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Cannabis and alcohol co-use is prevalent in adolescence but its long-term effects
on cognition and reward-related behaviours remain largely unexplored. The aim of this
study is to investigate the effects of adolescent alcohol and Δ9-tetrahydracannabinol
(THC) vapour co-exposure on cognitive- and reward-related behaviours. Male
adolescent Sprague-Dawley rats received vapourized THC (10mg/pad) or vehicle every
other day and had continuous voluntary access to alcohol (10% volume/volume) to
assess the effects of THC on alcohol consumption. In adulthood, rats underwent
behavioural testing. Adolescent rats showed higher alcohol preference in the two-bottle
choice test, on days on which they were not exposed to THC vapour. In adulthood, rats
treated with alcohol as adolescents exhibited short-term memory deficits and decreased
alcohol preference; while rats exposed to THC vapour showed learning impairments.
Our results indicate that although adolescent THC acutely affects alcohol drinking,
adolescent alcohol and cannabis co-use may not produce long-term additive effects.
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1 Review of Literature
Modified and expanded from the literature review publication:
Thorpe, H.H.A., Hamidullah, S., Jenkins, B.W., and Khokhar, J.Y. (2020). Adolescent
neurodevelopment and substance use: Receptor expression and behavioural
consequences. Pharmacol Ther 206, 107431. doi: 10.1016/j.pharmthera.2019.107431

1.1 Adolescent Development
Adolescence is characterized by a number of developmental changes that occur
between childhood and adulthood (for an in-depth review, see Spear (2000)). One of
these transitions is puberty, which is the onset of sexual maturation. Although age is not
always the best marker of adolescence, the age range for this period is roughly 10-19
years in humans (Figure 1-1) (early: 10-13, middle: 14-16, late: 17-19) as defined by the
World Health Organization (World Health Organization, n.d.), with social, cultural, and
nutritional factors playing an important role in outlining this period. The emergence of
adolescent-specific behavioural phenotypes, such as increased reward sensitivity,
novelty-seeking, and peer socializing, arise from prominent neurodevelopmental
changes that take place during this period (Spear, 2000;Romer, 2010). In addition,
improvements in cognition and executive functions further prepare adolescents for
independence from adult caregivers (Spear, 2000;Choudhury et al., 2006). These
behavioural changes correspond to neural alterations in the cortical and limbic regions
(Schneider, 2013;Spear, 2014), including decreases in grey matter volume, increases in
white matter volume, as well as synaptic pruning and reorganization occurring within
these brain regions (Spear, 2014;Jaworska and MacQueen, 2015;Dumontheil, 2016).
Animals are often used to study the neurobiological basis of human adolescence
and the impact of exogenous exposures, with rodents being extensively used to
characterize the effects of drug use on the adolescent brain (Clancy et al., 2007).
Although there is no clear consensus on the equivalency of rodent to human ages
during early development, the first two weeks of rodent development are often
considered equivalent to late human pregnancy (Quinn, 2005;Clancy et al., 2007), so
the beginning of the pre-adolescent period roughly corresponds to post-natal day (PND)
14 in rodents (Figure 1-1), with adolescence generally occurring between PND28-42
(Spear, 2000). However, this definition can also be impacted by biological factors, such
as sex. For example, female rodents reach sexual maturity earlier than males,
consistent with humans and most other mammalian species, and this has broader
implications on the duration of adolescence and the neurobiological changes that take
place during this period (Schneider et al., 2008;Schneider, 2013). Furthermore, other
studies of developmental changes within adolescence further divide the rodent age
ranges into early (PND21-34), middle (PND34-46), and late (PND46-59) adolescence
(Tirelli et al., 2003). Consistent with humans, adolescence in rodents is not exclusively
defined by pubertal changes (i.e., sexual maturity); behavioural and cognitive deviations
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from what is observed during pre- and post-adolescence are also considered when
establishing this developmental timeline. More pronounced play behaviours, noveltyseeking, risk-taking, and exploratory behaviours are observed in adolescent rodents
compared to pre-adolescent and adult animals (Adriani et al., 1998;Spear,
2000;Stansfield and Kirstein, 2006;Philpot and Wecker, 2008;Lynn and Brown,
2009;Vetter-O'Hagen and Spear, 2012). Additionally, executive functions, such as
working memory, continue developing throughout adolescence and into adulthood
(Kirschmann et al., 2019). Furthermore, limbic and cortical regions undergo substantial
changes in rodents during this time, consistent with adolescent humans, such as
synaptic pruning and decreases in prefrontal cortex (PFC) volume (Spear, 2000),
suggesting that changes in behaviour and their neurobiological correlates are well
conserved in mammalian species. Together, these parallels provide further support for
the use of rodents as models of human adolescence.

Figure 1-1: Schematic showing the age ranges corresponding to pre-adolescence,
adolescence, young adulthood, and adulthood in humans and rodents. Ages are
expressed in years for humans and in post-natal days (PND) for rodents.

1.2 Alcohol and Cannabis Co-Use
Cannabis and alcohol are commonly used by adolescents; simultaneous (i.e.
using the two drugs at the same time) and concurrent (i.e. using the two drugs on
separate occasions) use of these drugs is especially highly prevalent. An analysis of the
Monitoring the Future Survey from 1976 to 2016, revealed that 21% of 12th graders
report past-year simultaneous, while 13% report concurrent use of cannabis and alcohol
(Patrick et al., 2018). More recently, 14% of Canadian youth in grades 7-12 reported
using cannabis and alcohol together on the same occasion at least once in the past
year. This number reached 27% among grade 12 students (Boak et al., 2019). The
short-term effects of combining the drugs are well documented in association studies
performed in adolescents and adults, include driving under the influence (Subbaraman
and Kerr, 2015;Lipperman-Kreda et al., 2017), violence (Lipperman-Kreda et al., 2017),
use of illicit drugs and poor school attendance (Patrick et al., 2018). However, research
2

on the effects of cannabis and alcohol co-use in adolescence and subsequent
behaviour in adulthood is scarce and requires further investigation as co-use may
uniquely affect various behavioural outcomes compared to the use of either drug alone.
It is difficult to find the causal basis of the findings reported in association studies
due to ethical considerations and confounding factors, highlighting the need for preclinical studies. There are a few pre-clinical studies that have investigated the shortterm effects of adolescent alcohol and cannabis co-exposure on behaviour. One such
study looked at whether combined alcohol and THC treatment had an additive effect on
memory using the novel object recognition task in both adolescent and adult male
Sprague-Dawley Rats. An intraperitoneal injection of combined alcohol and THC altered
preference for the familiar and the novel objects in both age groups, with adolescent
rats showing preference for the familiar object, while adult rats showed a lack of
memory of the familiar object. This effect was not observed in rats that were exposed to
either drug alone (Swartzwelder et al., 2012). Another study investigating the shortterm effects of combined alcohol and THC treatment on spatial learning and memory
using the Barnes maze in adolescent rats did not find any impairments. Interestingly,
the group employed two distinct routes of THC administration, subcutaneous injections
and oral, and the findings were consistent across both methods. They also found that
oral, but not subcutaneous, THC reduced 3-hour alcohol intake at doses higher than 5
mg/kg in rats receiving combination of both alcohol and THC, indicating a drug-drug
interaction when alcohol and THC are used together (Nelson et al., 2019).
Although there is a scarcity of pre-clinical studies investigating the long-term
effects of alcohol and cannabis co-use, there is an extensive body of evidence on the
consequences of either alcohol or cannabis use alone on subsequent adult
neurobiology and behaviour which will be discussed further in subsequent sections. The
primary focus will be on investigations on the effects of individual alcohol and cannabis
exposure on reward, mood and cognition, and the brain regions implicated in these
functions.

