experience THC in
isolation, testing the combination of phytocannabinoids offers stronger face validity. Indeed,
food-restricted rats acquire stable rates of iv self-administration of a combination of THC: CBD
at a 10:1 ratio, in rats passively pre-exposed to vaporized THC: CBD (Spencer et al., 2018).
Therefore, methods that reduce the aversive effects of CB1 receptor agonists increase the positive
reinforcing effects of CB1 receptor in drug self-administration.
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Although there is some evidence that THC and other cannabinoids can be selfadministered in preclinical rodent models under particular circumstances, THC is generally not
reliably self-administered by most animals, with the exception of squirrel monkeys or when THC
is combined with CBD and administered through inhalation. The dose is consistently an
important factor in determining if CB1 receptor agonists are reinforcing or aversive. Successful
self-administration studies employ very low doses of CB1 receptor agonists (Agurell et al., 1986)
or other methods to reduce aversive effects (Braida et al., 2004; Freels et al., 2020; Spencer et
al., 2018). The failure of experimental animals to develop self-administration in most studies
could be indicative that CB1 receptor agonism is not rewarding or that there are negative,
aversive effects that discourage self-administration.
1.3.2

Place conditioning
Another established method to investigate the rewarding properties of drugs is the

conditioned place preference (CPP) paradigm (Tanda & Goldberg, 2003). This behavioural test
takes advantage of classical conditioning to condition animals to associate a drug of interest
(unconditioned stimulus) with one distinctive apparatus compartment (conditioned stimulus) and
the drug's neutral vehicle (VEH) with another distinct apparatus compartment. After repeated
pairings, the animals are tested in a drug-free state in an apparatus that contains both
compartments, and their movement between compartments is tracked. If a drug is rewarding,
animals will spend more time in the drug-paired compartment than in the VEH-paired
compartment (Tzschentke, 2007). Although CPP lacks the face validity of self-administration,
one advantage of using CPP over other methods is that it not only measures drug reward but is
also sensitive to aversive effects of drugs. If the animal spends less time in the drug-paired
environment than the neutral VEH compartment, it demonstrates a conditioned place aversion
(CPA), indicating that the animal is avoiding the drug (Tzschentke, 2007).
When standard procedures are used, most studies have found that THC produces a CPA at
doses of 1.0 mg/kg or greater when administered intraperitoneally (ip) (Cheer et al., 2000; Mallet
& Beninger, 1998; Parker & Gillies, 1995; Quinn et al., 2008; Sanudo-Pena et al., 1997).
Procedural differences between experiments seem to be a major contributing factor to the variety
of results with place conditioning produced by THC. For instance, Parker and Gillies (1995)
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found that a dose of 1.5 mg/kg, ip, THC produced a significant CPA in Lewis and Sprague
Dawley rats, following three 30 minute conditioning trials occurring 24-48 hours apart; all other
lower doses tested (0.2, 0.4, 0.75 mg/kg) did not affect place conditioning. Mallet and Beninger
(1998) also found that doses of 1.0 and 1.5 mg/kg, ip, THC produced a CPA in Wistar rats after
four 30 minute conditioning trials occurring 24 hours apart, whereas other doses tested (0.01,
0.1, 0.5, 2.0, 4.0, 8.0 mg/kg) produced neither approach nor avoidance effects. A dose of 5
mg/kg has also been shown to produce a CPA in Wistar rats following four 50 minute
conditioning trials (Quinn et al., 2008).
Some investigators have found that THC will produce a CPP at doses lower than 1 mg/kg
(Braida et al., 2004; Le Foll et al., 2006). When rats received eight (four THC: four VEH), 30minute conditioning trials separated by 24 hours, alternating between THC and VEH, it was
found that doses between 0.075 and 0.75 mg/kg produced a significant CPP, while higher doses
tested produced either no effect or CPA in rats (Braida et al., 2004). As well, Le Foll et al. (2006)
found Sprague Dawley rats showed a significant CPP following conditioning only with 0.1
mg/kg THC; however, this experiment used uncommon conditioning procedures. For this study,
rats were given two daily conditioning trials with the VEH trial four hours before the THC trial
on the same day, with the number of pairings not explicitly reported (Le Foll et al., 2006).
Therefore, the washout period between the THC trial and the subsequent VEH trial was only 20
hours. Indeed, Lepore et al. (1995) reported that higher doses of THC produce a CPP when the
washout period between THC injections and VEH injections is 24 hours and a CPA when it is 48
hours for Long Evans rats. Therefore, different conditioning procedures can significantly impact
the effect of THC on place conditioning.
Like rats, mice generally display a CPA at higher doses, and no conditioning at lower
doses, to a chamber paired with THC (Hutcheson et al., 1998; Vann et al., 2008; Vlachou et al.,
2007; Zimmer et al., 2001); however, results are again inconsistent between studies. Hutcheson
et al. (1998) found mice developed a CPA at a dose of 20 mg/kg THC, whereas all other doses
(0.5, 1.0, 2.5, 5.0, and 10 mg/kg, ip) had no effect when mice were conditioned three times with
THC and three times with VEH for 30 minutes, on alternating days. Vann et al. (2008) found that
1 mg/kg THC produced neither a CPP nor CPA, while a 10 mg/kg ip THC dose produced a
significant CPA when mice were conditioned for 30 minutes daily with either THC or VEH, five
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times each. Other investigators have found that 5.0 mg/kg THC can also produce a CPA in mice,
following three pairings with THC and VEH for 30 minutes (Zimmer et al., 2001).
In rats, synthetic CB1 receptor agonists, such as CP 55,940 (McGregor et al., 1996), WIN
55,212-2 (Chaperon et al., 1998), JWH-018 (Hyatt & Fategrossi, 2014), and HU 210 (Cheer et
al., 2000) have been shown to produce CPAs. On the other hand, Braida et al. (2001a) showed
that a dose of 20 µg/kg CP 55,940 ip in Wistar rats was able to produce a CPP, whereas lower
and higher doses had no effect when conditioned four times for 30 minutes. Mice have been
shown to avoid compartments paired with both high (1.0 mg/kg ip) and low (0.1 mg/kg ip) doses
of JWH-018. Interestingly, if the mice were pre-exposed to THC prior to conditioning with
JWH-018, the CPA produced by 1.0 mg/kg was reduced, and 0.1 mg/kg JWH-018 now produced
a CPP.
It has been suggested that THC fails to produce reward in rodents because the initial
exposure to the drug is aversive; thus, the aversiveness of drug novelty becomes conditioned
during the first conditioning trial and masks any subsequent rewarding effects of THC. Indeed,
procedures have been designed where mice are pre-exposed with 1 mg/kg ip, THC or VEH in
their home cages 24 hours before their first conditioning trial in the place conditioning apparatus,
and then conditioned with 1 mg/kg THC or VEH. Researchers also employed longer
conditioning sessions (45 minutes) and more pairings (5 pairings) than with standard CPP
procedures (Valjent and Maldonado 2000). Mice pre-exposed to THC developed a CPP to the
THC paired compartment, whereas mice pre-exposed to VEH developed a CPA (Ghozland et al.,
2002; Soria et al., 2004; Valjent & Maldonado, 2000). The priming injections and potentially the
increased number and length of conditioning trials seem to be crucial for producing consistent
CPP with THC in mice.
Despite the findings in mice, the same pre-exposure procedure does not produce the same
results in rats (Hempel et al., 2016; Klein et al., 2011; Quinn et al., 2008). Hempel et al. (2016)
gave Sprague Dawley rats six injections of THC (3.2 mg/kg) or VEH in their home cages prior to
conditioning, and rats were conditioned four times with THC and VEH for 30 minutes. Rats
displayed neither preference nor avoidance of the THC paired environment, and there was no
significant difference between THC or VEH pre-exposed rats (Hempel et al., 2016). Quinn et al.
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(2008) also investigated the effects of priming injections (2 daily injections of 1 mg/kg ip) on
subsequent THC-induced CPP/CPA in rats. After four 50-minute conditioning trials,4 with THC
and 4 with VEH, they also found no effect of the drug pre-exposure on place preference.
However, following four additional conditioning cycles, a total of 8 THC pairings and 8 VEH
pairings, THC produced a CPA in adult rats, regardless of the pre-exposure treatment (Quinn et
al., 2008). It is possible that the pre-exposure doses used in these studies were too high and
aversive to the rats and, therefore, did not reveal the approach behaviour as with mice.
As with drug self-administration, the route of administration may also impact the effects of
CB1 receptor agonists in place conditioning because of differences in the pharmacokinetics and
behavioural effects of CB1 receptor agonists (Grotenhermen, 2007; Huestis, 2007; Manwell et
al., 2014a, 2014b; Marshell et al., 2014; Wilson et al., 2002). Manwell et al. (2014a)
demonstrated that vaporized THC produced a CPP under specific conditions, whereas ip
administration produced a CPA. Sprague Dawley rats were conditioned four times with THC and
four times with VEH for 30 minutes each trial. Rats were either exposed to 5 mins of vaporized
THC (2, 10 or 20 mg), 1.5 mg/kg THC ip, or VEH (inhaled or ip, depending on group) before
being placed in the conditioning chambers for each conditioned trial. Vaporized THC produced
neither a CPA nor CPP at any dose, but 1.5 mg/kg THC ip produced a significant CPA,
suggesting that vaporized THC is less aversive than ip THC. Moreover, when rats were exposed
to a vaporized dose of 10 mg of THC for 10 minutes, they spent significantly more time in the
drug-paired compartment than the VEH-paired compartment at test, indicating a CPP (Manwell
et al., 2014a). These findings suggest that in addition to dose, route of administration, and length
of vapour exposure can impact place conditioned produced by CB1 receptor agonists.
In conclusion, there is a challenge for THC and other CB1 receptor agonists to produce
rewarding effects in the place conditioning paradigm, especially with rats. There is a lack of
consistency in implemented procedures, apparatus designs, drug doses and animal strains. The
variety of methodologies makes it difficult to compare findings from different experiments
(Tanda & Goldberg, 2003). Overall, THC and other CB1 receptor agonists seem to be aversive in
the place conditioning paradigm, particularly at higher doses and are only rewarding under
particular circumstances.
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1.3.3

Intracranial self-stimulation
Intracranial self-stimulation (ICSS) is another method used to investigate the rewarding

and aversive potential of different stimuli. Rodents will learn to press a lever to deliver electrical
stimulation to the medial forebrain bundle (MFB) (Olds & Milner, 1954). The MFB consists of
neurons that connect ventral forebrain limbic regions, including the NAc, and travel through the
lateral hypothalamus to dopaminergic neurons within the VTA. Electrical stimulation of these
neurons activates dopaminergic VTA neurons and causes dopamine release from their terminals
in the nucleus NAc (Gardner & Vorel, 1998). In the ICSS paradigm, experimental animals are
trained to lever-press for various frequencies of electrical stimulation until they maintain a stable
rate of responding. The responding rate is then plotted against the different frequencies and
typically resembles a sigmoidal curve. The minimum frequency of the stimulus that an animal
will respond to is the stimulation threshold. A rewarding drug will cause a leftward shift of the
rate-frequency curve and reduce the stimulation threshold, whereas an aversive drug will result
in a rightward shift and an increase of the stimulation threshold (Wise, 1996, 1998). Almost all
drugs which are abused by humans lower the threshold for ICSS. This means that the drugs act
on the same neurons as the stimulation and sensitize, presumably by stimulating dopamine
release in the NAc, the reward circuits for the subsequent electrical stimulation (Wise, 1996,
1998).
When it comes to CB1 receptor agonists in the ICSS paradigm, like with other animal
reward paradigms, the results are somewhat inconsistent. Some studies have shown that low
doses of THC can lower the threshold for ICSS in rats, suggesting a rewarding effect (Gardner et
al., 1988; Katsidoni et al., 2013; Lepore et al., 1996). However, most studies find that THC either
has no effect or increases the threshold for ICSS in rodents (Fokos & Panagis, 2010; Katsidoni et
al., 2013; Stark & Dews, 1980; Vlachou et al., 2007; Wiebelhaus et al., 2014). Vlachou et al.
(2007) have shown that 0.5 mg/kg THC, ip, did not affect ICSS in Sprague Dawley rats;
however, 1 and 2 mg/kg THC, ip, increased the reward threshold. Results with ICSS are,
therefore, dose-dependent as well.
It is important to note that for the studies that have found a decrease in the ICSS threshold,
a much stricter definition of stable responding was used during the training phase of ICSS. Both
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Lepore et al. (1996) and Gardner et al. (1998) defined stable responding within 0.01 log units for
three consecutive days. Typically, stable responding is considered to be within 0.1 log units,
instead of 0.01 log units, to allow for normal fluctuation in responding day-to-day (Arnold et al.,
2001; Vlachou et al., 2003, 2005, 2006, 2007). The leftward-shift in the rate-frequency curve
observed with THC was only ~0.05 log units, which is significantly different from the 0.01 log
units used to describe stable responding in this study (Lepore et al., 1996) but would be
considered normal fluctuation in ICSS responding in most cases and should not be attributed to
the effects of THC (Arnold et al., 2001; Vlachou et al., 2003, 2005, 2006, 2007). More recently,
Katsidoni et al. (2013) tested 1.0 mg/kg in the ICSS paradigm in Sprague Dawley rats, the same
dose that was found to be rewarding in Lewis rats (Gardner & Vorel, 1998; Lepore et al., 1996),
as well as an even lower dose of 0.1 mg/kg. 1 mg/kg was found to increase the ICSS threshold,
whereas 0.1 mg/kg was found to decrease the ICSS threshold. This is the same dose that has
been shown to produce a CPP (Le Foll et al., 2006).
Several synthetic cannabinoids have also been tested using ICSS. These more potent
agonists tend to significantly increase the threshold for ICSS (Grim et al., 2015; Kucharski et al.,
1983; Vlachou et al., 2005) or have no effect in rodents (Arnold et al., 2001; Vlachou et al.,
2003). These effects also seem to be dose-dependent, with lower doses having no effect and
higher doses producing an increase in stimulation threshold (Arnold et al., 2001; Grim et al.,
2015; Vlachou et al., 2003, 2005).
Instead of electrical stimulation, Han et al. (2017) implemented optogenetic
photostimulation of VTA glutamatergic neurons to produce ICSS in mice. In this paradigm, THC
produced a dose-dependent reduction in optical ICSS, as indicated by a downward and rightward
rate-frequency curve shift. CB1 receptors are found on both glutamatergic and GABAergic
neurons in the VTA. In mice lacking CB1 receptors on VTA glutamatergic neurons, THC was not
aversive in the ICSS paradigms (Han et al., 2017). This suggests that CB1 receptors on VTA
glutamatergic neurons mediate the aversive effects of THC, and conversely, CB1 receptors on
VTA GABAergic neurons may mediate the rewarding effects of THC. These results are
consistent with the dose-dependent effect of CB1 agonism being due to the balance between
glutamate and GABA activity, as well as the notion that THC binding to CB1 receptors on
GABAergic neurons disinhibits dopamine transmission to the NAc.
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Overall, CB1 receptor agonism most often produces an increase in the ICSS threshold or
has no effect in the ICSS paradigm. As in most other cases, the CB1 receptor agonist effects
follow a dose-dependent pattern in the ICSS paradigm.
1.4

CB1 receptor antagonists and reward
With the discovery of the CB1 receptor also came the development of selective CB1

receptor antagonist/inverse agonists. The effects of some of these compounds on reward have
also been tested in animals, and their effects are contradictory, varying from indications of
reward, no effects, and aversion. Inverse agonists, in particular, are more commonly associated
with aversive effects. Indeed, the CB1 receptor antagonist/inverse agonist SR141716A
(rimonabant) was withdrawn from the European market as an anti-obesity drug because of
aversive effects such as nausea, vomiting, anxiety, depression and increased suicidal ideation
(Bergman et al., 2008; Christensen et al., 2007). Neutral antagonists, such as AM4113, do not
produce these negative effects but still reduce food intake (Bergman et al., 2008; Sink et al.,
2008). These findings are consistent with the effect of inverse agonists and neutral antagonists on
cAMP. Agonists of the CB1 receptor reduce cAMP to inhibit presynaptic neurotransmitter
release (Devane et al., 1988; Howlett et al., 1986). Inverse agonists, such as rimonabant, elevate
cAMP, whereas neural antagonists such as AM4113 do not affect cAMP and simply blocks
receptor activity (Sink et al., 2008). This indicates that CB1 receptor activity regulation is
important in the aversive effects associated with CB1 receptor inverse agonism. Research with
antagonists and inverse agonists in conjunction with agonists could help improve our
understanding of the role of the endocannabinoid system in reward and aversion.
1.4.1

Drug Self-administration
CB1 receptor antagonists/inverse agonists are commonly employed in drug self-

administration studies to examine the effects of blocking the CB1 receptor on the selfadministration of other drugs of abuse, including cannabinoids. However, it is rarely investigated
for its own reinforcing effects. CB1 receptor antagonists/inverse agonists typically block the selfadministration of other rewarding drugs (nicotine, ethanol, cocaine, amphetamine, etc.) and are
even considered as a treatment for drug dependence (for review see Foll and Goldberg 2005).
Studies that have looked at iv self-administration of the CB1 receptor antagonists/inverse
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agonists SR 14716 (rimonabant) found that rats and mice do not self-administer rimonabant
more than VEH (Martellotta et al., 1998; Navarro et al., 2001).
1.4.2

Place conditioning
While THC generally produces a CPA in rats, rimonabant has been shown to produce a

CPP in some cases (Cheer et al., 2000; Sanudo-Pena et al., 1997). Rimonabant produced a
significant CPP in Sprague-Dawley and Lister Hooded rats (Cheer et al., 2000; Sanudo-Pena et
al., 1997). These CPP findings with rimonabant contradict the findings of self-administration
studies that showed rimonabant blocks the reinforcing effects of cannabinoids in drug selfadministration paradigms (Justinova et al., 2005). There is, however, evidence that contradicts
this. Several studies have found rimonabant to produce neither a place preference nor aversion
(Braida et al., 2001a; Braida et al., 2004; Chaperon et al., 1998; Scherma et al., 2008).
Rimonabant produced no place conditioning in Wistar (Braida et al., 2001a, 2004; Chaperon et
al., 1998) and Sprague-Dawley rats (Fang et al., 2011). The differences are likely due to
differences in strain or conditioning procedures, similar to the differences in place conditioning
results with CB1 receptor agonists.
1.4.3

Intracranial self-stimulation
There is a dose-dependent effect of CB1 receptor antagonists/inverse agonists when tested

in the ICSS paradigm, similar to the effects of agonists. Low doses generally have no effect on
ICSS, whereas higher doses increase the stimulation threshold and decrease ICSS responding. It
is interesting that both the agonists and antagonists of the receptor exhibit the same effects in this
paradigm. Rimonabant has no effect on ICSS at low doses (0.02 and 0.3 mg/kg, ip) and increases
the stimulation threshold at higher doses (1-10 mg/kg, ip) tested in rats (Deroche-Gamonet et al.,
2001; Katsidoni et al., 2013; Vlachou et al., 2005, 2006, 2007; Xi et al., 2008). Another CB1
receptor antagonist/inverse agonist, AM 251, produced no change in the ICSS threshold at any of
the doses tested (0.1-20 mg/kg ip) (Arnold et al., 2001; Xi et al., 2008). Therefore, the effects of
CB1 receptor antagonists on ICSS, as with CB1 receptor agonists, highly dose dependent.
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1.5

Cannabinoid drug aversion
As reviewed previously, THC and other CB1 receptor agonists are aversive at high doses in

the conditioned place preference and the intracranial self-stimulation paradigms. Information
regarding the aversive effects of high-dose CB1 agonists is of particular importance because
THC content in cannabis has been consistently increasing (Elsohly et al., 2017; Freeman &
Winstock, 2015). Additionally, high potency THC concentrates (Bidwell et al., 2020; Loflin &
Earleywine, 2014; Pierre et al., 2016; Raber et al., 2015) and designer synthetic cannabinoids
(Vandrey et al., 2012) are becoming increasingly popular, thus increasing the risk of aversive
consequences. This section will review the literature on the ability of CB1 receptor agonists to
produce aversive effects, including anxiety, nausea and vomiting, and the methods used to
investigate these effects.
1.5.1

Cannabinoids and Anxiety
Anxiety can be defined as a state of high arousal with negative valence without necessarily

the presence of an immediate threat. This distinguishes anxiety from fear, which is triggered by
the presence of real danger. Anxiety can be adaptive since it increases vigilance to respond to
possible threats but can become pathological if anxiety becomes prolonged. The physical
manifestation of anxiety can include sweating, dizziness, increased blood pressure and heart rate,
and gastrointestinal discomfort (Calhoon & Tye, 2015). Tests for anxiety-like behaviours in
rodents are approach-avoidance tasks that take advantage of the rodent's innate drive to explore
novel environments and the potential threat that might be present in such an environment
(Calhoon & Tye, 2015). Indeed, anxiety-like behaviours are revealed by rodents spending less
time in the novel or threatening environments and more time in the safe, familiar environment.
The endocannabinoid system has been strongly implicated in anxiety, especially under
aversive conditions like stress-induced anxiety, and has been investigated as a therapeutic target
for anxiety disorders (Bedse et al., 2018; Patel et al., 2017). Indeed, anxiety disorders are
considered stress-related neuropsychiatric illnesses. Endocannabinoid activity at the CB1
receptor is generally considered anxiolytic (Bedse et al., 2018; Morena et al., 2016b).
Furthermore, disrupted CB1 receptor activity is anxiogenic under basal and stressful conditions
(Haller et al., 2002; Hill et al., 2011a; Sink et al., 2010). Endocannabinoid activity in the
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basolateral amygdala (BLA), in particular, has been extensively studied and is strongly
implicated in the mechanisms of anxiety (Di et al., 2016; Gunduz-Cinar et al., 2013a; Hill et al.,
2009a; Morena et al., 2016a). BLA activity is correlated with anxiety; thus, CB1 receptor
activation in the BLA reduces activity and inhibits anxiety (Hill & Tasker, 2012).
Enhancement of AEA signalling is anxiolytic, especially under stressful circumstances
(Bedse et al., 2017; Gray et al., 2015; Gunduz-Cinar et al., 2013a; Hill et al., 2009a; Patel et al.,
2005a). Stress reduces whole-brain AEA levels, which are correlated with stress-induced anxiety
behaviours (Bluett et al., 2014; Hill et al., 2013). AEA likely provides tonic inhibition of anxiety
under basal conditions that is reduced during aversive, stressful situations, thereby promoting
anxiety (Hill & Tasker, 2012). Indeed, enhancing AEA signalling at the CB1 receptor, with
systemic or BLA-specific injection of a FAAH inhibitor, reduces anxiety-like behaviours (Gray
et al., 2015; Gunduz-Cinar et al., 2013a; Morena et al., 2019).
Additionally, 2-AG signalling at the CB1 receptor is implicated in anxiety and, in
particular, stress-induced anxiety. Reduced whole levels of 2-AG are correlated with increased
anxiety and can be reversed by increased 2-AG with MAGL inhibition (Bedse et al., 2017,
2018). Accordingly, increased levels of 2-AG are associated with stress-resiliency and are
protective against stress-induced anxiety (Bluett et al., 2017). In contrast to AEA, 2-AG is
increased by stress following a short delay in the hypothalamus, prefrontal cortex and amygdala,
to modulate stress-induced anxiety behaviours (Di et al., 2016; Evanson et al., 2010; Gray et al.,
2015; Patel et al., 2004). Therefore, 2-AG is proposed to be a phasic signaller that is released to
terminate the stress response and inhibit stress-induced anxiety (Hill & Tasker, 2012). Although
their physiological roles differ, it is important to note that there exists a functional redundancy
between FAAH and MAGL and their inhibition of anxiety-like behaviours, where
pharmacological inhibition of these enzymes both reduce anxiety (Bedse et al., 2017).
Despite relaxation being the most popular reason for cannabis use, and the apparent
evidence that endocannabinoid signalling is anxiolytic, one of the most common negative side
effects of cannabis or cannabinoid use is anxiety (Bhattacharyya et al., 2017; Patel et al., 2014;
Reilly et al., 1998; Schofield et al., 2006; Zuardi et al., 1984). Consistent with other behavioural
effects, exogenous CB1 receptor agonism exhibits dose-dependent effects on anxiety, with low
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doses being anxiolytic and higher doses being anxiogenic (Hill & Gorzalka, 2004; Onaivi et al.,
1990; Patel & Hillard, 2006; Rey et al., 2012; Valjent et al., 2002; Viveros et al., 2005). For
example, in rodents, THC is consistently shown to produce an anxiolytic effect at low doses (< 1
mg/kg, ip) but produce an anxiogenic effect at higher doses (> 1mg/kg, ip) (Klein et al., 2011;
O’Brien et al., 2013; Onaivi et al., 1990; Patel & Hillard, 2006; Rock et al., 2017a; SchrammSapyta et al., 2007; Viveros et al., 2012). Similarly, the synthetic full CB1 receptor agonists CP
55,940 (Rey et al., 2012) and HU 210 (Hill & Gorzalka, 2004) reduce anxiety-like behaviours at
low doses and enhance anxiety-like behaviours at high doses in rodents. The anxiogenic effect of
high dose CB1 agonism may explain why high doses do not produce reward in the reward
paradigms previously mentioned.
Interestingly, aversive conditions, like stress, can also influence the effect of cannabinoids
on anxiety. In humans, anxiogenic reactions to cannabis occur more commonly under novel or
stressful conditions (Gregg et al., 1976; Naliboff et al., 1976). Recent neuroimaging studies
correlate THC-induced anxiety with CB1 receptor availability in the amygdala (Bhattacharyya et
al., 2017). In rodents, prior stress is known to modify the effects of cannabinoid manipulations
on anxiety-like behaviour, and prior stress may be necessary to reveal anxiolytic effects of low
doses of THC (0.1-0.25 mg/kg) (Bluett et al., 2017; Fokos & Panagis, 2010; Rock et al., 2017a),
FAAH and MAGL inhibition (Bedse et al., 2018; Bluett et al., 2014; Haller et al., 2009, 2013;
Naidu et al., 2007; Patel et al., 2005b) and full CB1 receptor agonism by CP 55,940 (Bedse et al.,
2017; Bluett et al., 2017). These studies highlight the importance of the endocannabinoid system
in stress-induced aversion specifically.
Stress produces changes in the endocannabinoid system, including changes to AEA and 2AG concentrations, changes in enzyme activities, and CB1 receptor density and availability (Hill
et al. 2005; Dlugos et al. 2012; Gray et al. 2015). A stress response activates the hypothalamicpituitary-adrenal (HPA) axis. During acute stress, the hypothalamus becomes active and releases
corticotropin-releasing hormone (CRH) to trigger the pituitary gland to release
adrenocorticotropin hormone (ACTH) that signals the adrenal glands to release glucocorticoid
stress hormones. These hormones then provide negative feedback to the brain to terminate this
process (Hill & Tasker, 2012; López et al., 1999). CRH release also activates the autonomic
branch of the stress response through sympathomedullary pathways. Stress-induced release of
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CRH is known to increase FAAH activity in the BLA, therefore reducing tonic inhibitory AEA
signalling to produce stress-induced anxiety. 2-AG is released after glucocorticoids bind to
glucocorticoid receptors in the brain to produce negative feedback (Di et al., 2016; Evanson et
al., 2010), once again emphasizing the importance of the endocannabinoid system in response to
stress. These endocannabinoid system changes could explain the synergistic effects of stress and
CB1 receptor agonism on anxiety-like behaviours. High doses of CB1 agonists can be stressors in
themselves, as CB1 receptor agonists dose-dependently activate the HPA axis and elevate CRH
and glucocorticoid hormones (McLaughlin et al., 2009; Murphy et al., 1998; Puder et al., 1982).
High doses of CB1 receptor agonists also produce changes to the endocannabinoid system,
including CB1 receptor desensitization/ downregulation and region-specific changes in AEA and
2-AG concentration that may promote anxiety (Di Marzo et al., 2000; Sim-Selley, 2003).
As discussed in previous sections, the dose-dependent nature of CB1 receptor agonists on
anxiety-like behaviours may be attributed to CB1 receptor activity on different subsets of neurons
(Rey et al., 2012). The amygdala may also be implicated in this effect since CB1 receptors in the
BLA are found on glutamatergic and GABAergic neurons. Agonism of CB1 receptors on
glutamatergic neurons in the BLA decreases BLA activity and inhibits anxiety (Bedse et al.,
2018; Shonesy et al., 2014). Therefore, low doses of cannabinoids may act on CB1 receptors on
glutamatergic neurons in the BLA to relieve anxiety-like behaviours. Conversely, prolonged
activation of CB1 receptors on GABAergic terminals by high dose cannabinoids can result in
long-term depression of their inhibitory action, contributing to increased excitability of this
structure and increased anxiety and stress-induced anxiety (Azad et al., 2003; Gunduz-Cinar et
al., 2013b). More research on the anxiogenic effects of high dose CB1 receptor agonists is
warranted to fully understand the relationship between the endocannabinoid system and anxiety,
especially as a consequence of cannabinoid use.
1.5.2

Cannabinoid taste aversion: Conditioned gaping as a measure of nausea
The historical method employed for researching the ability of drugs to produce illness is

conditioned taste avoidance learning (CTA; Garcia and Koelling 1966). In this test, a novel
flavoured solution is paired with a drug that is suspected of producing illness. After the
association between the drug and the flavour is learned, animals will avoid consuming the
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flavoured solution that was paired with illness. The association can be learned after a single
pairing of the stimuli and can occur even if the gap between exposure to the illness and flavour is
hours long (Garcia & Koelling, 1966). Researchers have previously found that THC (Flax et al.,
2015; Wakeford & Riley, 2014) and synthetic cannabinoids, such as JWH-180 (Hyatt &
Fategrossi, 2014) and CP 55,940 (McGregor et al., 1996), produce conditioned taste avoidance in
rats. This would seem to indicate that CB1 receptor agonists are aversive and produce illness.
However, this paradigm presents a paradox, where even drugs known to be highly rewarding to
animals, such as amphetamine, morphine and cocaine, also produce a CTA (Berger, 1972;
Parker, 1995; Wise et al., 1976). Therefore, there is a need for a more selective measure of
nausea, as illness is not sufficient to explain CTA.
The paradoxical effect of rewarding drugs producing CTA has been evaluated using an
alternative measure of flavour-drug associations developed by Grill and Norgren (1978) called
the Taste Reactivity (TR) test (see Parker 2014 for review). For the TR test, instead of
approaching a bottle to access the taste, the novel flavoured solution is delivered directly into the
mouth of the rats through a permanently implanted intraoral cannula. That is, the rat does not
need to approach a bottle to gain access to the flavour as with CTA; instead, exposure to the taste
(conditioned stimulus; CS) and the drug (unconditioned stimulus; UCS) is experimenter
delivered in TR. Therefore, TR employs classical conditioning instead of operant learning. Rats
react to the taste CS with orofacial conditioned responses (CRs) to solutions that are infused
through the cannulas. Natural hedonic flavours, such as sweet sucrose or saccharin solutions,
produce hedonic unconditioned reactions (UCRs) of tongue protrusions (extension of the tongue
from the mouth) and naturally aversive flavours, such as bitter quinine, produce a characteristic
aversive UCRs of gaping (wide triangular opening of the mouth, exposing upper, and lower
incisors) (Grill & Norgren, 1978). Following pairing of a hedonic CS flavour, such as saccharin,
through an intraoral cannula, with an aversive UCS of lithium chloride (LiCl)-induced nausea,
rats react to subsequent exposure of that flavour with the conditioned aversive reaction of
conditioned gaping.
Rats are not capable of vomiting; however, they receive the same gastrointestinal signals
that precede vomiting in emetic species. For example, the nausea-inducing chemotherapeutic
drug, cisplatin, causes the release of serotonin (5-HT) from enteroendocrine cells in the
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gastrointestinal tract, which activates 5-HT3 receptors on vagal afferent fibres and in brainstem
emetic regions in both ferrets, that vomit, and rats, that do not (Horn et al., 2004). In both
species, vagal activation is blocked by 5-HT3 receptor antagonists (Endo et al., 1995; Horn et al.,
2004). In the rat, the area postrema detects blood-borne toxins (Bernstein et al., 1992; Eckel &
Ossenkopp, 1996), as it does in species that vomit, but the motor output for vomiting is missing.
Instead of vomiting, rats display the behavioural response of conditioned gaping in the TR
paradigm, which recruits the same orofacial musculature as vomiting in other species (Travers &
Norgren, 1986). Figure 1 compares the rat gape to the orofacial component of the shrew retch
immediately prior to vomiting (adapted from Parker 2014). Since rats cannot vomit, they provide
an excellent animal model for investigating nausea without the confounding variable of
vomiting, since distinct neural processes mediate nausea and vomiting. It is impossible to know
whether rats experience the same subjective nausea experience as humans. However, there is a
considerable amount of evidence that manipulations that produce nausea in other species that can
vomit also produce conditioned gaping in rats, and treatments that alleviate nausea in emetic
species reduce conditioned gaping in rats (see Parker 2014 for review).
As previously mentioned, rewarding drugs, such as amphetamine, cocaine, or morphine,
that can be readily self-administered by rats, do not produce conditioned gaping but do produce a
CTA (Berger, 1972; Parker, 1995; Wise et al., 1976). Only flavours paired with drugs that
produce illness and vomiting in species capable of vomiting produce conditioned gaping
reactions in rats (Parker, 2003). Gastrointestinal illness is insufficient to produce CTA, as
evidenced by LiCl producing emesis but not CTA in ferrets capable of vomiting (Rabin & Hunt,
1992). Also, drugs that prevent vomiting in humans and emetic animal species prevent the
establishment of conditioned gaping but do not interfere with the establishment or the expression
of CTA (Goudie et al., 1982; Limebeer & Parker, 2000; Rudd et al., 1998). Moreover, lesion of
the vagus nerve, which prevents emesis (Miller & Nonaka, 1992), does not prevent CTA (Rabin
et al., 1985). However, lesions to the BLA inhibit CTA but do alter conditioned gaping produced
by the emetic drug LiCl, indicating that CTA is instead a measure of avoidance learning (Rana &
Parker, 2008). Indeed, it has been established that activation of emetic mechanisms is not
necessary for the development of CTA (Grant, 1987; Parker, 2003). Therefore, conditioned
gaping in rats provides a more specific measure of the nauseating effects of drugs.
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1.5.3