1.3 Alcohol
Alcohol is a widely used sedative-hypnotic that is reported to be used by 9.9% of
U.S. adolescents aged 12-17 in the past-year (Substance Abuse and Mental Health
Services Administration, 2018). Alcohol’s effects are mediated
through alcohol’s interactions with two major classes of ionotropic channels: the
inhibitory gamma-aminobutyric acid type A (GABAA) receptor and the excitatory Nmethyl-D-aspartate (NMDA)-type glutamate receptor, on which alcohol acts
agonistically and antagonistically, respectively (Gilpin and Koob, 2008).
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1.3.1 Effects on Neurotransmission
Adolescent alcohol exposure may alter the developmental trajectories of
GABAergic and glutamatergic neurotransmitter systems within several brain regions.
For instance, adolescent binge alcohol consumption resulted in a net reduction of
GABAA receptor subunit mRNA within the dorsal raphe nucleus and the periaqueductal
gray, with only the α6 and δ subunits showing increased expression levels (McClintick et
al., 2015;2016). Contrary to the increased expression of δ GABAA receptor subunits
reported by McClintick and colleagues (2015), significant reductions in protein levels of
the δ subunit of GABAA receptors were found in the hippocampus; this effect persisted
into adulthood (Centanni et al., 2014). In parallel, there were extensive reports of
decreases in tonic GABAergic inhibition on neuronal excitability within the adult
hippocampus following adolescent ethanol exposure (Fleming et al., 2012;Fleming et
al., 2013). Glutamatergic signaling may also be affected as adolescent alcohol
consumption reduced the expression of NMDA receptor subunits, NR2B, NR2D, and
NR3A (McClintick et al., 2015;2016). In addition, there were alterations in the
expression of genes encoding glutamate vesicular transporters with SLC17A6 (encodes
VGLUT2) showing decreased expression, while SLC17A7 (encodes VGLUT1) showing
increased expression in the periaqueductal gray following adolescent binge drinking
(McClintick et al., 2016). Adolescent ethanol exposure has also been shown to result in
altered NMDA receptor activity in the PFC with reduced phosphorylation of the NR2B
subunit and alterations in NMDA receptor binding (Sircar and Sircar, 2006;Pascual et
al., 2009). Moreover, enhanced PFC pyramidal neuron excitability was reported,
suggesting that receptor level changes could manifest as functional consequences in
neurotransmission (Salling et al., 2018).
Adolescent alcohol exposure may also affect the dopaminergic system in
addition to the GABAergic and glutamatergic neurotransmitter systems. For instance,
ethanol challenge in adulthood enhanced ethanol-induced firing of medial ventral
tegmental area (VTA) dopaminergic neurons projecting to the nucleus accumbens
(NAc) (Avegno et al., 2016) and reduced NAc dopamine release following adolescent
alcohol exposure (Toalston et al., 2014;Shnitko et al., 2016). Furthermore, adolescent
alcohol exposure resulted in lower protein expression of tyrosine hydroxylase and
catechol-O-methyltransferase (enzyme involved in dopamine synthesis and
metabolism), and reduced dopaminergic neurotransmission in the medial PFC in adult
rats (Trantham-Davidson et al., 2017).
1.3.2 Behavioural Consequences
Adolescent alcohol exposure may impact subsequent alcohol drinking and
sensitivity to alcohol. For example, adolescent exposure to alcohol resulted in higher
short- (Moore et al., 2010;Holstein et al., 2011) and long-term alcohol consumption
(Moore et al., 2010), as well as higher intra-cranial ethanol self-administration in
adulthood (Pascual et al., 2009;Toalston et al., 2014;Amodeo et al., 2018). Higher
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alcohol sensitivity was also reported with adult Wistar and Alcohol-Preferring rats preexposed to alcohol during adolescence requiring lower alcohol concentrations to
acquire alcohol self-administration (Pascual et al., 2009;Toalston et al., 2014). However,
adolescent exposure to alcohol in Long-Evans rats did not promote voluntary or
aversion-resistant alcohol consumption, and did not alter operant responding for alcohol
in adulthood despite similar exposure doses and duration (Nentwig et al., 2019),
highlighting potential strain differences in the long-term enhancement of alcohol
consumption by adolescent alcohol drinking. In addition, exposure to alcohol during
adolescence resulted in greater learning rates in both a Pavlovian conditioned approach
and instrumental task, as well as enhanced sign-tracking bias compared to unexposed
rats (Clark et al., 2012;Spoelder et al., 2015), suggesting that the consequences of
adolescent alcohol exposure might extend beyond alcohol drinking to other forms of
reward learning.
The effects of adolescent alcohol exposure on emotionality remain largely
unresolved. While most studies suggest that adolescent exposure to alcohol does not
promote anxiety-like behaviours in adulthood (Gass et al., 2014;Beaudet et al.,
2016;Salling et al., 2018), others have suggested either anxiolytic (Gass et al., 2014) or
anxiogenic (Fernandes et al., 2018) phenotypes in adult animals that were exposed to
alcohol during adolescence depending on the sex, species, and anxiety measure
tested, as well as the route and dose of adolescent exposure. In addition, adolescent
alcohol exposure has been shown to reduce sucrose intake in adulthood, indicative of
anhedonia, which refers to a state reduced motivation (Lerma-Cabrera et al., 2019).
Similarly, the effects of adolescent ethanol exposure on memory are also conflicting,
owing to differences in model species, ethanol exposure frequency and duration,
potential presence of withdrawal symptoms, and the behavioural assessment
paradigms used. For example, a recent study found working memory deficits in alcoholexposed adolescent mice evaluated using the T-maze non-match to sample task five
days after voluntary intermittent ethanol consumption of 15 percent volume/volume
solution, which was available for consumption every other day from PND30-60 (Salling
et al., 2018). Moreover, binge-like ethanol exposure in adolescent rats results in poorer
performance in object-recognition tasks testing short-term and temporal memory
(preference for not recently seen objects) compared to controls (Swartzwelder et al.,
2015;Fernandes et al., 2018). In contrast, repeated adolescent ethanol administration
for 20 days in a two days on, two days off schedule using a 35 percent volume/volume
solution had no effect on working memory when assessed using a radial-arm maze in
rats (Risher et al., 2013).
In addition to the reward-, emotion-, and memory-related effects of adolescent
alcohol exposure, studies also showed impairments in risk preference as measured by
evaluating preference for guaranteed versus unguaranteed reward delivery and
performance in probability-discounting and reinforcement learning tasks (Nasrallah et
al., 2011;Clark et al., 2012;McMurray et al., 2014). Deficits were also observed in
behavioural flexibility following adolescent alcohol exposure as assessed with
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performance in reversal learning and operant-set shifting procedures (Coleman et al.,
2011;Gass et al., 2014;McMurray et al., 2014;Galaj et al., 2019). However, Acheson
and colleagues (2013) showed that while rats acutely exposed to alcohol exhibited
greater perseveration in a modified water maze task than their control counterparts
during adolescence, no long-term effects on perseveration were observed when the rats
were tested in adulthood after chronic ethanol exposure in adolescence, suggesting that
some of the behavioural disinhibition effects may be short-lived.
1.3.3 Routes of Administration
Pre-clinical studies investigating the effects of adolescent alcohol use on adult
brain and behaviour use a variety of administration methods, including enteral, vapour
and parenteral routes (Thorpe et al., 2020). However, studies that have directly
compared the pharmacokinetic and pharmacodynamic properties of various routes of
alcohol administration in rodents are scarce and future work on this may help explain
some of the discrepant neurobiological and behavioural findings discussed above. Of
the methods, voluntary oral administration through a two-bottle choice design (see
section 2.3.2 for further discussion on methodology) is the most common and one that
most resembles the manner of alcohol intake by humans (Spanagel, 2017). Although
the method is non-invasive and simple to employ, the amount of alcohol consumed may
vary between animals, with alcohol concentration being an important factor. Animals
may consume less alcohol at higher concentrations of alcohol as opposed to lower
concentrations due to possible taste aversion. However, concentrations below 4% will
not create blood levels high enough to cause relevant pharmacological effects (Planeta,
2013;Spanagel, 2017). Other enteral routes of administration, such as oral gavage may
be employed to administer alcohol that allow experimenters to control the dose and
duration of alcohol exposure, but this method has been shown to produce high levels of
stress which may confound behavioural findings (Brown et al., 2000;Stuart and
Robinson, 2015).
Parenteral routes of administration have also been extensively used, but they
don’t resemble the way humans use alcohol and key differences in pharmacokinetics
between enteral and parenteral alcohol administration have been reported in rodents.
For instance, in Sprague-Dawley rats that received a single dose of 3.8 g/kg of a 21%
weight/volume ethanol solution through either intragastric or intraperitoneal injection,
greater blood ethanol concentrations were observed following intraperitoneal injection
compared to intragastric gavage (Livy et al., 2003). This may be attributed to the second
source of metabolism that occurs when alcohol is administrated through a gavage by
means of gastric alcohol dehydrogenase (Pastino and Conolly, 2000). Consistent with
this, an earlier study has reported that first-pass effect of alcohol predominantly occurs
in the stomach (Lim et al., 1993). Differences in blood ethanol levels according to route
of administration may be dose dependent as blood ethanol concentrations following
gavage administration in Wistar rats was lower compared to intraperitoneal injection
only at the highest dose of 3.0 g/kg of a 20% weight/volume ethanol solution. Although
differences in peak concentrations were not observed following administration of 0.75
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g/kg and 1.5 g/kg doses of ethanol, intragastric peak ethanol concentrations were
delayed compared to intraperitoneal injection (Walker and Ehlers, 2009). Interspecies
metabolic differences are also important to consider as ethanol concentrations in mice
were shown to rise and decline rapidly as compared to rats that show more gradual
changes in blood ethanol concentrations (Livy et al., 2003). Vapour inhalation is another
route of administration widely used in alcohol research that produces excessive alcohol
consumption (Planeta, 2013). Maximum levels of blood ethanol levels attained following
vapour administration was reported to well exceed the concentration of 80 mg/dL that is
considered excessive drinking in rats (Bell et al., 2006;Gilpin et al., 2009). However,
vapour administration does not resemble the route by which humans consume alcohol
and obtained results may not translate to excessive drinking behaviour in humans.