Cannabinoids, nausea and vomiting
One of the first approved and recognized medical uses of cannabis in modern medical

history was treating chemotherapy-induced nausea and vomiting (Pertwee, 2009). Using animals
capable of vomiting, such as ferrets and shrews, it is now well established that THC reduces
vomiting by acting on CB1 receptors in the Dorsal Vagal Complex (DVC) in the brain stem
(Darmani, 2001b; Parker et al., 2004b; Van Sickle et al., 2003). The DVC consists of the nucleus
tractus solitarius (NTS), area postrema (AP) and dorsal motor nucleus (DMNX). These regions
contain significant densities of 5-HT3 receptors and are necessary for emetic species to vomit.
Electrical stimulation of the abdominal vagal afferents or systemic injection of emetic drugs
increases 5-HT levels in the AP region (Horn et al., 2004). Elevation of 5-HT in the NTS excites
DMNX neurons, which produce the motor output of vomiting in ferrets (Darmani & Ray, 2009).
The chemotherapy drug, cisplatin, activates cells in the DVC of the brainstem, thus
producing emesis. The DVC also shows immunoreactivity for CB1 receptors. Low doses of THC
(0.05- 1 mg/kg, ip) successfully prevent cisplatin-induced vomiting in ferrets and reduce the
activation of DVC neurons, indicating this is the likely mechanism for the antiemetic effects of
THC (Van Sickle et al., 2003). There is considerable evidence that CB1 receptors are localized
on the presynaptic terminal endings of 5-HT releasing neurons (Barann et al., 2002; Häring et al.,
2007, 2013). Therefore, activation of CB1 receptors in the DVC may suppress the release of 5HT. In addition to THC, low doses of synthetic cannabinoids, such as WIN 55,212-2 (Darmani,
2001c) and CP 55,940 (Darmani et al., 2003), also reduce the frequency of vomiting produced by
toxins in shrews. The anti-emetic effect of THC, WIN 55,212-2, and CP 55,940 is reversed by
the CB1 receptor antagonist/inverse agonist, rimonabant, indicating that the anti-emetic effect is
mediated by the CB1 receptor (Darmani, 2001b, 2001c; Darmani et al., 2003).
Although the DVC is critical for regulating the vomiting reflex, considerable evidence
suggests that the insular cortex is the crucial region for generating the sensations of nausea and
disgust (Calder et al., 2001, 2007; Napadow et al., 2013; Sclocco et al., 2016). Electrical
stimulation of the insular cortex (IC) produces nausea in humans (Penfield & Faulk, 1955). In
rats, ablation of the IC prevents LiCl-induced conditioned gaping, with little impact on CTA
(Contreras et al., 2007; Kiefer & Orr, 1992). Electrophysiological and anatomical studies have
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determined that in rats, the IC is the cortical site of input of the visceral (posterior IC, which we
call the interoceptive IC [IIC]) and gustatory input (anterior IC, which we call the gustatory IC
[GIC]) and their convergence (Allen et al., 1991; Cechetto & Saper, 1987; Hamilton & Norgren,
1984; Kosar et al., 1986). Although most gastrointestinal visceral sensory afferents to the IC
terminate in the IIC, the majority of efferent projections from the IC to autonomic structures (i.e.,
the NTS) originate in the GIC (Allen et al., 1991; Yasui et al., 1991).
Recent evidence indicates that the IIC is the site at which 5-HT produces nausea-induced
conditioned gaping reactions and where cannabinoids produce their anti-nausea effects (Tuerke
et al., 2012). LiCl is known to increase 5-HT release in the IIC following the same time course
that it produced conditioned gaping behaviours (Limebeer et al., 2018). Intracranial
administration of the anti-emetic 5-HT3 receptor antagonist, ondansetron, into the IIC attenuated
LiCl-induced conditioned gaping reactions, but not CTA (Tuerke et al., 2012). On the other
hand, ondansetron delivered into the GIC attenuated LiCl-induced CTA but not conditioned
gaping. Therefore, 5-HT3 activity in the IIC that receives visceral input is critical for the
establishment of nausea-induced conditioned gaping reactions in rats. Moreover, 5-HT3 activity
in the GIC, which contains projections to autonomic structures, is involved in CTA (Tuerke et
al., 2012).
The anti-nausea properties of cannabinoids have also been investigated using conditioned
gaping in rats. At a low dose, THC (0.5 mg/kg) prevents the establishment of conditioned gaping
reactions in rats (Limebeer & Parker, 1999). Similarly, the synthetic cannabinoid HU 210 (0.001,
0.005 or 0.01 mg/kg, ip) also blocks LiCl-induced conditioned gaping in rats via the CB1
receptor (Parker et al., 2003). CB1 receptors are found in the IC (Moldrich & Wenger, 2000);
therefore, activation of CB1 receptors in the IIC may suppress 5-HT release and relieve nausea.
The CB1 receptor agonist, HU 210, delivered into the IIC, but not the GIC, has been shown to
reduce LiCl-induced conditioned gaping reactions (Limebeer et al., 2012). Furthermore, this
suppression of nausea-induced behaviour was reversed by systemic pretreatment with the CB1
receptor antagonist, AM251, indicating that the effect was CB1 receptor mediated (Limebeer et
al., 2012).
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Other manipulations that enhance the activity of the endocannabinoid system can reduce
nausea and vomiting produced by toxins. The MAGL inhibitors, MJN110 and JZL184, which
increase concentrations of 2-AG, and exogenously administered 2-AG, interferes with LiClinduced conditioned gaping in rats and vomiting in shrews by a CB1 receptor mechanism of
action (Parker et al., 2015; Sticht et al., 2012). More recently, it has been shown that intra-IIC
administration of the MAGL inhibitor, MJN110, but not the FAAH inhibitors, URB597 or
PF3845, reduced LiCl-induced conditioned gaping behaviour by a CB1 receptor mechanism of
action (Sticht et al., 2016). The selective role of 2-AG in the IIC to reduce acute nausea by its
action at CB1 receptors is further supported by findings that 2-AG, but not AEA, is elevated in
the IIC during an acute episode of LiCl-induced nausea (Sticht et al., 2016). Similarly, LiCl
treatment increases neuronal activation in the IIC that is reduced by inhibition of MAGL (Sticht
et al., 2016). The FAAH inhibitor, URB597, which increases the concentrations of AEA at the
synapse (Fegley et al., 2005), reduces conditioned aversive reactions in the TR paradigm when
aversive behaviours (i.e. gaping, chin rubbing, headshakes and paw treading) are summed
(Cross-Mellor et al., 2007); however, when looking at LiCl-induced conditioned gaping alone,
URB597 was ineffective (Rock et al., 2015). The FAAH inhibitor PF3845 did successfully
interfere with LiCl-induced conditioned gaping via a proliferator-activated receptor alpha
(PPARα) mechanism, not a CB1 receptor mechanism (Rock et al., 2015). This suggests that the
anti-nausea effects of PF3845 are not due to alterations in anandamide but other fatty acids that
are also degraded by FAAH (i.e. OEA, PEA). Taken together, these findings provide compelling
evidence that acute nausea selectively increases 2-AG in the IIC and suggests that 2-AG
signalling within the IIC regulates nausea by reducing neuronal activity in this forebrain region.
Despite the vast body of literature indicating that cannabinoids prevent nausea and
vomiting, there are instances where cannabinoids produce nausea and vomiting. When
administered at high doses, CB1 receptor agonists produce vomiting in several emetic species,
including shrews (Cluny et al., 2008; Darmani, 2001b), cats (Hockman et al., 1971), dogs
(Loewe, 1946; Shannon et al., 1978), and primates (Scheckel et al., 1968). While investigating
the anti-emetic effects of THC in shrews, both Darmani (2001a) and Cluny et al. (2008) found
that all doses of THC administered (1, 3, 5 and 10 mg/kg, ip) induced vomiting on their own. In
cats, doses of 0.5, 1 and 4 mg/kg ip THC produced vomiting, but lower doses did not (Hockman
et al., 1971). THC also produced vomiting in dogs when administered intravenously at doses
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above 0.5 mg/kg (Shannon et al., 1978). As well, Scheckel et al. (1968) found that all rhesus and
squirrel monkeys in their experiments vomited in response to THC in doses ranging from 2-64
mg/kg, ip. THC has also been shown to produce aversive behaviours during the TR test in rats,
indicating nausea-induced gaping (Parker & Gillies, 1995). When examined in the TR test, THC
doses above 2.5 mg/kg produced conditioned gaping reactions (Parker & Gillies, 1995).
Moreover, humans experience nausea and vomiting when given high doses of THC and synthetic
cannabinoids (Fallon et al., 2017; Frytak et al., 1979; Johal et al., 2020; Noyes et al., 1975; Orr &
McKernan, 1981; Vaziri et al., 1981). The results in humans are, however, difficult to interpret.
Cannabinoids used in human studies were investigated as treatments for chemotherapy-induced
nausea (Frytak et al., 1979; Orr & McKernan, 1981), pain in cancer patients (Fallon et al., 2017;
Noyes et al., 1975), and chronic non-cancer pain (Johal et al., 2020). There were no healthy
control participants who were given the same doses of THC to investigate the effects of THC in
the absence of pathology. Therefore, it is difficult to determine if nausea and vomiting that
follows THC administration results from the THC itself or their existing illness or chemotherapy.
Unlike the anti-emetic and anti-nausea effects of cannabinoids, there is a lack of research about
the pro-emetic and nauseating effects of cannabinoids.
In addition to CB1 receptor agonists, antagonist/inverse agonists have pro-emetic effects.
These compounds are often used in experiments to reverse the anti-emetic effects of
cannabinoids to investigate the mechanism of action. However, at high enough doses, inverse
agonists of the CB1 receptors can produce vomiting in shrews (Darmani, 2001a, 2002) and can
produce conditioned gaping in rats (Limebeer et al., 2010; McLaughlin et al., 2005; Parker et al.,
2003). The CB1 receptor antagonist/ inverse agonist rimonabant (10 and 20 mg/kg ip, 20 and 40
mg/kg subcutaneous; sc) can produce vomiting in shrews, with higher doses resulting in more
vomiting (Darmani, 2001a, 2002). In rats, the CB1 receptor antagonist/inverse agonist, AM-251,
produced conditioned gaping reactions (McLaughlin et al., 2005) and both rimonabant and AM251 can potentiate toxin-induced conditioned gaping (Limebeer et al., 2010; Parker et al., 2003).
Humans also report side effects of nausea and vomiting after taking CB1 receptor inverse
agonists (Bergman et al., 2008; Christensen et al., 2007; Janero & Makriyannis, 2009). On the
other hand, the neutral CB1 receptor antagonists without inverse agonist properties, AM-6545
and AM-4113, do not produce conditioned gaping reactions in rats (Limebeer et al., 2010; Sink
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et al., 2008). These studies provide more evidence that disrupting normal endocannabinoid
signalling can influence nausea and vomiting.
Overall, the anti-emetic and pro-emetic effects of CB1 receptor agonists are again dosedependent. Low doses of THC, synthetic cannabinoid drugs, and endocannabinoid modulation
produce consistent antiemetic effects and offer possible therapeutic results for nausea and
vomiting. However, higher doses of cannabinoid drugs and inverse agonists can produce nausea
and vomiting in both animals and humans. Indeed, these findings demonstrate that the CB1
receptor function is essential to the neurobiological mechanisms involved with nausea and
vomiting.
1.6

Cannabinoid Hyperemesis Syndrome
Perhaps the most striking example of cannabinoid-induced nausea and vomiting is the

phenomenon of Cannabinoid Hyperemesis Syndrome (CHS) (Allen et al., 2004). In certain
individuals, long-term and high-dose cannabis use can lead to cyclical episodes of nausea and
vomiting, usually accompanied by abdominal pain. The symptoms associated with CHS can be
alleviated by high-temperature baths or showers, sometimes resulting in burns due to the high
heat and length of exposure (Allen et al., 2004). CHS can also develop following the long-term
use of synthetic cannabinoids designer drugs known as “Spice” (Bick et al., 2014; Hopkins &
Gilchrist, 2013; Lui et al., 2017; Ukaigwe et al., 2014). Indeed, nausea and vomiting are
commonly reported side effects of acute cannabis and synthetic cannabinoid intoxication, with
these symptoms being more common following synthetic cannabinoid intoxication (Castaneto et
al., 2014; Ford et al., 2017; Seely et al., 2012; Spaderna et al., 2013).
CHS presents in three clinical stages; the prodromal, hyperemetic, and recovery phases
(Allen et al., 2004; Lu & Agito, 2015). The prodromal stage of CHS is characterized by anxiety,
severe nausea, and an array of autonomic symptoms, such as sweating, flushing, and increased
thirst, with morning predominance. The prodromal stage can last for months before any vomiting
episodes occur. The hyperemetic phase then follows with debilitating and often unpredictable
abdominal pain, nausea, vomiting, and significant weight loss (>5 kg). This phase is when
patients may develop compulsive hot bathing and showering behaviours to alleviate their
symptoms. These emetic episodes are resistant to typical antiemetic treatments. Following
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protracted abstinence from cannabinoid use, CHS patients enter a recovery phase where
vomiting and bathing behaviour subsides (Lu & Agito, 2015). Full recovery from symptoms can
take weeks or months following the cessation of cannabis use (Allen et al., 2004). These phases
follow a cyclical, repetitive pattern usually initiated by the reoccurrence of cannabinoid use or
life stressors (Lu & Agito, 2015).
The Rome federation establishes diagnostic criteria to aid in the diagnosis and treatment of
functional gastrointestinal disorders. The Rome IV criteria lists CHS as a subset of cyclical
vomiting syndrome (CVS). Analogous to CHS, CVS is characterized by reoccurring episodes of
nausea and vomiting (Stanghellini et al., 2016). The diagnostic criteria of CVS and CHS are
listed in Table 1. Due to the commonalities, CHS is often misdiagnosed as CVS, which can
become an issue in treatment (Simonetto et al., 2012; Sorensen et al., 2017). Currently, the only
way to distinguish CHS from CVS is that individuals with CHS will recover following sustained
abstinence from cannabis, but this is not the case for CVS (Blumentrath et al., 2017). It is of note
that a high proportion of individuals diagnosed with CVS are also cannabis users (Choung et al.,
2012; Venkatesan et al., 2014). For example, Venkatesan et al. (2014) found that among 437
CVS patients surveyed, 81% were cannabis users. The information is not available to discern if
CVS patients concurrently use cannabis to relieve emetic symptoms or if these are indeed
individuals with CHS. Other distinguishing features have been proposed to distinguish CHS and
CVS more effectively. For example, individuals with CVS tend to have rapid gastric emptying,
whereas CHS is associated with delayed gastric emptying (Allen et al., 2004; Blumentrath et al.,
2017; Cooper et al., 2014; Galli et al., 2013). Delayed gastric emptying in CHS is not surprising
given that THC and other CB1 receptor agonists have an inhibitory effect on gastric motility
(Aviello et al., 2008; Izzo et al., 1999a; Krowicki et al., 1999; McCallum et al., 1999). More
information is needed to diagnose CHS properly.
The only effective way to permanently alleviate symptoms of CHS is abstinence from
cannabis use. Typical antiemetic drugs, such as the serotonin 5-HT3 receptor antagonist
ondansetron, are not effective at alleviating nausea and vomiting for CHS or CVS (Blumentrath
et al., 2017; Richards et al., 2017). During emetic episodes, anxiolytic and sedative drugs, such
as benzodiazepines (i.e. diazepam) and antipsychotics (i.e. haloperidol), seem to be the most
efficacious for emetic phases of CVS and CHS (Blumentrath et al., 2017; Hayes et al., 2018;
32

Khattar & Routsolias, 2017; Richards et al., 2017). Yet, it is still unclear whether these drugs are
useful because they interfere with the mechanisms of CHS or because of their sedating effects.
Acute management of symptoms, such as providing iv fluids, is important for preventing
dehydration and adrenal injury, which are common CHS complications that can be fatal
(Habboushe & Sedor, 2014; Nourbakhsh et al., 2018). Following acute symptom management,
cannabis abstinence should be encouraged; however, abstaining from cannabis use can be
difficult if the individual has cannabis use disorder (CUD). Currently, there is no information on
the percentage of CHS individuals with concurrent CUD. Preliminary data suggest that early
detection and addiction therapy intervention is beneficial for individuals with CHS (Pélissier et
al., 2016). Treating CUD in this population could, therefore, aid in preventing the reoccurrence
of CHS episodes.
Publications about CHS have been consistently increasing since the syndrome was coined
by Allen et al. in 2004 (Richards et al., 2017; Schreck et al., 2018). Several groups have tried to
establish the prevalence of CHS by retrospective analyses of reports from hospitals or urgent
care centers (Habboushe et al., 2018; Hernandez et al., 2016; Kim et al., 2015; Schreck et al.,
2018). Kim et al. (2015) found that CVS diagnosis, including CHS, has nearly doubled since the
legalization of cannabis in Colorado, United States. However, it is unclear if this is due to
increased cannabis use or increased cannabis use reporting due to the increased acceptance
brought about because of the legalization of cannabis. Habboushe et al. (2018) estimated that
between 2.13-3.38 million people in the United States, slightly less than 1%, suffer from CHS or
similar syndromes annually. These studies only provide estimates and rely on accurate diagnosis
and truthful disclosure of cannabis use; therefore, estimations are likely underestimating the
actual prevalence. Most studies regarding CHS epidemiology lack information about patient
histories, comorbid psychiatric illnesses, possible predisposing factors, type of cannabis
consumed (i.e. THC percentage), etc., information which may improve understanding of the
etiology of CHS and, more broadly, cannabinoid-induced nausea.
1.6.1

Potential mechanisms of cannabinoid-induced nausea: Disrupted allostatic mechanism
Most research to date regarding CHS and cannabinoid-induced nausea is limited to case

studies (e.g. Allen et al. 2004; Chang and Windish 2009; Patterson et al. 2010; Soriano-Co et al.
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2010; Nicolson et al. 2012; Simonetto et al. 2012; Heise 2015). While these reports provide
information about how the syndrome manifests and what treatments are effective, they do not
provide information on the underlying neurobiological mechanisms. However, we can make
informed speculations about the pathophysiology of CHS by considering information from case
studies and the pharmacology of cannabinoids to develop testable hypotheses about how
cannabinoids can produce nausea and vomiting. The animal research on the anti- and pro-emetic
and nauseating effects of cannabinoids strongly implicate the endocannabinoid system. In
particular, the evidence suggests that these effects are mediated by their action on the CB1
receptor (Cluny et al., 2008; Darmani, 2001b; Sharkey et al., 2014; Van Sickle et al., 2001). The
prevailing theory proposed for how CHS develops is that extended activation of the CB1 receptor
by exposure to large amounts of THC or synthetic designer CB1 receptor agonists leads to
endocannabinoid system dysregulation (Darmani, 2010), thus impairing homeostatic
mechanisms and resulting in this aversive phenomenon. Chapters in this dissertation focus on the
nauseating effects of CB1 receptor agonists specifically because nausea is one of the first
symptoms to manifest in the prodromal phase of CHS, and nausea is a more common adverse
event following cannabinoid use than actual vomiting (Johal et al., 2020; Lu & Agito, 2015).
As discussed previously, the endocannabinoid system is an allostatic mechanism that acts
to maintain homeostasis of neuronal activity, the balance of activity which supports survival
(Hill & Tasker, 2012; McEwen, 2013). Stressors are events that disrupt homeostasis, and
allostasis is the act of maintaining stability and coping with acute stressors or assaults to
homeostasis (McEwen, 2000). Indeed, the endocannabinoid system is activated on-demand to
induce allostasis. However, when allostatic mechanisms fail or are overwhelmed by prolonged or
multiple stressors, adaptations can occur, leading to imbalances termed allostatic load/overload.
Allostatic load is associated with biological and neuropsychiatric illnesses (McEwen, 2013).
Neuropsychiatric disorders, such as depression and anxiety, are often preceded by stressful life
events and often affect many systems throughout the body, including the immune system,
metabolism, cardiovascular and digestion. For example, allostatic mechanisms allow for blood
pressure to fluctuate throughout the day to keep up with the body's changing demands. Repeated
or prolonged elevated blood pressure can, however, lead to cardiovascular damage. Acute stress
promotes immune system function to help cope with the acute threat; however, chronic stress
suppresses the immune system through the same mechanisms which increase immune function.
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The CNS directs behaviours to cope with stressors by activating the HPA axis and sympathetic
nervous system (SNS) and is also the target of hormonal mediators released by these systems to
return to homeostasis. In neuropsychiatric illness, changes in stress hormones (i.e. cortisol),
neurotransmitters, brain structure size and activity are associated with their psychopathology
(McEwen, 2013), supporting the role of disrupted allostasis and homeostasis in disease.
Given the endocannabinoid system's role in allostasis, dysregulation of its normal
functioning can have dramatic and potentially adverse outcomes. Changes in the
endocannabinoid system may lead to alterations in other connected systems that have the
potential to promote nausea and vomiting. Many studies have shown dose-dependent and regionspecific CB1 receptor desensitization and/or downregulation in rodents following administration
of high doses of CB1 agonists (Corchero et al., 1999; Romero et al., 1998; Sim et al., 1996;
Zhuang et al., 1998). Similar findings in humans using positron emissions tomography (PET)
show that daily cannabis smokers have fewer CB1 receptors compared to non-smokers in cortical
regions, including the insular cortex (Hirvonen et al., 2012), the cortical region implicated in
nausea (Napadow et al., 2013). CB1 receptor down-regulation was positively correlated with
years of cannabis use (Hirvonen et al., 2012). Chronic CB1 receptor agonist administration alters
endocannabinoid content in rodents (Di Marzo et al., 2000; González et al., 2004) and humans,
which differs between light and heavy users (Morgan et al., 2013). Alterations in
endocannabinoid concentration may be due to changes in the synthetic and catabolic enzymes
(i.e. DAGL, MAGL, FAAH); however, there is a lack of research on the effects of CB1 receptor
agonism on endocannabinoid related enzymes.
The endocannabinoid system is especially important for maintaining homeostasis of the
stress response. The endocannabinoids, AEA and 2-AG, both inhibit the HPA axis by activating
CB1 receptors in brain regions important for controlling the HPA axis, including the
hypothalamus, amygdala, and prefrontal cortex (Di et al., 2003; Evanson et al., 2010; Gorzalka et
al., 2008; Hill & Tasker, 2012; Patel et al., 2004). CB1 receptor agonists also produce dosedependent changes to the endocannabinoid system in these regions in rats and humans (Hirvonen
et al., 2012; McLaughlin et al., 2014; Sim-Selley, 2003; Tai et al., 2015). Interestingly, while
endocannabinoids inhibit the HPA axis, high doses of CB1 receptor agonists activate the HPA
axis, as indexed by increased circulating corticosterone (CORT), ACTH (McLaughlin et al.,
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2009; Murphy et al., 1998; Puder et al., 1982), and CRH levels (Corchero et al., 1999; De
Fonseca et al., 1994).
Research regarding HPA axis function in long-term cannabis users is less clear. In some
cases, chronic cannabis users have reduced cortisol and ACTH increases in response to acute
stressors compared to non-users (Cuttler et al., 2017; Somaini et al., 2012). On the other hand,
some studies show that chronic cannabis users have higher baseline cortisol and ACTH levels
and increased anxiety ratings than non-users (King et al., 2011; Somaini et al., 2012). Altered
stress reactivity in chronic cannabis users is suggested to be mediated by alterations in the
endocannabinoid system required to regulate HPA axis activation (Hill & Tasker, 2012;
McLaughlin et al., 2014). Therefore, the blunted stress responses in chronic cannabis users may
result from alterations in endocannabinoid signalling; however, more research is needed to
determine if the blunted stress response is an impairment in HPA activation or impaired negative
feedback of the HPA axis.
Prolonged cannabinoid use may dysregulate the SNS as well (Levinthal & Bielefeldt,
2014). Acutely, it is well established that THC increases heart rate and blood pressure (Jones,
2002; Sidney, 2002), which are measures of sympathetic activation. Additionally, human chronic
cannabis users have increased blood pressure and heart rate (Alshaarawy & Elbaz, 2016;
Muniyappa et al., 2013) and an increased skin conductance response in a fear conditioning
paradigm compared to non-users (Papini et al., 2017). Withdrawal from cannabis also leads to an
increase in heart rate and blood pressure (Vandrey et al., 2011). These findings strongly
implicate the endocannabinoid system in SNS regulation.
Vomiting is also associated with an altered stress response, including both the HPA and
SNS; however, the relationship is correlational, and the role of stress as an antecedent or a
consequence of nausea and vomiting is unknown (Otto et al., 2006; Venkatesan et al., 2016).
Stress and anxiety are hypothesized to be involved in the pathophysiology of several nausea and
vomiting disorders, including CVS (Hayes et al., 2018; Levinthal & Bielefeldt, 2014; Li &
Misiewicz, 2003; Taché, 1999), anticipatory nausea and vomiting associated with chemotherapy
(Andrykowski, 1990), and hyperemesis gravidarum (severe nausea and vomiting during
pregnancy; Uguz et al. 2012). During the emetic phase of CVS in cannabis users and non-users,
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there is an increase in circulating endocannabinoids (Venkatesan et al., 2016), which is also seen
during times of stress (Dlugos et al., 2012). There is also activation of the HPA axis during CVS,
shown by elevated glucocorticoid hormones and CRH during vomiting episodes (Li &
Misiewicz, 2003; Venkatesan et al., 2016).
Activation of the SNS is also involved with nausea and vomiting (Napadow et al., 2013).
Indeed, aberrant sympathetic activation is associated with CVS and CHS (Levinthal &
Bielefeldt, 2014; Richards, 2017). CVS and CHS symptoms are more prominent in the morning
when SNS, and HPA axis activity, is at their highest (Levinthal & Bielefeldt, 2014; Richards,
2017). CVS and CHS are often accompanied by sympathetic symptoms, including sweating,
flushing, thirst, hypertension and tachycardia (Levinthal & Bielefeldt, 2014; Lu & Agito, 2015).
Venkatesan et al. (2016) found that salivary alpha amylase, a biomarker of SNS activity, was
significantly higher during the emetic phase in CVS patients who use cannabis than those who
do not use cannabis. This finding suggests that cannabis potentiates SNS dysfunction during
emesis.
While stress and anxiety are common occurrences for many people, there are clear
relationships among stress, anxiety, and nausea and vomiting disorders. The direction and
causality of these correlations have yet to be established and require further investigation to
understand how this might contribute to the development of cannabinoid-induced nausea in
certain individuals. The alterations in the endocannabinoid system generated by high doses of
CB1 receptor agonists may alter the stress response and, given the associations with nausea,
might create the ideal environment for the development of CHS. It remains unknown how
changes to the endocannabinoid system could lead to CB1 receptor agonist-induced nausea, and
more empirical research is needed to identify the mechanisms involved.
1.7

The present experiments
The literature regarding the reward and aversion produced by CB1 receptor agonists is

inconsistent and contradictory. The mechanisms and factors that influence reward and aversion
remain an active area of investigation. Existing evidence implicates the endocannabinoid system
in reward and aversion processes. Based on the literature, the rewarding and aversive effects
produced by cannabinoids are dependent on many factors, including dose, route of
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administration, differences in species and strain of animal used, and differences in methodology
or analysis. The aversive effects of CB1 receptor agonists, such as anxiety or nausea as seen with
CHS, could be masking any rewarding effects produced by the drug. Aversive effects of CB1
receptor agonists are thought to arise from impaired stress homeostasis caused by
endocannabinoid system dysregulation. Therefore, we aimed to determine the role of the
endocannabinoid and stress systems in place aversion and nausea produced by CB1 receptor
agonism in Sprague-Dawley rats.
Chapter 2 aimed to evaluate the potential effects of an acute foot shock stress to modulate
the rewarding/aversive effects of THC and FAAH inhibition in a place conditioning paradigm.
Recent evidence has suggested that the anxiolytic effect of low doses of cannabinoids and FAAH
inhibitors requires the presence of a stressor. Foot shock stress used in these experiments has
previously been shown to reduce whole brain AEA levels for at least 24 hours, thus reducing
endogenous CB1 receptor activity, enhancing anxiety-like behaviours, and allowing subsequent
CB1 receptor activation to be anxiolytic (Bluett et al., 2014). Therefore, it was hypothesized that
foot shock stress might impact the behavioural effects of THC and the FAAH inhibitor,
URB597, in a place conditioning paradigm by mitigating some of the aversive effects of CB1
receptor agonists and revealing its anxiolytic properties. In the first experiment, we evaluated the
ability of a foot shock stressor 24 hours before conditioning to modify the rewarding/aversive
effects of relatively low doses of THC (1.0, 0.5, 0.1 mg/kg, ip). Experiment 2 evaluated the
FAAH inhibitor URB597 in the place preference paradigm when conditioned 24 hours following
foot shock stress. As discussed, the anxiolytic effect of FAAH inhibition is enhanced by prior
stress as well (Bluett et al., 2014), and FAAH inhibition typically produces neither a place
preference nor place aversion (Gobbi et al., 2005). It was predicted that foot shock stress prior to
conditioning would reveal a place preference for THC and URB597. Given that none of the
treatments in Experiments 1 and 2 produced a CPP with delayed stress, in the final experiment of
Chapter 2, the effect of an immediate foot shock stressor on THC place conditioning was
evaluated since this manipulation also reveals an anxiolytic effect of CB1 receptor agonism
(Fokos & Panagis, 2010; Haller et al., 2009).
Given that Chapter 2 revealed an aversive effect of THC in a place conditioning paradigm
that could be modified by stress and the characterization of CHS, Chapter 3 aimed to examine
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the potential nausea-inducing effects of high dose THC in a taste reactivity paradigm.
Considerable research exists regarding the anti-nausea properties of cannabinoids; however,
research investigating cannabinoid-induced nausea, and as an extension CHS, is lacking and
often limited to case studies and secondary observations. Furthermore, cannabinoid-induced
nausea is an aversive consequence of CB1 receptor agonism, where the endocannabinoid and
stress systems have been proposed as possible contributors to the mechanism (DeVuono &
Parker, 2020). It was hypothesized that overactivation of the CB1 receptor by high doses of THC
would cause endocannabinoid system dysregulation, particularly within stress systems leading to
nausea. In the first experiment of Chapter 3, the dose-response potential of THC (0.0, 0.5, 5.0,
and 10.0 mg/kg, ip) to produce conditioned gaping reactions in the taste reactivity paradigm was
established. If high doses of THC cause endocannabinoid system dysregulation, high but not low
doses of THC were expected to produce conditioned gaping.
To determine the role of the CB1 receptor in producing THC-induced nausea, the second
experiment in Chapter 3 evaluated the potential of the CB1 receptor antagonist/inverse agonist,
rimonabant, to interfere with the establishment of THC-induced conditioned gaping and taste
avoidance produced by 10 mg/kg (ip) THC. If THC induces nausea through its action on the CB1
receptor, then rimonabant should prevent the establishment of conditioned gaping. However,
rimonabant should not prevent the development of conditioned taste avoidance because
treatments that reduce LiCl-induced nausea block conditioned gaping, but not taste avoidance.
The taste avoidance test provides an assessment of the potential of the pretreatment to interfere
with learning per se rather than THC-induced nausea (Parker, 2014). Therefore, if the attenuation
of gaping is indeed the result of interference with THC’s nauseating effects, then the
pretreatment should interfere with gaping but not conditioned taste avoidance. To determine if
endocannabinoid system dysregulation is part of the mechanism of THC-induced nausea, the
final experiment of Chapter 3 investigated CB1 receptor downregulation or dysregulation of
endocannabinoid related enzymes (DAGLα, MAGL or FAAH) in brain regions relevant to THCinduced nausea. It was hypothesized that exposure to high doses of THC would lead to changes
in expression of the CB1 receptor and enzymes responsible for synthesizing (i.e. DAGLα) and
degrading (i.e. MAGL and FAAH) the endocannabinoids, which may contribute to the
development of CHS and THC-induced nausea (Darmani, 2010; DeVuono & Parker, 2020).
Previous literature indicates that THC produces dose-dependent and region-specific changes to
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CB1 receptor expression and function (Sim-Selley, 2003). Administration of THC also alters the
concentration of endocannabinoids (Di Marzo et al., 2000; González et al., 2004). However,
research regarding the effect of THC on endocannabinoid enzyme expression is limited. In
Chapter 3, real-time polymerase chain reaction (RT-PCR) was used to evaluate changes in
endocannabinoid related gene expression produced by repeated administration of different doses
of THC (0, 0.5 and 10 mg/kg, ip) in regions of interest, including the hypothalamus, the IIC and
the DVC, as reviewed above. Endocannabinoid gene expression changes were expected in
regions of interest, including the hypothalamus, the IIC and the DVC, as reviewed above. Tissue
was analyzed from the hippocampus and GIC as well as control regions not involved in nausea
where no gene expression changes were expected.
Finding that THC produced dose-dependent conditioned gaping via its action at the CB1
receptor in Chapter 3, the objective of Chapter 4 was to expand on this finding and determine if
JWH-018, a full agonist of the CB1 receptor, also produces nausea through a CB1 mechanism.
JWH-018 is part of a class of recreational designer drugs that contain synthetic cannabinoids,
collectively known as “Spice” drugs (Seely et al., 2012). JWH-018 is a full agonist of the CB1
receptor instead of a partial agonist like THC and is more efficacious at the CB1 receptor (Brents
et al., 2011). Full agonists produce aversive effects at lower doses than the partial agonist THC
in CPP (McGregor et al., 1996; Parker & Gillies, 1995) and ICSS models (Vlachou et al., 2005,
2007). Spice drugs are often associated with more severe side effects than cannabis, which
include convulsions, panic, anxiety, hallucinations, as well as nausea and vomiting (Müller et al.,
2016; Schneir & Baumbacher, 2012; Spaderna et al., 2013; Zimmermann et al., 2009). Indeed,
individuals who use Spice are more likely to seek emergency room treatment or request
assistance from poison centers (Forrester et al., 2012; van Amsterdam et al., 2015). It is
important to note that case studies demonstrate that CHS can be produced by synthetic
cannabinoid use (Bick et al., 2014; Hopkins & Gilchrist, 2013; Ukaigwe et al., 2014). Therefore,
JWH-018 should produce conditioned gaping at lower doses than THC but still follow a dosedependent pattern. In this chapter, Experiment 1 investigated the dose-response potential of
several doses of JWH-018 (0.0, 0.1, 1.0, and 3.0 mg/kg, ip) to produce conditioned gaping
reactions in a taste reactivity paradigm. Similar to Chapter 3, the effects of rimonabant on
conditioned gaping produced by 3 mg/kg JWH-018 was examined to determine if JWH-018induced nausea is also CB1 receptor mediated. Lastly, a dysregulated stress response was
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hypothesized to contribute to the aversive effect of cannabinoid-induced nausea; therefore, serum
glucocorticoid hormone CORT was quantified in rats given repeated injections of 3 mg/kg JWH018. A dose of JWH-018, which produce conditioned gaping, was also predicted to elevate
CORT.
Experiments in Chapter 5 were conducted to investigate the mechanisms of THC-induced
nausea further, and in particular, test the hypothesis that THC-induced stress contributes to THCinduced nausea. The first experiment employed several different pharmacological manipulations
as systemic pretreatments during taste reactivity conditioning to establish their effect on
conditioned gaping and taste avoidance produced by 10 mg/kg THC, ip. As previously described,
HPA axis activity is associated with nausea and vomiting (Levinthal & Bielefeldt, 2014; Otto et
al., 2006; Richards, 2017; Taché, 1999; Venkatesan et al., 2016). Therefore, to determine if HPA
axis activation is involved in the development of THC-induced nausea, the selective CRH
receptor 1 antagonist, antalarmin (ANT), which inhibits the neuroendocrine response to stress
(Deak et al., 1999), was administered during conditioning. If HPA axis initiation (i.e. CRH
release) precedes THC-induced nausea, ANT was expected to interfere with THC-induced
conditioned gaping. Since the endocannabinoids, AEA and 2-AG, are essential for inhibiting the
stress response (Hill & Tasker, 2012), we evaluated the potential of prolonging their action at the
CB1 receptor by inhibiting their degradation with the selective MAGL inhibitor, MJN110, and
selective FAAH inhibitor, URB597, to interfere with THC-induced nausea. Increasing the
concentration of 2-AG and AEA promotes stress resiliency and inhibits stress-induced anxietylike responding (Bedse et al., 2017; Bluett et al., 2017; Gray et al., 2015) and therefore were
expected to interfere with THC-induced nausea. The β-adrenergic antagonist, propranolol (PRO),
and the 5HT1A receptor antagonist, WAY-100635 were also administered during conditioning, as
they have previously been shown to attenuate the CORT release produced by a high dose of a
CB1 receptor agonist (McLaughlin et al., 2009) and were predicted to attenuate THC-induced
nausea. Furthermore, typical anti-emetic drugs are not effective at alleviating CHS symptoms in
humans; however, benzodiazepines are commonly used and effective treatments (Richards et al.,
2017). Therefore, chlordiazepoxide (CDP), a benzodiazepine which inhibits the stress response
and anxiety (Le Fur et al., 1979; Mikkelsen et al., 2005), and ondansetron, a 5-HT3 receptor
antagonist and classic anti-emetic drug that is ineffective in humans with CHS (Richards et al.,
2017), were tested against THC-induced nausea. Based on the human literature regarding CHS,
41

CDP, but not ondansetron, was predicted to interfere with THC-induced conditioned gaping in
rats.
The final experiment of Chapter 5 aimed to determine the dose-dependent effect of THC
on CORT concentrations. Serum CORT levels of rats treated with repeated doses of a low, nonnauseating (0.5 mg/kg), or a high, nauseating (10 mg/kg) doses of THC. We demonstrated in
Chapter 4 that a high dose of JWH-018, which produced nausea in rats, also elevated serum
CORT levels. The literature suggests that CB1 receptor agonists have a dose-dependent effect of
HPA axis activation as indexed by increased CORT, ACTH and CRH production (Corchero et
al., 1999; McLaughlin et al., 2009; Murphy et al., 1998; Puder et al., 1982). Therefore, repeated
administration of 10 mg/kg but not 0.5 mg/kg THC (ip) was predicted to elevate serum CORT
levels compared to control rats. The objective of these experiments was to demonstrate a
relationship between THC-induced nausea and activation of the HPA axis.
In the final experimental chapter of this dissertation, Chapter 6, we evaluated the potential
of cannabidiol (CBD) to interfere with the establishment of THC-induced nausea and its
mechanism of action. CBD is a non-intoxicating compound found in the cannabis plant. CBD is
often studied for its therapeutic potential, including studies demonstrating that it is an effective
anti-nausea treatment (Parker et al., 2002b; Rock et al., 2012). Considerable evidence suggests
that CBD antagonizes many of the aversive effects of THC, including CPA, paranoia and
anxiety, particularly stress-induced anxiety (Bhattacharyya et al., 2010; Englund et al., 2013;
Malone et al., 2009; Zuardi et al., 1982, 1993, 2006). CBD has also been found to prevent the
increased transcription of HPA-axis related genes following restraint stress, including the genes
for CRH and proopiomelanocortin (POMC) (Viudez-Martínez et al., 2018). The
phytocannabinoid CBD typically does not act through CB1 receptors and is known to act as an
indirect agonist of somatodendritic 5-HT1A autoreceptors in the dorsal raphe nucleus (DRN) to
reduce serotonin release in the forebrain (Limebeer et al., 2018; Rock et al., 2012; Russo et al.,
2005). It was hypothesized that at high doses, THC elevates forebrain serotonin, activates the
HPA axis and contributes to THC-induced nausea. Since CBD acts as an agonist at 5-HT1A
autoreceptors and reduces serotonin release, CBD was expected to interfere with THC-induced
conditioned gaping. Chapter 6 evaluated the ability of 5 mg/kg (ip) CBD to interfere with THCinduced conditioned gaping and the ability of a low dose of WAY-100635 that does not interfere
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with THC-induced nausea on its own (0.1 mg/kg, ip) to block the effects of CBD on THCinduced nausea. Finding that CBD successfully interfered with THC-induced conditioned
gaping, CBD was also expected to interfere with the THC-induced elevation in CORT. The final
experiment of Chapter 6 evaluated if CBD could also interfere with the elevation of serum
CORT levels produced by 10 mg/kg THC to further support the interaction between HPA axis
activation and nausea.
Ultimately, the research presented in this dissertation aims to grow the body of literature on
the aversive effects of CB1 receptor agonism. The experiments within this dissertation were
conducted to elucidate the interactions of the endocannabinoid system, the stress response, and
nausea systems in cannabinoid aversion.
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Table 1. Rome IV diagnostic criteria for cyclical vomiting syndrome (CVS) and cannabinoid
hyperemesis syndrome (CHS), adapted from DeVuono and Parker 2020.

Cyclical Vomiting Syndrome (CVS)

Cannabinoid Hyperemesis Syndrome (CHS)

Acute onset stereotypical vomiting
episode that last less than 1 week

Stereotypical vomiting episodes similar to
CVS

At least 3 episodes in the previous year, 2
episodes in the last 6 months at least 1
week apart

Presentation following sustained excessive
cannabis use

No vomiting between episodes

Relief from vomiting after abstinence from
cannabis

Symptoms must be present for 3 months
with onset 6 months earlier

Symptoms must be present for 3 months with
onset 6 months earlier

Supportive criteria: History of migraine
headaches

Supportive criteria: Pathological bathing
behaviour (prolonged hot baths or showers)
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Figure 1. The rat gape is topographically similar to the shrew retch. Unlike rats, which cannot
vomit, shrews will vomit in response to emetic stimulation. Adapted from Parker, 2014.
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2.1

Abstract

Rationale: Unlike other drugs of abuse, Δ9-tetrahydrocannabinol (THC) is generally aversive in
rodent conditioned place preference models, but little is known about how stress may modify
THC’s affective properties.
Objective: We evaluate the potential of footshock stress to enhance the rewarding effects of THC
and the fatty acid amide hydrolase inhibitor, URB597, as it has been shown to enhance their
anxiolytic effects.
Materials and methods: The effect of footshock stress 24 hr prior to each conditioning trial on
the rewarding/aversive effects of THC (1, 0.1, 0.5 mg/kg, ip) and URB597 (0.3 mg/kg, ip) was
evaluated in an unbiased place conditioning procedure in rats. Subsequently, the same stressor
was given immediately prior to conditioning with THC (1 and 0.1 mg/kg). Locomotor activity
was also measured during conditioning.
Results: A dose of 1 mg/kg THC, but not 0.1-0.5 mg/kg, produced a conditioned place aversion
(CPA) that was not modified by footshock delivered 24 hr prior to conditioning trials; however,
footshock delivered immediately prior to conditioning trials prevented that CPA. Lower doses of
THC and URB597 produced no place conditioning regardless of footshock conditions. A dose of
1 mg/kg THC produced locomotor suppression during conditioning trials that was prevented by
footshock delivered 24 hr before and reversed to locomotor activation by footshock delivered
immediately before conditioning.
Conclusions: Unlike the effect of footshock on THC- and URB597-induced anxiolytic effects,
footshock does not promote THC or URB597-induced reward in a conditioned place preference
paradigm. However, footshock stress reverses the sedative effects of 1 mg/kg THC.

Keywords: Δ9-tetrahydrocannabinol (THC), Fatty acid amide hydrolase (FAAH), Place
conditioning, Stress, Fear conditioning.
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2.2

Introduction
Cannabis has been used by humans for centuries for recreational and medicinal purposes

(Mechoulam & Parker, 2013). Several constituents of the plant have been identified, including
Δ9-tetrahydrocannabinol (THC) (Mechoulam & Gaoni, 1965). THC is the main psychoactive
compound, and therefore, thought to be responsible for motivational and rewarding/aversive
effects produced by cannabis. THC produces its psychoactive effects by binding to cannabinoid
1 (CB1) receptors in the brain (Devane et al., 1988). These receptors are located throughout the
brain and are normally activated by endogenous ligands known as endocannabinoids,
anandamide (AEA; Devane et al. 1992) and 2-arachidonoylglycerol (2-AG; Mechoulam et al.
1995), which are degraded by fatty acid amide hydrolase (FAAH; Cravatt et al. 1996) and
monoacylglycerol lipase (MAGL; Dinh et al. 2004), respectively.
In humans, most cannabis users report feelings of relaxation, and euphoria which often
lead to recurrent use and dependence (Green et al., 2003); although, contradictory reports of
dysphoria, paranoia, and panic are also commonly reported (Green et al., 2003; Reilly et al.,
1998). Due to its popularity of use in humans and its contradictory subjective effects, it is of
interest to better understand the rewarding and/or aversive effects of THC using tests of reward
in animals.
In general, animal models suggest that THC is much less capable of producing rewarding
effects than other drugs of abuse, such as cocaine, amphetamine and morphine (Mechoulam &
Parker, 2013). Unlike other drugs of abuse, THC is generally not self-administered by laboratory
animals (Amit et al., 1973; Corcoran & Amit, 1974; Harris et al., 1974; Leite & Carlini, 1974; Li
et al., 2012; Pickens et al., 1973) although squirrel monkeys have been reported to selfadminister THC at very low doses (Justinova et al., 2003; Tanda et al., 2000). Although THC is
not self-administered by rodents (except for local brain injections of THC; Braida et al. 2004;
Zangen et al. 2006), other agonists of the CB1 receptor are intravenously self-administered,
including the synthetic agonist WIN55-212 (Fattore et al., 2001; Lecca et al., 2006; Martellotta et
al., 1998), JWH-018 (De Luca et al., 2015), and the endocannabinoid 2-AG (De Luca et al.,
2014). These agents are full agonists of the CB1 receptor, unlike THC, which is a partial agonist
at that receptor.
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The conditioned place preference (CPP) paradigm is another common measure of reward
in rodents. Unlike self-administration, which is a direct measure of drug intake, conditioned
place preference is an indirect measure of drug reward requiring a prior association between the
cues of the place with the effect of the drug. This paradigm has the advantage of not only
measuring drug reward but also drug aversion. If the rodent spends less time in the drug-paired
compartment than in the vehicle-paired compartment, it demonstrates a conditioned place
aversion (CPA), indicating an aversive nature of the drug (Tanda, 2016; Tzschentke, 2007).
When standard place conditioning procedures are used with rats, the majority of studies
have found that THC produces a CPA at doses of 1.0 mg/kg or greater when injected
intraperitoneally (ip) (Cheer et al., 2000; Mallet & Beninger, 1998; Parker & Gillies, 1995;
Sanudo-Pena et al., 1997). Synthetic cannabinoids (including CP 55,940 [McGregor et al. 1996],
WIN 55,212-2 [Chaperon et al. 1998], and HU-210 [Cheer et al. 2000]) also generally produce a
CPA. On the contrary, low doses of THC (< 1.0 mg/kg, ip) have been reported either to produce
no place conditioning (Mallet & Beninger, 1998; Parker & Gillies, 1995) or to produce a CPP in
rats (Braida et al., 2004; Le Foll et al., 2006; Lepore et al., 1995). Although most studies with
mice also show a THC-induced CPA (Hutcheson et al., 1998; Vann et al., 2008; Vlachou et al.,
2007), pre-exposure to THC can produce a CPP (Ghozland et al., 2002; Soria et al., 2004;
Valjent & Maldonado, 2000), but pre-exposure to THC does not produce a CPP in rats (Hempel
et al., 2016; Quinn et al., 2008).
Clearly, under typical laboratory conditions, THC does not produce a robust rewarding
effect in rodents; however, the potential of THC to produce a rewarding effect under stressful
baseline conditions has not been explicitly evaluated in the place conditioning procedure. In
humans, some of the effects of cannabis intoxication are dependent on the basal level of anxiety
among users. Adverse reactions, such as anxiety and panic, are more common in novel or
stressful situations (Gregg et al., 1976; Naliboff et al., 1976). Indeed, in the animal literature,
there is considerable evidence that prior stressors modify the effects of cannabinoids on rodent
anxiety-like behaviours (e.g., Hill and Gorzalka 2004; Patel et al. 2005b; Naidu et al. 2007;
Haller et al. 2009, 2013, 2014; Fokos and Panagis 2010; Bluett et al. 2014). Recently, Bluett et
al. (2014) found that exposure of mice to a fear conditioning session produced a deficit in brain
AEA levels and enhanced anxiety-like behaviour 24 hr later, with both effects prevented by
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pretreatment with the FAAH inhibitor, PF3845. As well, stress-induced enhancement of anxietylike responding 24 hr later was reversed by pretreatment with a low dose (0.1-0.25 mg/kg, ip) of
THC (Bluett et al., 2017; Rock et al., 2017a) or the CB1 agonist CP 55,940 (Bedse et al., 2017)
prior to behavioural testing. These findings suggest that that agonism of the CB1 receptor may be
involved in easing stress. Indeed, one of the most commonly cited reasons for cannabis use is
stress reduction (Patel et al., 2014). Since prior stress can promote the anxiolytic effects of THC,
it is also possible that prior stress may promote the rewarding effects of THC as assessed by
place preference learning.
The current experiments aimed to determine if the rewarding properties of THC may be
revealed in a place conditioning paradigm if rats are conditioned in a stressed state. In
Experiment 1, rats were conditioned with relatively low doses of THC (1, 0.1, 0.5 mg/kg, ip) 24
hr following exposure to a fear conditioning session as described by Bluett et al. (2014). It was
predicted that rats conditioned following footshock stress would develop a preference for the
place paired with THC, whereas rats conditioned following no footshock stress would either
develop a CPA or no conditioning would occur. The effect of THC on activity level during
conditioning in stressed and non-stressed rats was also assessed. The order in which the doses
were evaluated (1 mg/kg, 0.1 mg/kg, and then 0.5 mg/kg) was based upon the results of each
prior experiment in an attempt to maximize the effect of stress on THC-induced reward. In
Experiment 2, since prior stress has been shown to enhance the anxiolytic effect of FAAH
inhibition (Bluett et al., 2014; Haller et al., 2009), we evaluated the potential of the FAAH
inhibitor, URB957, to produce a CPP when conditioned 24 hr following footshock stress. Under
typical laboratory conditions, FAAH inhibition does not produce a CPP or CPA (Gobbi et al.,
2005). Finally, given that none of our treatments produced a CPP with delayed stress, a final
experiment evaluated the potential of footshock stress immediately prior to conditioning to
modify THC reward, as manipulations of immediate prior stress reveal an anxiolytic effect of
CB1 agonists (Fokos & Panagis, 2010) and FAAH inhibition (Haller et al., 2009).
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2.3
2.3.1

Methods
Subjects
One hundred and twenty male Sprague-Dawley rats weighing 260-325 g at the first

conditioning trial, from Charles River Laboratories (St Constant, Quebec) were used. Only males
were used because the previous work in our laboratory on using THC in place conditioning has
been with males. If we find effects of stress on THC reward, we plan to evaluate these
manipulations in females in the future. Subjects were pair housed in a room maintained at 21
degrees C on a 12 hr reverse light-dark cycle with ad libitum access to food and water
throughout the experiment. Rats were handled every day for 3 days prior to the start of the
experiment to reduce handling stress during conditioning. All animal procedures were approved
by the Animal Care Committee of the University of Guelph and adhere to the guidelines of the
Canadian Council of Animal Care.
2.3.2

Drugs
All solutions were administered intraperitoneally (ip) at a volume of 1ml/kg. Δ9-

tetrahydrocannabinol (THC) and the FAAH inhibitor, [3-(3-Carbamoylphenyl)phenyl] Ncyclohexylcarbamate (URB597), were prepared in a solution of 1 (ethanol): 1 (Tween 80): 18
(saline). THC or URB597 was first dissolved in ethanol, and Tween 80 was added to the solution
in a graduated tube, and the ethanol was evaporated off with nitrogen stream, after which saline
was added to the remaining measured solution to ensure appropriate concentration of THC or
URB597. THC was prepared at concentrations of 1 mg/ml (Experiment 1a), 0.1 mg/ml
(Experiment 1b) and 0.5 mg/ml (Experiment 1c) and administered at 1 ml/kg. URB597 was
prepared at a concentration of 0.3 mg/ml and administered at 1 ml/kg 2 hr prior to manipulations
(see Fegley et al. 2005 for time course of FAAH inhibition after this dose of URB597). The
vehicle (VEH) solution consisted of Tween 80 and saline with a 1:9 ratio, respectively.
2.3.3

Apparatus
The fear conditioning apparatus consists of 4 chambers (30 x 24 x 40 cm; MED-

Associates, Burlington, VT, USA) constructed with aluminum walls, a clear plexiglass door, and
a metal grid floor with waste collection tray. Each chamber is housed in a sound attenuated
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cabinet and has a speaker for auditory stimuli and solid-state grid scrambler to deliver
footshocks. Movement is recorded by a near-infrared camera connected to a computer. Waste
collection trays were sprayed with 1% acetic acid solution to provide a novel odour. The place
conditioning apparatus was a rectangular (60×25×25 cm) black Plexiglas box with a wire mesh
lid (as previously described in Parker et al. 2004a). Chambers differed solely by floor textures:
one floor had black ridged rubber, and the other had sandpaper strips (2.5 cm) spaced 2.5 cm
apart to serve as contextual cues, which were pretested and found to be equally preferred
allowing for an unbiased design. During pretest and test trials, split floors equally divided into
half ridge and half sand were used. A camera mounted (1.5 m) directly over top of the boxes and
fire-wired to a computer recorded the subjects’ movement. EthoVision software was used to
define box perimeters and assign a 10-cm neutral floor zone separating the sandpaper and ridge
zones for pretest and test trials. All movement was tracked using EthoVision software.
2.3.4

Procedures

The timeline for the procedures of Experiments 1-3 is presented in Figure 1.
2.3.4.1 Pretest. In each of Experiments 1-3, the rats received a 15-min pretest using the
split ridge/sandpaper floor to assess any initial floor biases. EthoVision software tracked the rats’
movement and measured the time spent on each floor. In no experiment was there a significant
difference in the time spent on each floor. Rats with a bias of more than 350 secs for either floor
during the pretest were excluded from all further tests (with 2 rats in Experiment 1a, 0 rats in
Experiment 1b, 2 rats in Experiment 1c, 6 rats in Experiment 2, 1 rat in Experiment 3a, and 1 rat
in Experiment 3b excluded).
2.3.4.2 Experiment 1. Effect of delayed exposure to stress on THC-induced place
conditioning. Following the pretest, the rats were randomly assigned to footshock condition
(footshock/no footshock), THC paired floor (ridge/sandpaper) and order of THC trial within a
cycle of THC/VEH trials (trial 1 or trial 2). As depicted in Figure 1a, in total, the rats received 3
weekly cycles of conditioning consisting of a THC trial and a VEH trial (with the order
counterbalanced). On each trial, they were injected with the appropriate drug 10-min prior to
placement in the chamber with the appropriate floor for 30-min while EthoVision recorded their
movements as total distance (cm) travelled. In Experiment 1a, the dose of THC was 1 mg/kg
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(n=11). Since this dose produced a CPA in both groups, shock and no shock, Experiments 1b and
1c evaluated lower doses of THC (n=12; 0.1 mg/kg, and n=11; 0.5 mg/kg, respectively).
Twenty-four hr prior to both the THC trial and the VEH trial in each weekly cycle of
trials, each rat was placed in the fear conditioning chambers for 6 mins. While in the chambers,
all rats were exposed to six 30 sec tones (80 dB, 2000 Hz) delivered 1 min apart; however, only
half of the rats (Group Shock) received footshocks (0.8 mA, 0.5 sec) immediately following the
tone (following the procedure described by Bluett et al, 2014).
The place preference test trials took place 3 days following the final conditioning cycle.
Rats were placed at the intersection of the split floor daily for 15 mins on each of 2 days.
EthoVision software tracked their movement and recorded time spent on each floor for the
duration of the test.
2.3.4.3 Experiment 2: Effect of delayed stress on URB597-induced place conditioning.
The rats were treated the same as in Experiment 1, except that the conditioning drug was
URB597 (0.3 mg/kg, ip) administered 2 hrs prior to placement on the drug-paired floor.
Following the pretest, the rats received fear conditioning with footshock (n=9) or no footshock
(n=9) 24 hrs prior to both the URB597 trial and the VEH trial (counterbalanced order) during
each weekly cycle.
2.3.4.4. Experiment 3: Effect of immediate footshock stress on THC-induced place
conditioning. In Experiments 3a (n=11; 1 mg/kg, THC) and 3b (n=11; 0.1 mg/kg THC), rats
underwent 3, two-trial cycles of place conditioning as in Experiment 1, except that the place
conditioning occurred immediately following the fear conditioning with footshock or no
footshock stress. Rats were treated the same as in Experiment 1 and 2, except immediately
following footshock, rats were injected with THC or VEH (in a counterbalanced order), and 10
mins later placed in the conditioning apparatus for 30 mins. Movements were recorded with
EthoVision. This continued for 3 cycles separated by 48-72 hours. The 2 test trials took place 3
days following the final conditioning cycle.
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2.3.5

Statistical Analysis
The data for Experiment 1a (1 mg/kg THC), Experiment 1b (0.1 mg/kg THC), Experiment

1c (0.5 mg/kg THC), Experiment 2 (0.3 mg/kg URB597), Experiment 3a (1 mg/kg THC), and
Experiment 3b (0.1 mg/kg THC) were analyzed separately. For the place preference test trials,
the mean seconds spent on the THC-paired floor and the VEH-paired floor was entered into a 2 x
2 x 2 mixed factors ANOVA with the between group factor of footshock stress (no shock or
shock) and the within groups factors of drug floor (THC-paired or VEH-paired) and test trial
(test trial 1 or test trial 2). For the place conditioning trials, the mean distance (cm) travelled was
entered into a 2 x 2 x 3 mixed factors ANOVA with the between group factor of footshock stress
(No shock/shock) and the within groups factors of Drug (THC or URB597/VEH) and Trial (C1C3). Least Significant Difference (LSD) post-hoc tests were applied as appropriate. Statistical
significance was defined as p < 0.05.
2.4
2.4.1

Results
Experiment 1: Effect of delayed stress on THC-induced place conditioning.
2.4.1.1 Place Preference Tests. A dose of 1 mg/kg, but not 0.1 or 0.5 mg/kg, THC

produced a CPA that was not modified by prior footshock stress. Figure 2a-c presents the mean
number of seconds that the rats spent on the THC-paired and the VEH-paired floor on each test
trial of Experiments 1a-1c, which differed by the dose of THC evaluated. For Experiment 1a (1
mg/kg), the 2 x 2 x 2 mixed factors ANOVA revealed only a significant effect of floor, F (1, 20)
=5.5; p =0.03, rats spent less time overall (pooled across tests) on the THC-paired floor than on
the VEH-paired floor (Figure 2a); however, footshock stress did not modify the strength of the
CPA. Since the rats displayed an overall CPA with this dose of THC, we next evaluated the
potential of footshock stress to enhance the rewarding properties of a lower dose of THC (0.1
mg/kg, a dose which has been reported to produce a CPP, Braida et al. 2004; LeFoll et al. 2006).
In Experiment 1b (0.1 mg/kg), the 2 x 2 x 2 mixed factors ANOVA revealed no statistically
significant effects (Figure 2b). Therefore, we evaluated the potential of footshock stress to
enhance the rewarding effect of an intermediate dose of THC (0.5 mg/kg). In Experiment 1c (0.5
mg/kg), the 2 x 2 x 2 mixed factors ANOVA again revealed no statistically significant effects
(Figure 2c).
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2.4.1.2 Locomotor activity during the conditioning trials. To determine the potential of
prior footshock stress to modify the locomotor effects of THC, we also measured the mean
distance travelled of the rats during conditioning with each dose of THC, as displayed in Figure
3. A dose of 1 mg/kg THC (Figure 3a) reduced locomotor activity among the no shock group,
but this effect was eliminated in the shock group; however, shock stress did not modify the effect
of THC on locomotion produced by either 0.1 mg/kg THC (Figure 3b) or 0.5 mg/kg THC
(Figure 3c). For Experiment 1a, the only significant effect in the 2 x 2 x 3 ANOVA was a
significant Shock X Drug interaction, F (1, 20) = 5.0; p =0.037; THC decreased overall activity
across trials, but only among the rats that did not receive footshock stress 24 hrs prior to each
conditioning trial (p < 0.05). For Experiment 1b, the 2 x 2 x 3 ANOVA of distance travelled
during conditioning trials revealed no significant effects, indicating that a dose of 0.1 mg/kg
THC did not modify activity levels. Finally, for Experiment 1c, the 2 x 2 x 3 ANOVA of
distance traveled revealed only a significant drug by trial interaction, F (2, 40) = 5.1; p < 0.11.
Pooled across shock conditions, separate paired t-tests for each trial revealed that 0.5 mg/kg THC
reduced locomotor activity compared with VEH on conditioning trial 3, t (21) = 2.7; p=0.014,
but not on conditioning trials 1 or 2, but prior shock did not modify this effect.
2.4.2

Experiment 2: Effect of delayed footshock stress on URB597-induced place

conditioning
URB597 produced neither a CPP nor a CPA and did not modify locomotor activity
during conditioning trials in rats in the shock and no shock groups. The data presented in Figure
4a presents the mean seconds spent on the URB597-paired floor and the VEH-paired floor for
the shock and no shock conditions. The 2 x 2 x 2 mixed factors ANOVA revealed no statistically
significant effects. Figure 4b presents the mean distance travelled during the conditioning trials.
The 2 x 2 x 3 mixed factors ANOVA revealed no significant effects on locomotor activity.
2.4.3

Experiment 3: Effect of immediate footshock stress on THC-induced place

conditioning
When place conditioning trials immediately followed footshock stress, 1 mg/kg THC no
longer produced a CPA (as in Experiment 1a). Immediately following footshock stress, 1 mg/kg
THC produced increased activity relative to VEH during conditioning trials.
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2.4.3.1 Place preference tests. Figure 5 presents the mean seconds spent on the THCpaired floor for the groups conditioned with 1 mg/kg (Figure 5a) and the groups conditioned with
0.1 mg/kg (Figure 5b) immediately following footshock stress. The 2 x 2 repeated measures
ANOVA revealed no significant effects for either dose group.
2.4.3.2 Locomotor activity during the conditioning trials. Figure 6 presents the mean
distance (cm) travelled during each 30-min conditioning trial that immediately followed
footshock stress for the rats conditioned with 1 mg/kg THC (Figure 6a) and those conditioned
with 0.1 mg/kg THC (Figure 6b). The 2 x 3 mixed factors ANOVA for each dose group revealed
a significant effect of conditioning drug, F (1, 10) = 27.2; p < 0.001, for the groups conditioned
with 1 mg/kg THC immediately following footshock stress; on THC conditioning days, rats were
more active than on VEH conditioning days. However, there were no significant effects for the
groups conditioned with 0.1 mg/kg following immediate footshock.
2.5

General Discussion:
Although exposure to footshock stress 24 hr prior to a test for anxiety-like responding

produces an anxiolytic effect of low doses of THC (Bluett et al., 2017) and FAAH inhibition
(Bluett et al., 2014), the same stressor did not produce a rewarding effect of THC or FAAH
inhibition in the experiments reported here. In Experiment 1, both groups given footshock stress
or no footshock stress 24 hr prior to place conditioning with 1 mg/kg, ip, THC developed a CPA
and lower doses of THC produced neither a CPP nor CPA regardless of prior stress experience.
It is important to note that footshock stress was present 24 hr prior to both the THC and the VEH
conditioning trials during conditioning. Since delayed stress had no effect on the rewarding
effect of THC, in Experiment 3, the effect of footshock stress immediately prior to each place
conditioning trial was evaluated. When rats were conditioned immediately following footshock
stress, both 1 mg/kg and 0.1 mg/kg THC produced neither a CPA nor CPP. Therefore, the CPA
produced by 1 mg/kg THC in Experiment 1 appeared to be prevented by immediate footshock
stress; however, the CPA was not reversed to reveal a CPP.
Our finding that doses lower than 1 mg/kg, ip do not produce place conditioning are
consistent with several reports in the literature (Cheer et al., 2000; Mallet & Beninger, 1998;
Parker & Gillies, 1995; Sanudo-Pena et al., 1997). However, under slightly different
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conditioning protocols (VEH/THC trials on the same day, shorter time between dosing), some
investigators have reported that these low doses of THC produced a weak CPP in rats (Braida et
al., 2004; Le Foll et al., 2006; Lepore et al., 1995). It is conceivable that a greater number of
conditioning trials than the 3 trials used here, or a different interval between trials, or different
strain of rats (i.e. Braida et al. 2004 used Wistar rats, but Le Foll et al. 2006 used SpragueDawley rats as were used here) may have revealed a THC-induced CPP, but there is no evidence
that prior stress would promote a preference as predicted. Clearly, THC is not as rewarding as
are other drugs of abuse. Our results are consistent with those recently reported by Fokos and
Panagis (2010), who found that THC did not modify the threshold for intracranial selfstimulation, another measure of reward in rodents, regardless of prior experience with chronic
unpredictable stress.
Although footshock stress did not modify the rewarding properties of THC, it did modify
the locomotor effects of THC during the conditioning trials. Interestingly, when footshock stress
was given 24 hr prior to each conditioning trial in Experiment 1a, the locomotor suppressant
effect produced by 1 mg/kg THC in the no shock group was prevented; however, when
footshock stress was given immediately prior to each conditioning trial in Experiment 3a, 1
mg/kg THC actually enhanced locomotor activity during conditioning. Haller et al. (2014)
similarly found that FAAH inhibition prevented footshock stress suppression of locomotion that
occurred between subsequent shocks in the VEH injected mice. Therefore, under challenging
stressful conditions, it appears that the normal sedative effects of THC may be reversed to that of
activation. Similar results have been found with other drugs of abuse (i.e. morphine and
amphetamine) where footshock increases the locomotor activity following drug administration
(Herman et al., 1984; Leyton & Stewart, 1990). Previous research has shown that reinforcing
drugs, locomotion, and footshock all affect the mesolimbic dopamine pathways (Speciale et al.,
1986; Wise & Bozarth, 1987). THC has been shown to increase dopamine transmission within
this pathway as well (Cheer et al., 2004; Tanda et al., 1997). Therefore, footshock stress and
THC administration may be causing a synergistic activation of the dopamine system leading to
increased locomotion. However, this increase in dopamine is insufficient to produce a CPP.
As has been previously demonstrated (Gobbi et al., 2005), a dose of 0.3 mg/kg of
URB597 produced neither a CPA nor a CPP. At a dose of 0.3 mg/kg, URB597 has been shown
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to produce a slow and reliable accumulation of AEA in the brain with a maximal effect at 2 hr
post-injection (Fegley et al., 2005; Gobbi et al., 2005; Kathuria et al., 2003). Although exposure
to footshock stress 24 hr prior to place conditioning with the FAAH inhibitor did not modify the
rewarding/aversive effects of URB597, Bluett et al. (2014) demonstrated that the same protocol
dramatically enhanced the anxiolytic effect of the FAAH inhibitor, PF3845, in mice. Since
challenging the stress system enhances the anxiolytic effects of FAAH inhibition without
producing rewarding properties, it is unlikely FAAH inhibitors would be abused if developed as
treatments for anxiety.
Although exposure to a footshock stressor 24 hr prior to a test for anxiety-like responding
has been shown to profoundly enhance the anxiolytic-like effect of AEA (Bluett et al., 2014),
CBD (Rock et al., 2017a), cannabidiolic acid (Rock et al., 2017a), and a low dose (0.25-0.1
mg/kg) of THC (Bluett et al., 2017; Rock et al., 2017a), such a manipulation did not enhance the
rewarding effects of THC in the present experiments. This is surprising given that stress relief is
a common reason human users give for the use of cannabis (Patel et al., 2014). Anxiolysis and
reward are not the same processes. In fact, anxiolytic agents are not effective in producing
rewarding effects in an unbiased CPP paradigm. Parker et al. (1998) reported that when
evaluated in an unbiased place conditioning paradigm, the anxiolytic agent, chlordiazepoxide,
produced a conditioned place aversion, not a place preference. On the other hand, when
evaluated in a “biased” place conditioning paradigm, chlordiazepoxide conditionally attenuated
the natural aversion to the initially non-preferred side, presumably by reducing the anxiety
evoked by the non-preferred side. Therefore, a manipulation that enhances the anxiolytic effect
of THC would not necessarily be expected to increase the rewarding effect of THC. These seem
to be independent and distinct effects of a psychoactive compound. Although humans commonly
cite stress relief as their reason for using cannabis, the relief of stress does not appear to be
equivalent to the euphoric or rewarding effects of the drug.
There are limitations to using place conditioning as a measure of drug reward, given that
it lacks the face validity of self-administration. Conditioned place preference is an indirect
measure requiring the establishment of an initial association between the hedonic effect of the
drug and the cues of the place. Indeed, when a biased procedure is used in which the drug is
paired with an initially non-preferred place, several other explanations could account for a
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change in preference, including regression toward the mean and an anxiolytic effect of the drug
conditionally decreasing the anxiety produced by the initially aversive place (see Cunningham et
al. 2003). Therefore, in the present series of experiments, an unbiased procedure was used in
which rats are randomly assigned to each contextual cue that are equally preferred in an initial
pre-test. Given that a prior stressor enhances the anxiolytic effects of low dose THC (Bluett et
al., 2017), it is conceivable that a biased design may have revealed a CPP-induced place
preference in the present studies; however, that preference would be attributable to a conditioned
anxiolytic effect rather than a conditioned rewarding effect.
In conclusion, exposure to footshock stress either 24 hr prior to place conditioning or
immediately prior to place conditioning trials with relatively low doses of THC did not produce a
rewarding effect in rats, as revealed by the expression of a CPP. However, immediate, but not
delayed, experience with a highly stressful footshock appears to reduce the aversive and
locomotor suppressant effects of THC. These conclusions are, however, limited to male SpragueDawley rats. Future work with females and other rat strains is necessary to evaluate the
generalizability of these effects.
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Figure 1. Schematic representation of the experimental design employed in (a) Experiment 1 and
2 and (b) Experiment 3.
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Figure 2. Experiment 1 place preference tests when conditioning was conducted 24 hr following
footshock or no footshock stress. Mean (±sem) time spent in seconds on VEH paired floor (grey
circles) and THC paired floor (black circles) in shock and no shock groups during each 15 min
test trial. (a 1.0 mg/kg THC produced a significant place aversion over the 2 test trials, regardless
of shock treatment. (b) 0.1 mg/kg THC and (c) 0.5 mg/kg THC produced no effect on place
conditioning.
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Figure 3. Experiment 1 activity during conditioning trials when conditioning was conducted 24
hr following footshock or no footshock stress. Mean (±sem) distance travelled during each
conditioning trial with VEH (grey circles) and THC (black circles) in shock and no shock groups
during each 30 min conditioning trial. (a) 1.0 mg/kg THC suppressed locomotor activity in the
no shock group across trials, but not in the shock group. (b) 0.1 mg/kg THC had no effect on
conditioning locomotor activity. (c) 0.5 mg/kg THC suppressed locomotor activity in the 3rd
trial in both no shock and shock groups. * indicates p<0.05.
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Figure. 4 Experiment 2 place preference tests (a) and activity during conditioning (b) when
conditioning was conducted 24 hr following footshock or no footshock stress. (a) Mean (±sem)
time spent in seconds on VEH paired floor (grey circles), and URB597 paired floor (black
circles) in shock and no shock groups during each 15 min test trial. URB597 had no significant
effects on place conditioning (b) Mean (±sem) distance travelled when conditioned with VEH
(grey circles) and URB597 0.3 mg/kg (black circles) in shock and no shock groups during each
30 min conditioning trial. URB597 did not alter locomotor activity during the conditioning trials.
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Figure. 5 Experiment 3 place preference tests when conditioning was conducted immediately
following footshock stress. Mean (±sem) time spent in seconds on VEH paired floor (grey
circles), and THC paired floor (black circles) during each 15 min test trial. (a) conditioning with
1.0 mg/kg THC immediately following footshock prevented the CPA seen in Experiment 1a
(Figure 2a). (b) 0.1 mg/kg THC had no effect on place conditioning immediately following
footshock.
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Figure 6. Experiment 3 activity during conditioning when conditioning was conducted
immediately following footshock stress. Mean (±sem) distance travelled when conditioned with
VEH (grey circles) and THC (black circles) during each 30 min conditioning trial immediately
following footshock. (a) 1.0 mg/kg THC significantly enhanced locomotor activity during
conditioning trials immediately following footshock. (b) 0.1 mg/kg THC had no effect on
locomotor activity during the conditioning trials. *** indicates p<0.001.
66

CHAPTER 3

Neuropharmacology. 2018, 141: 272-282.

Conditioned gaping produced by high dose Δ9-Tetrahydrocannabinol: Dysregulation of the
hypothalamic endocannabinoid system

Marieka V. DeVuono1, Kelly M. Hrelja1, Lauren Sabaziotis1, Alex Rajna2, Erin M. Rock1,
Cheryl L. Limebeer1, David M. Mutch2 and Linda A. Parker1

1

Department of Psychology and Collaborative Neuroscience Program, University of Guelph,
Guelph, N1G 2W1, ON, Canada

2

Department of Human Health and Nutritional Science, University of Guelph, Guelph, N1G
2W1, ON, Canada

67

3.1

Abstract
∆9-Tetrahydrocannabinol (THC) is recognized as an effective treatment for nausea and

vomiting via its action on the cannabinoid 1 (CB1) receptor. Paradoxically, there is evidence that
THC can also produce nausea and vomiting. Using the conditioned gaping model of nausea in
rats, we evaluated the ability of several doses of THC (0.0, 0.5, 5 and 10 mg/kg, ip) to produced
conditioned gaping reactions. We then investigated the ability of the CB1 receptor antagonist,
rimonabant, to block the establishment of THC-induced conditioned gaping. Real-time
polymerase chain reaction (RT-PCR) was then used to investigate changes in endocannabinoid
related genes in various brain regions in rats chronically treated with VEH, 0.5 or 10 mg/kg
THC. THC produced dose-dependent gaping, with 5 and 10 mg/kg producing significantly more
gaping reactions than VEH or 0.5 mg/kg THC, a dose known to have anti-emetic properties.
Pretreatment with rimonabant reversed this effect, indicating that THC-induced conditioned
gaping was CB1 receptor mediated. The RT-PCR analysis revealed an upregulation of genes for
the degrading enzyme monoacylglycerol lipase (MAGL) of the endocannabinoids 2arachidonoylglycerol (2-AG) in the hypothalamus of rats treated with 10 mg/kg THC. No
changes in the expression of relevant genes were found in nausea (interoceptive insular cortex)
or vomiting (dorsal vagal complex) related brain regions. These findings support the hypothesis
that THC-induced nausea is a result of a dysregulated hypothalamic-pituitary-adrenal axis
leading to an overactive stress response.

Keywords: Delta9-tetrahydrocannabinol, conditioned gaping, endocannabinoid system,
hypothalamus, nausea
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3.2

Introduction
One of the first approved and recognized medical uses of cannabis in modern medical

history was for the treatment of chemotherapy-induced nausea and vomiting. Synthetic ∆9tetrahydrocannabinol (THC), the psychoactive component of cannabis (Mechoulam & Gaoni,
1965), was approved for use in both United States (dronabinol) and Canada (Marinol) to
alleviate nausea and vomiting produced by chemotherapy in 1985 (Pertwee, 2009). Now, it is
well understood that THC reduces vomiting by acting on cannabinoid-1 (CB1) receptors, of the
endocannabinoid system, in brainstem emetic regions (Dorsal Vagal Complex; DVC) in animal
models of emesis, such as ferrets and shrews (Darmani, 2001b; Parker et al., 2004b; Van Sickle
et al., 2003).
Despite the vast body of literature indicating that cannabinoids prevent vomiting, there are
paradoxical reports of pro-emetic effects for THC. When administered at doses greater than 3
mg/kg, THC can produce vomiting in shrews, also by acting on CB1 receptors (Cluny et al.,
2008). Moreover, humans report nausea and vomiting as a side effect when given high doses of
THC (Frytak et al., 1979; Noyes et al., 1975; Vaziri et al., 1981) and synthetic cannabinoids (i.e.
“Spice”) (Forrester et al., 2012; Seely et al., 2012; Zimmermann et al., 2009). These behaviours
mirror the effect of humans diagnosed with cannabinoid hyperemesis syndrome (CHS; Allen et
al. 2004). CHS is characterized by episodes of cyclical nausea and vomiting, usually
accompanied by abdominal pain. This syndrome is seen as a side effect of chronic, high dose
cannabis use (Sorensen et al., 2017; Venkatesan et al., 2014). To date, there is no
pharmacological treatment for CHS, which is not responsive to typical antiemetic drugs, such as
the 5-HT3 receptor antagonist, ondansetron (Richards et al., 2017). Indeed, the best treatment for
CHS is abstinence from cannabis, which is effective in 98.6% of the cases (Sorensen et al.,
2017); however, high-temperature baths/showers reduce symptom severity in 92.3% of cases
reported (Sorensen et al., 2017). Understanding the underlying pathophysiology of cannabinoidinduced nausea/vomiting could lead to the development of effective treatments for this
debilitating syndrome. Since both the anti-emetic and the pro-emetic effects of THC are
mediated by its action on the CB1 receptor (Cluny et al., 2008; Darmani, 2001b; Sharkey et al.,
2014; Van Sickle et al., 2001), it is likely that CHS is mediated by a dysregulated
endocannabinoid system (Darmani, 2010).
69

Animal models of vomiting have been valuable in elucidating the neural mechanisms of
the emetic reflex (Hornby, 2001); however, the central mechanisms regulating nausea are still
not well understood (Andrews & Horn, 2006). One reason for this is that nausea is much more
difficult to quantify than vomiting, and therefore, preclinical model development has been
challenging. Although rats are not capable of vomiting, they receive the same gastrointestinal
signals that precede vomiting in emetic species (Horn et al., 2004). In both rats (which do not
vomit) and house musk shrews (which do vomit), CB1 receptor agonists reduce intestinal 5-HT
release from enterochromaffin cells triggered by the emetogenic Staphylococcal enterotoxin (Hu
et al., 2007). As well, in both rats and ferrets (which also vomit), the nausea-inducing
chemotherapeutic drug, cisplatin, causes the release of intestinal 5-HT, which activates 5-HT3
receptors on vagal afferents; and can be blocked by 5-HT3 receptor antagonists (Endo et al.,
1995; Horn et al., 2004). In the rat, the area postrema detects blood-borne toxins (Bernstein et al.,
1992; Eckel & Ossenkopp, 1996), as it does in vomiting species. Therefore, rats detect toxins in
a similar manner as ferrets and shrews, but the motor output is missing (Horn et al., 2004).
Because rats cannot vomit, they provide an excellent animal model for investigating nausea
without the confounding variable of vomiting. Although vomiting is a gastrointestinal event
controlled by brainstem structures, considerable evidence indicates that activation of the
interoceptive insular cortex (IIC) is required to produce the distinct sensation of nausea
(Contreras et al., 2007; Napadow et al., 2013; Penfield & Faulk, 1955; Sclocco et al., 2016;
Sticht et al., 2016; Tuerke et al., 2012).
Of course, we do not know if a rat experiences the same thing as a human who subjectively
reports a sensation of nausea. However, considerable behavioural evidence confirms that
manipulations that produce nausea and vomiting in emetic species promote conditioned gaping
behaviours in rats in the taste reactivity test, elicited by a nausea-paired flavour (Grill &
Norgren, 1978). Gaping is not simply an incipient vomiting response in rats; instead, this
behaviour relies on conditioning. Following a single pairing of saccharin or sucrose with an
emetic drug, such as Lithium Chloride (LiCl), rats react to that sweet taste by displaying
conditioned gaping reactions. Conditioned gaping requires similar orofacial musculature as
vomiting in emetic species (Travers & Norgren, 1986) and is topographically similar to the
orofacial components of retching in the shrew (Parker, 2003). For decades, the standard measure
to determine if a treatment produced the aversive effects of nausea was conditioned taste
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avoidance; however, it has been well documented that non-nauseating drugs, and even rewarding
drugs, also produce taste avoidance (Parker, 1995). Unlike taste avoidance, conditioned gaping is
only produced by emetic drugs, not by rewarding drugs (Parker, 1995). As well anti-emetic
drugs, including 5-HT3 receptor antagonists (Limebeer & Parker, 2000), 5-HT1A autoreceptor
agonists (such as 8-OH-DPAT, Limebeer and Parker 2003; and cannabidiol, Rock et al. 2012),
low doses of THC (0.5 mg/kg; Limebeer and Parker 1999), and drugs which boost the natural
endocannabinoid system (see Sticht et al., 2015b for review), prevent the establishment of
nausea-induced conditioned gaping responses, but not nausea-induced taste avoidance in rats.
Therefore, conditioned gaping in the taste reactivity test is a more selective measure of nausea
than conditioned taste avoidance in rats (see Parker 2014 for review).
At low doses (e.g., 0.5 mg/kg, ip), THC has been shown to prevent nausea-induced
aversive taste reactivity responding in rats by a CB1 receptor mechanism of action (Limebeer &
Parker, 1999; Parker et al., 2003), it has also been shown to produce conditioned gaping at higher
doses when explicitly paired with a taste (2.5 mg/kg, ip; Parker and Gillies 1995). This suggests
that these higher doses of THC produce nausea in rats, as does LiCl and other emetic drugs.
Therefore, conditioned gaping to a THC-paired flavour in rats may be a useful preclinical model
of cannabinoid-induced nausea, which can be used to explore the neurobiological underpinnings
of this aversive effect of cannabinoids reported in CHS.
Here, we evaluated the potential of a range of doses of THC to produce conditioned gaping
and if THC-induced conditioned gaping is mediated through CB1 receptors by examining the
potential of the CB1 receptor antagonist, rimonabant, to prevent the establishment of THCinduced conditioned gaping. Additionally, we evaluated the potential of THC to produce changes
in the expression of genes related to the CB1 receptor, the endocannabinoid degrading enzymes,
monoacylglycerol lipase (MAGL), which degrades 2-arachidonoylglycerol (2-AG) and fatty acid
amide hydrolase (FAAH), which degrades anandamide (AEA), and the 2-AG synthesizing
enzyme, diacylglycerol lipase (DAGLα), using real-time reverse transcriptase polymerase chain
reaction (RT-PCR) in brain regions implicated in the neurobiology of nausea (IIC; Sticht et al.
2016, and DVC; Sharkey et al. 2014), stress and thermoregulation (hypothalamus (HYP);
Nakamura 2011) and in the non-nausea related control regions of the gustatory insular cortex
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(GIC; Tuerke et al. 2012) and hippocampus (HPC) which are expected not to be implicated in
THC-induced hypernausea.
3.3
3.3.1

Methods
Subjects
Animal procedures were according to the Canadian Council on Animal Care (CCAC)

and the National Institute of Health guidelines. All protocols were approved by the Institutional
Animal Care Committee at the University of Guelph, which is accredited by the CCAC. Animal
studies are reported in compliance with the ARRIVE guidelines (Kilkenny et al., 2010). A total
of 88 naïve male Sprague-Dawley rats obtained from Charles River Laboratories (St Constant,
Quebec) were used in all experiments. Rats were single-housed in opaque plastic shoebox cages
(48 x 26 x 20 cm), each containing Bed-o-Cob bedding (Harlan Laboratories, Inc., Mississauga,
ON), a brown paper towel, Crink-l’Nest™ (The Andersons, Inc., Maumee, Ohio), and a white
paper cup that was 14 cm long and 12 cm in diameter. Cages were housed in a colony room with
an ambient temperature of 21˚C on a 12/12 light/dark schedule. Rats were maintained on an ad
libitum diet of food (Highland Rat Chow [8640]) and water. On the first day of conditioning, rats
weighed between 288 and 361g and between 343 and 416 g on the day of tissue collection for
PCR experiments. All experimental manipulations occurred during the dark phase of the cycle.
3.3.2

Drugs
The method of injection for all drugs used was intraperitoneal (ip). THC and rimonabant

(SR 141716A) were dissolved in ethanol, and then Tween 80 (Sigma) was added to the solution
in a graduated cylinder. Using a nitrogen stream, the ethanol was then evaporated off. Saline was
then added to the solution. The final vehicle (VEH) solution was composed of 1:9 Tween:SAL.
THC was mixed at a concentration of 0.5, 5 and 10 mg/ml and administered ip at 1 ml/kg (0.5, 5
and 10 mg/kg). Rimonabant was prepared as a 1 mg/ml solution of the vehicle and was
administered ip at volumes of 1 ml/kg (1 mg/kg).
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3.3.3

Apparatus
The taste reactivity (TR) chamber was a clear Plexiglas chamber (25 x 25 x 12.5 cm)

with a removable, opaque Plexiglas lid that was placed on top of a table with a clear glass top. A
mirror was placed beneath the chamber at a 45˚ angle to record the rat’s ventral surface. The
intraoral infusions were delivered by an infusion pump (Model KDS100, KD Scientific,
Holliston, MA, USA) located on a table next to the TR chamber. The room was dark, with one
60 W white light illuminating the chamber from the right side. A Sony DCR-HC48 video camera
with firewired feed to a computer was pointed towards the mirror below the chamber to record
the rat’s behaviour during trials.
3.3.4

Intraoral Cannulation Surgery
The rats all were implanted with intraoral cannulae as described by Limebeer et al.