1.4 Cannabis
Cannabis is commonly used during adolescence with approximately seven percent
of U.S. adolescents aged 12-17 and 24.2 percent of those aged 18-25 reporting as
being past-month users (Substance Abuse and Mental Health Services Administration,
2018). Vaping is also of increasing concern in youths, with the lifetime prevalence of
cannabis vaping estimated at 8.5 percent in U.S. 8th, 10th, and 12th graders (Hamilton et
al., 2019). The effects of cannabis on the brain are primarily due to Δ9tetrahydrocannabinol (THC), the main psychoactive component in cannabis, which acts
as a partial agonist on the cannabinoid receptor type 1 (CB1R).
1.4.1 Effects on Neurotransmission
Current evidence suggests that adolescent cannabis exposure may lead to
alterations within the endocannabinoid system. Acutely, adolescent rats administered
THC displayed lower CB1R protein levels and G-protein coupling compared to vehicle
controls in many brain regions, including the PFC, NAc, VTA, and the hippocampus
(Rubino et al., 2008). Some suggested that these changes to CB1R expression are
transient (Behan et al., 2012), while others indicated that adolescent cannabinoidmediated CB1R down-regulation may endure into adulthood (Rubino et al.,
2015;Zamberletti et al., 2015;Cuccurazzu et al., 2018). For instance, studies showed
that adolescent THC exposure results in lower CB1R protein expression in the adult
VTA and PFC compared to drug-naïve animals (Zamberletti et al., 2015;Kruse et al.,
2019). Changes in the expression of CB1R in the hippocampus may not be long-lasting,
as Kasten and colleagues (2019) reported no changes in the protein levels of CB1R
approximately one month following THC administration. Although cannabinoid receptor
type 2 (CB2R) are largely implicated in the peripheral effects of cannabinoids, higher
microglial CB2R protein expression within the PFC was reported 30 days following
chronic adolescent THC exposure in female rats, which may represent altered synaptic
remodeling during the adolescent period and/or microglial-neuronal communication in
the brain (Zamberletti et al., 2015). When compared with vehicle-treated controls,
repeated THC exposure during adolescence also resulted in higher levels of
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anandamide (endogenous cannabinoid) in the rat NAc, with the greatest changes seen
following the first injection across a two week exposure period (Ellgren et al., 2008);
consistently, higher anandamide levels in adulthood are also observed after adolescent
WIN 55,212-2 (WIN; a synthetic CB1R agonist) exposure (Schoch et al., 2018).
Other neurotransmitter systems may also be affected. For instance, within the
adult mouse prelimbic cortex, adolescent THC exposure appears to alter the distribution
of layer 5 NMDA NR1 subunit protein in neurons that project to layer 2/3, as evidenced
by a shift from cytoplasmic to plasmalemmal NR1 expression (Pickel et al., 2019). This,
however, was only observed in large dendritic profiles belonging to symmetric, CB1Rpositive synapses. Additionally, reductions in extra-synaptic NR1 plasmalemmal
densities compared to controls was also observed. This THC-induced NR1 shift in
protein expression is accompanied by a greater proportion of NR1-negative asymmetric
synapses relative to NR1-positive dendritic shafts compared to mice not treated with
THC in adolescence, which may be in part responsible for reduced NMDA-receptor
dependent glutamate activity in these neurons. Aspects of dopaminergic signaling may
also be impaired in adulthood after adolescent THC exposure, as a lower density of
VTA tyrosine hydroxylase-positive cells was observed following adolescent THC
exposure relative to saline controls (Behan et al., 2012). These changes in the VTA are
accompanied by increased spontaneous and burst firing of dopaminergic VTA neurons
(Renard et al., 2017a). Moreover, heightened VTA neuron excitability in response to
morphine, cocaine, and amphetamine was observed in animals pre-treated with WIN
during adolescence, suggesting dopaminergic system alterations may evoke crosstolerance to acute challenges of other drugs of abuse (Pistis et al., 2004).
Studies have also explored the effects of cannabinoids on GABAergic
neurotransmission. For example, GABAergic hypofunction seen in the adult
PFC following adolescent THC, but not vehicle, exposure in rats (Renard et al.,
2017b) may be due to reductions in the levels of the GABA synthesizing enzyme
glutamate decarboxylase 67 (GAD67), contributing to a potential excitatory/inhibitory
imbalance during an especially vulnerable neurodevelopmental period (Zamberletti et
al., 2014a). However, GAD67 levels in the hippocampus remain unaltered in these
animals, indicating the region-specific effects of endocannabinoid system stimulation
during adolescence. While cannabinoids are known to interact with other receptor
systems within the CNS, such as the transient receptor potential vanilloid type 1
(TRPV1) channel, the effects of adolescent cannabis exposure on this system are yet to
be studied (Muller et al., 2018). The function of TRPV1 channel in mediating
cannabinoid effects was recently investigated in adult rats; administration of TRPV1
antagonist, capsazepine, reduced apathetic and impulsive behaviours induced by
arachidonyl-2'-chloroethylamide, a synthetic CB1R agonist (Fatahi et al., 2018),
suggesting that some effects of cannabis exposure during adolescence may be
modulated by TRPV1 channel.
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1.4.2 Behavioural Consequences
Similar to alcohol, adolescents may have heightened susceptibility to the adverse
reward-related behavioural effects of cannabis. For instance, adolescent WIN exposure
induced differences in incentive salience attribution in a sign/goal-tracking paradigm as
well as increased food palatability in adult male rats (Schoch et al., 2018). Moreover,
exposure to THC during adolescence resulted in more WIN and heroin selfadministration in adulthood, as well as heightened vulnerability to the stress-induced
relapse of heroin-seeking compared to those without a history of THC exposure (Ellgren
et al., 2007;Stopponi et al., 2014;Scherma et al., 2016). Lastly, adolescent WIN preexposure prolonged immobility times in a tail suspension test during cocaine withdrawal
in adulthood (Aguilar et al., 2017). This suggests a potential interaction between
adolescent cannabinoid exposure and vulnerability to addiction and reward-related
consequences in adulthood.
Consequences of adolescent cannabinoid exposure on emotionality have also
been reported. For example, chronic adolescent exposure to low (0.2 mg/kg) and high
(1.0 mg/kg) doses of WIN leads to depression-like behaviour in the forced swim and
sucrose preference tests in adulthood. The high-dose exposure in adolescents also
induced anxiety-like behaviours only in the novelty-suppressed feeding test, but not in
the elevated plus maze or the open field tests (Bambico et al., 2010). Adding to these
findings, adolescent THC injections produced anxiety-like behaviour in adult rats in the
open field, novel object exploration, and light/dark tests; (Renard et al., 2017b).
However, the anxiogenic effects of adolescent THC or smoked cannabis exposure are
not consistent between studies, with a lack of anxiety-like behaviours observed in the
elevated plus maze, forced swim, and open field tests in multiple studies by other
groups (Rubino et al., 2008;Bruijnzeel et al., 2019;Kasten et al., 2019). This highlights
that differences in study design (e.g., model species, task, dose, CB1R agonist) might
contribute to conflicting findings regarding the anxiety-related effects of adolescent
cannabinoid exposure.
Adolescent cannabinoid exposure may also adversely affect cognition as studies
have reported that adolescent THC exposure results in object recognition memory
(Kasten et al., 2017), and associative learning deficits (Abela et al., 2019) in adulthood.
These long-term effects of THC on cognition are conflicted by another study that
showed subchronic (i.e., 5-day), but not chronic (i.e., 21-day followed by 28-day drug
washout), adolescent THC exposure resulted in spatial learning impairments (Cha et al.,
2007). Results may also vary depending on the sex of the animals and the type of
CB1R agonist administered. Adolescent THC exposure (via injection) in male and
female rats produced memory deficits in adulthood in the spatial version of the novel
object recognition memory and a T-maze tasks (Rubino et al., 2015;Zamberletti et al.,
2015;Zamberletti et al., 2016), whereas smoked cannabis produced no such effects in
both male and female rats in the classical novel object recognition task (Bruijnzeel et al.,
2019). Interestingly, adolescent male, but not female, rats that underwent daily WIN
self-administration showed better performance in a delay-match-to-sample working
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memory task than those that did not self-administer WIN (Kirschmann et al.,
2017a;Kirschmann et al., 2017b). However, females showed better performance in
working memory after intraperitoneal WIN administration, an effect that is dosedependent, while male rats displayed short-term deficits in spatial memory after this
exposure (Kirschmann et al., 2017a;Kirschmann et al., 2017b).
1.4.3 Routes of Administration
Humans typically smoke cannabis and there has been a rapid increase in vaping
and the use of edibles infused with cannabis extracts (Patrick et al., 2020). However,
most studies investigating the developmental effects of cannabinoids in animal models
administer it via parenteral route, with intraperitoneal injections being the most prevalent
of the methods (Thorpe et al., 2020). Since the primary objective of these studies is to
enhance our understanding of how cannabis use impacts the human brain and
behaviour, the route by which humans administer cannabis should be accounted for.
This is especially important given the differences in pharmacokinetic profiles of different
routes of cannabis administration. In humans, pulmonary administration has the
greatest bioavailability, with THC blood levels peaking within minutes and psychotropic
effects occurring within seconds to a few minutes. In comparison, oral THC has a much
lower bioavailability due to acid degradation in the stomach and an extensive first-pass
effect; blood levels peak after 60-120 minutes and psychotropic effects occur within 3090 minutes (Grotenhermen, 2003). Similarly, in a study that investigated the effects of
pulmonary, oral and subcutaneous THC in Wistar rats, blood and brain levels of THC
rapidly peaked and diminished following pulmonary administration, whereas peak levels
with subcutaneous and oral administration were reached later, but THC was still
detectable 24 hours later. Despite comparable peak blood levels between pulmonary
and oral administration, greater THC levels were detected in the brain following oral
administration (Grotenhermen, 2003). Similarly, an earlier study in mice reported a
dissociation between blood and brain concentrations of THC between pulmonary and
parenteral routes of administration, whereby intravenous injection of THC produced
200-300% higher brain levels of THC compared to blood levels, while the brain levels of
THC were roughly equivalent to the blood levels following inhalation (Wilson et al.,
2002). This was further supported by a later study showing that THC levels following
inhalation was insufficient to reverse the withdrawal signs induced by a selective CB1R
antagonist, SR141716 in mice chronically exposed to either inhaled cannabis smoke or
intravenous administered THC (Wilson et al., 2006). The pharmacokinetics of
pulmonary versus intraperitoneal injections in Sprague Dawley rats were also compared
by Manwell and colleagues (2014a) and the results indicated that similar blood THC
levels were achieved following parenteral and pulmonary administration when
approximately six times the amount of THC was delivered through pulmonary
administration compared to parenteral administration.
There’s also evidence indicating that different routes of THC administration can
produce unique patterns of behavioural effects in rodents. For instance, whereas
intraperitoneal THC elicited conditioned avoidance, vapourized THC produced a place
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preference in Sprague-dawley rats (Manwell et al., 2014a). In addition, while THC
acutely enhanced feeding and locomotor activity, no effect on feeding and locomotion
were observed following intraperitoneal administration. The effect on feeding following
vapour administration is consistent with acute appetite enhancing effects of cannabis in
humans (Sansone and Sansone, 2014). Moreover, vapourized THC did not promote
behavioural sensitization to opioid-induced hyperactivity (Manwell et al., 2014b),
inconsistent with previous studies that have demonstrated cannabinoid-induced crosssensitization to opiates in animals pre-treated with intraperitoneal THC (Cadoni et al.,
2001;Cadoni et al., 2008). Oral THC has also been shown to produce different
behavioural profiles compared to parenteral injection. For instance, Nelson and
colleagues (2019) reported that while oral THC did not affect chow and sucrose intake,
subcutaneous THC dose-dependently increased acute chow intake and chronic
subcutaneous THC reduced sucrose intake during abstinence. Overall, evidence
strongly suggests that different routes of cannabinoid administration can elicit unique
behavioural outcomes. This prompts the need for a shift in the experimental approach
when investigating the behavioural impacts of adolescent cannabis use in animal
models and employ administration methods that closely resemble the manner of
cannabis use by humans.