(2010). Briefly, on the day of surgery, the rats were injected with an antibiotic depocillin
(Penpro: 100 mg/kg, sc; Vetoquinol) 30 min prior to being anesthetized with isoflurane gas (45% induction, 1.5% maintenance in O2). Following preparation for surgery, the rat was
administered a 5 mg/kg i.p. dose of the anti-inflammatory/analgesic drug carprofen (Rimadyl;
Pfizer Canada Inc, Kirkland, QC, Canada) and a local anesthetic (50/50% marcaine/lidocaine;
Hospira, Montreal, QC, Canada) at the surgical site. A 15 G stainless steel needle was inserted in
the prepared area on the neck, directed subcutaneously around the ear and brought out behind the
first molar inside the mouth. A 10 cm length of Intra Medic PE90 tubing (Clay Adams; Becton
Dickinson and Co, Sparks MD, USA) was then inserted through the needle, and the needle was
removed. Betadine (10%; Purdue Products L.P. Stamford CT, USA) was applied to the puncture
site, and three elastic discs (2 cm2) were placed on the cannulae and drawn to the back of the
neck to stabilize the cannula. The cannula was held secure in the oral cavity by a 6 mm disc of
polypropylene mesh (27 micron; Small Parts Inc., Miramar, FL, USA) secured behind a heat
flanked intraoral opening. Rats were returned to their home cage immediately following surgery,
and food pellets were loosely provided in the cage. For 3 days following surgery, indices of
recovery were assessed (body weight, facial swelling, activity, etc.), and the cannula was flushed
daily with an oral cleansing solution (Nolvdent; Ayerst, Fort Dodge, Iowa, USA.
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3.3.5

RNA Extraction
Tissue samples were homogenized in TRIzol with a rotor-stator. Total RNA was extracted

from tissue samples using the Qiagen RNeasy Mini Kit according to the manufacturer’s protocol
(Qiagen, Mississauga, ON, Canada). RNA was quantified using a NanoDrop 2000c
spectrophotometer (Thermo Scientific, Wilmington, DE, USA).
3.3.6

Real-Time RT-PCR
Single-strand cDNA was synthesized for use in real-time RT-PCR from 0.5 µg of total

RNA using a high-capacity cDNA kit (Applied Biosystems, Concord, ON, Canada). All
Reagents and primers required to analyze CB1 receptor (Cnr1; Assay ID: qRnoCED0008430),
monoacylglycerol lipase (Magl; Assay ID: qRnoCID0001532), diacylglycerol lipase alpha
(Daglα; Assay ID: qRnoCID0006027), fatty acid amide hydrolase (Faah; Assay ID:
qRnoCED0007967), Glyceraldehyde 3-phosphate dehydrogenase (Gapdh; Assay ID:
qRnoCID0057018), and Peptidylprolyl isomerase A (Ppia; Assay ID: qRnoCID0056995) were
purchased from Bio-Rad Laboratories (Mississauga, ON, Canada). Specific primers and SsoFast
EvaGreen master mix were used to amplify cDNA using the following protocol: enzyme
activation 95°C for 2 mins, denaturation at 95°C for 5 s, and annealing/extension at 60°C for 30
s, repeated for 40 cycles. All samples were run in triplicate and normalized to the housekeeping
gene Gapdh and analyzed using the ΔΔCt method. Ct values for Gapdh had a coefficient of
variance (%CV) ~5% in all brain regions tested. PCR data were also normalized to the
housekeeping gene Ppia (data not shown), with trends similar to that seen with Gapdh.
3.3.7

Behavioural Procedures
3.3.7.1 Experiment 1: Dose-response potential of THC to produce conditioned gaping

and tongue protrusions. Following 3 days of recovery from surgery, the rats received an
adaptation trial in which they were placed in the TR chamber with their cannula attached to the
infusion pump for fluid delivery. Water was infused into their intraoral cannulae for 2 min at the
rate of 1 ml/min. Following the adaptation trial, the rats received a series of 3 consecutive
conditioning trials occurring 24 hours apart. For each conditioning trial, the rats were
individually placed in the TR chamber and intraorally infused with 0.1% saccharin solution for 2
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min at the rate of 1 ml/min. During this time, the orofacial responses were video recorded from
the mirror beneath the chamber. Immediately following the saccharin infusion, the rat’s intraoral
cannulas were flushed with distilled water. Rats were then injected with VEH (n=8), 0.5 mg/kg
THC (n=8), 5 mg/kg THC (n=7) or 10 mg/kg THC (n=7) according to their random group
assignment. The rats were then immediately returned to their home cage. The test trial occurred
24 hours after the third conditioning trial and followed the same procedure as the conditioning
trial. Video recordings were later scored using the Observer (Noldus, NL) event recording
program. The number of gaping reactions (defined by rapid, large amplitude opening of the
mouth to expose the lower incisors), the ingestive behaviour of tongue protrusions (extension of
the tongue from the mouth in 2 sec bouts), and total activity (rearing and active locomotion) that
occurred in each two-min session were counted by two observers blind to group assignment,
with a reliability score of greater than 0.90. The scores of the most experienced observer were
entered into the ANOVA.
3.3.7.2 Experiment 2: Effects of rimonabant on the establishment of THC-induced
conditioned gaping, tongue protrusions and taste avoidance. The rats were treated as in
Experiment 1 except as indicated. Rats were randomly assigned to groups based on pretreatment
drug, rimonabant (SR) or VEH, and conditioning drug, 10 mg/kg THC or VEH, leading to the
creation of 4 groups (VEH-VEH, n=8; SR-VEH, n=8; VEH-THC, n=8; SR-THC, n=8). On each
of three trials (24 hr apart), the rats were injected ip with either 1 mg/kg SR or VEH 30 min prior
to being placed in the TR chamber with their cannula attached to the pump. The rats were then
intraorally infused with 0.1% saccharin for 2 min at a rate of 1 ml/min while orofacial reactions
were recorded from the mirror beneath the chamber. Immediately following saccharin infusion,
the rats were injected (ip) with 10 mg/kg THC and returned to their home cage. The following
day, rats underwent a drug free test trial where they were placed in the TR chamber and infused
with 0.1% saccharin solution for 2 min at a rate of 1 ml/min, and orofacial reactions were
recorded. The number of gaping reactions, tongue protrusions and total activity was again scored
with the Observer (Noldus, NL) event recording program.
The day following the test trial, rats received a one-bottle conditioned taste avoidance
test to determine if the pretreatment interfered with learning per se rather than THC-induced
nausea (Parker, 2014). Rats were deprived of water for 17 hours prior to the start of the 6-hour
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taste avoidance test. A bottle filled with the saccharin solution was placed in the rat’s home cage,
and consumption measures were taken at 30, 120, 240, and 360 minutes of testing.
3.3.7.3 Experiment 3: Effects of THC on endocannabinoid gene expression. Rats were
randomly assigned to 3 treatment conditions (VEH, 0.5 mg/kg THC and 10 mg/kg THC; n=5-6)
and injected ip with their treatment every 24 h for 3 consecutive days. The rats were killed 30
mins following the last injection by rapid decapitation (restrained in a DecapiCone; Braintree
Scientific, MA, USA), and their brains were immediately extracted (Rock et al., 2017b). Tissue
samples were collected from the hippocampus (HPC), hypothalamus (HYP), nucleus accumbens
(NAc), dorsal vagal complex (DVC), interoceptive insular cortex (IIC), and gustatory insular
cortex (GIC) (regions located using Paxinos and Watson 2007). Tissue samples were rapidly
frozen over dry ice and stored at -80°C prior to PCR analysis.
3.3.8

Data Analysis
In Experiment 1 the number of gaping reactions, tongue protrusions and total activity for

each rat was entered into a 4 x 4 mixed factors ANOVA with the between groups factor of dose
of THC (0.0, 0.5, 5, 10 mg/kg) and the within groups factor of conditioning/testing trial. In
Experiment 2, the number of gaping reactions, tongue protrusions and total activity for each rat
was entered into a 4 x 4 mixed factors ANOVA with the between groups factor of group (VEHVEH, SR-VEH, VEH-THC, and SR-THC) and the within groups factor of conditioning/testing
trial. Conditioned taste avoidance test results were entered into a 4 x 4 mixed factors ANOVA
with the between groups factor of group and the within groups factor of minutes of testing. In
Experiment 3, mean fold changes in gene expression for each gene of interest were entered into
separate one-way ANOVAs for each brain region with the between group factor of drug
treatment. Subsequent Bonferroni post hoc tests were conducted for significant main effects. For
all statistical analyses performed, significance was defined as p < 0.05.
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3.4
3.4.1

Results
Experiment 1: Dose-Response potential of THC to produce conditioned gaping, tongue

protrusions and locomotor activity.
3.4.1.1 Conditioned gaping. THC produced dose-dependent conditioned gaping reactions
across the 4 conditioning/testing trials. Figure 1A shows the mean number of gapes elicited by
THC-paired saccharin on each of the trials. The 4 x 4 mixed factors ANOVA for number of
gapes for each trial revealed significant effects of group, F(3,26)= 20.6; p< 0.001, trial, F(3,78)=
27.8; p< 0.001, and a group x trial interaction, F(9,78)= 9.8; p< 0.001. Because the interaction
was significant, subsequent one-way ANOVAs for each trial were conducted, which revealed a
significant group effect on trials 2, 3 and test (p < 0.001 all). Bonferroni post hoc analysis
revealed that groups 5 mg/kg and 10 mg/kg THC both gaped significantly more than groups
VEH or 0.5 mg/kg THC on trials 2 (p < 0.024), 3 and test (p < 0.01 all).
3.4.1.2 Tongue protrusions. THC produced a dose-dependent reduction in tongue
protrusions across the 4 conditioning/test trials, indicating a reduction in ingestive behaviours.
Figure 1B shows the mean number of 2-sec bouts of tongue protrusions elicited by THC-paired
saccharine for each trial. The 4 x 4 mixed factors ANOVA for tongue protrusions revealed
significant effects of group, F(3,26)= 10.86 ; p < 0.001, and a group x trial interaction, F(9,78)=
6.09 ; p< 0.001. One-way ANOVAs for each trial revealed a significant group effect on trials 3
and test (p’s < 0.001). Bonferroni post hoc analysis revealed that groups 5 mg/kg and 10 mg/kg
displayed significantly fewer tongue protrusions than the VEH group on trial 3 (p = 0.001 all).
All THC groups (0.5, 5 and 10 mg/kg) displayed fewer tongue protrusions than the VEH group
at test (p ≤ 0.001 all). Figure 1C
3.4.2

Experiment 2: Effects of rimonabant on the establishment of THC-induced

conditioned gaping, tongue protrusions, locomotor activity and taste avoidance
3.4.2.1 Conditioned gaping. Pretreatment with Rimonabant (SR;1 mg/kg) interfered with
the establishment of conditioned gaping elicited by 10 mg/kg THC. Figure 2A represents the
mean number of gapes displayed by the various groups on each of the trials. The 5 x 4 mixed
factor ANOVA for number of gapes for each trial revealed significant effects of group, F(3,28)=
14.28; p< 0.001, trial, F(3,84)= 8.66; p< 0.001, and a significant group x trial interaction,
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F(9,84)= 7.06; p< 0.001. To analyze the interaction, separate one-way ANOVAs for each trial
revealed a significant group effect on trials 2 (p=0.001), 3 and test (p’s < 0.001). Subsequent
Bonferroni post hoc tests revealed that group VEH-THC displayed significantly more gaping on
trial 2 than groups VEH-VEH (p=0.002), SR-VEH (p=0.002) and SR-THC (p=0.47). The same
was also observed on trial 3 (p < 0.001 all) and test (p < 0.003 all).
3.4.2.2 Tongue protrusions. Rats conditioned with THC displayed a reduction in tongue
protrusions regardless of pretreatment, indicating a reduction in ingestive behaviours. Figure 2B
shows the mean number of 2-sec bouts of tongue protrusions displayed in each of the various
groups. The 4 x 4 mixed factors ANOVA for tongue protrusions revealed significant effects of
group, F(3,28)= 4.18 ; p <0.015 , trial, F(3,84)= 15.33; p< 0.001, and a group x trial interaction,
F(9,84)= 3.53 ; p= 0.001. One-way ANOVAs for each trial revealed a significant group effect on
trials 2 (p=0.008), 3 (p=0.002), and test (p=0.03). Bonferroni post hoc analysis revealed that
groups VEH-THC and SR-THC displayed fewer tongue protrusions than the VEH-VEH group at
trial 2 (p=0.031 and p=0.018, respectively), trial 3 (p=0.004 and p=0.003, respectively) and test
(p=0.006 and p=0.007, respectively). The SR-VEH group did not significantly differ from any
other group at any time points.
3.4.2.3 Conditioned taste avoidance. Figure 2C represents the mean cumulative ml of
saccharin solution consumed over the 6 hr of testing. Rats conditioned with THC, regardless of
pretreatment, displayed a reduction in the cumulative amount of saccharin solution consumed,
compared to rats conditioned with VEH. There was a significant main effect of group, F(3,2)=
15.00; p< 0.001, minute, F(3,84)= 119.66; p< 0.001, and a significant group x minute interaction,
F(9,84)= 9.66; p< 0.001. To analyze the interaction, separate one-way ANOVAs for each
interval of measurement revealed a significant group effect at all time intervals (p’s < 0.001).
Subsequent Bonferroni comparison tests revealed that groups VEH-THC and SR-THC drank
significantly less saccharin solution than groups VEH-VEH or SR-VEH at 30 mins (p’s < 0.009),
120 mins (p’s < 0.003), 240 mins (p’s <0.01) and 360 mins (p’s< 0.008).
3.4.3

Experiment 3: Effects of THC on endocannabinoid gene expression
THC produced an upregulation of Magl and Faah genes in the HYP. Figure 3 shows

relative gene expression in the various brain regions examined following treatment with VEH,
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0.5 mg/kg, or 10 mg/kg THC. In the HYP (Figure 3A), a one-way ANOVA revealed a
significant main effect of drug treatment on Magl expression, F(2,15)= 8.94; p= 0.003 and Faah
expression, F(2,15)= 3.93; p= 0.042. Bonferroni post hoc tests revealed that Magl was
upregulated in animals treated with 10 mg/kg THC compared to VEH (fold change= 2.0, p=
0.002). Gene expression of Faah showed a trend towards upregulated in the 10 mg/kg THC
group compared to 0.5 mg/kg (fold change= 2.53, p= 0.057). However, no significant differences
in the expression of any genes of interest were observed among treatment groups in the NAc,
HPC, IIC, GIC, or DVC (Figure 3C, D, E, F respectively).
3.5

Discussion:
The objective of this study was to evaluate the potential of THC to produce nausea-like

conditioned gaping behaviour in rats and the potential of THC to produce changes in the
expression of endocannabinoid-related genes. THC produced dose-dependent gaping, with high
doses of 5 and 10 mg/kg producing robust conditioned aversive responding, but not the antiemetic relevant dose of 0.5 mg/kg, ip (Limebeer & Parker, 1999; Parker et al., 2003). The THCinduced conditioned gaping effect was CB1 receptor mediated, as evidenced by the reversal of
the effect by pretreatment with rimonabant. Additionally, 10 mg/kg THC produced an
upregulation of Magl gene expression in the HYP.
The ability of the higher doses of THC to produce conditioned gaping is consistent with the
findings of Parker and Gillies (1995), who found doses of THC above 2.5 mg/kg, ip, produced
aversive behaviours in the taste reactivity paradigm. Since only emetic drugs produce
conditioned gaping reactions in rats, these results suggest that the aversive effects of THC are
accompanied by nausea in rats. The lowest dose of THC administered in this study (0.5 mg/kg,
ip) has previously been shown to inhibit conditioned gaping elicited by LiCl (Limebeer &
Parker, 1999), suggesting that it reduced LiCl-induced nausea. The biphasic effects of THC on
conditioned gaping, while paradoxical, are not exclusive to nausea (see Pertwee 2009).
Conditioned gaping produced by THC was mediated by its action on the CB1 receptor, as
rimonabant, a CB1 receptor antagonist/inverse agonist, prevented the establishment of
conditioned gaping elicited by 10 mg/kg THC. The interference with the establishment of THCinduced conditioned gaping by rimonabant was not the result of interference with learning
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because this group showed avoidance of the THC-paired taste. Considerable evidence reveals
that treatments that prevent nausea-induced conditioned gaping spare conditioned taste
avoidance (see Parker 2014), indicating that these pretreatments do not interfere with associative
learning per se. As well, rimonabant has been reported to actually enhance rather than interfere
with associative learning (Lichtman, 2000; Terranova et al., 1996).
On the other hand, there is evidence that inverse agonists of the CB1 receptors, including
rimonabant and AM-251, can produce vomiting in shrews (Darmani, 2001a, 2002) and
conditioned gaping in rats (Limebeer et al., 2010; McLaughlin et al., 2005; Parker et al., 2003).
Nausea and vomiting are also very commonly reported side effects of CB1 receptor inverse
agonists in humans (Janero & Makriyannis, 2009; Pi-sunyer et al., 2006). Neutral CB1 receptor
antagonists (without inverse agonist properties), such as AM 6545 (Limebeer et al., 2010) and
AM-4113 (Sink et al., 2008), however, do not produce conditioned gaping reactions in rats. The
dose of rimonabant chosen for this experiment (1 mg/kg, ip) has been previously shown not to
produce conditioned gaping or potentiate gaping elicited by LiCl (Parker et al., 2003). Indeed, in
the current experiment, rimonabant pretreatment did not produce conditioned gaping on its own
in the absence of THC.
In experiment 1, the 2 highest doses of THC (5 and 10 mg/kg, ip) also lead to a reduction
in the ingestive behaviour of tongue protrusions. In experiment 2, groups who were conditioned
with THC following their saccharine infusion (i.e. VEH-THC, SR-THC) also showed reduced
tongue protrusions. A reduction in hedonic behaviours can indicate a reduction in the hedonic
value of saccharine by THC administration. Indeed, in experiment 2, groups that displayed fewer
tongue protrusions also consumed less saccharine in the conditioned taste avoidance test. The
pattern of increased aversive behaviours and decreased ingestive behaviours is consistent with
what is seen following the pairing of saccharine with other emetic drugs, such as LiCl (Limebeer
et al., 2010; Limebeer & Parker, 2000). The reduction in hedonic responses is not reversed by
treatment with an antiemetic drug (Limebeer & Parker, 2000), consistent with what was found
with rimonabant pretreatment in the current experiment. Indeed, aversive reactions in the TR
paradigm are known to be negatively correlated with hedonic reactions (Parker, 1995).

80

RT-PCR analysis revealed an up-regulation of Magl gene expression in the HYP of rats
treated with 10 mg/kg THC. The Magl gene encodes for the enzyme responsible for the
degradation of 2-AG (Dinh et al., 2004). The HYP is a critical structure modulating the body’s
stress response via the hypothalamic-pituitary-adrenal (HPA) axis (Hill & Tasker, 2012). Indeed,
the endocannabinoid system is critical in the negative feedback regulation of the HPA axis
(Evanson et al., 2010; Hill & Tasker, 2012). 2-AG typically deactivate the HPA axis by its action
on CB1 receptors within the HYP (Hill & Tasker, 2012). During the presentation of a stressor, 2AG is decreased in the HYP (Patel et al., 2004). Following exposure to that stressor, 2-AG levels
then increase in the HYP (Evanson et al., 2010; Patel et al., 2004), inhibiting the HPA axis via
CB1 receptor activation, and returns the system to homeostasis. Low levels of 2-AG are also
associated with increased sensitivity to stress, whereas increased 2-AG is associated with stress
resiliency (Bluett et al., 2017). The increased expression of the gene for MAGL observed in the
HYP of rats treated with 10 mg/kg THC might suggest lower levels of 2-AG compared to VEH
treated rats in this brain region. This dysregulation of the endocannabinoid system in the HYP
would be expected to prevent inhibitory control or negative feedback mechanisms for the HPA
axis, resulting in an overactive stress response. High doses of cannabinoids (i.e. >2mg/kg THC
or 0.1 mg/kg of the potent synthetic cannabinoid HU-210) are known to activate the HPA axis
and promote an increase in circulating levels of the stress hormone, corticosterone, in rodents
(McLaughlin et al., 2009; Murphy et al., 1998; Puder et al., 1982). Likewise, hypothalamic 2-AG
levels have also been shown to have an inverse relationship with corticosterone levels, where
high circulating corticosterone is associated with low 2-AG content in the HYP, and vice versa.
Indeed, one theory for the development of CHS in humans is dysregulation of the HPA axis
(Richards, 2017). An increased stress response has also been associated with nausea and
vomiting in cyclical vomiting syndrome (Taché, 1999; Taché & Bonaz, 2009), and such stressinduced nausea is responsive to treatment with benzodiazepines (Richards et al., 2017).
While the upregulation of Faah gene expression produced by 10 mg/kg in the HYP did not
reach statistical significance, the involvement of FAAH, and therefore AEA, in the regulation of
the HPA axis should not be ignored. The Faah gene encodes for the enzyme that degrades the
endocannabinoid AEA; therefore, increased FAAH activity would decrease AEA (Cravatt et al.,
1996). Similar to 2-AG, AEA inhibits HPA axis activation. AEA is thought to be released
tonically in the HYP to constrain the stress response (Hill et al., 2010b). Following stress, AEA
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levels decrease, remove tonic inhibition, and disinhibit the HPA axis (Patel et al., 2005b). In the
amygdala, stress-induced reduction in AEA results from a rapid increase in FAAH activity (Hill
et al., 2009b). It is possible that a similar effect on FAAH takes place in the HYP as well and
contributes to THC-induced nausea.
The HYP is also an important structure involved in thermoregulation (Nakamura, 2011).
Cannabinoids are known to have a biphasic effect on body temperature, with low doses causing
hyperthermia and high doses causing hypothermia via a CB1 receptor mechanism (Taffe et al.,
2015; Taylor & Fennessy, 1977). Hot baths/showers are consistently reported to successfully
improve CHS symptoms (Sorensen et al., 2017). Cunningham and Niehus (1993) have shown
that hypothermia induced by LiCl, an emetic drug, produces a conditioned place aversion.
However, when the ambient temperature in the place conditioning apparatus is increased, the
place aversion is reduced (Cunningham & Niehus, 1993). Hypothermia also accompanies nausea
and vomiting in humans (Cheung et al., 2011; Mekjavic et al., 2001; Nobel et al., 2012), as well
as rat and shrews (Ngampramuan et al., 2014). The hot baths/showers may be overcoming the
hypothermia-induced by high doses of THC and reducing the associated aversion.
Previous research has shown that chronic administration of CB1 receptor agonists can
result in receptor internalization, desensitization, and down-regulation (Martin et al., 2004). The
pharmacodynamic changes are thought to be involved in the etiology of THC-induced nausea
(Darmani, 2010). Autoradiography studies have shown that rats chronically treated with THC
show regional specificity and time-dependent decreases in CB1 receptor binding, implicating
down-regulation (Rubino et al. 1994; Romero et al. 1997; Breivogel et al. 1999, 2003). This
effect has also been found to be dose-dependent, with higher doses of THC resulting in greater
CB1 receptor down-regulation (Breivogel et al., 2003). Positron emissions tomography (PET)
scans of human daily cannabis smokers have also shown reduced CB1 receptor binding in
cortical regions compared to non-smokers, which was negatively correlated with years of
cannabis use (Hirvonen et al., 2012). One possible explanation for these findings could be a
decrease in CB1 receptor synthesis; therefore, we expected to find a decrease in CB1 receptor
gene (Cnr1) expression in rats treated chronically with 10 mg/kg THC. However, no changes in
Cnr1 gene expression were observed in any brain regions analyzed. Other studies have found,
using autoradiography, that changes in CB1 receptor binding are not always accompanied by
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changes in CB1 receptor mRNA levels (Romero et al., 1997, 1998). Therefore, CB1 receptor
down-regulation may arise from THC’s effects on the protein and not transcription. It has also
been found that changes to CB1 receptor binding preceded changes to mRNA levels (Romero et
al., 1998); therefore, it is possible that given a longer treatment period (> 3 days), we may have
seen changes in Cnr1 gene expression.
There were no changes in endocannabinoid gene expression in the IIC. Given the
involvement of this region in the development of nausea (Contreras et al., 2007; Kiefer & Orr,
1992; Limebeer et al., 2012; Sticht et al., 2016; Tuerke et al., 2012), it was expected that the dose
of THC which produced conditioned gaping would result in changes to endocannabinoid-related
gene expression in the IIC. It is possible that THC-induced nausea could be secondary to other
aversive effects produced by high doses of THC. THC has been shown to produce aversive
effects in rats at moderate to high doses (e.g., greater than 1 mg/kg, ip) in several paradigms,
including conditioned place preference (DeVuono et al., 2017; Parker & Gillies, 1995),
intracranial self-stimulation (Vlachou et al., 2005), conditioned taste avoidance (Elsmore &
Fletcher, 1972; Flax et al., 2015; Parker & Gillies, 1995; Wakeford & Riley, 2014), and tests of
anxiety-like responding (Onaivi et al., 1990; Rock et al., 2017a; Valjent et al., 2002). At the time
of tissue collection (30 mins post THC administration), animals could be experiencing the
aversive/ anxiogenic effects of THC, whereas nausea could develop subsequently. Therefore,
molecular changes in nausea-related brain regions could arise at a later time point.
As research regarding the therapeutic potential of cannabinoids continues to gain support
and the popularity of recreational use increases, it is important to investigate these aversive
effects of cannabinoid use. Overall, we were able to show that THC dose-dependently produced
conditioned gaping reactions in rats via its action on the CB1 receptor. Up-regulation in gene
expression of endocannabinoid degrading enzymes in the HYP of rats treated with high doses of
THC provided support for the theory that THC-induced nausea, and therefore, perhaps CHS, is a
result of a dysregulated HPA axis. Further research investigating the time-dependent changes to
the CB1 receptor and related endocannabinoid enzyme expression in brain regions involves in
stress and nausea will allow for a better understanding of the etiology of THC-induced nausea
and better management and treatment of this aversive effect.
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Figure 1. A) Mean (±sem) number of gapes elicited by THC-paired saccharin solution across
conditioning/testing trials. THC dose-dependently produced conditioned gaping reaction.
Animals conditioned with 5 mg/kg (n=7) or 10 mg/kg (n=7), displayed significantly more gaping
reactions than animals conditioned with 0.5 mg/kg (n=8) or VEH (n=8). B) Mean (± sem)
number of 2 second bouts of tongue protrusions elicited by THC-paired saccharin solution. THC
(0.5 mg/kg; n=8, 5 mg/kg; n=7, 10 mg/kg; n=7) produced a reduction in tongue protrusions
compared to VEH (n=8). *p<0.05, **p<0.01, ***p<0.001 compared to VEH.
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Figure 2. A) Mean (±sem) number of gapes elicited by THC or VEH-paired saccharin solution
when pretreated with rimonabant (SR, 1 mg/kg) or VEH across conditioning/testing trials.
Pretreatment with rimonabant prevented the establishment of THC-induced conditioned gaping
without produced gaping on it own. B) Mean (± sem) number of 2 second bouts of tongue
protrusions elicited by THC or VEH-paired saccharin solution when pretreated with rimonabant
(SR, 1 mg/kg) or VEH. Rats conditioned with THC displayed a reduction in tongue protrusions,
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regardless of pretreatment. *p<0.05, **p<0.01 ***p<0.001 compared to VEH-VEH group, n=8
for all groups. C) Mean (±sem) ml of saccharin consumed in a 360 min taste avoidance test. Rats
conditioned with THC consumed significantly less than rats conditioned with VEH regardless of
pretreatment. **p<0.01 difference between rats conditioned with THC and rats conditioned with
VEH, n=8 rats for all groups.
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Figure 3. Relative expression of Cnr1, Magl, Daglα and Faah in the (A) HYP, (B) NAc, (C)
HPC, (D) IIC, (E) GIC, (F) DVC of rats treated with VEH, 0.5 mg/kg, or 10 mg/kg (n=5-6 rats
per group). Gene expression of Magl was upregulated in the HYP of rats treated with 10 mg/kg
THC. Faah gene expression trended towards upregulation in rats treated with 10 mg/kg
compared to 0.5 mg/kg (A). Fold changes are relative to the VEH treated group and expressed as
means (+sem). **p< 0.01 compared to VEH, † trend in the difference between THC treatment
groups.
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4.1

Abstract

Introduction: Cannabinoid Hyperemesis Syndrome (CHS) is becoming a more prominently
reported side effect of cannabis containing high dose ∆9 -tetrahydrocannabinol (THC) and
designer cannabinoid drugs such as “Spice”. One active ingredient that has been found in
“Spice” is JWH-018, a synthetic full agonist of the Cannabinoid 1 (CB1) receptor. Here we
evaluated the potential of different doses of JWH-018 to produce conditioned gaping in rats, an
index of nausea.
Materials and Methods: Rats received 3 daily conditioning trials in which saccharin was paired
with JWH-018 (0.0, 0.1, 1 and 3 mg/kg, ip). Then the potential of pretreatment with the CB1
antagonist, rimonabant (SR), to prevent JWH-018 induced conditioned gaping was determined.
To understand the potential mechanisms underlying the JWH-018 induced nausea, serum
collected from trunk blood was subjected to a corticosterone analysis in rats receiving 3 daily
injections with VEH or JWH-018 (3 mg/kg).
Results: At doses of 1 and 3 mg/kg (ip), JWH-018 produced nausea-like conditioned gaping
reactions. The conditioned gaping produced by 3 mg/kg JWH-018 was reversed by pretreatment
with rimonabant, which did not modify gaping on its own. Treatment with JWH-018 elevated
serum corticosterone levels compared to vehicle treated rats.
Conclusions: As we have previously reported with high dose THC, JWH-018 produced
conditioned gaping in rats, reflective of a nausea effect mediated by its action on CB1 receptors
and accompanied by elevated corticosterone, reflective of hypothalamic-pituitary-adrenal (HPA)
activation.

Keywords: cannabinoid 1 receptor; corticosterone; emesis; HPA axis; nausea; synthetic
cannabinoid
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4.2

Introduction
Cannabinoid Hyperemesis Syndrome (CHS) is increasingly being reported as an aversive

side effect of high dose cannabis use, which is characterized by cyclical episodes of intense
nausea and vomiting with severe abdominal pain (Allen et al., 2004; Sorensen et al., 2017;
Venkatesan et al., 2014). These human reports are consistent with laboratory findings using
animal models, as high doses of the partial agonist of the Cannabinoid 1 (CB1) receptor, ∆9tetrahydrocannabinol (THC), produce vomiting in shrews (Cluny et al., 2008; Darmani, 2001b),
monkeys (Scheckel et al., 1968), cats (Hockman et al., 1971), dogs (Shannon et al., 1978), and
nausea-like conditioned gaping in rats (DeVuono et al., 2018). CHS can also be caused by the
use of “Spice”; a group of designer drugs that contain synthetic cannabinoids, such as the potent
JWH-018 (Bick et al., 2014; Forrester et al., 2012; Hopkins & Gilchrist, 2013; Seely et al., 2012;
Ukaigwe et al., 2014; Zimmermann et al., 2009). Unlike THC, JWH-018 acts as a full agonist of
CB1 (Bick et al., 2014; Forrester et al., 2012; Hopkins & Gilchrist, 2013; Seely et al., 2012;
Ukaigwe et al., 2014; Zimmermann et al., 2009). Spice is associated with more severe side
effects, including anxiety, panic, delusions, hallucinations, as well as nausea and vomiting
(Forrester et al., 2012; Müller et al., 2016; Schneir & Baumbacher, 2012; Seely et al., 2012;
Spaderna et al., 2013; Vandrey et al., 2012; Zawilska, 2011; Zimmermann et al., 2009).
Individuals who use Spice are more likely than cannabis users to seek emergency room
treatments because of its more adverse side effects (van Amsterdam et al., 2015), including
nausea and vomiting (Ford et al., 2017).
The nauseating and pro-emetic effects of cannabinoids are paradoxical given that cannabis
and synthetic THC (i.e. Nabilone, Marinol) are recognized and approved treatments for
chemotherapy-induced nausea and vomiting (Pertwee, 2009). Indeed, low doses of THC and
synthetic cannabinoids reduce nausea in rats (Limebeer & Parker, 1999; Parker et al., 2003) and
vomiting in shrews and ferrets (Darmani, 2001b, 2001a; Van Sickle et al., 2001, 2003) by acting
on CB1 receptors of the endocannabinoid system. The findings that low doses suppress and high
doses produce nausea and vomiting is another example of the typical biphasic dose effects of
cannabinoids (Katsidoni et al., 2013; Sulcova et al., 1998; Taylor & Fennessy, 1977; Viveros et
al., 2005). Given that high dose THC produces an elevation of the glucocorticoid stress hormone
corticosterone (CORT) in rats (Murphy et al., 1998; Puder et al., 1982), it has been suggested
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that cannabinoid-induced nausea and vomiting, and consequently CHS, is the result of a
dysregulated endocannabinoid system producing a stress response following excessive activation
of the CB1 receptor (Allen et al., 2004; Darmani, 2010). Increased hypothalamic-pituitaryadrenal (HPA) axis activity is also associated with other forms of nausea and vomiting
(Levinthal & Bielefeldt, 2014; Li & Misiewicz, 2003; Taché & Bonaz, 2009). Circulating CORT
in rodents and cortisol in humans, and adrenocorticotropic hormone (ACTH) are increased
during nausea and vomiting (Murphy et al., 1998; Puder et al., 1982), which is elevated by
cannabinoid use (Venkatesan et al., 2016).
Rats are an effective animal model for studying the nauseating effects of cannabis.
Although rats cannot vomit, they receive the same gastrointestinal signals that precede vomiting
in ferrets which can vomit; thus, rats have the mechanisms to detect the nauseating effects of
toxins but lack the motor output for vomiting (Bernstein et al., 1992; Eckel & Ossenkopp, 1996;
Endo et al., 1995; Horn et al., 2004). Considerable evidence suggests that rats display the unique
behaviour of gaping ( wide open mouth with lower incisors exposed) (Grill & Norgren, 1978)
when exposed to a flavour previously paired with an emetic drug, such as Lithium Chloride
(LiCl) in the taste reactivity paradigm (Parker, 2014). As well, anti-emetic drugs prevent the
establishment of LiCl-induced conditioned gaping reactions without modifying the non-selective
measure of conditioned taste avoidance. Furthermore, the rat gape recruits the same orofacial
muscles required for vomiting in emetic species (Travers & Norgren, 1986). Thus, conditioned
gaping provides a unique tool for investigating the neurobiology of nausea in rats.
Here we evaluated the ability of a range of doses of the synthetic cannabinoid, JWH-018,
to produce conditioned gaping and evaluated the role of the CB1 receptor in this effect.
Moreover, since a dysregulated stress response has been hypothesized to contribute to THCinduced nausea, circulating CORT was also measured in animals administered JWH-018.
4.3
4.3.1

Methods
Subjects
Animal procedures were according to the Canadian Council on Animal Care (CCAC) and

the National Institute of Health guidelines. All protocols were approved by the Institutional
Animal Care Committee at the University of Guelph, which is accredited by the CCAC. A total
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of 80 naïve male Sprague-Dawley rats obtained from Charles River Laboratories (St Constant,
Quebec) were used in all experiments. Rats were single-housed and maintained as described by
DeVuono et al. (2018). On the first day of conditioning for experiments 1 and 2, rats weighed
between 273 and 403 g and between 262 and 324 g on the day of blood collection for
experiments 4. All experimental manipulations occurred during the dark phase of the cycle.
4.3.2

Drugs
The method of injection for all drugs used was intraperitoneal (ip). 1-pentyl-3-(1-

naphthoyl) indole (JWH-018) and rimonabant (SR 141716A; SR) were dissolved in ethanol, and
then Tween 80 (Sigma) was added to the solution in a graduated cylinder. Using a nitrogen
stream, the ethanol was then evaporated off. Saline was then added to the solution. The final
vehicle (VEH) solution was composed of 1:9 Tween:Saline. JWH-018 was mixed at a
concentration of 0.1, 1 and 3 mg/ml and administered ip at 1 ml/kg (0.1, 1 and 3 mg/kg).
Rimonabant was prepared as a 1 mg/ml solution of the vehicle and was administered at volumes
of 1 ml/kg (1 mg/kg).
4.3.3

Taste Reactivity Apparatus
The taste reactivity (TR) chamber was a clear Plexiglas chamber (25 x 25 x 12.5 cm) with

a removable, opaque Plexiglas lid that was placed on top of a table with a clear glass top and a
mirror beneath the chamber at a 45˚ angle to record the rat’s ventral surface. The intraoral
infusions were delivered by an infusion pump (Model KDS100, KD Scientific, Holliston, MA,
USA) attached to intraoral cannulae. A video camera pointed towards the mirror below the
chamber recorded the rat’s behaviour during conditioning and test trials.
4.3.4

Intraoral Cannulation Surgery
The rats in Experiments 1 and 2 were implanted with intraoral cannulae as described by

Limebeer et al. (2010). For 3 days following surgery, indices of recovery were assessed (body
weight, facial swelling, activity, etc.), and the cannula was flushed daily with an oral cleansing
solution (Nolvdent; Ayerst, Fort Dodge, Iowa, USA).
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4.3.5

Behavioural Procedures
4.3.5.1 Experiment 1: Dose-response potential of JWH-018 to produce conditioned

gaping. As reported by DeVuono et al. (2018), following 3 days of recovery from intraoral
surgery, the rats were adapted to the TR chamber. Water was infused into their intraoral cannulae
via an infusion pump for 2 min at the rate of 1 ml/min. Following the adaptation trial, the rats
received 3 consecutive conditioning trials occurring 24 hr apart. For each conditioning trial, the
rats were intraorally infused with 0.1% saccharin solution for 2 min at the rate of 1 ml/min.
During this time, the orofacial responses were video recorded from the mirror beneath the
chamber. Immediately following the saccharin infusion, the rat’s intraoral cannulas were flushed
with distilled water. Rats were then injected with VEH, 0.1 mg/kg JWH-018, 1 mg/kg JWH-018
or 3 mg/kg JWH-018 (n= 8 rats per group) according to their random group assignment. The test
trial occurred 24 hr after the third conditioning trial and followed the same procedure as the
conditioning trial, except rats were not injected after the saccharin infusion. Video recordings
were later scored using the Observer (Noldus, NL) event recording program. The number of
gaping reactions (defined by rapid, large amplitude opening of the mouth to expose the lower
incisors) that occurred in each two-min session was counted by an observer blind to group
assignment.
4.3.5.2 Experiment 2: Effects of rimonabant on the establishment of JWH-018induced conditioned gaping. The rats were treated as in Experiment 1 except as indicated. Rats
were randomly assigned to groups based on pretreatment drug, rimonabant (SR) or VEH, and
conditioning drug, 3 mg/kg JWH-018 or VEH, resulting in 4 groups (VEH-VEH, SR-VEH,
VEH-JWH, SR-JWH; n= 8 rats per group). On each of three trials (24 hr apart), the rats were
injected ip with either 1 mg/kg SR or VEH 30 min prior to being infused with 0.1% saccharin for
2 min at a rate of 1 ml/min while orofacial reactions were recorded from the mirror beneath the
TR chamber. Immediately following saccharin infusion, the rats were injected with 3 mg/kg
JWH-018 or VEH and returned to their home cage. The following day, the rats received a drugfree test trial as in Experiment 1.
4.3.5.3 Experiment 3: Effects of JWH-018 on serum corticosterone levels. Rats were
randomly assigned to treatment conditions (VEH, or 3 mg/kg JWH-018; n= 8 rats per group) and
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injected ip with their treatment every 24h for 3 consecutive days. The rats were sacrificed 30 min
following their last respective injection by rapid decapitation (restrained in a DecapiCone;
Braintree Scientific, MA, USA).53 Trunk blood was collected following decapitation, separated
by centrifugation, and the resulting serum was stored at -80°C prior to analysis. Serum samples
were analyzed with an ELISA kit (Arbor Assays) by following the manufacturer’s instructions.
Samples were tested in triplicate and diluted 1:1000 to make sure levels fit into the standard
curve. Results are reported in nanograms per millilitre (ng/ml).
4.3.6

Statistical analysis
In Experiment 1, the number of gaping reactions was entered into a 4 x 4 mixed factor

ANOVA with the between-group factor of group (VEH, JWH 0.1, 1, and 3) and the within-group
factor of conditioning/test trial. In Experiment 2, the number of gaping reactions was entered into
a 4 × 4 mixed factor ANOVA with the between-groups factor of group (VEH-VEH, SR-VEH,
VEH-JWH SR-JWH) and the within-groups factor of conditioning/testing trial. In Experiment 3,
mean serum CORT levels (ng/ml) were entered into an independent t-test (VEH or 3 mg/kg
JWH-018). For all statistical analyses, significance was defined as p < 0.05.
4.4
4.4.1

Results
Experiment 1: Dose-response potential of JWH-018 to produce conditioned gaping

JWH-018 produced dose-dependent gaping reactions across the 4 conditioning/test trials.
Figure 1 represents the mean number of gaping reactions produced by JWH-paired saccharin on
each trial. The 4 X 4 mixed factor ANOVA revealed significant effects of group,
F(3,28) = 12.44; p<0.001, trial, F(3,84) = 15.56; p<0.001, and a group × trial interaction,
F(9,84) = 4.88; p<0.001. Bonferroni post hoc analysis revealed that groups 1 mg/kg and 3 mg/kg
JWH both gaped significantly more than VEH or 0.1 mg/kg JWH on trials 2 (p’s <0.01) and 3
(p’s <0.01). At test, the 3 mg/kg JWH group gaped significantly more than VEH (p<0.01) or 0.1
mg/kg JWH (p<0.01). The VEH and 0.1 mg/kg JWH groups nor the 1 mg/kg and 3 mg/kg group
differed at any trial.
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4.4.2

Experiment 2: Effects of rimonabant on the establishment of JWH-induced

conditioned gaping
Pretreatment with Rimonabant (SR; 1 mg/kg) interfered with the establishment of
conditioned gaping elicited by 3 mg/kg JWH-018. Figure 2 represents the mean number of gapes
displayed by the various groups on each of the trials. The 4 × 4 mixed factor ANOVA for
number of gapes for each trial revealed significant effects of group, F(3,28) = 12.40 ; p<0.001,
trial, F(3,84) = 8.59; p<0.001 , and a significant group × trial interaction, F(9,84) = 6.91;
p<0.001 . Subsequent Bonferroni post hoc tests revealed that group VEH- JWH gaped
significantly more than the VEH-VEH, SR-VEH and SR-JWH groups at trial 2 (p’s <0.01), 3
(p’s<0.001) and test (p’s<0.01). The VEH-VEH, SR-VEH, and SR-JWH groups did not differ at
any trial.
4.4.3

Experiment 3: Effects of JWH-018 on serum corticosterone levels
Serum CORT levels (ng/ml) were significantly increased in rats treated with 3 mg/kg

JWH-018, a dose that produced conditioned gaping reactions in experiments 1 and 2. Figure 4
represents the mean serum CORT levels in rats treated with VEH or 3 mg/kg JWH-018 for 3
consecutive days. The independent samples t-test revealed a significant difference in serum
CORT levels between VEH and JWH-018 treated rats t(14)= 3.45, p=0.004.
4.5

Discussion
Consistent with high dose THC (DeVuono et al., 2018), JWH-018 produced a dose-

dependent increase in nausea-induced conditioned gaping reactions in rats at ip doses of 1 and 3
mg/kg, but not 0.1 mg/kg. This effect was mediated by the action of JWH-018 at the CB1
receptor because rimonabant prevented the conditioned gaping by 3 mg/kg JWH-018 without
having any effect on its own. Daily exposure to JWH-018 elevated serum CORT, suggesting an
increase of HPA tone. Activation of the HPA axis is associated with nausea and vomiting (Otto
et al., 2006; Venkatesan et al., 2016), and a dysregulated HPA axis has been proposed to
contribute to nausea and vomiting disorders such as Cyclical Vomiting Syndrome (Hayes et al.,
2018; Levinthal & Bielefeldt, 2014; Li & Misiewicz, 2003; Taché, 1999) and CHS (Richards,
2017; Venkatesan et al., 2016).
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The finding that 1 and 3 mg/kg JWH-018 produced conditioned gaping is consistent with
our previous findings that high doses of THC (5 and 10 mg/kg, ip), but not a low dose (0.5
mg/kg), produce conditioned gaping in the taste reactivity test in rats (DeVuono et al., 2018).
Nausea is a common side effect of Spice use in humans that is reported more often than with
THC use (Ford et al., 2017). JWH-018 is a full agonist at the CB1 and is more potent and
efficacious than the partial CB1 receptor agonist, THC; therefore, it is not surprising that JWH018 would produce conditioned gaping at lower doses than THC (5 and 10 mg/kg; DeVuono et
al. 2018). The lowest dose of JWH-018 tested, 0.1 mg/kg, did not produce conditioned gaping
responses, following the same dose-dependent pattern seen with THC.
Pretreatment with rimonabant, a CB1 receptor antagonist/inverse agonist, prevented the
establishment of conditioned gaping produced by JWH-018. This finding suggests that the
nauseating effects of JWH-018 are mediated by the drug’s action at the CB1 receptor, matching
what was previously found with THC-induced nausea (DeVuono et al., 2018). There is evidence
that inverse agonists of the CB1 receptor, like rimonabant, can produce nausea and vomiting in
animals (Darmani, 2010; Limebeer et al., 2010; McLaughlin et al., 2005) and humans (Janero &
Makriyannis, 2009; Pi-sunyer et al., 2006). However, the dose of rimonabant used in this
experiment (1 mg/kg, ip) has been previously shown not to produce conditioned gaping
(DeVuono et al., 2018; Parker et al., 2003), nor impact the learning of the association of nausea
paired with a taste (DeVuono et al., 2018). Indeed, in the current experiment, rimonabant
pretreatment did not produce conditioned gaping on its own.
A prominent hypothesis about the etiology of CHS is that cannabinoid-induced nausea and
vomiting is the result of a dysregulated endocannabinoid system (Allen et al., 2004; Darmani,
2010). We previously found that repeated administration of a high dose of THC that produces
conditioned gaping also produced an upregulation of the genes for the degrading enzyme of the
endocannabinoid anandamide (AEA) and 2-arachidonoylglycerol (2-AG), fatty acid amide
hydrolase (FAAH) and monoacylglycerol lipase (MAGL), respectively, in the hypothalamus, a
region critical for regulation of the HPA axis (DeVuono et al., 2018). Tai et al. (2015) found that
repeated exposure to THC or the full CB1 agonist JWH-018 produced downregulation and
desensitization of hypothalamic CB1 receptors in mice; however, they did not measure the
expression of genes for enzymes that degrade endocannabinoids. The endocannabinoid system in
97

the hypothalamus is required for allostasis of the HPA axis (Gorzalka et al., 2008; Hill & Tasker,
2012; Patel et al., 2004). The endocannabinoids, AEA and 2-AG, inhibit the HPA axis by
inhibiting glutamate release in the hypothalamus by acting on CB1 receptors on glutamatergic
terminals (Di et al., 2003; Evanson et al., 2010). High doses of CB1 receptor agonists, on the
other hand, activate the HPA axis (McLaughlin et al., 2009; Murphy et al., 1998; Puder et al.,
1982); however, the mechanism for how this occurs remains unknown. It is unlikely that high
doses of cannabinoids activate the HPA axis by directly acting on the hypothalamus, as agonism
of the CB1 receptor in this region inhibits the HPA axis. Indeed, hypothalamic deafferented rats
do not show increased ACTH or CORT following a high dose of cannabinoids (Puder et al.,
1982). Therefore, it is thought that cannabinoids activate the HPA axis indirectly by altering
input to the hypothalamus (McLaughlin et al., 2009).
Activation of the HPA axis is associated with nausea and vomiting (Otto et al., 2006;
Venkatesan et al., 2016), and a dysregulated HPA axis has been proposed to cause nausea and
vomiting disorders such as Cyclical Vomiting Syndrome (Hayes et al., 2018; Levinthal &
Bielefeldt, 2014; Li & Misiewicz, 2003; Taché & Bonaz, 2009) and CHS (Richards, 2017, 2018;
Venkatesan et al., 2016). The relationship between the HPA axis and nausea is still correlational,
and more research is needed to understand the direction and causality of this association. Indeed,
a significant increase in serum CORT levels was found in rats treated with 3 mg/kg JWH-018,
indicating activation of the HPA axis. Future experiments that directly measure endocannabinoid
levels in regions regulating the HPA activation may elucidate the relationships between the
endocannabinoid system, stress systems and nausea.
4.6

Conclusion
Overall, these experiments show that JWH-018, a potent CB1 receptor agonist found in

recreational synthetic cannabinoids drugs, produces dose-dependent nausea by acting at the CB1
receptor and results in an elevation of serum CORT suggestive of activation of the HPA axis.
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Figure 1. Mean (±sem) number of gapes elicited by JWH-018-paired saccharin solution across
conditioning/testing trials. JWH-018 dose-dependently produced conditioned gaping reaction.
Animals conditioned with 1 or 3 mg/kg JWH-018 displayed significantly more gaping reactions
than animals conditioned with 0.1 mg/kg or VEH. **p < 0.01 compared to VEH, n=8 for all
groups.
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Figure 2. Mean (±sem) number of gapes elicited by JWH-018 or VEH-paired saccharin solution
when pretreated with rimonabant (SR, 1 mg/kg) or VEH across conditioning/testing trials.
Pretreatment with rimonabant prevented the establishment of JWH-018-induced conditioned
gaping without produced gaping on its own. **p < 0.01 ***p < 0.001 compared to VEH-VEH
group, n = 8 for all groups.
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Figure 3. Mean (±sem) serum levels of Corticosterone (ng/ml) of rats treated with VEH or 3
mg/kg JWH-018. Rats treated with 3 mg/kg JWH-018 had significantly elevated serum
corticosterone compared to VEH treated rats. **p < 0.01 compared to VEH, n=8 for all groups.
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5.1

Abstract

Rationale: Dysregulation of the endocannabinoid (eCB) system by high doses of Δ9Tetrahydrocannabinol (THC) is hypothesized to generate a dysfunctional hypothalamic-pituitaryadrenal (HPA) axis contributing to Cannabinoid Hyperemesis Syndrome (CHS).
Objectives and Methods: Using the conditioned gaping model of nausea, we aimed to determine
if pretreatments that interfere with stress, or an anti-emetic drug, interfere with THC-induced
nausea in male rats. The corticotropin-releasing hormone (CRH) antagonist, Antalarmin, was
given to inhibit the HPA axis during conditioning. Since eCBs inhibit stress, MJN110 (which
elevates 2-arachidonylglycerol [2-AG]) and URB597 (which elevates anandamide [AEA]) were
also tested. Propranolol (β-adrenergic antagonist) and WAY-100635 (5-HT1A antagonist)
attenuate HPA activation by cannabinoids and were therefore assessed. In humans, CHS
symptoms are not alleviated by anti-emetic drugs, such as ondansetron (5-HT3 antagonist);
however, benzodiazepines are effective. Therefore, ondansetron and chlordiazepoxide were
tested. To determine if HPA activation by THC is dose-dependent, corticosterone (CORT) was
analyzed from serum of rats treated with 0.0, 0.5 or 10 mg/kg THC.
Results: Antalarmin (10 and 20 mg/kg), MJN110 (10 mg/kg), URB597 (0.3 mg/kg), propranolol
(2.5 and 5 mg/kg), WAY-100635 (0.5 mg/kg) and chlordiazepoxide (5 mg/kg) interfered with
THC-induced conditioned gaping; but the antiemetic ondansetron (0.1 and 0.01 mg/kg) did not.
THC produced significantly higher CORT levels at 10 mg/kg than at 0.0 and 0.5 mg/kg THC.
Conclusions: Treatments that interfere with the stress response also inhibit THC-induced
conditioned gaping, but a typical anti-emetic drug does not, supporting the hypothesis that THCinduced nausea, and CHS, is a result of a dysregulated stress response.
Keywords: Δ9-Tetrahydrocannabinol (THC), Cannabinoid Hyperemesis Syndrome (CHS),
hypothalamic-pituitary-adrenal (HPA) axis, conditioned gaping, corticosterone, nausea,
endocannabinoids.
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5.2

Introduction
Cannabinoid Hyperemesis Syndrome (CHS) is a variant of Cyclical Vomiting Syndrome

(CVS) characterized by cyclical episodes of intense nausea and vomiting with severe abdominal
pain that is alleviated, in most cases, by high-temperature baths or showers, following long term
high doses cannabis use (Allen et al., 2004; Sorensen et al., 2017; Stanghellini et al., 2016;
Venkatesan et al., 2019). Abstinence from cannabis is the only effective treatment for CHS, as
typical pharmacological anti-emetic drugs do not provide symptom relief (Richards et al., 2017).
Anxiolytic drugs, such as benzodiazepines, are commonly used for short-term alleviation of CHS
symptoms in the hospital setting (Blumentrath et al., 2017; Khattar & Routsolias, 2017; Richards
et al., 2017). There are several reports that the main intoxicating component of the cannabis plant
Δ9-Tetrahydrocannabinol (THC) (Mechoulam & Gaoni, 1965) produces dose-dependent acute
nausea and vomiting in humans (Frytak et al., 1979; Noyes et al., 1975; Vaziri et al., 1981), and
laboratory animals (Cluny et al., 2008; Darmani, 2001b; DeVuono et al., 2018; Hockman et al.,
1971; Parker & Gillies, 1995; Scheckel et al., 1968; Shannon et al., 1978). The nauseating and
pro-emetic effects of cannabinoids are paradoxical given that synthetic THC (i.e. Nabilone,
Marinol) is an approved treatment for chemotherapy-induced nausea and vomiting (Pertwee
2009). It is now understood that low doses of THC reduce nausea and vomiting by acting on
cannabinoid 1 (CB1) receptors of the endocannabinoid (eCB) system, in the interoceptive insular
cortex (Limebeer et al., 2012) and brain stem emetic regions (Dorsal vagal Complex; DVC) (Van
Sickle et al., 2003), respectively. The mechanisms of the nauseating effect of THC are not well
understood.
The first symptom that appears with CHS is intense nausea in a prodromal phase that can
last months before vomiting episodes begin (DeVuono & Parker, 2020; Lu & Agito, 2015).
Although they do not vomit, rats are a useful animal model for studying the nauseating effects of
cannabis. Rats detect toxins the same way as emetic species but lack the motor output for
vomiting (Bernstein et al., 1992; Eckel & Ossenkopp, 1996; Endo et al., 1995; Horn et al., 2004).
Considerable evidence suggests that rats display the unique behaviour of gaping (wide open
mouth with lower incisors exposed; Grill and Norgren 1978) when exposed to a flavour
previously paired with an emetic drug, such as Lithium Chloride (LiCl) in the taste reactivity
paradigm (Parker, 2014). Anti-emetic drugs prevent the establishment of LiCl-induced
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conditioned gaping reactions without modifying the non-selective measure of conditioned taste
avoidance (CTA). Thus, conditioned gaping provides a unique tool for investigating the
neurobiology of nausea in rats.
It is thought that THC-induced nausea, and CHS, are the result of excessive activation of
the CB1 receptor by high dose THC altering the eCB system, leading to dysregulation of the
hypothalamic-pituitary-adrenal (HPA) axis and subsequent nausea (DeVuono & Parker, 2020;
Richards, 2017). Consistent with this hypothesis, we have previously shown using the taste
reactivity paradigm, that THC produces dose-dependent conditioned gaping in rats by acting at
the CB1 receptor and that 10 mg/kg THC upregulated the degrading enzymes of the eCB 2arachidonoylglycerol (2-AG), monoacylglycerol lipase (MAGL), and the degrading enzymes of
the eCB anandamide (AEA), fatty acid amide hydrolase (FAAH), in the hypothalamus
(DeVuono et al., 2018). Altered HPA activity is associated with similar nausea and vomiting
disorders (Andrykowski, 1990; Levinthal & Bielefeldt, 2014; Taché, 1999; Taché & Bonaz,
2009). However, the relationship between stress and nausea is correlational, and the direction of
the association remains unknown.
The eCB system is essential for maintaining homeostasis of the HPA axis, and 2-AG and
AEA inhibit the stress response by activating CB1 receptors in brain regions important for
controlling the HPA axis, including the hypothalamus and amygdala (Di et al., 2003; Evanson et
al., 2010; Gorzalka et al., 2008; Hill & Tasker, 2012; Patel et al., 2004). THC is known to
produce dose-dependent changes to the eCB system in these regions as well (DeVuono et al.,
2018; Hirvonen et al., 2012; Sim-Selley, 2003; Tai et al., 2015). High doses of CB1 receptor
agonists activate the HPA axis as indexed by increased circulating corticosterone (CORT) and
adrenocorticotropin hormone (ACTH) levels (McLaughlin et al., 2009; Murphy et al., 1998;
Puder et al., 1982) and corticotropin-releasing hormone (CRH) mRNA expression (Corchero et
al., 1999; De Fonseca et al., 1994). It is thought that THC activates the HPA axis indirectly by
altering the input of monoamine neurotransmitters, such as norepinephrine (NE) and serotonin
(5-HT), to the hypothalamus (McLaughlin et al., 2009). Indeed, deafferentation of the
hypothalamus and administration of the β-adrenergic antagonist, propranolol, and the 5-HT1A
antagonist, WAY-100635, prevents high doses of cannabinoids from activating the HPA axis
(McLaughlin et al., 2009; Puder et al., 1982). The alterations in the eCB system generated by
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high doses of THC may alter the stress response, and given the associations with nausea, might
create the ideal environment for the development of CHS.
The current experiments aim to establish the neurobiological mechanisms of THC-induced
nausea and the involvement of stress systems by using pharmacological manipulations that target
different receptors or enzymes during the conditioning phase of taste reactivity. The ability of a
series of pretreatment drugs that target how cannabinoids may activate the stress response to
interfere with the establishment of conditioned gaping produced by 10 mg/kg THC was tested. If
the HPA axis activation is necessary for THC-induced nausea, inhibiting the HPA axis should
interfere with THC-induced conditioned gaping; therefore, the selective CRH receptor 1
antagonist, antalarmin (ANT; Deak et al. 1999), was administered during conditioning to inhibit
HPA-activation. Moreover, if stress is an antecedent of nausea, as opposed to a consequence,
inhibiting the stress response with ANT is expected to interfere with THC-induced conditioned
gaping. Given that the eCBs are inhibitory to the HPA axis, we determined if prolonging the
action of 2-AG or AEA by inhibiting their degrading enzymes with the selective MAGL
inhibitor, MJN110, and the selective FAAH inhibitor, URB597, would interfere with THCinduced conditioned gaping. Increasing the activity of 2-AG or AEA, and therefore decreasing
stress, is expected to interfere with THC-induced conditioned gaping. The HPA activation by
high doses of cannabinoids is attenuated by the β-adrenergic antagonist, propranolol (PRO), and
the 5HT1A receptor antagonist, WAY-100635 (WAY) and were therefore administered and
expected to interfere with THC-induced conditioned gaping in this experiment as well. When it
comes to CHS, typical anti-emetics are not effective, and benzodiazepines are most commonly
used to alleviate symptoms (Richards et al., 2017). Therefore, chlordiazepoxide (CDP) was
administered to determine if benzodiazepines, which inhibit the stress response and anxiety (Le
Fur et al., 1979; Mikkelsen et al., 2005), also interfere with THC-induced nausea in rats.
Similarly, ondansetron, a 5-HT3 receptor antagonist and typical anti-emetic drug that is
ineffective in humans with CHS, was given that should not interfere with THC-induced
conditioned gaping in rats. Lastly, serum CORT levels were measured in rats treated with a low,
non-nauseating (0.5 mg/kg) or a high, nauseating (10 mg/kg) of THC to test the dose-response
nature of the CORT response to THC.
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5.3
5.3.1

Methods:
Subjects
Animal procedures were according to the Canadian Council on Animal Care (CCAC) and

the National Institute of Health guidelines. All protocols were approved by the Institutional
Animal Care Committee at the University of Guelph, which is accredited by the CCAC. Animal
studies are reported in compliance with the ARRIVE guidelines. A total of 160 naïve male
Sprague-Dawley rats (136 rats for experiment 1 and 24 rats for experiment 2) obtained from
Charles River Laboratories (St Constant, Quebec) were used in all experiments. Rats were
single-housed in opaque plastic shoebox cages (48 x 26 x 20 cm), each containing Bed-o-Cob
bedding (Harlan Laboratories, Inc., Mississauga, ON), a brown paper towel, Crink-l’Nest™ (The
Andersons, Inc., Maumee, Ohio), and a white paper cup that was 14 cm long and 12 cm in
diameter. Cages were housed in a colony room with an ambient temperature of 21˚C on a 12/12
light/dark schedule. Rats were maintained on an ad libitum diet of food (Highland Rat Chow
[8640]) and water. Rats were handled daily prior to experiments to reduce handling stress. On
the first day of experimentation, rats weighed between 268 and 365 g. All experimental
manipulations occurred during the dark phase of the cycle. Experimenters were blind to
treatment condition when scoring behaviours.
5.3.2

Drugs
The method of injection for all drugs used was intraperitoneal (ip). All drugs were

dissolved in ethanol and Tween 80. Ethanol was evaporated off with a nitrogen stream, and
saline was added to the solution. The final vehicle (VEH) solution was composed of 1:9 Tween:
saline. THC was mixed at a concentration of 10 mg/ml and administered ip at 1 ml/kg (10
mg/kg). MJN110 was mixed at a concentration of 10 mg/ml and administered at 1ml/kg (10
mg/kg) (see Niphakis et al. 2013 for the effectiveness of this dose to inhibit MAGL). URB597
was mixed at a concentration of 0.3 mg/ml and administered at 1ml/kg (0.3 mg/kg) (see Fegley
et al. 2005 for the effectiveness of this dose to inhibit FAAH). Antalarmin hydrochloride (ANT)
was prepared at concentrations of 2.5 and 5 mg/ml and administered ip at 2 ml/kg (10 and 20
mg/kg). These doses were chosen because they inhibit the neuroendocrine response to stress
(Deak et al., 1999). Propranolol (PRO) was mixed at concentrations of 2.5 or 5 mg/ml and
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administered at 1 ml/kg (2.5 or 5 mg/kg). Doses of PRO were chosen based on the ability of
these doses to attenuate CORT release following high-dose cannabinoids (McLaughlin et al.,
2009). WAY-100635 (WAY) was mixed at concentrations of 0.1 or 0.5 mg/ml and administered
at 1 ml/kg (0.1 or 0.5 mg/kg). Doses of WAY were chosen because 0.5 mg/kg attenuates CORT
release following high dose cannabinoids (McLaughlin et al., 2009), but WAY is known to have
dose-dependent effects (Fletcher et al., 1995), so a range of doses was used. Chlordiazepoxide
(CDP) was mixed at a concentration of 5 mg/ml and administered at 1ml/kg (5 mg/kg). The dose
of CDP was chosen because it effectively interfered with the establishment of anticipatory
nausea in rats (Rock et al., 2014a). Ondansetron (OND) was mixed at concentrations of 0.01 and
0.1 mg/ml and administered at 1 ml/kg (0.01 and 0.1 mg/kg). These doses of OND were chosen
because they are effective at preventing the establishment of conditioned gaping produced by
LiCl (Limebeer & Parker, 2000).
5.3.3

Apparatus
The taste reactivity (TR) chamber was a clear Plexiglas chamber (25 x 25 x 12.5 cm) with

a removable, opaque Plexiglas lid that was placed on top of a table with a clear glass top and a
mirror beneath the chamber at a 45˚ angle to record the rat’s ventral surface. The intraoral
infusions were delivered by an infusion pump (Model KDS100, KD Scientific, Holliston, MA,
USA) attached to intraoral cannulae. The room was dark, with one 60 W white light illuminating
the chamber from the left side. A Sony DCR-HC48 video camera with firewire feed to a
computer was pointed towards the mirror below the chamber to record the rat’s behaviour during
conditioning and test trials.
5.3.4

Intraoral Cannulation Surgery
The rats were all implanted with intraoral cannulae, as described by DeVuono et al. (2018).

Briefly, on the day of surgery, the rats were injected with an antibiotic depocillin (Penpro: 100
mg/kg, s.c.; Vetoquinol) 30 min before being anesthetized with isoflurane gas (4-5% induction,
1.5% maintenance in O2). Rats were then administered a 5 mg/kg ip dose of the antiinflammatory/analgesic drug carprofen (Rimadyl; Pfizer Canada Inc, Kirkland, QC, Canada) and
a local anesthetic (50/50% marcaine/lidocaine; Hospira, Montreal, QC, Canada) at the surgical
site. A 15 G stainless steel needle was inserted in the prepared area on the neck, directed
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subcutaneously around the ear and brought out behind the first molar inside the mouth. A 10 cm
length of Intra Medic PE90 tubing (Clay Adams; Becton Dickinson and Co, Sparks MD, USA)
was then inserted through the needle, and the needle was removed. Betadine (10%; Purdue
Products L.P. Stamford CT, USA) was applied to the puncture site, and three elastic discs (2
cm2) were placed on the cannulae and drawn to the back of the neck to stabilize the cannula. Rats
were returned to their home cage immediately following surgery, and food pellets were loosely
provided in the cage. For three days following surgery, indices of recovery were assessed (body
weight, facial swelling, activity, etc.), and the cannula was flushed daily with an oral cleansing
solution (Nolvdent; Ayerst, Fort Dodge, Iowa, USA).
5.3.5

Procedures
5.3.5.1 Experiment 1: Effects of pharmacological pretreatments on the establishment

of conditioned gaping and conditioned taste avoidance. A timeline of experimental
procedures for experiment 1 is presented in Fig. 1a. Following 3 days of recovery from surgery,
the rats were adapted to the TR chamber. Water was infused into their intraoral cannulae via an
infusion pump for 2 min at the rate of 1 ml/min. Following the adaptation trial, the rats received
3 consecutive conditioning trials occurring 24 hr apart. Different cohorts of rats were used to
assess the effects of different pretreatments. Rats were randomly assigned to pretreatment
conditions (n=8 per group; Experiment 1A: VEH or ANT; Experiment 1B: VEH, MJN110 or
URB597; 1C: VEH or PRO; Experiment 1D: VEH or WAY; Experiment 1E: VEH or CDP;
Experiment 1F: VEH or OND). For each conditioning trial, rats were injected with their
respective pretreatment 2 hours prior to saccharin for MJN110 and URB597, 30 mins prior to
saccharin for ANT, PRO, CDP, and OND, and 15 mins before saccharine for WAY. Rats were
then individually placed in the TR chamber and intraorally infused with 0.1% saccharin solution
for 2 min at the rate of 1 ml/min. During this time, the orofacial responses were video recorded
from the mirror beneath the chamber. Immediately following the saccharin infusion, the rat’s
intraoral cannulas were flushed with distilled water, then rats were injected with 10 mg/kg THC
and immediately returned to their home cage. This was repeated daily for 3 consecutive days.
The drug-free test trial occurred 24 hr after the third conditioning trial and followed the same
procedure as the conditioning trial, except rats were not injected before or after the saccharin
infusion. Video recordings were later scored using the Observer (Noldus, NL) event recording
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program. Since the pretreatment drugs were on board during the 3 conditioning trials, only the
gaping reactions from the drug-free test were analyzed to assess if they altered the establishment
of conditioned gaping produced by THC. The number of gaping reactions (defined by the rapid,
large-amplitude opening of the mouth to expose the lower incisors) that occurred in each 2-min
drug-free test was counted by an observer blind to group assignment.
The day following the test trial, rats received a one-bottle conditioned taste avoidance
(CTA) test to determine if the pretreatment interfered with learning per se rather than THCinduced nausea (Parker 2014). Rats were deprived of water for 17 h before the start of the 6-h
taste avoidance test. A bottle filled with the saccharin solution was placed in the rat's home cage,
and consumption measures were taken at 30, 120, 240, and 360 min of testing.
5.3.5.2 Experiment 2: Effect of THC on serum CORT concentration. A timeline of
experimental procedures for experiment 2 is presented in Fig. 1b. Rats were randomly assigned
to 1 of 3 treatment conditions (n=8 per group; VEH, 0.5, or 10 mg/kg THC) and injected ip with
their treatment every 24h for 3 consecutive days. The rats were sacrificed 30 min following their
last respective injection by rapid decapitation (restrained in a DecapiCone; Braintree Scientific,
MA, USA) (Rock et al., 2017b). Trunk blood was collected following decapitation, separated by
centrifugation, and the resulting serum was stored at -80°C prior to analysis. Serum samples
were analyzed with the ELISA kit (Arbor Assays) by following the manufacturer’s instructions.
Samples were tested in triplicate and diluted 1:1000 to make sure levels fit into the standard
curve. Results are reported in nanograms per millilitre (ng/ml).
5.3.6

Statistical analysis
In Experiment 1, the mean number of gaping reactions during the drug-free test was

entered into one-way ANOVAs (Experiments 1A-D and F) or an independent samples t-test
(Experiment 1E) with the between-group factor of pretreatment drug. CTA test results were
entered into 3 x 4 mixed factor ANOVAs (Experiments 1A-D and F) or a 2 x 4 mixed factor
ANOVA (Experiment 1E) with the between-groups factor pretreatment drug and the withingroup factor of minutes of testing. For Experiment 2, mean serum CORT levels (ng/ml) were
entered into a one-way ANOVA with the between-group factor of drug treatment (VEH, 0.5
mg/kg THC, or 10 mg/kg THC). Subsequent Bonferroni post-hoc tests were conducted for
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significant main effects where appropriate. For all statistical analyses, significance was defined
as p <0.05.
5.4
5.4.1

Results
Experiment 1: Effects of pharmacological pretreatments on the establishment of

conditioned gaping and CTA.
5.4.1.1 A: ANT. ANT interfered with the establishment of conditioned gaping by 10
mg/kg THC and did not affect CTA. Fig. 2a represents the mean number of gapes produced by
THC-paired saccharin during the drug-free test for animals treated with VEH, 10 mg/kg or 20
mg/kg ANT during conditioning. The one-way ANOVA revealed a significant group effect
during the drug-free test, F(2,21)= 25.39; p<0.001. Bonferroni post hoc analysis revealed that
rats pretreated with 10 and 20 mg/kg ANT (p's<0.001) during conditioning gaped significantly
less than VEH pretreated rats during the drug-free test. Rats pretreated with 10 or 20 mg/kg ANT
did not differ (p=1.00). Fig. 3a represents the mean cumulative ml of saccharin solution
consumed over the 6 h of CTA testing. The 3 x 4 mixed factor ANOVA only revealed a
significant effect of minute, F(3,63)= 35.65, p<0.001.
5.4.1.2 B: MAGL and FAAH inhibition. Both MJN110 and URB597 interfered with the
establishment of conditioned gaping by 10 mg/kg THC but did not alter CTA. Fig. 2b represents
the mean number of gapes produced by THC-paired saccharin during the drug-free test for
animals treated with VEH, 10 mg/kg MJN110 or 0.3 mg/kg URB597 during conditioning. The
one-way ANOVA revealed a significant group effect during the drug-free test, F(2,21)= 25.05; p
<0.001. Bonferroni post hoc analysis revealed that rats pretreated with MJN110 and URB597
(p’s<0.001) during conditioning gaped significantly less than VEH pretreated rats during the
drug-free test. MJN110 and URB597 pretreated animals did not differ (p=0.12). Fig. 3b
represents the mean cumulative ml of saccharin solution consumed over the 6 h of CTA testing.
The 3 x 4 mixed factor ANOVA only revealed a significant effect of minute, F(3,63)= 22.50,
p<0.001.
5.4.1.3 C: PRO. PRO interfered with the establishment of conditioned gaping by 10 mg/kg
THC and did not affect CTA. Fig. 2c represents the mean number of gapes produced by THCpaired saccharin during the drug-free test for animals treated with VEH, 2.5 mg/kg, or 5 mg/kg
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PRO. The one-way ANOVA revealed a significant group effect during the drug-free test,
F(2,21)= 11.87; p<0.001. Bonferroni post hoc analysis revealed that rats pretreated with 2.5
mg/kg PRO (p=0.002) and 5 mg/kg PRO (p=0.001) during conditioning gaped significantly less
than VEH pretreated rats during the drug-free test. Rats pretreated with 2.5 or 5 mg/kg PRO did
not differ (p=1.00). Fig. 3c represents the mean cumulative ml of saccharin solution consumed
over the 6 h of CTA testing. The 3 x 4 mixed factor ANOVA only revealed a significant effect of
minute, F(3,63)= 30.72, p<0.001
5.4. 1.4 D: WAY. A dose of 0.5 mg/kg, but not 0.1 mg/kg, of WAY interfered with the
establishment of conditioned gaping by 10 mg/kg THC but did not affect CTA. Fig. 2d
represents the mean number of gapes produced by THC-paired saccharin during the drug-free
test animals treated with VEH, 0.1 mg/kg or 0.5 mg/kg WAY. The one-way ANOVA revealed a
significant group effect during the drug-free test, F(2,21)= 9.94; p=0.001. Bonferroni post hoc
analysis revealed that rats pretreated with 0.5 mg/kg WAY during conditioning gaped
significantly less during the drug-free test than rats pretreated with 0.1 mg/kg WAY (p=0.015) or
VEH (p=0.001). Rats pretreated with 0.1 mg/kg WAY, and VEH did not differ significantly
(p=0.77). Fig. 3d represents the mean cumulative ml of saccharin solution consumed over the 6 h
of CTA testing. The 3 x 4 mixed factor ANOVA only revealed a significant effect of minute,
F(3,63)= 7.12, p<0.001.
5.4.1.5 E: CDP. CDP interfered with the establishment of conditioned gaping by 10 mg/kg
THC but did not alter CTA. Fig. 2e represents the mean number of gapes produced by THCpaired saccharin during the drug-free test for animals treated with VEH or 5mg/kg CDP. The
independent samples t-test revealed a significant effect during the drug-free test, t(14)= 5.74;
p<0.001. Fig. 3e represents the mean cumulative ml of saccharin solution consumed over the 6 h
of CTA testing. The 2 x 4 mixed factor ANOVA only revealed a significant effect of minute,
F(3,42)= 47.02, p<0.001.
5.4.1.6 F: OND. OND did not interfere with the establishment of conditioned gaping by 10
mg/kg THC or CTA. Fig. 2f represents the mean number of gapes produced by THC-paired
saccharin during the drug-free test for animals treated with VEH, 0.01mg/kg or 0.1 mg/kg OND.
The one-way ANOVA did not reveal a significant group effect during the drug-free test,
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F(2,21)= 0.67; p=0.521. Fig. 3f represents the mean cumulative ml of saccharin solution
consumed over the 6 h of CTA testing. The 3 x 4 mixed factor ANOVA only revealed a
significant effect of minute, F(3,63)= 15.84, p<0.001.
5.4.2