1.5 Objectives and Hypothesis
There has been substantial progress in characterizing the effects of alcohol and
cannabis when they are used alone, but more research is needed to identify potential
additive effects when they are used in combination due to the high prevalence of this
pattern of use among adolescents. Therefore, the objective of this study is to investigate
the short- and long-term effects of adolescent alcohol and cannabis co-use on
behaviour and cognition. We hypothesize that THC exposure in adolescence will alter
alcohol-drinking behaviours both during adolescence and adulthood and the co-use of
alcohol and THC will produce more pronounced behavioural deficits than the use of
either drug alone in adulthood.
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2 Materials and Methods
2.1 Animals
All animal procedures were approved by the University of Guelph Animal Care
Committee (AUP #3922). Male Sprague-Dawley rats (n = 24) aged 25 days at the time
of arrival were obtained from Charles River Laboratories (Senneville, Quebec, Canada)
and kept under standard conditions of temperature and humidity. Rats have been
validated as animal models for investigating the effects of cannabis, and SpragueDawley rats have previously been used in our lab (Nelong et al., 2019). The animals
were pair-housed in cages with a mesh divider in between to allow for individual
measurements of alcohol and food intake. This helps alleviate stress associated with
social isolation that could predispose animals to various long-term behavioural deficits
that may confound results (Boggiano et al., 2008;Lukkes et al., 2009). All animals were
kept in a room with a 12-hour light-dark cycle (lights on 7:00 h) with ad libitum access to
food and water when they were not being tested on behavioural paradigms in
adulthood. Animals were randomly assigned to one of four groups (N = 6/group): 1)
Vehicle/Water; 2) Vehicle/Alcohol; 3) THC/Water 4) THC/Alcohol.

2.2 Drugs
2.2.1 THC
THC (Toronto Research Chemicals, Toronto, Ontario, Canada) was dissolved in
Tween 80, ethanol and saline in a 1:1:18 ratio at a concentration of 40 mg/ml. A dose of
10 mg/pad (250μl of THC solution) was chosen for THC as Manwell and colleagues
(2014b) found most behaviourally relevant results (stimulation of locomotor activity) at
this dose when THC was administered through an identical vapour administration
procedure. The vehicle consisted of Tween 80, ethanol and saline in a 1:1:18 ratio.
Glycerol (50μl) was added to the pad (both the THC and the vehicle solutions) to help
visualize the smoke enabling detection of delivery.
2.2.2 Alcohol
Ethanol was diluted from a 95 percent volume/volume solution (Commercial
Alcohols by Greenfield Global, Brampton, Ontario, Canada) to a concentration of 10%
volume/volume solution with water. The particular alcohol concentration was used by
studies that have investigated adult behavioural outcomes following adolescent ethanol
exposure (Doremus et al., 2005;Alaux-Cantin et al., 2013;McMurray et al., 2014). Water
was used as the control solution.
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2.3 Experiment 1: Effects of Vapourized THC Administration on
Alcohol Drinking in Adolescence
2.3.1 Vapour Administration Procedure
Adolescent rats were exposed to THC through vapour administration as it is one of
the most common routes of cannabis use in human adolescents (Figure 2-1; Knapp et
al., 2019). A volcano vapourizing device (Volcano Classic, Storz & Bickel, Tuttlingen,
Germany) was used to vapourize THC (10 mg/pad) at heat setting 9 and collected into
detachable plastic bags, as described previously (Manwell et al., 2014a;Manwell et al.,
2014b). These, then were fitted with a release valve that released the vapour into
enclosed plastic boxes (35.6cm x 19.1cm x 15.2) containing 4 rats that inhaled the
vapour for 5 minutes, as described previously (Manwell et al., 2014a;Manwell et al.,
2014b).
2.3.2 Two-Bottle Choice Test
The effects of THC on alcohol consumption during adolescence was measured
using the two-bottle choice paradigm, as previously described (Milivojevic and Covault,
2013). Starting at PND28 (Figure 2-1), rats were given continuous access to two bottles
in their home cages: one contained 10% ethanol and the other contained tap water. The
positions of the bottles were switched every day to control for positional preference. The
two bottles were weighed every day. Daily food consumption and weight gain were also
recorded to investigate the effects of alcohol and THC on ingestive behaviours. All
measurements were adjusted for the daily weight of each rat and reported in g/kg. The
main outcome measure was alcohol preference, which was calculated as,
𝐴𝑙𝑐𝑜ℎ𝑜𝑙 𝐼𝑛𝑡𝑎𝑘𝑒 (𝑔/𝑘𝑔)
x 100%. The same procedure was repeated in all animals in
𝑇𝑜𝑡𝑎𝑙 𝐹𝑙𝑢𝑖𝑑 𝐼𝑛𝑡𝑎𝑘𝑒 (𝑔/𝑘𝑔)
adulthood (even the groups that did not receive alcohol during adolescence).
2.4

Experiment 2: Effects of THC and Alcohol Co-Exposure on Behavioural
Outcomes in Adulthood