Experiment 2: Effect of THC on serum CORT concentration
Serum CORT levels (ng/mg) were significantly increased in rats treated with 10 mg/kg

THC, a dose that produces conditioned gaping reactions (DeVuono et al., 2018). Fig. 4
represents the mean serum CORT levels in rats treated with VEH, 0.5 mg/kg THC, or 10 mg/kg
THC for 3 consecutive days. The one-way ANOVA revealed a significant main effect of drug
treatment F(2,21)= 11.69, p<0.001. Post hoc analysis revealed that serum CORT levels were
significantly elevated in animals treated with 10 mg/kg THC compared to VEH (p=0.002) and
0.5 mg/kg THC (p=0.001). Serum CORT levels did not differ between rats treated with VEH or
0.5 mg/kg THC, treatments that do not produce conditioned gaping reactions (DeVuono et al.,
2018).
5.5

Discussion
The objective of this study was to determine the involvement of the stress response and the

eCB system in THC-induced nausea. Using the conditioned gaping model of nausea, rats given
pretreatments that were expected to interfere with the stress response, including ANT, MJN110,
URB597, PRO, WAY, and CDP, gaped significantly less than rats pretreated with the VEH
control. On the other hand, doses of the typical anti-emetic Ondansetron that interfere with LiClinduced conditioned gaping (Limebeer & Parker, 2000) were ineffective at interfering with the
establishment of THC-induced conditioned gaping. Additionally, daily exposure to 10 mg/kg
THC produced elevated serum CORT compared to rats treated with 0.5 mg/kg THC or VEH,
indicating that THC dose-dependently activates the HPA axis.
The HPA axis is activated when CRH is released from the paraventricular nucleus of the
hypothalamus following a stressor to trigger the pituitary gland to release ACTH (Hill & Tasker,
2012). ANT antagonizes the CRH receptor type 1, therefore, preventing ACTH and subsequent
CORT release (Deak et al., 1999; Webster et al., 1996). Since ANT prevented the establishment
of THC-induced nausea, stress-induced CRH release is likely an antecedent rather than a
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consequence of THC-induced conditioned gaping. Since ANT was given systemically, the
mechanism for its protective effect against nausea is not known, as CRH acts in several brain
regions, as well as in the periphery, to modulate stress related behaviours and inhibit gut function
(Levinthal & Bielefeldt, 2014; Taché, 1999; Taché & Bonaz, 2009; Taché & Perdue, 2004).
THC also inhibits gut function (Abalo et al., 2009, 2011; Aviello et al., 2008; Izzo et al., 1999a;
Krowicki et al., 1999; McCallum et al., 1999), and delayed gastric emptying is typically seen in
individuals with CHS (Allen et al., 2004; Chang & Windish, 2009; Galli et al., 2013). Inhibited
gut function is known to produce nausea and vomiting (Camilleri et al., 2013; Stanghellini &
Tack, 2014); therefore, CRH could provide a mechanism for how stress is associated with nausea
and vomiting disorders.
ANT also interferes with acute stress induced and CRH induced anxiety-like behaviour in
rats (Zorrilla et al., 2002). Anxiety is a common symptom of CHS, particularly in the prodromal
phase that is more prominent in the morning, which is accompanied by nausea (Allen et al.,
2004; Richards, 2017). HPA axis tone is higher in the morning as well (Kalsbeek et al., 2012;
Richards, 2017). The amygdala is proposed to be the region where CRH mediates stress-induced
anxiety. Interestingly, Gray et al. (2015) found that intracerebral ventricular (icv) administration
of CRH or an acute stressor produced anxiety-like behaviours by upregulating FAAH and
consequently reducing AEA in the amygdala. The changes in FAAH and AEA were mediated by
the CRH receptor 1 activation (Gray et al., 2015). A reduction of AEA in the amygdala due to
CRH-induced FAAH upregulation can also increase excitatory input to the hypothalamus
promoting HPA activation (Gunduz-Cinar et al., 2013b; Hill & Tasker, 2012). AEA is thought to
be the “gatekeeper” of stress and anxiety, released tonically in the amygdala and hypothalamus
to inhibit these regions, thus inhibiting down-stream HPA activation and stress-induced anxiety
behaviours (Hill & Tasker, 2012). Here we report that inhibition of FAAH with URB597 also
interfered with the establishment of THC-induced conditioned gaping. Similarly, Gray et al.
(2015) found that URB597 infused into the amygdala inhibited CRH-induced anxiety-like
behaviours. It is possible that ANT interfered with conditioned gaping in part by blocking the
upregulation of FAAH in the amygdala and/or hypothalamus produced by stress and THC;
however, subsequent studies evaluating the central effects of ANT and URB597 on THCinduced conditioned gaping are warranted.
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Both AEA and 2-AG are essential for maintaining homeostasis of the stress response. In
addition to serving as the gatekeeper role of AEA, following a stressor, elevated CORT leads to a
release of 2-AG in the hypothalamus, which acts on CB1 receptors to halt glutamate release on to
CRH containing neurons and terminate the stress response (Evanson et al., 2010; Patel et al.,
2004). 2-AG also has a delayed increase in the prefrontal cortex and amygdala after a stressor or
administration of CRH icv to modulate stress-induced anxiety (Gray et al., 2015). Systemic
administration of the MAGL inhibitor MJN110 interfered with the establishment of THCinduced conditioned gaping. Prolonging 2-AG’s action by inhibiting its degradation may
facilitate negative feedback inhibition of the HPA axis, thus limiting the duration of the stress
response to THC to alleviate the associated nausea.
HPA axis function is disrupted in long-term cannabis users; however, the direction of the
dysregulation is inconsistent in the literature. For example, some authors have demonstrated that
long-term cannabis users have less of an increase in cortisol and ACTH in response to an acute
stressor or unpleasant visual stimuli, compared to non-users (Cuttler et al., 2017; Somaini et al.,
2012). Others have reported that, compared to non-users, long-term cannabis users have higher
basal levels of cortisol and ACTH, and increased ratings of anxiety (King et al., 2011; Somaini et
al., 2012). It is hypothesized that a dysregulated eCB system contributes to the altered stress
reactivity observed in chronic cannabis users. Indeed, prolonged administration of THC alters
eCB concentrations in humans and animals (Di Marzo et al., 2000; González et al., 2004;
Morgan et al., 2013). Repeated daily injections of THC have also been shown to upregulate gene
expression of MAGL and FAAH (DeVuono et al., 2018) and desensitize and downregulate CB1
receptors (Tai et al., 2015) in the hypothalamus of rats, again suggesting that a high dose of THC
may disrupt the HPA axis. Future research is needed to determine the impact of THC dose,
length of use, and genetic or other predisposing factors on stress reactivity in cannabis users to
understand if the differences in HPA activity between users and non-users is an impairment of
HPA axis activation or negative feedback.
When it comes to nausea, considerable evidence has highlighted the involvement of 2-AG
in the IIC for modulating the sensation of nausea (Limebeer et al., 2018, 2017; Parker et al.,
2015; Sticht et al., 2015a; Tuerke et al., 2012). Increasing levels of 2-AG should, therefore,
promote negative feedback of the HPA axis and inhibit nausea. Indeed, increasing 2-AG
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systemically by inhibiting MAGL with MJN110 successfully interfered with the establishment of
THC-induced nausea and did not differ from rats pretreated with the FAAH inhibitor URB597.
The ability of PRO to interfere with THC-induced conditioned gaping is consistent with
findings that PRO is effective at alleviating nausea and vomiting in a human case study of CHS
(Richards & Dutczak, 2017). THC can increase NE release by activating CB1 receptors on
GABAergic terminals in the locus coeruleus (LC), reducing GABA release and disinhibiting this
region (Muntoni et al., 2006; Patel & Hillard, 2009). This effect is dose-dependent, with higher
doses of THC producing greater LC activity (Muntoni et al., 2006). Similarly, CRH, which is
increased by stress and THC (Corchero et al., 1999; De Fonseca et al., 1994; Hill & Tasker,
2012), also increases LC activity to produce anxiety-like behaviours (McCall et al., 2015).
Therefore, high doses of THC could be increasing NE signalling, directly and indirectly through
CRH, to increase hypothalamus and amygdala activity and contributing to the development of
THC-induced nausea.
Increases in NE transmission produced by high doses of THC may also activate the
sympathetic nervous system (SNS), another aspect of the stress response since NE is the primary
neurotransmitter of the SNS. Increased SNS activity is associated with nausea and vomiting
(Sclocco et al., 2016) and THC use (Alshaarawy & Elbaz, 2016; Jones, 2002; Levinthal &
Bielefeldt, 2014; Muniyappa et al., 2013; Papini et al., 2017; Vandrey et al., 2011). Activating
the SNS, by increasing NE signalling is also how CRH inhibits gut function (Nakade et al., 2004;
Taché & Perdue, 2004), which can contribute to nausea (Stanghellini & Tack, 2014). Autonomic
symptoms related to the SNS, such as flushing, sweating, inhibited gut motility, increased thirst,
and increased heart rate, are common during the prodromal phase of CHS, when nausea begins
(Levinthal & Bielefeldt, 2014; Lu & Agito, 2015). Additionally, Venkatesan et al. (2016) found
that a biomarker of SNS activity (salivary alpha amylase) was higher in cannabis users with CVS
than non-cannabis users with CVS, suggesting that cannabis exaggerates SNS dysfunction in a
nausea and vomiting disorder. Additionally, hot water immersion, a treatment that consistently
decreases nausea symptoms in CHS (Sorensen et al., 2017), reduces SNS activity as well (Jones,
2002; Mooventhan & Nivethitha, 2014; Nagasawa et al., 2001; Sidney, 2002).
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Like PRO, WAY also interfered with the establishment of THC-induced conditioned
gaping in the current experiment. High doses of THC have been reported to increase 5-HT
release by acting on CB1 receptors on GABAergic terminals in the dorsal raphe nucleus causing
disinhibition of 5-HT neurons (Bambico et al., 2007; Gobbi et al., 2005; McLaughlin et al.,
2009). Therefore, high doses of THC could increase serotonergic input to the hypothalamus and
amygdala, contributing to stress and anxiety and input to the IIC, contributing to the sensation of
nausea.
WAY is an antagonist of the 5-HT1A receptor subtype. This is an inhibitory receptor found
on presynaptic terminals in the dorsal raphe nucleus, where it acts as an auto-receptor and on
postsynaptic membranes in the forebrain (Fletcher et al., 1995; Verge et al., 1985). WAY is
known to have dose-dependent effects, possibly due to the different locations of receptors
(Critchley et al., 1994; Fletcher et al., 1995). A higher dose of 0.5 mg/kg WAY, the same dose
that attenuated the CORT response to cannabinoids (McLaughlin et al., 2009), interfered with
THC-induced conditioned gaping, but a lower dose of 0.1 mg/kg did not. Higher doses of WAY
produce anxiolytic-like effects in rodents, attributed to its action on postsynaptic 5-HT1A
receptors (Fletcher et al., 1995). Given the correlations with stress, anxiety, eCB system and
nausea, the anti-nausea effects may also be due to antagonizing postsynaptic 5-HT1A receptors.
This would not be surprising as antagonizing postsynaptic receptors would inhibit 5-HT
transmission, but antagonizing auto-receptors increases serotonin release, which contributes to
HPA activation and nausea (Limebeer et al., 2018; McLaughlin et al., 2009; Rock et al., 2012).
The 5-HT3 receptor is the serotonin receptor most commonly associated with nausea and
vomiting. These receptors are found in the DVC and IIC, and when activated by 5-HT, produce
vomiting and nausea, respectively (Endo et al., 1995; Horn et al., 2004; Napadow et al., 2013;
Tuerke et al., 2012). Because of this, typical anti-emetic drugs, like ondansetron, are 5-HT3
antagonists. Ondansetron is one of the most commonly used drugs to combat nausea and
vomiting but is not effective in humans with CHS (Richards et al., 2017). Indeed, both doses of
ondansetron used in this experiment, which are effective against LiCl-induced conditioned
gaping (Limebeer & Parker, 2000), did not interfere with THC-induced conditioned gaping.
Interestingly, ondansetron is also ineffective at treating anticipatory nausea in humans (Kamen et
al., 2014) and blocking its expression in animal models (Limebeer et al., 2006; Parker et al.,
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2006; Rock et al., 2014a). Anticipatory nausea is another nausea disorder associated with
increased stress and anxiety (Andrykowski, 1990).
Benzodiazepines are a primary treatment used in a hospital setting to reduce CHS
symptoms. Chlordiazepoxide, the benzodiazepine used in the current study, interfered with THCinduced conditioned gaping at a dose that is effective in a rat model of anticipatory nausea (Rock
et al., 2014a). Benzodiazepines are also commonly used to treat humans with anticipatory nausea
and CVS (Blumentrath et al., 2017; Malik et al., 2015; Razavi et al., 1993), as well as anxiety
disorders (Shader & Greenblatt, 1993). Benzodiazepines are positive allosteric modulators of the
GABAa receptor, which can inhibit the HPA axis (Le Fur et al., 1979; Mikkelsen et al., 2005).
THC was found to elevate serum CORT dose-dependently. Rats treated with a high dose of
THC that produces conditioned gaping (10 mg/kg; DeVuono et al. 2018) had significantly higher
serum CORT levels than rats treated with a dose that reduced LiCl-induce conditioned gaping
(0.5 mg/kg; Limebeer and Parker 1999) or a neutral VEH. This is consistent with previous
literature that shows CB1 agonists at high doses activate the HPA axis (McLaughlin et al., 2009;
Murphy et al., 1998; Puder et al., 1982). Moreover, CORT (cortisol in humans) is elevated
during episodes of nausea and vomiting (Otto et al., 2006), which is exacerbated by cannabinoid
use (Venkatesan et al., 2016). It is expected that the pretreatments used in the current
experiments that interfered with THC-induced conditioned gaping may also interfere with THCinduced elevation in CORT. Indeed, Mclaughlin et al. (2009) have previously demonstrated that
propranolol and WAY-100635 can attenuate the CORT elevation following administration of the
CB1 receptor agonist, HU-210. However, HU-210 is a full agonist of the CB1 receptor and more
potent than THC, which is a partial CB1 agonist. It is important to note that a much lower dose of
HU-210 (0.001 mg/kg) was used compared to THC (10 mg/kg) used in this experiment
(McLaughlin et al., 2009). We have previously shown, with similar experimental procedures,
that another potent CB1 receptor agonist, JWH-018, produces dose-dependent conditioned
gaping by acting at the CB1 receptor and produces an elevation in serum CORT (DeVuono et al.,
2020a), comparable to what is seen with THC, demonstrating that THC and full CB1 receptor
agonists behave similarly in these paradigms.
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Overall, these results show that inhibiting stress, anxiety and eCB degradation interferes
with THC-induced nausea, furthers implicating a dysregulated eCB system and stress response.
THC also produced a dose-dependent increase in circulating CORT. Additionally, results with
ANT suggest that stress precedes nausea produced by THC. Future research targeting central
regions involved in stress regulation and nausea is needed to fully understand the relationship
between the eCB system, stress systems and nausea.
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Figure 1. Schematic representation of experimental procedures for a) experiment 1 and b)
experiment 2.
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Figure 2. Mean (±sem) number of gapes elicited by THC-paired saccharin solution during the
drug-free test trial after being treated with VEH or other pretreatments during conditioning.
Circles represent individual data points in each group. Pretreated with a) antalarmin (ANT), b)
MAGL and FAAH inhibitor (MJN110 and URB597), c) propranolol (PRO), d) WAY-110365
(WAY), and e) chlordiazepoxide (CDP) interfered with the establishment of THC-induced
conditioned gaping, but f) ondansetron (OND) did not. **p<0.01, ***p<0.001 compared to
VEH, n=8 for all groups
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Figure 3. Mean (±sem) ml of saccharin consumed in a 360 min taste avoidance test.
Pretreatment with a) antalarmin (ANT), b) MAGL and FAAH inhibitor (MJN110 and URB597),
c) propranolol (PRO), d) WAY-110365 (WAY), e) chlordiazepoxide (CDP), and f) ondansetron
(OND) had no effect on the amount of saccharin consumed. n=8 for all groups
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Figure. 4 Mean (±sem) serum levels of corticosterone (ng/ml) of rats treated with VEH, 0.5
mg/kg THC, or 10 mg/kg THC. Rats treated with 10 mg/kg THC had significantly elevated
serum corticosterone compared to VEH and 0.5 mg/kg THC treated rats. ***p < 0.01 compared
to VEH and 0.5 mg/kg THC, n=8 for all groups
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6.1

Abstract

Introduction: Cannabinoid hyperemesis syndrome (CHS) is characterized by intense nausea and
vomiting brought on by the use of high-dose ∆9-tetrahydrocannabinol (THC), the main
psychotropic compound in cannabis. Cannabidiol (CBD), a non-psychotropic compound found
in cannabis, has been shown to interfere with some acute aversive effects of THC. In this study,
we evaluated if CBD would interfere with THC-induced nausea through a 5-HT1A receptor
mechanism as it has been shown to interfere with nausea produced by lithium chloride (LiCl).
Since CHS has been attributed to a dysregulated stress response, we also evaluated if CBD
would interfere with THC-induced increase in corticosterone (CORT).
Materials and Methods: The potential of CBD (5 mg/kg, ip) to suppress THC-induced
conditioned gaping (a measure of nausea) was evaluated in rats, as well as the potential of the 5HT1A receptor antagonist, WAY-100635 (WAY; 0.1 mg/kg, ip), to reverse the suppression of
THC-induced conditioned gaping by CBD. Last, the effect of CBD (5 mg/kg, ip) on THCinduced increase in serum CORT concentration was evaluated.
Results: Pretreatment with CBD (5 mg/kg, ip) interfered with the establishment of THC-induced
conditioned gaping (p = 0.007, relative to vehicle [VEH] pretreatment), and this was reversed by
pretreatment with 0.1 mg/kg WAY. This dose of WAY had no effect on gaping on its own. THC
(10 mg/kg, ip) significantly increased serum CORT compared with VEH-treated rats (p = 0.04).
CBD (5 mg/kg, ip) pretreatment reversed the THC-induced increase in CORT
Conclusions: CBD attenuated THC-induced nausea as well as THC-induced elevation in CORT.
The attenuation of THC-induced conditioned gaping by CBD was mediated by its action on 5HT1A receptors, similar to that of LiCl-induced nausea.
Keywords: Δ9-Tetrahydrocannabinol (THC), Cannabidiol (CBD), 5-HT1A receptor, Cannabinoid
hyperemesis, nausea, corticosterone (CORT)

127

6.2

Introduction
Cannabinoid Hyperemesis Syndrome (CHS), an adverse event related to high dose chronic

cannabis use, is characterized by cyclical episodes of intense nausea and vomiting with severe
abdominal pain that is alleviated by high-temperature baths or showers and abstinence from
cannabis (Allen et al., 2004; DeVuono & Parker, 2020; Sorensen et al., 2017; Venkatesan et al.,
2019). There are several reports that the main intoxicating component of the cannabis plant, Δ9tetrahydrocannabinol (THC; Mechoulam and Gaoni 1965), produces dose-dependent acute
nausea and vomiting in humans (Frytak et al., 1979; Noyes et al., 1975; Vaziri et al., 1981) and
laboratory animals (Cluny et al., 2008; Darmani, 2001b; DeVuono et al., 2018; Hockman et al.,
1971; Parker & Gillies, 1995; Scheckel et al., 1968; Shannon et al., 1978). The mechanisms of
the nauseating effects of high dose THC is not well understood, but is thought to be the result of
dysregulated endocannabinoid and stress systems (Darmani, 2010; DeVuono & Parker, 2020;
Richards, 2017).
Rats are a useful animal model for studying the nauseating effects of cannabis. Although
they do not vomit, rats detect toxins the same way as emetic species but lack the motor output for
vomiting (Bernstein et al., 1992; Eckel & Ossenkopp, 1996; Endo et al., 1995; Horn et al., 2004).
Considerable evidence suggests that rats display the unique behaviour of gaping (wide open
mouth with lower incisors exposed; Grill and Norgren 1978) when exposed to a flavour
previously paired with an emetic drug, such as Lithium Chloride (LiCl) in the taste reactivity
paradigm (Parker, 2014). Therefore, conditioned gaping provides a unique tool for investigating
the neurobiology of nausea in rats. We have previously demonstrated that THC and the synthetic
cannabinoid 1 (CB1) receptor agonist, JWH-018, produce dose-dependent conditioned gaping
where high, but not low, doses produce conditioned gaping in rats via their action on the CB1
receptor (DeVuono et al., 2018, 2020a).
Cannabidiol (CBD) is another main, non-intoxicating compound found in cannabis that is
touted for its therapeutic potential (Mechoulam et al., 2007). Evidence suggests that CBD
protects against pain, inflammation, epilepsy, depression, anxiety, as well as nausea and
vomiting (Campos & Guimarães, 2008; Devinsky et al., 2018; Espejo-Porras et al., 2013;
Guimarães et al., 1990; Kwiatkowska et al., 2004; Long et al., 2010; Moreira et al., 2006; Parker
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et al., 2002b; Resstel et al., 2009; Rock et al., 2017a, 2018, 2012; Zanelati et al., 2010).
Moreover, CBD is thought to antagonize many of the aversive effects associated with THC. For
example, CBD counteracts the effects of THC on conditioned place aversion39 and social
interaction (Malone et al., 2009), and attenuates paranoia (Englund et al., 2013), psychosis
(Bhattacharyya et al., 2010; Zuardi et al., 2006), and anxiety (Zuardi et al., 1982, 1993) elicited
by THC. Therefore, it is possible that CBD may interfere with THC-induced nausea as well.
Unlike THC, CBD only has minimal efficacy as a CB1 receptor agonist and produces its
effects through several different mechanisms (Bisogno et al., 2001). One such mechanism is the
serotonin 5-HT1A receptor, where CBD acts as an indirect agonist of somatodendritic 5-HT1A
autoreceptors in the dorsal raphe nucleus (DRN) (Rock et al., 2012; Russo et al., 2005), which
reduces serotonin release in the forebrain (Limebeer et al., 2018). Many of the effects of CBD
mentioned above can be prevented by the administration of the 5-HT1A receptor antagonist
WAY-100635 (WAY) (Campos & Guimarães, 2008; Espejo-Porras et al., 2013; Gomes et al.,
2011; Kwiatkowska et al., 2004; Maione et al., 2011; Rock et al., 2012; Zanelati et al., 2010).
For example, Rock et al. (2012) demonstrated that systemic and intra-DRN administration of
WAY blocks CBD's ability to interfere with LiCl-induced conditioned gaping in rats, suggesting
CBD's action at the 5-HT1A receptor that mediates its anti-nausea effects. Therefore, CBD may
interfere with THC-induced nausea by a 5-HT1A receptor mechanism as well.
It is hypothesized that CHS is the result of a dysregulated hypothalamic-pituitary-adrenal
(HPA) axis due to high doses of THC producing endocannabinoid system alterations (DeVuono
& Parker, 2020; Levinthal & Bielefeldt, 2014; Richards, 2017). Relatively high doses of THC
are known to activate the HPA axis, as indicated by an increase in corticotropin-releasing
hormone (CRH), adrenocorticotropin hormone (ACTH) and the glucocorticoid stress hormone
corticosterone (CORT) (Corchero et al., 1999; DeVuono et al., 2020c; Murphy et al., 1998;
Puder et al., 1982). Circulating ACTH and CORT are also elevated during nausea and vomiting
(Choukèr et al., 2010; Otto et al., 2006; Venkatesan et al., 2016). Indeed, we have previously
shown that a CRH receptor antagonist, which inhibits the neuroendocrine response to stress and
stress-induced anxiety (Deak et al., 1999), also interferes with THC-induced nausea in rats
(DeVuono et al., 2020c). Given that CBD is anxiolytic and may counteract the aversive effect of
high dose THC, it may also interfere with THC-induced stress, and consequently, THC-induced
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nausea. CBD has been demonstrated to reduce the increased transcription of HPA-axis related
genes following restraint stress, including the genes for CRH and proopiomelanocortin (POMC),
which are both elevated in times of stress (Viudez-Martínez et al., 2018). The effect of CBD on
THC-induced CORT release, however, is unknown.
The current study evaluated the potential CBD to interfere with THC-induced conditioned
gaping. Furthermore, the ability of the 5-HT1A antagonist, WAY-100635, to block the effect of
CBD on THC-induced conditioned gaping was tested to determine its mechanism of action. Last,
the potential of CBD to interfere with THC-induced serum CORT release was evaluated.
6.3
6.3.1

Methods:
Subjects
Animal procedures were conducted in accordance with the Canadian Council on Animal

Care (CCAC) and the National Institute of Health guidelines. All protocols were approved by the
Institutional Animal Care Committee at the University of Guelph, which is accredited by the
CCAC. A total of 63 (n=32 for experiment 1 and n=31 for experiment 2) naïve, male SpragueDawley rats (Charles River Laboratories) were used in all experiments. Rats were single-housed
and maintained as described by DeVuono et al. (2018). All experimental manipulations occurred
during the dark phase of the cycle.
6.3.2

Drugs
The method of injection for all drugs used was intraperitoneal (ip). THC, CBD and WAY-

100635 (WAY) were dissolved in ethanol then Tween 80 (Sigma) was added to the solution in a
graduated cylinder. Using a nitrogen stream, the ethanol was then evaporated off. Saline was
then added to the solution. The final vehicle (VEH) solution was composed of 1:9 Tween: saline.
THC was mixed at a concentration of 10 mg/ml and administered ip at 1 ml/kg (10 mg/kg). CBD
was prepared as a 5 mg/ml solution of the vehicle and was administered at volumes of 1 ml/kg (5
mg/kg). WAY-100635 was mixed at concentrations of 0.1 mg/ml and administered at 1 ml/kg
(0.1).
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6.3.3

Taste Reactivity Apparatus
The taste reactivity (TR) chamber was a clear Plexiglas chamber (25 x 25 x 12.5 cm) with

a removable, opaque Plexiglas lid that was placed on top of a table with a clear glass top and a
mirror beneath the chamber at a 45˚ angle to record the rat's ventral surface. The intraoral
infusions were delivered by an infusion pump (Model KDS100, KD Scientific, Holliston, MA,
USA) attached to intraoral cannulae. A video camera pointed towards the mirror below the
chamber recorded the rat's behaviour during conditioning and test trials.
6.3.4

Intraoral Cannulation Surgery
Rats in experiment 1 were implanted with intraoral cannulae as described by Limebeer et

al. (2010). For 3 days following surgery, indices of recovery were assessed (body weight, facial
swelling, activity, etc.), and the cannula was flushed daily with an oral cleansing solution
(Nolvdent; Ayerst, Fort Dodge, Iowa, USA).
6.3.5

Behavioural Procedures
6.3.5.1 Experiment 1: Effect of WAY and CBD on THC-induced conditioned gaping

and conditioned taste avoidance. As reported by DeVuono et al. (2018), following 3 days of
recovery from intraoral surgery, the rats were adapted to the TR chamber. Water was infused
into their intraoral cannulae via an infusion pump for 2 min at the rate of 1 ml/min. Following
the adaptation trial, the rats received a series of 3 consecutive conditioning trials occurring 24 hr
apart. On each of three trials (24 hr apart), the rats were injected ip with either VEH or 0.1 mg/kg
WAY 15 min before being injected ip with either VEH or 5 mg/kg CBD 30 min prior to being
infused with 0.1% saccharin for 2 min at a rate of 1 ml/min, according to their random group
assignment creating 4 treatment groups (VEH-VEH, VEH-CBD, WAY-VEH, WAY-CBD; n= 8
rats per group). During this time, the orofacial responses were video recorded from the mirror
beneath the chamber. Immediately following saccharin infusion, rats were then injected with 10
mg/kg THC. The test trial occurred 24 hr after the third conditioning trial and followed the same
procedure as the conditioning trial, except rats were not injected before or after the saccharin
infusion. Video recordings were later scored using the Observer (Noldus, NL) event recording
program. Since the pretreatment drugs were on board during the 3 conditioning trials, only the
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gaping reactions from the drug-free test were analyzed to assess if they altered the establishment
of conditioned gaping produced by THC. The number of gaping reactions (defined by the rapid,
large-amplitude opening of the mouth to expose the lower incisors) that occurred in each 2-min
drug-free test was counted by an observer blind to group assignment.
The day following the test trial, rats received a one-bottle conditioned taste avoidance
(CTA) test to determine if the pretreatment interfered with learning per se rather than THCinduced nausea.23 Rats were deprived of water for 17 h before the start of the 6-h taste avoidance
test. A bottle filled with the saccharin solution was placed in the rat's home cage, and
consumption measures were taken at 30, 120, 240, and 360 min of testing.
6.3.5.2 Experiment 2: Effect of CBD on THC-induced increase in serum CORT
concentrations. Rats were randomly assigned to 1 of 4 treatment conditions (VEH-VEH, n=8;
VEH-THC, n=8; CBD-VEH, n=8; CBD-THC, n=7) and injected ip with their treatment every
24h for 3 consecutive days to match the injection procedure from experiment 1. Rats were
injected intraperitoneally with either VEH or 5 mg/kg CBD 30 min prior to being injected with
VEH of 10 mg/kg THC according to their random group assignment to mirror the procedure
used in experiment 1. On the third day of injection, rats were sacrificed 30 min following their
last respective injection by rapid decapitation (restrained in a DecapiCone; Braintree Scientific)
(Rock et al., 2017b). Trunk blood was collected following decapitation, separated by
centrifugation, and the resulting serum was stored at -80°C prior to analysis. Serum samples
were analyzed with the ELISA kit (Arbor Assays) by following the manufacturer's instructions.
Samples were tested in triplicate and diluted 1:1000 to make sure levels fit into the standard
curve. Results are reported in nanograms per millilitre (ng/ml).
6.3.6

Statistical analysis
For experiment 1, the number of gaping reactions during the drug-free test was entered into

a one-way ANOVA with the between-groups factor of pretreatments (VEH-VEH, VEH-CBD,
WAY-VEH, or WAY-CBD). Conditioned taste avoidance test results were entered into a 4 x 4
mixed factor ANOVA with the between-groups factor pretreatment drug (VEH-VEH, VEHCBD, WAY-VEH, or WAY-CBD) and the within-group factor of minutes of testing. For
Experiment 2, mean serum CORT levels (ng/ml) were entered into a one-way ANOVA with the
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between-group factor of drug treatment VEH-VEH, CBD-VEH, VEH-THC, CBD-THC).
Subsequent Bonferroni post hoc tests were conducted for significant main effects where
appropriate. For all statistical analyses, significance was defined as p <0.05.
6.4
6.4.1

Results
Experiment 1: Effect of WAY and CBD on THC-induced conditioned gaping and

conditioned taste avoidance.
6.4.1.1 Conditioned gaping. WAY (0.1 mg/kg) reversed CBD's ability to interfere with
THC-induced conditioned gaping. Figure 1A shows the mean number of gapes elicited by THCpaired saccharin during the drug-free test for the different pretreatment groups. The one-way
ANOVA revealed a significant effect of the pretreatment group, F(3,28)=5.47; p=0.004.
Bonferroni post hoc analysis revealed that rats that received VEH-CBD during conditioning
gaped significantly less at test than rats treated with VEH-VEH (p=0.007), WAY-VEH (p=0.03),
or WAY-CBD (p=0.025). Rats in the VEH-VEH, WAY-VEH, and WAY-CBD groups did not
differ significantly at test (p =1.00).
6.4.1.2 Conditioned taste avoidance. Pretreatment condition did not have an effect on
CTA. Figure 1B shows the mean cumulative amount (mL) of saccharin solution consumed over
the 6 h of testing. The 4x4 ANOVA only revealed a significant effect of min, F(3,84)=39.45;
p<0.001.
6.4.2

Experiment 2: Effect of CBD on THC-induced increase in serum CORT

concentrations.
THC significantly increased serum CORT concentrations, and this effect was attenuated by
pretreatment with CBD. Figure 2 represents the mean serum CORT levels in rats treated with
different drug treatments. The one-way ANOVA revealed a significant main effect of drug
treatment F(3,27)=6.60, p=0.002. Bonferroni post hoc analysis revealed that rats treated with
VEH-THC had significantly increased serum CORT levels compared to rats treated with VEHVEH (p=0.04), CBD-VEH (p=0.001), or CBD-THC (p=0.05). Rats treated with VEH-VEH,
CBD-VEH, and CBD-THC did not differ significantly.
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6.5

Discussion:
Pretreatment with 5 mg/kg CBD (ip) suppressed conditioned gaping reactions produced by

a flavour-paired with a high dose of THC (10 mg/kg, ip), a rat model of nausea. Additionally, the
suppression of conditioned gaping by CBD was attenuated by the administration of 5-HT1A
receptor antagonist WAY (0.1 mg/kg, ip) prior to CBD. There was no effect of pretreatment
condition on CTA, indicating that CBD and WAY did not impact the learning of the association
between saccharin and THC. These findings mirror the effect of CBD on LiCl-induced
conditioned gaping, which is also reversed by pretreatment with WAY (Rock et al., 2012).
Interestingly, blockade of the 5-HT1A receptor also reverses the anxiolytic effect of CBD
(Campos & Guimarães, 2008; Gomes et al., 2011), and the ability of CBD to attenuate the
autonomic response to a stressor and subsequent stress-induced anxiety (Resstel et al., 2009;
Rock et al., 2017a). In addition to nausea and vomiting, in humans, CHS is often accompanied
by anxiety and autonomic symptoms (DeVuono & Parker, 2020); and anxiolytic drugs, such as
benzodiazepines, are the most commonly used treatment for CHS patients in the hospital setting
(Khattar & Routsolias, 2017; Richards et al., 2017). This makes the effects of CBD on anxiety,
and nausea and vomiting particularly noteworthy.
One potential mechanism for the development of CHS and THC-induced nausea is a
dysregulated stress response due to high dose THC, leading to cyclical nausea and vomiting
(DeVuono & Parker, 2020; Richards, 2017). We have previously shown that THC produces
dose-dependent conditioned gaping (DeVuono et al., 2018) and a dose-dependent increase in
serum CORT(DeVuono et al., 2020c). Indeed, CBD was shown in the current experiment to not
only interfere with conditioned gaping produced by a high dose of THC (10 mg/kg) but also to
prevent THC-induced increase in circulating CORT. CBD administered before THC was able to
inhibit the CORT increase to where the CBD-THC group did not differ significantly from rats
treated with VEH control. Viudez-Martinez et al. (2018) found that CBD prevented stressinduced upregulation of stress-related gene expression in mice and attributed the effect to CBD's
action on 5-HT1A receptors. CBD's ability to inhibit CORT increase by THC is therefore likely
mediated by its action at the 5-HT1A receptor. Indeed, a higher dose of the 5-HT1A receptor
antagonist WAY has been shown to attenuate the increase in circulating CORT produced by a
high dose of CB1 receptor agonists, HU-210 (McLaughlin et al., 2009).
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High doses of THC can increase 5-HT release by acting on CB1 receptors on GABAergic
terminals in the DRN, resulting in disinhibition of 5-HT neurons (Bambico et al., 2007; Gobbi et
al., 2005). The increase in 5-HT produced by high doses of THC may contribute to stress,
anxiety, and nausea associated with CHS. The ability of CBD to act on 5-HT1A autoreceptors in
the DRN and reduce serotonin release (Limebeer et al., 2018; Rock et al., 2012; Russo et al.,
2005) may be interfering with the aversive effects of high dose THC, ultimately reducing
circulating CORT and attenuating THC-induced nausea.
6.6

Conclusions:
This study demonstrates that CBD reduces THC-induced nausea by acting at 5-HT1A

receptors and inhibits the serum CORT increase produced by THC. These findings suggest that
serotonin and 5-HT1A receptors are involved in the mechanisms of THC-induced nausea as well
as THC-induced stress.
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Figure 1. A) Mean (±sem) number of gapes elicited by THC-paired saccharin solution by the
different pretreatment conditions during the drug-free test-trial. The VEH-CBD group gaped
significantly less than all other groups (VEH-VEH, WAY-VEH, and WAY-CBD). Pretreatment
with WAY reversed the suppression of THC-induced gaping by CBD. B) Mean (±sem) ml of
saccharin consumed in a 360 min taste avoidance test. Pretreatment condition had no effect on
the amount of saccharin consumed. n=8 for all groups, ** p<0.01 compared with VEH.
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Figure 2. Mean (±sem) serum levels of corticosterone (ng/ml) of rats in different treatment
groups. Rats in the VEH-THC group had significantly elevated serum corticosterone compared
to all other groups. Rats in the VEH-VEH, CBD-VEH, and CBD-THC groups do not differ
significantly. n=8 for VEH-VEH, VEH-THC, CBD-VEH groups and n=7 for CBD-THC. *p<
0.05 compared with the VEH-VEH group. †p=0.05 and †††p=0.001 for CBD-VEH and CBDTHC groups compared to VEH-THC group.
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CHAPTER 7
7

General Discussion
This dissertation investigated the underlying mechanism of the aversive effects of

cannabinoid 1 (CB1) receptor agonists. Despite cannabis being one of the most popular drugs of
abuse (Adams & Martin, 1996; Hasin, 2018), Δ9-tetrahydrocannabinol (THC) and other CB1
receptor agonists are less capable of producing reward-like behaviours in laboratory animals than
other drugs of abuse, unless procedural methods that reduce aversion are used (Mechoulam &
Parker, 2013). Dose is a crucial factor determining rewarding and aversive effects, such that low
and high doses of CB1 receptor agonists frequently produce opposite effects (Rey et al., 2012;
Sulcova et al., 1998). Indeed, humans commonly report aversive side effects at higher doses such
as panic, paranoia, anxiety, as well as nausea and vomiting (Government of Canada, 2019; Green
et al., 2003; Karila et al., 2014; Reilly et al., 1998; Schofield et al., 2006). Cannabinoid
hyperemesis syndrome (CHS) is an extreme example of the aversive effects of high doses of CB1
receptor agonists and is characterized by nausea, vomiting and anxiety (Allen et al., 2004).
Nausea may be one of the aversive effects masking rewarding effects in classical paradigms, but
nausea is challenging to measure in laboratory animals. Fortunately, rats display a conditioned
gaping reaction specific to a flavour or a context that was previously paired with a nauseating
treatment in a taste reactivity paradigm, offering a method to quantify nausea (see Parker, 2014
for review).
Overall, this dissertation demonstrated that the endocannabinoid system and stress interact
in the aversive effects of CB1 receptor agonism. Findings from this dissertation support the idea
that the endocannabinoid system is a necessary allostatic mechanism, maintaining homeostasis of
the stress response (Hill & Tasker, 2012). Stress-induced anxiety-like behaviours are a way of
maintaining homeostasis by triggering behaviours to cope with the perceived threat (Calhoon &
Tye, 2015). Considerable evidence suggests that the endocannabinoid system is necessary for
modulating anxiety-like behaviours during stress (Bluett et al., 2014, 2017; Morena et al., 2016b;
Patel et al., 2005a; Rock et al., 2017b). Moreover, the presence of a stressor may be required for
the anxiolytic effect of low levels of CB1 receptor agonism (Bluett et al., 2014, 2017; Patel et al.,
2005a; Rock et al., 2017b). Therefore, we investigated if a prior stressor may also be required to
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reveal reward-like behaviours in a place conditioning paradigm. It was determined that an
immediate, but not delayed, exposure to a foot shock stressor reduced conditioned place aversion
and locomotor suppressant effect of THC in an unbiased place preference design (DeVuono et
al., 2017). Even though foot shock stress did not reveal a conditioned place preference, these
findings demonstrate that stress and the endocannabinoid system interact to modify behaviour.
Given that stress and the endocannabinoid system were found to interact, and the
paradoxical phenomenon of CHS, we investigated the nauseating effects of a range of doses of
CB1 receptor agonists using the taste reactivity conditioned gaping paradigm. Both THC, a
partial CB1 receptor agonist, and JWH-018, a full CB1 receptor agonist, produced dosedependent conditioning gaping, a selective measure of nausea, mediated by their action at the
CB1 receptor (DeVuono et al., 2018, 2020a). It was also found that the dose of THC and JWH018 that produced conditioned gaping (10 mg/kg and 3 mg/kg, respectively) led to an increase in
serum concentration of the glucocorticoid stress hormone corticosterone (CORT) (DeVuono et
al., 2020a, 2020c). Using real-time reverse-transcriptase polymerase chain reaction (RT-PCR),
we also found that 10 mg/kg of THC altered mRNA gene expression of the endocannabinoid
degrading enzymes in the hypothalamus (DeVuono et al., 2018). Furthermore, we found that the
ability of THC to produce conditioned gaping is partially mediated by altering
endocannabinoids, corticotropin-releasing hormone (CRH), norepinephrine (NE), and serotonin
(5-HT) (DeVuono et al., 2020c). These findings support the involvement and interaction between
the stress response and the endocannabinoid system during this aversive effect of CB1 receptor
agonism.
It is important to note that pretreatment drugs that interfered with the establishment of
cannabinoid-induced conditioned gaping did not interfere with cannabinoid-induced taste
avoidance. Therefore, the reduction in conditioned gaping produced by THC-paired saccharin is
likely due to the prevention of nausea and not interference of learning the association between
THC and saccharin. In our experiments, rats learned to avoid THC-paired saccharin in
subsequent conditioned taste avoidance (CTA) tests (DeVuono et al., 2018, 2020c). The results
in Chapter 3 also demonstrate intact associative learning since THC produced a reduction in the
ingestive behaviour of tongue protrusions, another measure of taste avoidance, that was not
reversed by pretreatment with a CB1 receptor antagonist/inverse agonist. Treatments that prevent
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nausea and nausea-induced conditioned gaping do not interfere with CTA or reduce hedonic
responses, such as tongue protrusions (see Parker, 2014 for review). Therefore, the effects of
pretreatment drugs are attributed to their effects on nausea, not their effects on conditioning. The
remainder of this chapter will discuss the potential mechanisms mediating the effects we
observed and their possible contribution to CB1 receptor agonist aversion resulting in nausea.
7.1

Functional nausea and vomiting disorders
Functional nausea and vomiting disorders are syndromes associated with chronic nausea

and vomiting without organic cause (Aziz et al., 2019; Stanghellini et al., 2016). Recently, the
Rome IV diagnostic criteria included CHS in this category, a diagnostic criteria category that
already includes cyclical vomiting syndrome (CVS), anticipatory nausea and vomiting associated
with chemotherapy, hyperemesis gravidarum, gastroparesis and other chronic unexplained
nausea and vomiting syndromes (Kamen et al., 2014; Levinthal & Bielefeldt, 2014; Stanghellini
et al., 2016; Verberg et al., 2005). These functional nausea and vomiting disorders are associated
with a dysregulated gut-brain axis and are often accompanied by increased stress and anxiety (Li
& Misiewicz, 2003). There is considerable overlap in the symptoms and treatment of these
disorders, which could provide information about CHS and, more generally, CB1 agonistinduced nausea. One commonality of functional nausea and vomiting disorders is the resistance
of symptoms to typical 5-HT3 anti-emetic drugs (Blumentrath et al., 2017; Kamen et al., 2014; Li
& Misiewicz, 2003; Richards et al., 2017; Tarbell et al., 2014; Verberg et al., 2005). Typical 5HT3 receptor antagonists (i.e. ondansetron) effectively prevent acute vomiting and are partially
effective at preventing acute nausea in chemotherapy patients (Navari, 2013; Roscoe et al.,
2000). However, 5-HT3 receptor antagonists are not effective at alleviating functional nausea and
vomiting (Blumentrath et al., 2017; Kamen et al., 2014; Richards et al., 2017; Rock et al., 2014b;
Verberg et al., 2005). Anxiolytic benzodiazepines (i.e. diazepam, lorazepam) are the most
common treatment for CHS (Richards et al., 2017), CVS (Hayes et al., 2018), hyperemesis
gravidarum (Verberg et al., 2005), and anticipatory nausea and vomiting (James et al., 2017).
Preclinical models have been developed to assess treatments for anticipatory nausea (Rock
et al., 2014b). Anticipatory nausea is a functional disorder that results from classically
conditioned associations between the context where patients receive chemotherapy treatment and
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the nauseating effects of chemotherapy agents (Nesse et al., 1980). Rats and shrews will display
conditioned gaping when placed in a distinct context paired with emetic agents (Limebeer et al.,
2008; Parker et al., 2006; Parker & Kemp, 1393). Mirroring findings in humans, a
benzodiazepine, but not ondansetron, reduces contextually elicited conditioned gaping in rats and
shrews (Limebeer et al., 2006; Parker et al., 2006; Parker & Kemp, 1393; Rock et al., 2008,
2014a, 2015). Moreover, contextually elicited conditioned gaping is also inhibited by
cannabidiol (CBD), and FAAH and MAGL inhibition (URB597 and MJN110, respectively)
(Parker et al., 2006, 2015; Parker & Kemp, 1393; Rock et al., 2008, 2014a, 2015). Indeed, we
found that the benzodiazepine chlordiazepoxide (CDP), CBD, URB597, and MJN110 all
interfered with conditioned gaping induced by a flavour paired with THC, at the same doses that
interfered with conditioned gaping to a LiCl paired context (DeVuono et al., 2020c; Parker et al.,
2015; Rock et al., 2008, 2014a, 2015). The similarities in treatment efficacy across functional
nausea and vomiting disorders suggest that they likely share similar underlying mechanisms.
Moreover, the fact that the same treatments effective in humans also prevent the establishment of
conditioned gaping in rodents supports the use of conditioned gaping in rats to investigate
treatments and mechanisms of functional nausea disorders like CHS.
In Chapter 5, the benzodiazepine CDP successfully interfered with the establishment of
THC-induced conditioned gaping (DeVuono et al., 2020c). Benzodiazepines offer protection
from dehydration in functional nausea and vomiting disorders, including CHS (Richards, 2018);
however, it remains unclear whether this is due to the general sedating effects of
benzodiazepines or because they interfere with the mechanisms somehow. Benzodiazepines are
positive allosteric modulators of the GABAa receptor (Campo-Soria et al., 2006) and may
therefore interfere with the establishment of THC-induced nausea by enhancing GABAergic
tone. Indeed, high doses of CB1 agonists are thought to produce their anxiogenic effects by
acting at CB1 receptors on GABA neurons, thus reducing GABAergic tone (Rey et al., 2012).
Therefore, changes in GABAergic transmission may be involved in the mechanism of THCinduced nausea. Benzodiazepines also reduce the neuroendocrine response to stress and anxiety
(Le Fur et al., 1979; Mikkelsen et al., 2005; Shader & Greenblatt, 1993); thus, it is also possible
that inhibiting stress and anxiety before THC blocks the adverse effect of nausea, indicating a
role for stress and anxiety in the pathogenesis of CHS.
142

Anxiety is positively correlated with a greater risk of postoperative nausea and vomiting
(Laufenberg-Feldmann et al., 2019), CVS (Tarbell et al., 2014), anticipatory nausea and
vomiting (Andrykowski, 1990), and hyperemesis gravidarum (Uguz et al., 2012). Furthermore,
anxiety is a common symptom of CHS and typically occurs in the prodromal phase with nausea
before vomiting (Allen et al., 2004). Anxiety is a common sequela of the stress response. Nausea
and vomiting are associated with an altered stress response and are thought to be part of the gutbrain axis dysfunction in the pathophysiology of functional nausea and vomiting disorders,
including CHS (Levinthal & Bielefeldt, 2014; Li & Misiewicz, 2003; Otto et al., 2006; Sclocco
et al., 2016; Tarbell et al., 2014; Venkatesan et al., 2016). However, the relationship between
stress and nausea is correlational, and the role of stress as an antecedent or a consequence of
nausea and vomiting is not understood. Findings in Chapter 5 showed that antalarmin (10 and 20
mg/kg, ip) interfered with the establishment of THC-induced conditioned gaping, suggesting that
activation of the HPA axis precedes the experience of nausea. Antalarmin, which inhibits the
neuroendocrine response to stress (Deak et al., 1999), was administered before the saccharin
infusion and administration of THC. If activation of the HPA axis were a consequence of THCinduced nausea and occurred after nausea, then we would expect to see conditioned gaping
because THC would still produce nausea conditioned to the saccharin infusion. Since
pretreatment with antalarmin did significantly reduce THC-induced conditioned gaping, this
finding suggests that activation of the CRH receptor occurs before nausea and may be involved
in the development of THC-induced nausea.
After exposure to a stressor, the body produces a stress response that consists of activation
of both the hypothalamic-pituitary-adrenal (HPA) axis and the sympathetic branch of the
autonomic nervous system (Tasker & Herman, 2011). Venkatesan et al. (2016) found salivary
cortisol, a marker of HPA activity, and salivary alpha-amylase, a marker of sympathetic nervous
system (SNS) activity, to be elevated in CVS patients who use cannabis compared to those who
do not use cannabis during emesis (Venkatesan et al., 2016). These findings suggest that
cannabis potentiates HPA and SNS dysfunction during vomiting, again highlighting the
interaction between the endocannabinoid system, stress and nausea. The endocannabinoid system
is a crucial regulator of the gut-brain axis and may provide a connection between stress and gut
dysfunction (Sharkey & Wiley, 2016). Indeed, endocannabinoid levels change during nausea and
vomiting (Choukèr et al., 2010; Venkatesan et al., 2016), which is also seen during times of
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stress (Dlugos et al., 2012). The role of cannabis use in CHS also highlights the endocannabinoid
system's involvement in this functional nausea and vomiting disorder, and possibly others. The
remainder of this chapter will discuss the relationship between the endocannabinoid system and
stress systems in relation to the aversive effects of CB1 receptor agonism.
7.2

Endocannabinoid system dysregulation by CB1 receptor agonists
Given the vast distribution and on-demand nature of the endocannabinoid system,

dysregulation of its normal functioning has the potential to have dramatic and adverse outcomes.
Indeed, this has been proposed to explain the mechanism of cannabinoid-induced nausea and the
development of CHS in certain individuals (DeVuono & Parker, 2020; Richards, 2017). It is well
documented that chronic administration of high doses of CB1 receptor agonists results in downregulation or desensitization of CB1 receptors, resulting in changes in the effects of CB1 receptor
agonists (Martin et al., 2004; Sim-Selley, 2003). Downregulation refers to reducing the number
of receptors, which could result from increased receptor degradation, internalization, or reduced
genetic expression. Desensitization refers to the uncoupling of the receptor from its G-proteins,
reducing the downstream effector response (Martin et al., 2004). These receptor adaptations
result in the loss of inhibitory control provided by the CB1 receptor. As previously described, the
CB1 receptor is an inhibitory GPCR located on presynaptic neurons, and the endocannabinoids,
AEA and 2-AG, are released from post-synaptic neurons when depolarized (Howlett et al., 2002;
Katona & Freund, 2012). Therefore, the endocannabinoid system modulates the activity of other
neurotransmitters, maintaining homeostasis of neuronal activity (Hill & Tasker, 2012).
Disruption of this biological "circuit breaker" mechanism is linked to negative consequences
such as excitotoxicity (Marsicano et al., 2002), anxiety (Haller et al., 2002), inflammatory bowel
disease (Camilleri & Katzka, 2012), and potentially nausea and vomiting, and in the extreme
case, CHS.
Research using autoradiography had previously found that when rats were chronically (7–
21 days) treated with high doses of THC (6.4-10 mg/kg), there was a downregulation of CB1
receptors in the basal ganglia, limbic forebrain, and cerebellum (De Fonseca et al., 1994;
Breivogel et al., 1999; Oviedo et al., 1993). CB1 receptor downregulation has also been found in
the basal ganglia, limbic forebrain, and cerebellum following chronic administration (14 days) of
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synthetic full CB1 receptor agonists (HU 210, 25, 50, 100 µg/kg; Dalton et al., 2009, CP 55,940,
1, 3, 10 mg/kg; Oviedo et al., 1993). Receptor downregulation was dose-dependent, where there
was a greater decrease in CB1 receptor expression as the dose of cannabinoids increased (Dalton
et al., 2009). In contrast to our expectations, a downregulation of CB1 receptor mRNA gene
expression was not found after rats were given three daily injections of either 0.5 or 10 mg/kg
THC in any brain regions investigated (DeVuono et al., 2018); however, changes in mRNA
expression are only one aspect of receptor downregulation. It is unknown if the dosing regimen
used in this dissertation would produce receptor internalization or protein expression changes.
Changes to CB1 receptor protein expression have been shown to precede mRNA expression
changes due to CB1 receptor agonism (Romero et al., 1997, 1998; Zhuang et al., 1998).
Therefore, it is possible that three daily treatments were not enough to observe mRNA
expression changes and that, with an extended treatment regime, changes in CB1 receptor mRNA
would have been detected.
CB1 receptor desensitization was not explored in this dissertation but is another avenue for
future research. Desensitization, like downregulation, develops at different rates and amplitudes
in different regions and at different doses; however, desensitization occurs before
downregulation (Breivogel et al., 1999; Romero et al., 1997, 1998; Rubino et al., 2006).
Desensitization of GPCRs, including the CB1 receptor, involves GPCR kinases (GRKs)
phosphorylating the receptor and recruiting β-arrestin proteins that cause G-proteins to uncouple
from the receptor and encourage receptor internalization (Krupnick & Benovic, 1998; Rubino et
al., 2006). Further research investigating the region and dose-dependent changes in GRKs and βarrestins following treatment with CB1 receptor agonists would allow for a greater understanding
of CB1 receptor adaptations and endocannabinoid system dysregulation produced by CB1
receptor agonism.
Repeated administration of the high THC dose that produced conditioned gaping in rats (10
mg/kg) did produce changes in endocannabinoid degrading enzymes gene expression in the
hypothalamus (DeVuono et al., 2018). The mRNA expression of the genes for the degrading
enzyme of 2-AG, MAGL, and the degrading enzyme of AEA, FAAH, was increased in the
hypothalamus of rats treated with 10 mg/kg THC compared to vehicle treated rats, but not in any
other brain regions sampled (DeVuono et al., 2018). Increased MAGL and FAAH expression
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may lead to increased degradation and reduced 2-AG and AEA levels in the hypothalamus;
however, 2-AG and AEA levels were not quantified herein. Other researchers have shown
region-specific changes in 2-AG and AEA levels following eight days of high dose (10 mg/kg)
THC treatment in rats (Di Marzo et al., 2000; González et al., 2004); however, it is not known if
the changes in endocannabinoid levels were due to changes in degradation or changes in
synthesis. More research into the region and dose-dependent alterations in MAGL and FAAH
and corresponding changes in 2-AG and AEA levels is needed.
7.2.1

Are high doses of THC acting as a CB1 receptor antagonist?
A paradox exists where CB1 receptor antagonist/inverse agonists and high doses of CB1

receptor agonists produce similar effects in animal reward paradigms, producing no effect or
aversive effects (Braida et al., 2004; Justinova et al., 2005; Katsidoni et al., 2013). High doses of
agonists and antagonist/inverse agonists of the CB1 receptor produce anxiety-like behaviours,
nausea, and vomiting in rodents and humans (Janero & Makriyannis, 2009; McLaughlin et al.,
2005). Indeed, this led to the CB1 receptor antagonist/inverse agonist rimonabant being
withdrawn from the market as an anti-obesity drug because of adverse effects (Bergman et al.,
2008; Christensen et al., 2007). In this dissertation, similar effects were found but with high
doses of CB1 receptor agonists (DeVuono et al., 2018, 2020a).
CB1 receptor-driven intracellular signalling may play a role in producing these paradoxical
effects. For example, inverse agonists, which produce aversion, elevate cAMP, but neutral
antagonists of the CB1 receptor have no effects on cAMP and do not produce the same aversive
effects (Bergman et al., 2008; Sink et al., 2008). Moreover, CB1 receptors on glutamate neurons
are coupled to more G-proteins than CB1 receptors on GABAergic neurons (Steindel et al.,
2013). Further complicating the relationship are the multiple downstream intracellular pathways
affected by CB1 receptor coupled G-proteins, such as protein kinase B (Akt) and extracellular
signal-regulated kinases type 1 and 2 (ERK1,2) (Martin et al., 2004). More research into the
dose-dependent effects of CB1 receptor agonists, antagonists and inverse agonists on intracellular
signalling pathways is needed.
One theory is that the aversive effects of high doses of THC are due to THC behaving as a
physiological antagonist. Since THC is a partial agonist and is less efficient than AEA and 2-AG
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at the CB1 receptor, THC has the potential to also act as a partial CB1 receptor antagonist,
depending on the local concentration of endocannabinoids (Kelley & Thayer, 2004; Straiker &
Mackie, 2005). Thus, the consumption of high doses of cannabis could lead to a THC build-up
that may precipitate a withdrawal syndrome. Withdrawal has been proposed to explain CHS
since individuals experiencing cannabis withdrawal report similar symptoms to CHS, including
nausea, vomiting, stomach pain, sweating, and anxiety (Crowley et al., 1998). Further, THCdependent dogs also vomit when a withdrawal is precipitated (Lichtman et al., 1998). However,
THC has a long half-life and humans experiencing CHS typically consume cannabis up until and
while experiencing symptoms (Allen et al., 2004), suggesting that CHS is not due to withdrawal.
Since abstaining from cannabis is the only way to completely resolve CHS, these individuals will
likely experience withdrawal symptoms during the cessation of cannabis use, which could
exacerbate CHS symptoms.
In Chapter 4, JWH-018, a full CB1 receptor agonist produced conditioned gaping at high
doses (DeVuono et al., 2020a). If the nauseating effects were due to the antagonist effects of a
partial agonist, conditioned gaping would likely not have been observed with a full agonist.
However, different CB1 receptor agonists can activate different G-proteins and possibly different
intracellular signalling pathways (Mukhopadhyay & Howlett, 2016). Therefore, even though
THC and JWH-018 act on the same receptor and produce the same effect on conditioned gaping,
it cannot be ruled out that different intracellular signalling pathways mediate the effects.
Ultimately, these findings highlight the complicated and not wholly understood nature of CB1
receptor signalling in aversive behaviours; however, it is evident from the literature and results
from this dissertation that endocannabinoid system dysregulation is related to nausea.
7.3

Endocannabinoid system and the stress response
In addition to CB1 receptor agonists altering the endocannabinoid system, stress can also

alter the endocannabinoid system (Hill et al. 2005; Dlugos et al. 2012; Gray et al. 2015). During
acute stress, the hypothalamus becomes active and triggers the pituitary to release
neuroendocrine hormones to signal the adrenal glands to release glucocorticoid stress hormones
(Hill & Tasker, 2012). Stress hormones, such as corticosterone (CORT) in rodents, then provide
negative feedback to the hypothalamus to terminate this process. When CORT feeds back to the
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hypothalamus and binds to glucocorticoid receptors, the endocannabinoid 2-AG is released from
postsynaptic cells to terminate the stress response by acting on CB1 receptors present on
presynaptic glutamate neurons that synapse on to CRH producing neurons in the paraventricular
nucleus of the hypothalamus. Since CB1 receptors are inhibitory, the release of 2-AG inhibits
glutamate release, thus inhibiting CRH production (Di et al., 2003; Evanson et al., 2010; Patel et
al., 2004). Conversely, AEA is tonically released in the hypothalamus under basal conditions to
constrain the HPA axis, behaving like a "gatekeeper" of the stress response (Hill & Tasker, 2012;
Morena et al., 2016b). Following an acute stressor, AEA is reduced, disinhibiting glutamate and
allowing the stress response to become active (Bluett et al., 2014; Patel et al., 2004).
Endocannabinoids similarly act to inhibit hypothalamic activity in the prefrontal cortex
(PFC) and the amygdala, specifically the basolateral amygdala (BLA) (Gray et al., 2015, 2016;
Hill et al., 2011b). In the BLA, CB1 receptors are mainly found on glutamate neurons; therefore,
agonism of these CB1 receptors decreases glutamate release and inhibits excitatory outputs to the
hypothalamus to inhibit the HPA-axis (Hill et al., 2009a; Hill & Tasker, 2012; Shonesy et al.,
2014). Again AEA is tonically released to inhibit activation. The stress-induced release of CRH
from the hypothalamus causes an upregulation of FAAH in the BLA, consequently reducing
AEA within this structure (Gray et al., 2015, 2016; Rademacher et al., 2008). The reduction in
AEA disinhibits this region, allowing excitatory signals to reach the hypothalamus and increase
HPA axis activation (Gunduz-Cinar et al., 2013b). CORT again feeds back to the BLA to
increase 2-AG after a delay and inhibit glutamatergic transmission (Di et al., 2016; Gray et al.,
2015; Hill et al., 2009a, 2010a). Further, the suppression of BLA glutamatergic activity by 2-AG
correlates with decreased anxiety-like behaviours and improved stress resiliency (Bedse et al.,
2017; Bluett et al., 2017).
In the PFC, however, CB1 receptors are mainly found on inhibitory GABAergic neurons
that synapse on pyramidal projection, which activate inhibitory relay neurons to other brain
regions like the hypothalamus and amygdala (Hill et al., 2011b). Therefore, CB1 receptor
activation in the PFC reduces GABA release, disinhibits pyramidal projection, which then
inhibits hypothalamic and amygdalar activity and suppresses the stress response (Hill et al.,
2011b; McLaughlin et al., 2012, 2014). As in the BLA, the rapid release of CRH from the
hypothalamus to the PFC leads to an increase in FAAH expression and a subsequent reduction in
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tonic AEA. The decrease in AEA increases GABA release, inhibits pyramidal output, leading to
disinhibition of the hypothalamus and amygdala to enhance HPA axis activation (Gray et al.,
2016). Moreover, the delayed increase in CORT promotes an increase in 2-AG in the PFC by
activating post-synaptic glucocorticoid receptors and possibly increasing 2-AG synthesis. The
increase in 2-AG then decreases GABA release in the PFC and terminates the HPA axis response
(Hill et al., 2011b; Rademacher et al., 2008).
In general, acute stress reduces AEA via a CRH-FAAH mediated mechanism and increases
2-AG through a glucocorticoid-mediated mechanism in key cortico-limbic regions involved in
regulating the stress response, including the hypothalamus, amygdala, and PFC (Gorzalka et al.,
2008; Morena et al., 2016b). Consistent with this model of endocannabinoid regulation of stress,
genetic and pharmacological reduction of 2-AG increases susceptibility to stressors and stressinduced anxiety behaviours (Bedse et al., 2017; Bluett et al., 2017; Shonesy et al., 2014).
Decreased AEA is similarly associated with increased susceptibility to stress and accompanied
by stress-induced anxiety behaviours and increased circulating CORT (Bluett et al., 2014; Gray
et al., 2015, 2016; Hill et al., 2009a). On the other hand, increasing 2-AG or AEA by genetically
or pharmacologically inhibiting their degrading enzymes, MAGL and FAAH, respectively,
promotes resiliency to stress and decreases stress-induced anxiety behaviours and circulating
CORT (Bedse et al., 2017; Bluett et al., 2014, 2017; Hill et al., 2009a; McLaughlin et al., 2012).
These findings are true for systemic, intra-BLA, and intra-PFC administration (Bluett et al.,
2017; Hill et al., 2009a; McLaughlin et al., 2012), further supporting the importance of the
endocannabinoid system in these brain regions for regulating the stress response.
Interestingly, in Chapter 5, MAGL and FAAH inhibition interfered with the establishment
of THC-induced conditioned gaping (DeVuono et al., 2020c). These results implicate changes in
2-AG and AEA in the mechanisms underlying THC-induced nausea. Indeed, systemic MAGL
and FAAH inhibition inhibit stress-induced CORT release and stress-induced anxiety (Bedse et
al., 2017; Bluett et al., 2017); therefore, MAGL and FAAH inhibition may be interfering with the
stress response and promoting resiliency to stress-induced aversion produced by THC to prevent
subsequent nausea.
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It may seem counterintuitive that increasing endogenous activation of the CB1 receptor
would protect against the aversive effect of high doses of exogenous CB1 receptor agonism;
however, since AEA, 2- AG, and various exogenous CB1 receptor agonists have different
efficacies at the CB1 receptor and are metabolized differently, behavioural differences between
endogenous and exogenous CB1 receptor agonism are not surprising. Due to the on-demand
nature of endocannabinoid release, systemic administration of MAGL and FAAH inhibitor is
expected to increase AEA and 2-AG more precisely, only in active brain regions. Contrasted
with an exogenous CB1 receptor agonist like THC, CB1 receptors are expected to be activated all
over the brain. Further, exogenous activation of CB1 receptor is known to be affected by local
concentrations of endocannabinoids. MAGL and FAAH inhibition may interfere with THCinduced conditioned gaping by affecting region-specific CB1 receptor activation, given the
endocannabinoid system's regional specificity in regulating the stress response, stress-induced
anxiety, and nausea. Therefore, augmenting endocannabinoid concentrations before THC
administration could affect THC’s ability to produce stress and nausea by altering CB1 receptor
activity in key brain regions. It is important to note that all drugs in this dissertation were
administered systemically; therefore, it cannot be concluded which specific brain regions
mediate the effect. Further research into which brain regions mediate conditioned gaping
produced by CB1 receptor agonism is needed.
The increase in FAAH expression in the BLA and PFC induced by stress is driven by an
increase in CRH (Gray et al., 2015, 2016), and inhibition of FAAH, systemically, intra-BLA, or
intra-PFC will rescue the stress-response (Bedse et al., 2017; Gray et al., 2015; McLaughlin et
al., 2012). Indeed, systemic administration of the FAAH inhibitor, URB597, blocks the
establishment of THC-induced conditioned gaping (DeVuono et al., 2020c), possibly by
reversing the increase in FAAH expected in times of stress (Gray et al., 2015). Similarly, the
CRH receptor antagonist, antalarmin, also prevented the establishment of THC-induced
conditioned gaping, which could also be acting by preventing the increase in FAAH (Gray et al.,
2015); however, further studies investigating the central, region-specific, effects of URB597 and
antalarmin on THC-induced nausea are needed to elucidate this relationship further.
When it comes to 2-AG, the ability of the MAGL inhibitor, MJN110, to interfere with the
establishment of THC-induced nausea is likely not the result of inhibiting the stress response
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activation. The catabolic enzyme of 2-AG, MAGL, is located within the presynaptic neuron and
stress-induced increase in 2-AG is secondary to CORT release after initiation of the stress
response (Hill et al., 2011b; Rademacher et al., 2008). MJN110 may have successfully interfered
with THC-induced conditioned gaping by increasing 2-AG levels and promoting the HPA axis
recovery, so that HPA axis activation is intermittent instead of protracted.
As previously stated, changes in MAGL and FAAH expression were found in the
hypothalamus (DeVuono et al., 2018), suggesting that dysregulation of the hypothalamic
endocannabinoid system may be contributing to THC-induced nausea. However, changes in
degrading enzymes may not necessarily be needed for the establishment of THC-induced nausea.
The expression of the degrading enzymes may increase to compensate for the over-activation of
CB1 receptors by THC. If endocannabinoid levels in this region were reduced, the stress response
would be left unchecked, perhaps contributing to nausea, as has been suggested above. Gene
expression changes were not determined in the BLA or PFC; however, given their role in
regulating the stress response, these regions would be of interest for future research.
7.3.1

Autonomic nervous system
Once a stressor causes the hypothalamus to release CRH, not only is the neuroendocrine

HPA axis branch of the stress response activated, but also the autonomic branch through the
sympathomedullary pathway (Gold, 2014; Tasker & Herman, 2011). A rapid autonomic response
is generated by the sympathetic nervous system (SNS) activity and contributes to the “fight or
flight” response. The release of CRH directly activates the locus coeruleus in the brainstem to
release norepinephrine to activate the SNS, promoting arousal and attention (Gold, 2014; Tasker
& Herman, 2011). Other signs of SNS activity are increased heart rate, increased blood pressure,
blood vessel dilation in skeletal muscles and the gastrointestinal tract, and inhibited
gastrointestinal motility (Gold, 2014; Tasker & Herman, 2011). While these are important
actions for a fight-or-flight response, overstimulation of the locus coeruleus from CRH
potentiates norepinephrine release, promoting positive feedback of the HPA-axis, and causes
stress-induced anxiety and other aversive fear-related behaviours (McCall et al., 2015). Many of
these autonomic/sympathetic symptoms are also associated with nausea and vomiting (Sclocco et
al., 2016; Venkatesan et al., 2010) and are commonly seen in chronic cannabis users, with and
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without CHS (Allen et al., 2004; Aviello et al., 2008; McCallum et al., 1999; Papini et al., 2017;
Schmid et al., 2010; Sidney, 2002; Venkatesan et al., 2016). Autonomic symptoms related to the
SNS, such as flushing, sweating, inhibited gut motility, increased thirst, and increased heart rate
are common during the prodromal phase of CHS when nausea begins and during the emetic
phase (Levinthal and Bielefeldt 2014; Lu and Agito 2015). Therefore, these findings implicate
the endocannabinoid system in the modulation of the SNS.
CB1 receptor agonists dose-dependently increase norepinephrine release by activating CB1
receptors on GABAergic terminals in the locus coeruleus. CB1 receptor activation will thus
reduce GABA release and disinhibit this region, allowing for increased norepinephrine release
(Muntoni et al., 2006; Patel & Hillard, 2003). The increase in norepinephrine by CB1 receptor
agonists is dose-dependent and causes dose-dependent activation of the SNS as well, with larger
doses producing greater activation (Bachman et al., 1979; Jones, 2002; Mooventhan &
Nivethitha, 2014; Schmid et al., 2010; Sidney, 2002). Forebrain structures send GABAergic
projections with CB1 receptors on the terminal to the brainstem (Puente et al., 2010), including
the rostral ventrolateral medulla (rVLM), a region involved in SNS activation, and the nucleus
tractus solitarius (NTS), a region necessary for the vomiting reflex (Bowman et al., 2013;
Levinthal & Bielefeldt, 2014; McCorry, 2007). CB1 receptors have been shown to co-localize on
CRH-containing afferents in the locus coeruleus that are necessary to produce stress-induced
anxiety and originate from the amygdala and medial PFC (Wyrofsky et al., 2017). Dysregulation
of the endocannabinoid system in these regions due to stress or CB1 activation could increase
SNS activation and contribute to nausea and other aversive effects of CB1 receptor agonists
(Napadow et al., 2013).
The results in Chapter 5 suggest that the CRH receptor antagonist, antalarmin, may also
interfere with THC-induced conditioned gaping by inhibiting the activation of the SNS through
blocking CRH in the brainstem (McCall et al., 2015). Interestingly, blocking the action of
norepinephrine at the β-adrenergic receptor with propranolol also inhibited the establishment of
THC-induced conditioned gaping (DeVuono et al., 2020c), implicating norepinephrine in the
underlying mechanisms. It is possible that propranolol might exert its effects by blocking SNS
activation by inhibiting norepinephrine. Further research is required to elucidate these
relationships fully.
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7.3.2

Chronic stress and HPA hyperactivity in CB1 receptor agonists aversion
Acute stress is typically resolved quickly by negative feedback mechanisms with help from

the endocannabinoid system to return CRH and glucocorticoids to basal levels. However, chronic
stress can lead to hypersecretion of CRH and glucocorticoids and can contribute to depressive
and anxiety behaviours, and is a significant risk factor for neuropsychiatric illness overall (Gold,
2014; McEwen, 2004; Zhu et al., 2014). Chronic cannabis users also display increased basal
glucocorticoid levels and a blunted stress response to acute stressors (Cuttler et al., 2017; King et
al., 2011; Somaini et al., 2012), which is similar to the phenotype seen in neuropsychiatric
illnesses associated with a hyperactive HPA (Burke et al., 2005; Zorn et al., 2017). Long-term
cannabis use, particularly during adolescence, significantly increases the risk of developing a
stress-related neuropsychiatric illness (Renard et al., 2014). While acute cannabinoid intoxication
can produce nausea, the episodic, reoccurring nature of CHS may suggest a contributing role of
chronic stress.
Chronic elevation of glucocorticoids in the hippocampus contributes to the stress-induced
hyperactivity of the HPA axis (Zhu et al., 2014). Chronic administration of glucocorticoids
within the hypothalamus results in negative feedback and inhibits the HPA axis; however,
chronic glucocorticoids in the hippocampus lead to positive feedback and increased HPA activity
(Zhu et al., 2014). Glucocorticoids act on glucocorticoid receptors and mineralocorticoid
receptors, which have different roles in regulating HPA axis activity (De Kloet et al., 1998).
Overall, mineralocorticoid receptors represent the tonic influence and maintain the HPA axis at
basal levels. Glucocorticoid receptors, on the other hand, mediate the feedback and recovery
from stress. There are few mineralocorticoid receptors relative to glucocorticoid receptors in the
hypothalamus, but the hippocampus has a larger concentration of mineralocorticoid receptors
(De Kloet et al., 1998). Interestingly, after chronic glucocorticoid exposure, there is a decrease in
glucocorticoid receptor expression and increased mineralocorticoid receptor expression in the
hippocampus (Zhu et al., 2014). Zhu et al. (2014) found that the increase in mineralocorticoidrelated pathways mediates the switch from inhibitory to excitatory output to the hypothalamus
produced by chronic stress, resulting in a positive feedback loop where glucocorticoid stress
hormones further increase HPA activating instead of inhibiting it.
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In general, chronic heterotypic stress produces more profound changes to the
endocannabinoid system than acute stress (Gorzalka et al., 2008; Morena et al., 2016b). In the
hippocampus, Hill et al. (2010) demonstrated that chronic unpredictable stress leads to a
reduction in CB1 receptor expression and lower 2-AG levels. This change contributes to the
excitability of the hippocampus and HPA axis hyperactivity. Since CB1 receptor agonists can act
as stressors and activate the HPA axis (DeVuono et al., 2020a, 2020c, 2020b; McLaughlin et al.,
2009; Puder et al., 1982), they may put an additional allostatic load on the body, contributing to
HPA hyperactivity. The reciprocal effects of stress and the endocannabinoid system on one
another and CB1 activation itself may contribute to the positive feedback, chronic stress,
phenotype seen in cannabis users. HPA hyperactivity is also seen in functional nausea and
vomiting disorders, including CHS (Levinthal & Bielefeldt, 2014; Otto et al., 2006; Venkatesan
et al., 2016, 2019), thereby implicating HPA hyperactivity not only for neuropsychiatric illnesses
but also in gut-brain disorders such as CHS.
The experiments in this dissertation were completed on a relatively acute scale. When
investigating nausea, rats received three daily pairings of the CB1 receptor agonist of interest and
the saccharin taste cue (DeVuono et al., 2018, 2020a, 2020c); therefore, it is not known if these
findings translate to chronic CB1 receptor administration. Indeed, it was shown that gaping
escalated across the three conditioning days and that three daily injections of THC and JWH-018
significantly increased serum CORT concentration (DeVuono et al., 2020c, 2020a, 2020b);
however, it is unknown if further conditioning and exposure to THC would continue to increase
gaping. Future experiments with more conditioning trials are needed to determine if there are
differences between acute and chronic conditioning on CB1 receptor agonist-induced conditioned
gaping. Based on what is known about the endocannabinoid system, chronic stress and high
doses of CB1 receptor agonists, it would be expected that conditioned gaping would continue to
increase with increased exposure.
7.3.3