Following adolescent THC and alcohol exposure in Experiment 1, the rats were left
to grow into adulthood while pair housed. Behavioural testing began two weeks post
treatment on PND56 (Figure 2-1). Prior to the start of behavioural testing, rats were
food-restricted to 85% of their free-feeding weight to enhance motivation to perform
tasks and maintained at this weight throughout the behavioural testing period.
Behavioural testing began on PND62.
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Figure 2-1: Timeline for experiments 1 and 2. THC vapour exposure and voluntary
access to alcohol (24 hours) began on PND28 and continued for two weeks until
PND42. THC vapour was administered on every other day schedule to assess its
effects on alcohol drinking during exposure and acute abstinence. Following the THC
vapour exposure/voluntary ethanol-drinking period, rats were left to grow into adulthood.
Starting PND56, rats were food restricted and underwent behavioural testing starting
PND62 to assess the long-term effects of THC, alcohol and their combination on
behaviour using the novel object recognition test, elevated plus maze, delay discounting
and two-bottle choice test paradigms.
2.4.1 Novel Object Recognition Task
2.4.1.1 Apparatus
The novel object recognition task was used to assess the effects of adolescent
THC, alcohol and their combination on short- and long-term object recognition memory
in adulthood. The test is a commonly used behavioural assay that exploits rats’ natural
tendency to explore novel objects and was conducted as described previously (Antunes
and Biala, 2012;Mendell et al., 2020). Novel object recognition was performed in an
open field made of white corrugated plastic (45 cm x 45 cm x 30 cm). Spatial cues were
placed throughout the testing room and on the walls around the open field.
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2.4.1.2 Testing
Animals were habituated to the open field for a 3-minute period the day prior to
test days, under identical conditions with the exception that no objects were present in
the open field. The paradigm consisted of two phases: the sample phase and the choice
phase. In the sample phase, rats were placed in a box containing two identical objects
placed in symmetrical positions and allowed to explore for 3 minutes. Following the
sample phase, the choice phase took place either after five minutes to test short-term
memory or after 24 hours to test long-term memory. These inter-trial intervals were
selected as most rats spend more time exploring the novel object following a short intertrial interval and recognition of the novel object deteriorates when the inter-trial interval
is extended beyond 24 hours (Mathiasen and DiCamillo, 2010). During the choice
phase, the rats were again placed in a box containing two objects for two minutes, one
of the objects was identical to the one used in the sample phase, and the second object
was replaced with a novel object (the identity of the novel and familiar object, as well as
their left and right positions were counter-balanced across for each animal). Objects
were cleaned with 70% ethanol between trials. The animals’ behaviour was monitored
to score the exploration time of familiar and novel objects in the first minute of the
choice phase as the novel object becomes less novel as time passes. Since rats prefer
novel objects, they explore novel objects more compared to familiar objects. Inability to
discriminate between the novel and the familiar objects indicates memory impairment.
The discrimination ratio (DR) was used as an outcome measure to assess novelty
𝑡𝑖𝑚𝑒 𝑒𝑥𝑝𝑙𝑜𝑟𝑖𝑛𝑔 𝑛𝑜𝑣𝑒𝑙 𝑜𝑏𝑗𝑒𝑐𝑡−𝑡𝑖𝑚𝑒 𝑒𝑥𝑝𝑙𝑜𝑟𝑖𝑛𝑔 𝑓𝑎𝑚𝑖𝑙𝑖𝑎𝑟 𝑜𝑏𝑗𝑒𝑐𝑡
preference and was calculated as, 𝑡𝑖𝑚𝑒 𝑒𝑥𝑝𝑙𝑜𝑟𝑖𝑛𝑔 𝑛𝑜𝑣𝑒𝑙 𝑜𝑏𝑗𝑒𝑐𝑡+𝑡𝑖𝑚𝑒 𝑒𝑥𝑝𝑜𝑙𝑜𝑟𝑖𝑛𝑔 𝑓𝑎𝑚𝑖𝑙𝑖𝑎𝑟 𝑜𝑏𝑗𝑒𝑐𝑡 .
2.4.2 Elevated Plus Maze
2.4.2.1 Apparatus
The elevated plus maze was used to assess anxiety-like behaviour (Walf and
Frye, 2007). The elevated plus maze consists of two open and two close arms (50cm x
10cm) that extend from a central platform elevated 50 cm from the floor. The maze was
wiped with 70% ethanol after each trial. The animal’s behaviour was recorded using a
digital video software (Any-Maze behavioural tracking software 6.0, Stoelting Co., Wood
Dale, Illinois, United States).
2.4.2.2 Testing
The rats were placed individually onto the center of the apparatus facing an open
arm and allowed to explore for 5 minutes and the time spent, and entries made into the
open and closed arms were scored automatically using ANY-maze’s whole-body
tracking feature. An arm entry was defined as occurring when the center of the rat’s
body was in the arm. Anxiety-like behaviour was indicated by an increase in the
proportion of time spent exploring the close arms and an increase in the number of
entries into the close arms. This is due to rats exhibiting prey behaviour and previous
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studies have shown that anxiogenic drugs increase time spend in the close arms (Walf
and Frye, 2007).
2.4.3 Delay-Discounting Task
2.4.3.1 Apparatus
Delay-discounting task was used to assess the effects of THC, alcohol and their
combination on impulsive-like behaviour as previously described (Mitchell et al., 2014).
The task was conducted in the HABITEST Modular Behavioural Test System
(Coulbourn Instruments, Allentown, Pennsylvania, United States). Data collection and
program testing was controlled by the Graphic State software (Coulbourn Instruments,
Allentown, Pennsylvania, United States). A custom Microsoft Excel macro was written
(Hayley Thorpe & Shahnaza Hamidullah, University of Guelph) to transform the raw
data exported from the Graphic State software.
2.4.3.2 Training
Prior to the start of behavioural testing, the rats were given 45 mg Dustless
Precision sucrose, banana flavoured pellets (Bio-Serv, Flemington, New Jersey, United
States, product #F0024) in their home cages to control for the effects of neophobia to
the food reward used in the experiment. The behavioural testing began with magazine
training that consisted of 38 deliveries of a single food pellet with an inter-trial interval
(ITI) of 100 ± 40 seconds. Next, the animals were shaped to press either the left or the
right lever (counterbalanced across groups), which resulted in the delivery of a single
food pellet. The rats were then shaped to press the opposite lever when they reached a
criterion of 50 lever presses during a 30-min session. Once lever shaping was
completed, the rats were shaped to nose poke into the food trough during simultaneous
illumination of the trough and house lights. A nose poke resulted in the extension of a
single lever and a lever press resulted in the delivery of a single food pellet. The right
and left levers were presented an equal number of times, with no more than two
consecutive presentations of the same lever. The testing on the delay-discounting task
began when the rats reached a criterion of no less than 60 successful trials in 60
minutes with an ITI of 40±10 seconds.
2.4.3.3 Testing
The task involved daily sessions consisting of 5 blocks of 12 trials each. Each trial
was 100 seconds in length and consisted of either a forced trial or a choice trial. Each of
the 5 blocks in a session began with two forced trials, followed by ten choice trials. In
forced trials, a nose poke into the food trough triggered the extension of a single lever.
In choice trials, a nose poke triggered the extension of both levers simultaneously. A
press on one lever resulted in delivery of a single food pellet without any delay. A press
on the other lever resulted in delivery of three pellets after varying delays. The delay to
the large reward started at 0 during the first block, then increased to 4, 8, 16, and 32
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seconds in the subsequent blocks. The identity of the levers, right or left, were
counterbalanced across groups and remained constant throughout behavioural testing.
For each block, the percentage of trials on which rats chose the large reward lever was
calculated to assess reward preference.

2.5 Statistical Analyses
All data analyses were performed using the IBM SPSS Statistics 26 software. Data
from two-bottle choice test in experiments one and two, was analyzed using repeated
measures ANOVA with drug and days as between and within subject factors,
respectively. Data from novel object recognition task from experiment two was analyzed
using repeated measures ANOVA with drug and delay, as between and within subject
factors and unpaired t-tests were used to compare individual group DRs to zero. In the
delay-discounting task, the rats were tested until a stable responding was observed
across five consecutive sessions (28-32), which was defined by: 1) absence of a main
effect of session; 2) a significant main effect of block; 3) absence of interaction between
session and trial block in a repeated measures ANOVA. Averaged data across the five
stable days was analyzed using repeated measures ANOVA with drug and delay as
between and within subject factors, respectively. Data from elevated plus maze was
analyzed using repeated measures ANOVA with drug and arm entry/arm time as
between and within subject factors, respectively. Levene’s test for equality of variances
was used to evaluate the homogeneity assumption needed for ANOVA. In cases where
Mauchly’s Test of Sphericity indicated that the assumption of sphericity had been
violated when running a repeated measures ANOVA, a Greenhouse-Geisser
corrections was used. Significance level was set at p  0.05 and all data was presented
as the mean ± SEM.
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3 Results
3.1 Experiment 1: Effects of Vapourized THC Administration on
Alcohol Drinking in Adolescence
3.1.1 Acute THC vapour abstinence resulted in increased alcohol preference.
Repeated measures ANOVA did not yield a p-value for the Mauchly’s Test of
Sphericity due to the sample size being too small for the number of levels (fourteen
days) compared. This was adjusted by splitting the data into days on which rats
received THC or vehicle vapour exposure (exposure days) and days on which rats did
not receive THC or vehicle vapour exposure (no exposure days). There were no
differences in alcohol intake (g/kg) (Figure 3-1: A, B) and food intake (g/kg) (Figure 3-1:
G, H) between exposure days and no exposure days. However, the THC/Alcohol group
exhibited higher alcohol preference (%) (main effect of THC, F (1,10) = 5.218, p =
0.045) (Figure 3: C, D) and decreased water intake (g/kg) (main effect of THC, F (1,10)
= 5.849, p = 0.036) (Figure 3-1: E, F) on no exposure days. In addition, greater
increases in weight gain (g) were observed in the THC/Alcohol group on exposure days
(main effect of THC, F (1,10) = 7.923, p = 0.018) (Figure 3-1: I, J).
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Figure 3-1: Increased alcohol preference and reduced water intake were observed
during acute THC abstinence, and increased weight gain was observed on days
of THC vapour exposure. A, B) No differences were observed in alcohol intake (g/kg)
on either exposure or no exposure days. C) Increased alcohol preference (%) was
observed in the THC/Alcohol group on no exposure days, D) but not on exposure days.
E) Decreased water intake (g/kg) was observed on no exposure days, F) but not on
exposure days. G, H) No differences were observed on food intake (g/kg) on either
exposure or no exposure days. I) Significant main effect of THC was observed on
weight gain (g) on exposure days, J) but not on no exposure days. The data is
presented as mean ± SEM. *p  0.05, significantly different from the Vehicle/Alcohol
group.
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3.2 Experiment 2: Effects of THC and Alcohol Co-Exposure on
Behavioural Outcomes in Adulthood
3.2.1 Adolescent voluntary alcohol drinking impaired short-term novel object
recognition memory.
Repeated measures ANOVA did not reveal any main effects or interactions for
any of the treatment groups in both the 5-minute and the 24-hour delays (Figure 3-2).
However, individual t-tests performed to determine whether the rats recognized the
novelty of the object (DR significantly different from zero) or did not (DR not significantly
different from zero) for each group revealed that short-term memory was intact in the
Vehicle/Water (p = 0.010), THC/Water (p = 0.002), and THC/Alcohol (p = 0.010) groups.
However, an impairment in short-term memory was observed in the Vehicle/Alcohol
group as the group’s DR was not significantly different from 0 (p = 0.217). All groups
performed poorly on the 24-hour delay with high variability.

Figure 3-2: Vehicle/Alcohol group exhibited short-term object recognition
memory impairment in the 5-minute delay. The data is presented as mean ± SEM.
*p  0.05, significantly different from DR=0.
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3.2.2 Adolescent vapourized THC impaired learning in adulthood in the delaydiscounting test.
A stable responding was observed across sessions 28 to 32, with a main effect
of delay (F(1.287, 101.067) = 22.269, p = 0.000), and absence of effect of session
(F(1.656, 101.067) = 0.822, p = 0.428), and session x delay (F (5.053, 101.067) =
1.117, p = 0.356). Data averaged across five consecutive stable sessions revealed no
within-subject effects, but a main effect of THC was present in between-subject analysis
(F (1,20) = 9.911, p = 0.005) with the THC/Water and THC/Alcohol groups exhibiting
lower preference for the large reward (Figure 3-3, A). Difference in the choice of large
reward between groups at the 0s delay where all groups should have similar responding
to the large reward revealed that the THC/Vehicle and THC/Alcohol displayed impaired
learning of the task. As a result, data was adjusted so that the percentage responding to
the large reward at each delay were subtracted from the percentage responding at the
0s delay (Figure 3-3, B). No difference in preference for the large reward was found
using this method.

Figure 3-3: Adolescent THC vapour exposure impaired learning in adulthood in
the delay discounting task. A) THC treated animals failed to learn the task as
indicated by group differences at the 0s delay for THC treatment. B) Correction for
failure in responding to the large reward at the 0s delay revealed no differences in
impulsivity. The data is presented as mean ± SEM.
3.2.3 Adolescent voluntary alcohol intake decreased alcohol intake and alcohol
preference in adulthood.
Repeated measures ANOVA indicated an overall decrease in alcohol preference
(%) (main effect of alcohol F(1, 20) = 7.810, p = 0.011) (Figure 3-4, A) and alcohol
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intake (g/kg) (main effect of alcohol F(1, 20) = 7.810, p = 0.015) (Figure 3-4, B) in
animals exposed to alcohol during adolescence compared to those that were not
exposed to alcohol during adolescence. No significant effects or interactions were seen
for water intake (g/kg), food intake (g/kg), and weight gain (g) (Figurer 3-4, C, E).
Alcohol preference in adolescence was compared to alcohol preference in adulthood (in
the two groups previously exposed to alcohol) and no significant differences between
groups were observed (data not shown).
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Figure 3-4: Voluntary alcohol access during adolescence reduced alcohol
preference and intake in adulthood. A) Reduced alcohol preference (%) B) and
intake (g/kg) were observed in alcohol treated groups, C) while no differences were
observed in water intake (g/kg), D) food intake (g/kg) E) and weight gain (g). The data is
presented as mean ± SEM. *p  0.05, significantly different from rats that did not receive
voluntary alcohol access during adolescence.
3.2.4 Adolescent THC, alcohol or their combination did not affect anxiety-like
behaviour in adulthood.
Two-way repeated measures ANOVA showed a main effect THC on arm entries
(F (1, 20) = 4.658, p = 0.043), indicating that adult rats exposed to vapourized THC in
adolescence made fewer overall arm entries compared to those that were not exposed
to vapourized THC during adolescence, but no significant interaction was observed
between THC and arm entry (Figure 3-5, A). Similarly, no differences in the time spent
in either the close arm or the open arm were observed (Figure 3-5, B).
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Figure 3-5: Adolescent THC, alcohol or their combination did not affect anxietylike behaviour in adulthood. A) Rats treated with THC in adolescence made fewer
overall arm entries. B) No differences in the time spent in either the open or the closed
arm were observed. The data is presented as mean ± SEM.
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4 Discussion
This study was the first to investigate the long-term effects of adolescent THC,
alcohol and their combination on behaviour in adult male rats. The study also differed
from previous preclinical investigations of THC’s effects on subsequent adult behaviour
in that vapour administration route was employed. This enhances the translational value
of the study due to high prevalence of vapour cannabis use amongst human
adolescents (Knapp et al., 2019) and the fact that different routes of administration can
produce varying results due to their unique pharmacokinetic properties (McGilveray,
2005). The results showed that although THC acutely affects alcohol preference in
adolescence, adolescent alcohol and cannabis co-use have no long-term additive
effects, which was inconsistent with the study hypothesis. In adolescence, rats exposed
to both THC and alcohol exhibited lower alcohol preference on days they didn’t receive
THC vapour administration. In adulthood, adolescent voluntary alcohol intake impaired
short-term object recognition memory and reduced alcohol preference and intake in
adulthood; THC exposure with alcohol during adolescence appeared to ameliorate the
effects of alcohol on short-term memory. Adolescent THC vapour exposure, on the
other hand, impaired learning in the delay discounting task.