Stress as a trigger for cannabinoid-induced nausea
Based on the description of CHS and its effective treatments, stress may contribute to

triggering nausea and vomiting episodes (Allen et al., 2004; Richards, 2018). Anecdotal reports
of individuals with CHS indicate that physiological and psychological stressful life events will
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trigger bouts of nausea and vomiting. The same is true for CVS, where both positive stressors,
such as an upcoming holiday or birthday, or negative stressors, such as the death of a loved one
or losing a job, can trigger episodes (Bhandari & Venkatesan, 2016; Fleisher et al., 2005).
Before CHS was officially described by Allen et al. in 2004, a case of psychogenic nausea
and vomiting combined with chronic high dose cannabis use was described, which would today
be considered CHS (De Moore et al., 1996). Psychogenic nausea and vomiting, now referred to
as "functional" nausea and vomiting, is the presence of nausea and vomiting without an organic
cause (Muraoka et al., 1990). The previous term, however, emphasized the psychological
influences likely contributing to the illness. The case study from 1996 describes a 22-year-old
male with a long history of cannabis use and continual nausea and vomiting accompanied by
persistent bathing (De Moore et al., 1996). An increase in anxiety was reported before the onset
of symptoms, and increased cannabis use potentiated symptoms. Episodes were resolved from
cannabis abstinence, but reoccurring episodes were triggered by life stressors such as his parents'
divorce or conflicts with his partner. The subject began psychotherapy to cope with anxiety and
life stressors, which was credited with reducing reoccurring episodes of nausea and vomiting and
reducing cannabis use (De Moore et al., 1996). While there is evidence for the efficacy of
anxiolytic (i.e. benzodiazepines), and antidepressant drugs (i.e. selective serotonin reuptake
inhibitors [SSRI], tricyclic antidepressants) in the treatment of CHS and CVS (Bhandari &
Venkatesan, 2016; Richards et al., 2017; Tarbell et al., 2014), psychotherapy has not been
investigated as a treatment for CHS specifically. Psychotherapy is beneficial in treating cannabis
use disorder (Sabioni & Le Foll, 2019; Sherman & McRae-Clark, 2016), and addiction
counselling can be beneficial in CHS (Pélissier et al., 2016), suggesting psychotherapy may be a
positive avenue for treatment of CHS.
In Chapter 2, the effects of stress on responses to low doses of THC were examined, and
indeed, behaviour was affected (DeVuono et al., 2017), which is consistent with other findings
that stress can alter the behavioural response to CB1 receptor agonists (Bluett et al., 2014, 2017;
Patel et al., 2005a; Rock et al., 2017a). The effect of stress on nausea produced by high doses of
CB1 receptor agonists is currently not known. Inhibiting the stress response by antagonizing
CRH receptors with antalarmin blocked the establishment of THC-induced conditioned gaping
(DeVuono et al., 2020c); therefore, increasing stress during conditioning has the potential to
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potentiate THC-induced conditioned gaping. If stress does potentiate THC-induced conditioned
gaping, it would suggest that stress acts as a trigger for cannabinoid-induced nausea.
High doses of CB1 receptor agonists activate the stress response in humans and laboratory
animals, increasing CRH production (Corchero et al., 1999; De Fonseca et al., 1994), circulating
glucocorticoid levels (DeVuono et al., 2020c, 2020a, 2020b; McLaughlin et al., 2009; Murphy et
al., 1998; Puder et al., 1982), and producing anxiety behaviour (Bhattacharyya et al., 2017; Patel
& Hillard, 2006; Rey et al., 2012). Further, high doses of THC are associated with increased
SNS activity (Alshaarawy & Elbaz, 2016; Jones, 2002; Levinthal & Bielefeldt, 2014; Muniyappa
et al., 2013; Papini et al., 2017; Vandrey et al., 2011). Therefore, CB1 receptor agonists may
themselves be considered stressors. The exact mechanism for how high doses of CB1 receptor
agonists activate the HPA axis is not fully understood. The mechanism is likely not due to direct
stimulation of CB1 receptors in the hypothalamus because CB1 receptor activation here inhibits
glutamate release and hypothalamic activation (Evanson et al., 2010; Patel et al., 2004). Also,
deafferentation of the hypothalamus inhibits the increase in CORT and adrenocorticotropin
releasing hormone (ACTH) produced by a high dose of THC (Puder et al., 1982). Increased
monoaminergic transmission has been implicated in the mechanism of how CB1 receptor
agonists may indirectly activate the HPA axis (McLaughlin et al., 2009). Therefore, high doses
of CB1 receptor agonists likely increase indirect input to the hypothalamus to activate the HPA
axis.
Levels of 2-AG and AEA and CB1 receptor availability are also altered following CB1
receptor agonists (Bhattacharyya et al., 2017; Di Marzo et al., 2000; González et al., 2004;
Romero et al., 1997), which could affect an individual’s susceptibility and/or resilience to the
negative effects of stress (Bluett et al., 2017; Shonesy et al., 2014). The increase in
glucocorticoids and CRH by CB1 receptor agonists and outside life stressors combined with the
dysregulation of the endocannabinoid system may produce a feedforward system of aversive
effects, culminating in nausea.
7.4

Noradrenergic and serotonergic involvement in CB1 receptor agonism aversion
THC and other CB1 receptor agonists may produce aversive effects by altering the

transmission of the monoamines norepinephrine (NE) and serotonin (5-HT). For example,
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McLaughlin et al. (2009) investigated the role of NE, 5-HT, and glutamate receptors in
activating the HPA axis by the potent synthetic CB1 receptor agonist, HU-210. Antagonism of βadrenergic receptors and 5-HT1A receptors significantly reduced the increase in CORT produced
by HU-210. Interestingly, antagonists of NMDA or AMPA glutamate receptors had no effect
(McLaughlin et al., 2009). Increased 5-HT and NE transmission can activate the HPA axis
(Gold, 2014; Jensen et al., 2001; Jorgensen et al., 2002; Mikkelsen et al., 2004; Vicentic et al.,
1998) and contribute to the aversive effects of stress (Gold, 2014; McCall et al., 2015; Wong et
al., 2013); therefore, increased 5-HT and NE transmission may be a mechanism by which THC
and other CB1 receptor agonists produce stress-related aversion.
The same doses of the β-adrenergic receptor antagonist, propranolol, which reduced the
CORT response to HU-210 (McLaughlin et al., 2009), also inhibited THC-induced conditioned
gaping (DeVuono et al., 2020c). The ability of propranolol to interfere with THC-induced
conditioned gaping is consistent with findings that propranolol can alleviate symptoms of CHS
and CVS in humans (Haghighat et al., 2015; Richards & Dutczak, 2017). These results could be
due to antagonizing NE and inhibiting subsequent HPA axis activation, SNS activation, and
stress-induced aversion (Gold, 2014; McCall et al., 2015; Van Stegeren et al., 2006). Indeed,
CRH activation of locus coeruleus NE neurons is needed to induce stress-induced anxiety
(McCall et al., 2015). THC dose-dependently increases NE and sympathetic activation, with
larger doses producing greater activation (Bachman et al., 1979; Jones, 2002; Muntoni et al.,
2006; Patel & Hillard, 2003; Schmid et al., 2010; Sidney, 2002). Therefore, THC may promote
nausea by activating the SNS through an increase in NE. Future research should investigate if
NE is involved in the anxiety produced by high doses of CB1 receptor agonists.
There are few direct connections from the locus coeruleus to the hypothalamus. NE signals
may travel through other regions, such as the amygdala and extended amygdala, to signal the
hypothalamus to activate the HPA axis (Herman et al., 2003). Blockade of β-adrenergic receptors
in the basolateral amygdala inhibits pain-induced anxiety and disrupts fear learning (LlorcaTorralba et al., 2019). In contrast, activation of β-adrenergic receptors in this region induces
anxiety-like behaviours and enhances fear learning, thus implicating NE in the amygdala in
aversion (Llorca-Torralba et al., 2019). Moreover, local infusion of β1-adrenergic receptor
antagonist into the nucleus accumbens prevents conditioned place aversion produced by the full
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CB1 receptor agonist WIN 55,212-2 but not place aversion produced by LiCl (Carvalho & Van
Bockstaele, 2011), thus supporting the role of NE in aversion produced specifically by CB1
receptor agonists. Region-specific effects of NE in CB1 receptor agonist aversion should continue
to be elucidated in further studies.
High doses of THC also increase 5-HT release by acting on CB1 receptors on GABAergic
terminals in the dorsal raphe nucleus, causing disinhibition of 5-HT neurons (Bambico et al.,
2007; Gobbi et al., 2005). Interestingly, only the higher dose of 0.5 mg/kg, the same dose that
attenuated a CORT response to HU-210 (McLaughlin et al., 2009), interfered with THC-induced
conditioned gaping, but a lower dose of 0.1 mg/kg WAY-100635 did not (DeVuono et al.,
2020c). The findings with conditioned gaping are consistent with the dose-dependent effect of
WAY-100635 in other behavioural paradigms (Critchley et al. 1994; Fletcher et al. 1995). As
WAY-100635 is an antagonist of the inhibitory 5-HT1A receptor found on both presynaptic
neurons as autoreceptors in the raphe nucleus and on post-synaptic receptors in the forebrain
(Verge et al. 1985; Fletcher et al. 1995), the dose-dependent effects may be due to the different
locations of receptors. Indeed, antagonizing autoreceptors located in the brainstem would
decrease 5-HT release, and antagonizing post-synaptic receptors in the forebrain would
specifically inhibit 5-HT1A transmission.
Forebrain 5-HT1A receptors are important in regulating the stress response and affective
behaviours (Jensen et al., 2001; Mikkelsen et al., 2004; Pitchot et al., 2001; Wang et al., 2009).
5-HT1A receptors in the hypothalamus and the hippocampus contribute to HPA axis activation
(Jensen et al., 2001; Mikkelsen et al., 2004; Stamper et al., 2017; Wang et al., 2009). Moreover,
altered 5-HT1A receptor activity is associated with chronic stress, depression, and anxiety (Gold,
2014; Grippo et al., 2005; Pitchot et al., 2001). Interestingly, long-term administration of the
potent CB1 receptor agonist HU-210 downregulates 5-HT1A receptor activity (Hill et al., 2006).
Given the results of this dissertation (DeVuono et al., 2020c), the role of 5-HT1A receptors in the
regulation of the stress response and its involvement in other aversive conditions, this receptor
and its region-specific effects should continue to be investigated with regards to CB1 receptorinduced nausea.
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Several more receptor subtypes in the serotonergic system may be activated by the increase
in 5-HT produced by high doses of CB1 receptor agonists, contributing to cannabinoid-induced
nausea. For example, the 5-HT3 receptor is the 5-HT receptor most commonly associated with
nausea and vomiting. These receptors can be found in the dorsal vagal complex (DVC) and the
interoceptive insular cortex (IIC), and when activated by 5-HT, produce vomiting and nausea,
respectively (Endo et al., 1995; Horn et al., 2004; Limebeer et al., 2018; Napadow et al., 2013;
Tuerke et al., 2012). The involvement of the 5-HT3 receptor in vomiting led to the development
of 5-HT3 receptor antagonists (i.e. ondansetron) as anti-emetic drugs. However, ondansetron is
not effective at reducing cannabinoid-induced nausea in humans (Richards et al., 2017). Indeed,
both doses of ondansetron used in the present experiments, which are effective against LiClinduced conditioned gaping (Limebeer & Parker, 2000), did not interfere with THC-induced
conditioned gaping (DeVuono et al., 2020c). These findings suggest that THC-induced nausea is
not mediated by the 5-HT3 receptor and differs from classic toxin-induced nausea. This is not a
surprising result as it is already known that ondansetron is not effective for other functional
nausea and vomiting disorders (Bhandari & Venkatesan, 2016; Kamen et al., 2014; Verberg et
al., 2005).
The 5-HT1A and 5-HT3 receptors are just two of the numerous serotonin receptor subtypes
that may be involved in CB1 receptor agonist-induced aversion, particularly nausea. One such
receptor is the 5-HT2C receptor (Higgins et al., 2017). McLaughlin et al. (2009) showed that a 5HT2A/2C antagonist blocked the increase in CORT produced by HU-210. Furthermore, lorcaserin,
a brain permeable selective 5-HT2C agonist, has been shown to produce significant conditioned
gaping, but CP-809181, which does not readily cross into the brain, does not (Higgins et al.,
2017). This suggests that central 5-HT2C may contribute to nausea and should be investigated in
the mechanisms of THC-induced nausea.
7.4.1

Cannabidiol and THC-induced nausea
In Chapter 6 we found that 5 mg/kg CBD interfered with the establishment of THC-

induced conditioned gaping, and pretreatment with a low dose of WAY-100635 (0.1 mg/kg)
blocked the anti-nausea effects of CBD (DeVuono et al., 2020b). At these low doses, CBD acts
as an indirect agonist of somatodendritic 5-HT1A autoreceptors in the dorsal raphe nucleus
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(DRN) (Fletcher et al., 1995; Rock et al., 2012; Russo et al., 2005), which reduces serotonin
release in the forebrain (Limebeer et al., 2018). Therefore, CBD is expected to reduce forebrain
serotonin and produce similar effects as a higher dose of WAY-100635 (0.5 mg/kg) inhibiting
post-synaptic 5-HT1A receptors (DeVuono et al., 2020c; McLaughlin et al., 2009). The low dose
of WAY-100635 (0.1 mg/kg) that was used to block CBD's effects on THC-induced conditioned
gaping has been used to inhibit other effects of CBD (Espejo-Porras et al., 2013; Rock et al.,
2012) and does not interfere with the establishment of THC-induced conditioned gaping on its
own (DeVuono et al., 2020c). Additionally, CBD was also found to interfere with the increase in
CORT produced by 10 mg/kg THC (DeVuono et al., 2020b), which is consistent with the
involvement of 5-HT in the activation of the HPA axis by cannabinoids (McLaughlin et al.,
2009).
The results of Chapter 6 with CBD and THC-induced conditioned gaping are seemingly at
odds with anecdotal reports from individuals who suffer from CHS that CBD products
exacerbate their symptoms. One explanation for CBD triggering CHS episodes in humans is that
commercially available CBD products often contain a small percentage of THC (Hazekamp,
2018). Legal CBD products can be produced from the hemp variety of cannabis, which naturally
has high CBD levels and very low THC levels. The percentage of THC legally allowed in hemp
varies by country but is typically limited to 0.3% THC (Hazekamp, 2018). Moreover, the
labelling of THC in CBD products has been shown to be inaccurate (Hazekamp, 2018; Pavlovic
et al., 2018). Pavlovic et al. (2018) tested 14 CBD oil products and found that 12 samples
contained THC, including a product labelled "THC free". Quantified CBD concentration also
differed from the label in 9 out of 14 samples (Pavlovic et al., 2018). It is possible that the small
amounts of THC present in the CBD products are enough to trigger nausea in an
endocannabinoid system sensitized as a result of past cannabis use. The present experiment used
synthetic CBD alone (DeVuono et al., 2020b), which may produce different effects than when
combined with THC (Russo & Guy, 2006).
CBD has the ability to both inhibit and potentiate different effects of CB1 receptor agonists
(Jones & Pertwee, 1972; Russo & Guy, 2006). CBD is a negative allosteric modulator of the CB1
receptor, reducing the effectiveness of CB1 receptor signalling (Laprairie et al., 2015, 2016).
Moreover, CBD inhibits many of the aversive effects of THC. For example, CBD has been
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reported to counteract the aversive effects of THC in a conditioned place aversion paradigm
(Vann et al., 2008) and a social interaction paradigm in rats (Malone et al., 2009) and attenuates
paranoia (Englund et al., 2013), psychosis (Bhattacharyya et al., 2010; Zuardi et al., 2006), and
anxiety in humans (Zuardi et al., 1982, 1993). On the other hand, CBD is an inhibitor of drug
metabolism in the liver by inhibiting cytochrome P450 enzymes and can increase the
concentration of several other drugs, including THC (Zendulka et al., 2016). Indeed, CBD can
increase serum and brain levels of THC, prolonging its effect at CB1 receptors (Freels et al.,
2020; Greene et al., 2018).
Another possible explanation for the bidirectional effects of CBD/THC interactions could
be the timing of the administration of CBD relative to THC. Co-administration of CBD and
THC, or administering one before the other, can alter the net effect (Freels et al., 2020; Jones &
Pertwee, 1972; Russo & Guy, 2006). Additionally, the ratio of THC to CBD can also play a role
in altering the behavioural effects of cannabinoid administration, as demonstrated in selfadministration studies (Freels et al., 2020; Spencer et al., 2018). In Chapter 6, 5 mg/kg CBD was
administered 30 minutes before 10 mg/kg THC (DeVuono et al., 2020b). It is possible that a
different time course of administration or different dose ratios could have produced different
effects. The experimental design was aimed to investigate the effect of CBD on the
establishment of THC-induced conditioned gaping. The finding that CBD interfered with THCinduced conditioned gaping through a 5-HT1A receptor mechanism provides support for the role
of 5-HT and the 5-HT1A receptor in THC-induced nausea and THC-induced increase in CORT
(DeVuono et al., 2020b; McLaughlin et al., 2009).
Lastly, the ability of CBD products to elicit nausea and vomiting in humans with CHS
could be related to the conditioned effects of CB1 receptor agonist-related cues since many CBD
products are similar to other cannabis products that may contain THC (Hazekamp, 2018). The
importance of drug-associated cues on behaviour has been highlighted in the addiction literature
(Koob, 2020; Robinson & Berridge, 1993; Shaham et al., 2003). The incentive sensitization
theory of addiction suggests that in certain individuals, drugs of abuse lead to a permanent
hypersensitization of the neuronal system responsible for attributing salience. These systems are
activated by drugs and drug-associated cues (Robinson & Berridge, 1993). Drug-associated cues
can reinstate previously extinguished drug-taking and seeking behaviours in animal reward
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paradigms (Shaham et al., 2003). Moreover, drug-related cues can become associated with the
drug's negative adverse effects and elicit an aversive state and drug cravings (Koob, 2020).
Therefore, drug-related cues are a major contributing factor to the chronic relapsing nature of
drug addiction. The cues associated with using CBD and cannabinoid products could trigger
conditioned aversive effects of CB1 receptor agonists. Examples of cues could be the method of
administration of CBD (i.e. inhalation, edibles, oils), contextual and social cues, and of particular
interest, taste cues. The taste reactivity test demonstrates that taste cues can produce conditioned
gaping (Grill & Norgren, 1978; Parker, 2014). Indeed, conditioned gaping seen in this
dissertation is produced by a taste cue associated with THC or JWH-018 (DeVuono et al., 2018,
2020c, 2020a). Therefore, investigating the contribution of conditioned aversive effects of
cannabis use in CHS could help with understanding the chronic relapsing nature of the
syndrome.
7.5

Temperature, pain, and nausea: TRPV1 and the endocannabinoid system
Given that hot temperature baths and showers and topical capsaicin cream alleviate CHS

symptoms, a discussion about the connections between temperature regulation and nausea is
warranted. The hypothalamus is not only crucial for regulating the stress response, but it is also a
crucial thermoregulatory center in the brain (Nakamura, 2011) that relies on endocannabinoid
signalling for proper regulation (Wenger & Moldrich, 2002). Dysregulation of the
endocannabinoid system within the hypothalamus, like what was observed in Chapter 3
(DeVuono et al., 2018), may affect an individual's ability to regulate body temperature and could
indicate why individuals with CHS experience relief from symptoms when they take hot baths.
THC is known to produce a biphasic effect on body temperature; low doses are hyperthermic and
high doses are hypothermic (Fennessy & Taylor, 1978; Taffe et al., 2015; Taylor & Fennessy,
1977). Further, Rawls et al. (2002) showed that CB1 receptors mediate the hypothermic effect of
CB1 receptor agonism in the preoptic area of the hypothalamus. There is also evidence that
hypothermia accompanies nausea and vomiting in humans (Cheung et al., 2011; Mekjavic et al.,
2001; Nobel et al., 2012) and in rats and shrews (Ngampramuan et al., 2014). Indeed,
Cunningham and Niehus (1993) demonstrated that the conditioned place aversion and the
hypothermia produced by ethanol and LiCl in rats are overcome by conditioning in a higher
ambient temperature environment, suggesting that the hedonic effects of these agents interact
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with their thermal effects. Therefore, since CB1 receptor agonism and nausea and vomiting result
in hypothermia, individuals with CHS may be attempting to overcome the decrease in body
temperature with hot baths to relieve their symptoms. Hot water immersion also reduces SNS
activity (lowers heart rate) (Jones, 2002; Mooventhan & Nivethitha, 2014; Nagasawa et al.,
2001; Sidney, 2002) and, therefore, hot baths and showers may be interfering with nausea and
vomiting by reducing sympathetic activation.
High temperatures produced by hot showers or baths may also activate transient receptor
potential vanilloid 1 (TRPV1) receptors located on nociceptive neurons. These receptors are
essential in normal pain and temperature signalling. These receptors are activated by noxious
stimuli, high heat, or specific agonists, such as capsaicin, the chemical in chilli peppers that
makes them spicy. Activation of these receptors sends pain signals to the brain (Richards et al.,
2018; Rudd et al., 2015). TRPV1 receptors are of interest because, in addition to hot water,
topical capsaicin cream applied to the abdomen also effectively alleviates CHS symptoms
(Dezieck et al., 2017; Duncan & Maguire, 2017; Wagner et al., 2019). The endocannabinoids,
AEA and 2-AG are endogenous agonists of the TRPV1 receptor (Richards et al., 2018). CB1 and
TRPV1 receptors are often co-expressed on neurons but have opposite effects. CB1 receptors
inhibit neuronal activity, and TRPV1 receptors activate them (Richards et al., 2018). While THC
has minimal efficacy at the TRPV1 receptors, other cannabinoids found in the cannabis plant,
such as CBD and cannabinol (CBN), bind to the TRPV1 receptor (De Petrocellis et al., 2011;
Pertwee & Thomas, 2009).
TRPV1 receptors are also implicated in nausea and vomiting pathways. TRPV1 activity in
the NTS of the brainstem emetic region leads to nausea and vomiting (Sharkey et al., 2007).
There is also a relationship between TRPV1 signalling and stress. While chronic stress leads to a
downregulation of CB1 receptors, there is an upregulation of TRPV1 receptors, which leads to
stress-induced visceral hyperalgesia (Hong et al., 2009), another symptom associated with CHS
(Richards et al., 2018). Dysregulation of the endocannabinoid system could, therefore, lead to
dysregulation of TRPV1 receptors. Their associations with nausea, vomiting and stress could
indicate why individuals with CHS experience relief from symptoms when they take hot baths or
apply topical capsaicin cream.
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Like most TRPV1 agonists, topical capsaicin activates then desensitizes the TRPV1
receptor, thereby inhibiting the pain signals in nociceptive neurons, resulting in analgesia and an
anti-emetic effect (Richards et al., 2018; Sharkey et al., 2007). Therefore, capsaicin could be
beneficial in an emergency room setting to alleviate symptoms and potentially help prevent
dehydration and kidney failure (Richards et al., 2018; Wagner et al., 2019). The mechanism by
which capsaicin reduces CHS symptoms is not known. It is unclear if the relief felt by
individuals with CHS using these therapies is because of the direct alteration of TRPV1 receptors
or because of alternative indirect mechanisms.
Given the relationships of TRPV1 receptors, the endocannabinoid system, stress, pain,
nausea and the benefits of capsaicin cream and hot baths in CHS, it is possible that activation of
TRPV1 receptors could be altered due to dysregulation of the endocannabinoid system,
contributing to the development of CHS. Alternatively, high-temperature baths and capsaicin
cream may produce a "cutaneous steal" syndrome (Richards, 2017). Activation of CB1 receptors
in the gut can produce vasodilation in the abdomen, which can contribute to visceral
hyperalgesia and liver dysfunction (Bátkai et al., 2001; Blackshaw & Gebhart, 2002; Bolognesi
et al., 2014; Garcia et al., 2001; Moezi et al., 2006). Visceral vasodilation is associated with
endocannabinoid activation of TRPV1 receptors (Martell et al., 2010; Moezi et al., 2006) and
increased sympathetic activation (Brooksby & Donald, 1997; Thijssen et al., 2009). Topical
capsaicin and hot baths cause vasodilation in the skin and may cause redirection of blood flow
from the viscera, thereby alleviating abdominal pain and nausea (Richards et al., 2018). Further,
the impaired liver function could weaken CB1 receptor agonist metabolism and increase its
concentration in the body (Zendulka et al., 2016). These effects may also explain the abdominal
pain associated with CHS. Moreover, a cutaneous steal could explain why symptom relief with
these methods is only temporary with capsaicin and hot baths, presumably while blood flow is
redirected.
It should be noted that hot water bathing is not unique to CHS and is common for many
functional nausea and vomiting disorders (Aziz et al., 2019; Venkatesan et al., 2014). Therefore,
hot water bathing activity should not be interpreted as a unique characteristic of CHS, but rather
a consequence of gut-brain dysregulation. Information regarding changes to the TRPV1 system
and the function of capsaicin following chronic cannabis exposure is still required to confirm its
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contribution to cannabinoid-induced nausea. Investigating the effect of CB1 receptor agonists on
visceral vasodilation and its relation to stress-induced visceral hyperalgesia and liver dysfunction
may contribute to the growing literature implicating the endocannabinoid system in gut-brain
dysregulation (Sharkey & Wiley, 2016).
7.6

Cannabinoid regulation of gut function: linking stress, nausea and the
endocannabinoid system
While CB1 receptors are the most abundant GPCR in the brain, CB1 receptors are also

highly expressed throughout the gut's enteric nervous system in the myenteric plexus, sensory
neurons in the dorsal root ganglion, and vagal efferents (Izzo & Camilleri, 2008; Sharkey &
Wiley, 2016). Connections with the gut might provide the link for how endocannabinoid system
dysregulation and stress lead to nausea. CB1 receptor agonists and inverse agonists affect
gastrointestinal function and disrupt communication between the gut and the brain (Camilleri,
2018; Sharkey & Wiley, 2016). THC (0.2- 2 mg/kg, iv), as well as the synthetic cannabinoids,
WIN 55,212 (0.3, 1 and 5 mg/kg, ip) and CP 55,940 (0.1, 0.3 and 1 mg/kg, ip) have been shown
to inhibit intestinal motility as well as gastric emptying in rats (Izzo et al., 1999a, 1999b;
Krowicki et al., 1999). The inhibitory gastrointestinal effects are dose-dependent, where higher
doses have a greater inhibitory effect on intestinal motility and gastric emptying. These effects
are also reversed by rimonabant, confirming that the effects are CB1 receptor mediated (Izzo et
al., 1999a, 1999b; Krowicki et al., 1999). In humans, THC (10 mg/m2 body surface area) has
also been shown to reduce gastric emptying (McCallum et al., 1999). Interestingly, tolerance
does not develop to the inhibitory effects of chronic THC on gastric motility (Abalo et al., 2009,
2011); thus, the involvement of intestinal CB1 receptors cannot be ruled out. Individuals with
CHS typically have delayed gastric emptying (Allen et al., 2004; Chang & Windish, 2009; Galli
et al., 2013), consistent with the effects of CB1 receptor agonists on gastric emptying (Camilleri,
2018). Delayed gastric emptying without an obstruction, known as gastroparesis, produces
nausea and vomiting (Camilleri et al., 2013; Stanghellini & Tack, 2014). The pro-emetic and
nauseating effects of inhibiting gut motility by CB1 receptor agonists in the periphery could be
another contributing factor for the aversive effects of CB1 receptor agonists.
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The gut-brain axis allows for bidirectional communication between the brain and the gut.
Afferent vagal and spinal nerves send sensory information from internal organs to the brain
(Grundy, 2002). Vagal afferents terminate predominantly in the NTS and send information to
autonomic centers and the hypothalamus, amygdala, and insular cortex (Andrews & Sanger,
2002). The efferent autonomic nervous system coordinates signals back to the enteric nervous
system to alter gastrointestinal function based on the received sensory information (Grundy,
2002). Therefore, the stress response can inhibit gastrointestinal function and contribute to
gastroparesis through these pathways (Taché & Bonaz, 2009). Stress-released CRH acts centrally
and peripherally to inhibit gastrointestinal mobility (Nakade et al., 2004; Taché, 2015; Taché &
Bonaz, 2009; Taché & Perdue, 2004). CRH also inhibits gut function by increasing NE and
sympathetic activation (Nakade et al., 2004; Taché & Perdue, 2004). Stress-induced
gastroparesis may also be contributing to cannabinoid-induced nausea (Stanghellini & Tack,
2014). Therefore, the ability of the CRH receptor antagonist, antalarmin, and β-adrenergic
receptor antagonist, propranolol, to interfere with THC-induced conditioned gaping (DeVuono et
al., 2020c) may be attributed to blocking stress-induced gastroparesis.
In addition to local gastrointestinal modulation, the endocannabinoid system has been
implicated in the gut-brain axis's bidirectional communication (Sharkey & Wiley, 2016). Stress
is an inevitable occurrence in life and is not always accompanied by nausea. Given the
endocannabinoid system's involvement in stress and gut function, dysregulation of the
endocannabinoid system by high doses of CB1 receptor agonists may bias the stress response to
produce nausea and contribute to the development of CHS in certain individuals. Stress and
nausea are known to be correlated (Li & Misiewicz, 2003), and further investigation of the
endocannabinoid system may help clarify the direction and mechanisms of the relationship.
7.7

Future directions
CB1 receptor agonists produce highly variable subjective and behavioural effects. Some

factors have already been discussed, such as the dose of CB1 receptor agonist and CB1 receptor
availability (Bhattacharyya et al., 2017; Sulcova et al., 1998). There are likely other factors that
may increase a person's likelihood to experience the aversive effects of CB1 receptor agonism.
Indeed, not all cannabis users, even long-term users, develop CHS. Studies investigating genetic
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anomalies in individuals with CHS may help determine genetic factors that may predispose an
individual to CHS. Polymorphisms of the CB1 receptor gene have been linked to an increased
likelihood for individuals to develop CVS (Wasilewski et al., 2017). Stress is also known to
produce epigenetic silencing of the CB1 receptor gene, implicating the CB1 receptor gene in
stress-related aversive effects (Hong et al., 2015). Moreover, genetic differences in the FAAH
gene are associated with an increased likelihood of irritable bowel syndrome (Camilleri &
Katzka, 2012), problem drug-use (Chiang et al., 2004; Parsons & Hurd, 2015), and anxiety
disorders (Gunduz-Cinar et al., 2013a; Parsons & Hurd, 2015). A common single-nucleotide
polymorphism (SNP) in the FAAH gene (C385A) has been described in humans, which results
in a less effective FAAH protein and elevated AEA levels (Chiang et al., 2004). This SNP can
increase vulnerability to THC reinforcement in mice (Burgdorf et al., 2020). In humans, the
FAAH C385A SNP is associated with increased impulsivity during a reward-behaviour task
(Hariri et al., 2009) and an increased propensity to try cannabis (Tyndale et al., 2007).
Polymorphisms in endocannabinoid related genes should continue to be investigated to establish
genetic determinants of aversive effects of CB1 receptor agonists.
Given the role of the stress response that has been elucidated in the present experiments,
factors that dysregulate the stress responses may increase the risk of aversive reactions to CB1
receptor agonists. Stress can alter the behavioural effects of CB1 receptor agonism (Bluett et al.,
2017; DeVuono et al., 2017; Rock et al., 2017a), and stress and CB1 receptor activation have
reciprocal effects on one another (DeVuono et al., 2018, 2020c). A dysregulated stress response
is commonly associated with mood disorders such as anxiety and depression (Gold, 2014;
Gorzalka et al., 2008; Tasker & Herman, 2011; Van Bockstaele, 2013), which are linked to an
increased likelihood of developing nausea and vomiting disorders (Andrykowski, 1990; Hayes et
al., 2018; Levinthal & Bielefeldt, 2014; Li & Misiewicz, 2003). Additionally, there is a
correlation between mood disorders and excessive cannabis use (Cheung et al., 2010) and
excessive cannabis use in CVS (Venkatesan et al., 2014), which may provide a link to
cannabinoid-induced nausea. Future clinical reports of CHS should investigate the comorbidity
of stress-associated psychiatric illnesses.
All experiments in this dissertation were conducted using male rats; however, CB1 receptor
agonists are known to have behavioural and pharmacological sex-differences, and results
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presented herein should not be readily generalized to females (Cooper & Craft, 2018; Craft et al.,
2013). Among humans, the frequency of female cannabis users is increasing (Fattore & Fratta,
2010). While more males use cannabis and become addicted, females may be more susceptible to
cannabis addiction (Cooper & Craft, 2018). Interestingly, female rats acquire self-administration
faster and self-administered more of the synthetic cannabinoid agonist, WIN 55,212-2, and show
greater drug- and cue-primed reinstatement than male rats (Fattore et al., 2007, 2010). Female
rats also learn to discriminate THC from VEH faster and at a lower dose (1 vs 3 mg/kg) than
males (Wiley et al., 2017). Antinociceptive effects of low doses of CB1 receptor agonists are also
more pronounced in female rats than males (Tseng et al., 2004). Further, repeated administration
of a high dose of THC (30 mg/kg) produces CB1 receptor downregulation and desensitization of
CB1 receptors faster and to a greater extent in females than males (Farquhar et al., 2019).
Moreover, females have more hepatic cytochrome P450 isozymes CYP2C6 and convert THC to
the active metabolite 11-hydroxy-THC more readily than males. As THC is lipophilic, sexdifferences in body fat distribution can alter the effects of THC as well (Craft et al., 2013).
Further complicating the relationship are the sex-differences of the stress response and
endocannabinoid regulation of the stress response (Kudielka & Kirschbaum, 2005; Viveros et al.,
2012). Females are more vulnerable to stress-related psychopathology, which may be explained
by differences in CRH transmission (Bangasser et al., 2010). Further, the endocannabinoid
system is also dysregulated by stress in a sex-dependent manner (Reich et al., 2009). Some
studies have even suggested sex differences in CHS (Choung et al., 2012; Sorensen et al., 2017;
Venkatesan et al., 2014). Therefore, high doses of THC may alter the endocannabinoid system
and stress systems differently in males and females, emphasizing the need to investigate sex
differences in cannabinoid-induced nausea.
The female endocannabinoid system may be more prone to persistent changes than males
when exposed to CB1 receptor agonists during adolescents (Nguyen et al., 2019; Rubino et al.,
2008b). Adolescence is a critical period of development, and considerable evidence implicates
the endocannabinoid system in normal adolescent brain development (Bossong & Niesink,
2010). The expression of CB1 receptors is at maximal levels during adolescence, and the
increased expression of CB1 receptors plays a crucial role in synaptic transmission and plasticity
required during this period of development (Harkany et al., 2007). Cannabis is the most widely
used illicit drug among adolescents, yet adolescent CB1 receptor agonist exposure is associated
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with a greater risk of psychopathologies, such as psychosis, depression, and anxiety, than adult
exposure (Gobbi et al., 2019; Renard et al., 2014). Additionally, some evidence suggests that
most individuals with CHS began using cannabis in their teenage years (Sorensen et al., 2017).
In rodents, chronic THC treatment during adolescence leads to long-lasting cognitive
impairments, including impaired recognition memory, social withdrawal and increased anxietylike and depressive-like behaviours (Renard et al., 2017b, 2017a). Despite the enduring cognitive
and affective effects of adolescent THC exposure, adolescent rats find THC less aversive in a
place preference paradigm (Klein et al., 2011; Quinn et al., 2008). Moreover, the effects of
adolescent THC exposure are dependent on brain region and dose (Rubino et al., 2008b, 2008a).
More research is needed to understand how genetics, mood disorders, sex, and adolescent
exposure contribute to the development of CHS and, more generally, CB1 receptor agonistinduced nausea.
7.8

Conclusions and Implications
The results of this dissertation highlight the dose-dependent effects of CB1 receptor

agonism and the relationship with stress in producing the aversive effects of high dose CB1
receptor agonists. Altogether, the results indicate that high doses of CB1 receptor agonists, like
THC and JWH-018, bind to CB1 receptors, activate the stress response, alter the
endocannabinoid system, and modulate other neurotransmitters, like NE and 5-HT (DeVuono et
al., 2018, 2020c, 2020a). Due to the pervasive role of the endocannabinoid system in
gastrointestinal function, regulation of the stress response and their reciprocal effects, this
dysregulation may create an environment that promotes the development of cannabinoid-induced
nausea.
The findings of this dissertation provide insight into the pathophysiology of cannabinoid
hyperemesis syndrome (CHS), as the development of this syndrome is likely to be CB1 receptor
mediated. Most research regarding CHS and cannabinoid-induced nausea is currently limited to
case studies (e.g. Allen et al. 2004; Chang and Windish 2009; Patterson et al. 2010; Soriano-Co
et al. 2010; Nicolson et al. 2012; Simonetto et al. 2012; Heise 2015); therefore the present
experiments begin to address this gap in the literature. Moreover, the results of this dissertation
may have implications for the treatment and the acute management of CHS symptoms in humans
169

and demonstrated the advantages of using preclinical rat models to investigate functional nausea
and vomiting disorders.
The aversive effects of CB1 receptor agonists have been proposed to overshadow the
rewarding effects of THC and other CB1 receptor agonists in typical reward paradigms. Agonists
of the CB1 receptor may be rewarding, as evidenced by the occurrence of cannabis use disorders
in humans and some preclinical animal research. Therefore, the results herein may indicate that
the nauseating effects of CB1 receptor agonists could be masking their rewarding effects in
rodents. Given that commonly used laboratory rats are not capable of vomiting, rats are highly
sensitive to changes in the internal state produced by novel drugs (Davis et al., 1986; Parker,
2003). This sensitivity can be seen by the ability of rewarding drugs to produce conditioned taste
avoidance (CTA) in rats (Parker, 1995). In shrews, which are capable of vomiting, rewarding
drugs produce a conditioned taste preference (Parker et al., 2002a), but shrews still develop CTA
to a LiCl paired-flavour (Smith et al., 2001). Therefore, rats may have a higher sensitivity to the
novelty of drug effects and a lower tolerance to changes in internal states because they lack the
evolutionary protection system of vomiting to defend against possible toxins (Davis et al., 1986;
Parker, 2003). This low risk-tolerance in CTA procedures may generalize to reward paradigms,
especially if nausea is a dose-dependent side-effect. Indeed, squirrel monkeys, which are capable
of vomiting, do consistently self-administer low doses of THC and other CB1 receptor agonists
(Justinova et al., 2003; Tanda et al., 2000). Furthermore, reinforcement and aversion are not
mutually exclusive. Drug-induced aversive states are common and contribute to the chronic
relapsing nature of drug addiction (Koob, 2020). Since the cessation of CB1 receptor agonists is
the only known way to successfully treat CHS, continued CB1 receptor agonist use complicates
CHS recovery. Investigating the reinforcing effects of CB1 receptor agonists could further
improve understanding of the phenomenon of CHS.
The overarching aim of the dissertation was to add to the growing literature on the aversive
effects of CB1 receptor agonists and determine the role of endocannabinoid and stress
dysregulation. The anxiogenic effect of CB1 receptor agonism is relatively well established, but
the nauseating effects have been mostly overlooked (see Parker and Gillies 1995), but, as we
have shown, endocannabinoid modulation of the stress-response may be involved in both. As the
medicinal and recreational use of CB1 receptor agonists increases, awareness of possible aversive
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outcomes is increasingly important. Continued research about endocannabinoid system
dysregulation is required to inform decisions regarding the potential aversive effects of CB1
receptor agonists and the harms that they may cause.
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