4.1 Effect of Vapourized THC Administration on Alcohol
Consumption
Increased alcohol preference on days of no THC vapour administration begs the
question whether THC had suppressive effects on alcohol drinking behaviour on days of
THC vapour exposure or alcohol was being substituted for THC on days of abstinence.
The results of this study indicate that THC vapour did not suppress alcohol preference
on days of exposure as there was no difference in alcohol preference between groups
on these days. Instead, the results are more in line with the substitution effect as it
appears that alcohol preference was higher during acute THC abstinence. The
substitution effect (replace the effects of a drug) has also been reported in humans. For
instance, increased alcohol use during cannabis abstinence and decreased alcohol use
with resumption of cannabis use was observed (Allsop et al., 2014). A similar
observation of alcohol substitution was seen in Canadian medical cannabis patients
(Lucas et al., 2015). Recently, however, decreased alcohol intake following oral THC
was shown in rats by Nelson and colleagues (2019), supporting the notion that THC
may have an acute suppressive effects (suppress the effects of a drug) on alcohol
drinking due to its aversive properties (Schramm-Sapyta et al., 2007). This is further
supported by their conclusion about alcohol enhancing THC’s aversive effects as rats
that received combination of alcohol and THC stopped eating THC-laced cookies more
than those that received THC alone (Nelson et al., 2019). Interestingly, decreases in
binge drinking following state recreational cannabis use legalization was revealed by the
cross-sectional National College Health Assessment Survey-II administered at
American colleges and universities, which also supports the suppressive effects of
cannabinoids on alcohol drinking (Alley et al., 2020). The reduced alcohol preference
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could also be due to decreases in water intake, since no significant, but trend-level
differences in alcohol intake were observed between groups.
The interaction between cannabinoids and alcohol appears to be more
complicated as there are rodent studies suggesting their complementarity (enhance the
effects of a drug). For instance, increased alcohol intake following injection of CB1R
agonists, such as WIN (Colombo et al., 2002;Malinen and Hyytia, 2008;Linsenbardt and
Boehm, 2009;Frontera et al., 2018) and CP 55,940 (Colombo et al., 2002) was
previously reported. In line with this, CB1R antagonist, SR141617A, decreased alcohol
responding following both systemic and intra-NAc injections (Malinen and Hyytia, 2008).
The variability in findings across rodent studies can be attributed to unique
pharmacokinetic profiles of different routes of administration as well as the type of
CB1R agonism employed (Murray and Bevins, 2010). It is also important to consider
that there may be differences in how adolescent versus adult rodents respond to
cannabinoid administration as adult rodents were used in most the above studies
(Thorpe et al., 2020). Lastly, comparison between average daily alcohol preference did
not yield any significant differences (data not shown), which indicated that alcohol
preference was fluctuating on days of THC vapour exposure and no exposure, rather
than an exclusive suppression or enhancement effect. This type of bivalent effect of
THC has been reported previously regarding THC’s aversive and rewarding effects
(Norris et al., 2019). This effect may, in turn, be dependent on differences in blood THC
levels on days of exposure versus no exposure. It’s difficult to comment on blood THC
levels achieved since they were not measured in this study.

4.2 Effects of Vapourized THC administration and Alcohol on
Ingestive behaviours
The current study found no effect of THC, alcohol or their combination on feeding
behaviours with the exception of increased weight gain on days of THC vapour
exposure in the combined group. The weight gain can be attributed to the increased
calories from the previous day of alcohol drinking where a greater alcohol preference
was observed. Current evidence regarding the effects of alcohol and THC or other
cannabinoids on appetite are mixed. In regards to cannabinoids, majority of studies
reported that THC and WIN have hyperphagic effects (Koch and Matthews, 2001;Jarbe
and DiPatrizio, 2005;Wiley et al., 2005;Merroun et al., 2009). A more recent study,
however, suggested that the effects of THC on digestive behaviours depend on the
route of administration. For instance, while subcutaneous THC acutely increased food
intake in rats, this effect was not observed following oral THC cookie consumption
(Nelson et al., 2019). Interestingly, the route-dependent effect has also been observed
in humans with a randomized, double-blind, placebo-controlled study reporting higher
ghrelin (hormone involved in appetite stimulation) blood concentrations following oral,
compared to smoked and vapourized cannabis sessions (Farokhnia et al., 2020).
Similarly, studies investigating the effects of alcohol report mixed results and suggest
route- and dose-dependency. Inconsistent with current results, reduced food intake in
26

rats to compensate for the calories derived from voluntary alcohol drinking as indicated
by unchanged total caloric intakes was observed in another study (Rowland et al.,
2005). This effect, however, was not observed following alcohol injection that dosedependently reduced total caloric intake (Nelson et al., 2016). Nelson and colleagues
also shed some light on how THC and alcohol interact to influence ingestive behaviours
with alcohol relieving the hyperphagic effects and weight reducing effects of
subcutaneous and oral THC, respectively (Nelson et al., 2019). Further studies are
needed to elucidate the mechanisms behind these findings.

4.3 Effects of Alcohol on Object Recognition Memory and Future
Alcohol Use Susceptibility
We hypothesized that combined THC vapour and voluntary alcohol administration
would result in additive effects on memory; however, our results showed that only
adolescent alcohol exposure impaired short-term recognition memory in adulthood,
which appeared to be rescued by combined THC vapour exposure. Cross-sectional
studies suggest that this subtractive effect of alcohol on cognition may be due to
underlying neurobiological changes following substance use. For example, a study
amongst adolescents with histories of either binge drinking alone or binge drinking and
heavy cannabis use found significant differences in white matter tracts associated with
cognitive function, such as the frontooccipital fasciculus, superior longitudinal fasciculus
and corona radiata between controls and binge drinkers only (Jacobus et al., 2009).
Similarly, alcohol but not cannabis use was associated with worsened integrity in the
right superior longitudinal fasciculi in adolescent substance users (Bava et al., 2013).
Abnormal hippocampal asymmetry and left hippocampal volumes in adolescent heavy
drinkers compared to both controls and combined cannabis and alcohol users were
also observed (Medina et al., 2007). Nevertheless, pre-existing differences in white
matter integrity, as well as hippocampal morphology may account for these findings
(Jacobus et al., 2013), highlighting the need for pre-clinical studies investigating
neurobiological underpinnings of current behavioural findings to help establish causality.
Despite the scarcity of studies investigating the long-term effects of combined
alcohol and cannabis use, multiple studies have investigated the effects of only alcohol
on cognition using the novel object recognition task with consistent results with those
from our study across different doses and administration routes. The results of these
studies indicated that adolescent alcohol exposure impairs object recognition memory in
adulthood similar to our current observation (Swartzwelder et al., 2015;Beaudet et al.,
2016). Object recognition deficits were correlated with changes in neuronal activity in
the hippocampus as well as the perirhinal cortex, regions implicated in regulation of
memory processes (Beaudet et al., 2016). These activity changes in the hippocampus
may in turn be associated with persistent changes in the expression and function of
GABAA receptors which modulate neuronal excitability following adolescent alcohol
exposure (Fleming et al., 2012;Fleming et al., 2013;Centanni et al., 2014). Although we
did not see any impairments in object recognition memory following THC vapour
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exposure, our results suggested that THC may have rescued alcohol’s effects on
memory. This is consistent with studies that reported no alterations in object recognition
memory following adolescent THC exposure (Kasten et al., 2017;Bruijnzeel et al.,
2019). Cross-sectional studies, however, associate early age onset and heavy cannabis
use with deficits in working memory, suggesting that the presence of other cannabinoids
(or other concomitant factors) may also play a role (Castellanos-Ryan et al.,
2017;Tervo-Clemmens et al., 2018).
Our results also indicated that adolescent alcohol, but not, THC exposure reduced
alcohol intake and preference in adulthood. Previous literature, however, showed that
adolescent alcohol exposure either increased (Pascual et al., 2009;Moore et al.,
2010;Holstein et al., 2011;Toalston et al., 2014) or had no effects on alcohol intake in
adulthood (Nentwig et al., 2019). Underlying neurobiological changes may account for
these findings, such as increased sensitivity of posterior VTA dopamine neurons
(Toalston et al., 2014). The results of this study might suggest taste aversion due to oral
intake of relatively high concentration of alcohol that persisted into adulthood (Crabbe et
al., 2010). Although similar oral administration methods were employed by
aforementioned studies, genetic variations between different strains of rats, and to a
greater extent with mice that were used in these studies may account for differences in
sensitivity to alcohol taste aversion (Risinger and Cunningham, 1995;Blednov et al.,
2008). The effects of the vehicle used for the vapour administration (all animals were
exposed to this) could have interacted with alcohol consumption during adolescence to
produce the decreased alcohol drinking phenotype in adulthood.

4.4 Effects of Vapourized THC Administration on Delay-Discounting
and Anxiety-like Behaviours.
Adolescent THC vapour administration impaired learning in a delay-discounting
task in adulthood, as rats that were exposed to THC failed to learn the delaydiscounting task compared to those that weren’t exposed to THC in adolescence. When
the data was adjusted for the learning impairment, the results didn’t reveal any
differences in delay-discounting across treatment groups. No rodent studies, to date,
have looked at the long-term effects of adolescent THC or other cannabinoids on
impulsivity. However, a persistent increase in motor impulsivity in adult rats exposed to
THC were observed, as indicated by a greater number of premature perseverative
responses in the 5-Choice Serial Reaction Time Task (Irimia et al., 2015). The effects of
cannabinoids on impulsive behaviour may not be long-lasting when used in
adolescence as a population-based analysis of the relationship between substance use
and adolescent cognitive development showed that inhibitory control deficits associated
with cannabis use were short-term (Morin et al., 2019). Consistent with the current
results, learning deficits were reported where rats exposed to THC in adolescence took
longer to learn a paired associate learning task used to assess learning and memory in
adulthood (Abela et al., 2019). Impairments in other cognitive measures were reported
as a consequence of adolescent cannabinoid exposure in object recognition memory
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(Zamberletti et al., 2014b;Kasten et al., 2019) and spatial memory (Zamberletti et al.,
2016) as well as reward learning (Kruse et al., 2019). Interestingly, this subtractive
effect of cannabis on cognition was also observed in a longitudinal population-based
study. Amongst grade seven students who combine cannabis and alcohol, cannabis but
not alcohol was associated with long-term impairments in perceptual reasoning and
delayed memory recall (Morin et al., 2019). Learning impairments that were observed
could also be attributed to a motivational deficit as the rats were expected to respond to
sucrose pellets. This is a likely explanation because adolescent exposure to WIN
previously resulted in anhedonia in a sucrose preference task (Bambico et al., 2010)
and lower breaking points in a progressive ratio schedule in an operant behaviour task
(Schneider and Koch, 2003); both of these observations suggest lower motivational
state. Effects of THC on motivation were shown to be sexually dimorphic by another
study with only females showing anhedonia, prompting investigations into sex-specific
differences in motivation to rewarding stimuli (Rubino et al., 2008). Interestingly, a
recent longitudinal study associated cannabis use with blunted neural response during
reward anticipation in the nucleus accumbens to nondrug rewards in a monetary
incentive delay task, complimenting findings from rodent studies (Martz et al., 2016).
Finally, our results indicated no differences on anxiety-like behaviour in adult rats
exposed to vapourized THC during adolescence. Literature regarding the long-term
effects of adolescent cannabinoid exposure on anxiety-like behaviour are mixed with
studies reporting an increase (Renard et al., 2017b) or no change (Rubino et al.,
2008;Bruijnzeel et al., 2019). The methodological differences in the route of
administration and the tests used to assess anxiety-like behaviours in the current and
the aforementioned studies may account for these differences. The dose of
administration may also be relevant as acute administration of low doses of CB1R
agonists elicit an anxiolytic response, while high doses elicit anxiogenic response in
adult rodents (Tambaro and Bortolato, 2012). The study that we modeled our delivery
paradigm after compared the pharmacokinetics of our vapourized method of exposure
to intraperitoneal injections found similar changes in blood THC concentrations at 1, 5,
and 10 mg/pad of inhaled vapour and 0.25, 0.5, 1.0, and 1.5 mg/kg injections (Manwell
et al., 2014a). The doses used in previous studies are higher than these approximated
doses, which could indicate higher blood THC levels compared to the current study. It’s
important to mention that even with similar blood THC levels, the two methods of
administration produced distinct behavioural responses (Manwell et al., 2014a). The
effects of adolescent cannabis exposure on the subsequent risk for developing mooddisorders have also been investigated in humans. For example, a recent meta-analysis
of longitudinal studies associated cannabis use with a modest risk for developing
depression in young adulthood (Gobbi et al., 2019). Altered connectivity between
different regions of the brain may underlie the effect of adolescent cannabis use on
mood disorders. While depressive symptoms were positively associated with increased
connectivity between right and left orbitofrontal cortex as well as decreased connectivity
between NAc and medical PFC (Lichenstein et al., 2017;Subramaniam et al., 2018),
anxiety symptoms were negatively associated with increased connectivity between right
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and left orbitofrontal cortex and right occipital and temporal regions (Subramaniam et
al., 2018). This highlights the need for pairing behavioural studies with
electrophysiological and brain imaging studies in developmental rodent models of
substance use to study the causal neural underpinnings and behavioural
consequences.
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5 Future Directions
The effect of THC on adolescent alcohol drinking observed in this study suggests
either a substitution (replace the effects of a drug) or complementation (enhance the
effects of a drug) (Subbaraman, 2016). Therefore, future studies should also focus on
answering this question. To determine whether current findings reflect a substitution
effect, a similar experimental design to the current study can be utilized. However,
instead of days of alternating THC vapour exposure and continuous alcohol access for
two weeks, this protocol can be followed for a week. The remaining week, the rats will
be abstinent from THC during which alcohol drinking behaviours will continue to be
monitored. If alcohol drinking levels remain high, then this might suggest a substitution
effect. These behavioural findings can be further complemented with in vivo
electrophysiological recordings of dopamine neurons in the VTA, as this region is
implicated in the reinforcing effects of drugs of abuse (Adinoff, 2004). Particularly,
cessation of repeated THC administration has been shown to result in decreased firing
of VTA dopamine neurons (Diana et al., 1998) and it would be interesting to observe
whether alcohol will rescue this effect. To investigate the complementation effect,
alcohol drinking behaviours in response to escalating doses of THC vapour
administration can be assessed. Increased alcohol consumption in response to higher
doses of THC and possible blockade of this enhancement by a CB1R antagonist (e.g.,
rimonabant, SR-141716) may suggest complementarity. Such a finding would be
consistent with existing literature supporting the role of the endocannabinoid system in
mediating alcohol effects (Pava and Woodward, 2012).
The current experiments were carried out in male Sprague-Dawley rats. However,
current evidence (see sections 1.3.3 & 1.4.3) suggests sexually dimorphic effects of
both alcohol and cannabis, prompting the need for investigations using both sexes. For
these experiments, a careful consideration for study design is required, particularly
regarding the classification of the adolescent period during drug exposure as female
rodents have been shown to reach puberty earlier than male rodents. These differences
also exist between same-sex animals due to the influence of external factors (Schneider
et al., 2008;Schneider, 2013). To address these differences, signs of puberty should be
examined in each animal rather than using the previously defined adolescent period that
spans PND28-42. For instance, Keeley and colleagues (2018) used external features of
the genitalia that are associated with gonadal hormonal changes that occur at the onset
of puberty. Specifically, vaginal opening and preputial separation were assessed for
females and males, respectively. This will help ensure that observed changes are
associated with sex as rats will only begin treatment following puberty onset, and not
due to differential drug exposure starting points in terms of neurodevelopment. In
addition, the current results showed that the THC only and combined groups in the
delay-discounting task, as well as the alcohol only and combined groups in the twobottle choice test performed similarly to each other. This could potentially suggest a
ceiling-, or floor-, effect meaning that the second drug no longer has an effect on a
dependent variable at a particular dosage due to maximal effect of the first drug (Garin,
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2014). The experiment could be repeated with lower doses of alcohol and THC to
address this question, where we might observe intermediate effects on behaviours
assessed in the study.
The current study investigated the effects of adolescent THC vapour exposure,
which would be akin to recent trends in increased vapourization of isolates and
concentrates (Patrick et al., 2020). However, cannabis contains other cannabinoids that
may counteract or potentiate the effects of THC when used by humans. Interestingly, a
study showed that combined THC administration followed by cannabidiol administration
increased blood and brain THC levels, and potentiated THC’s effects on locomotion,
anxiety, and social interaction (Klein et al., 2013). A randomized, double-blind,
crossover study showed similar findings of higher peak plasma THC concentrations
following vapourization of cannabis containing equivalent concentrations of CBD and
THC compared to THC-dominant cannabis (Arkell et al., 2019). A more recent study
took this a step further by exposing adolescent rats to cannabis smoke which contained
THC, cannabidiol and cannabinol, but did not find any differences in mood and cognitive
function as compared to those that were exposed THC (Bruijnzeel et al., 2019).
Therefore, future studies should consider the use of other cannabis constituents in
combination with THC. Next, the possible reduced motivation/learning observed in the
delay-discounting task in adult rats treated with THC vapour can be further investigated
through paradigms that are traditionally designed to assess motivation in rodents, such
as the progressive ratio schedules of reinforcement or Pavlovian conditioning (Kruse,
2019). In this operant task, the number of responses (i.e., lever presses) needed to
receive a reward progressively increases and the point at which the animals stop
responding is termed the breakpoint, a measure of motivation (Cain and Bardo, 2010).
Moreover, decreased alcohol preference and drinking was observed in animals that had
voluntary access to alcohol during adolescence, indicating a possible taste-aversion in
adulthood (Crabbe et al., 2010). It may be possible to bypass taste-aversion through the
use of oral gavage alcohol administration while also ensuring controlled and precise
alcohol delivery (Samson et al., 2004).
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6 Conclusion
Pre-clinical studies investigating the effects of adolescent cannabis and alcohol couse are scarce despite the high prevalence of these substances being used in
combination. The current study was the first to look at the long-term effects of combined
adolescent THC vapour and voluntary alcohol exposure on behaviour and cognition in a
rodent model. The results indicated either alcohol or THC, but not their combination,
impacted the behavioural measures studied. Further research is needed to investigate
the interactions between different doses of alcohol and THC, as well as other cannabis
substituents to further elucidate the long-term effects of combined use. This is
especially important in the face of heightened legalization efforts for cannabis that can
potentially impact cannabis use behaviours in vulnerable populations. Research efforts,
in turn, can be used to inform policy and educational efforts to reduce potential harm
associated with substance use.
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