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Abstract

Cigarette smoking remains a leading cause of preventable disease and death worldwide. Due

to the devastating negative health effects of smoking, many users attempt to quit, but few are
successful in the long-term. Thus, there is a critical need for novel therapeutic approaches. In
these investigations, we sought to examine whether cannabidiol (CBD) has the potential to be
repurposed as a nicotine cessation therapeutic. In the first study, male and female mice were
trained to respond for intravenous nicotine infusions at either a low or moderate nicotine dose and
then were pretreated with CBD prior to their drug-taking session. We found that CBD produced
a significant decrease in the number of nicotine rewards earned, and this effect was evidenced
across CBD doses and with both the low and moderate levels of nicotine intake. These effects
on drug intake were not due to general motor-related effects, since mice self-administering food
pellets did not alter their behavior with CBD administration. The potential effects of CBD in
mitigating nicotine withdrawal symptoms were then investigated. We found that CBD attenuated
the somatic signs of nicotine withdrawal and prevented nicotine’s hyperalgesia-inducing effects.
Taken together, these results demonstrate that modulation of cannabinoid signaling may be a
viable therapeutic option as a smoking cessation aid.
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1. Introduction

Cigarette smoking is a leading cause of preventable disease and death worldwide (CDC,
2014). While over 50% of adult smokers desire to quit the tobacco smoking habit, less
than 8% are successful in the long term (FDA, 2019a). Current methods available for

those who desire to quit tobacco smoking include nicotine replacement therapeutics, such
as nicotine gum and nasal spray. Varenicline tartrate and bupropion hydrochloride are
considered the current first-line therapeutics for tobacco cessation (Fava et al., 2005; FDA,
2019b). However, moderately efficacious outcomes have been found in the long term,

with patient compliance reduced due to side-effects (FDA, 2019a; Le Foll et al., 2022).
Furthermore, new products that infer addiction liability for nicotine continue to increase in
the commercial marketplace, including e-cigarettes, nicotine pouches, and quick dissolving
nicotine lozenges. Indeed, while cigarette use has decreased from 31.4% in 2000 to 5.7%
in 2019 among high school seniors, nicotine e-cigarette vaping has risen in popularity,
with 25.5% of high school seniors reporting recent use of nicotine vape products in 2019,
an increase from 12.4% reported in 2017 (CDC, 2017, 2021). These findings not only
highlight the changing marketplace, but also indicate that a growing youth population have
the potential to become dependent on nicotine products, which will lead to a continued need
for more efficacious nicotine cessation aids.

Cannabis Sativa has long been used for its medicinal properties and is also widely available
as a recreational drug across the US (Bridgeman and Abazia, 2017). Many compounds have
been isolated from the cannabis plant, of which more than 100 have been identified as
cannabinoids (Pertwee, 2008). Of these extractions, delta (9)-tetrahydrocannabinol (THC)
and cannabidiol (CBD) are two of the main constituents. THC is considered the main
psychoactive component. In contrast, CBD has not exhibited common indications of
addiction liability in pre-clinical models, as evidenced with conditioned place preference,
withdrawal assessments, and locomotor analyses (Viudez-Martinez et al., 2019). In the

US, the Agriculture Improvement Act (2018) was passed to decriminalize the use of

hemp, which is the part of the cannabis plant that contains less than 0.3% THC, and this
has resulted in CBD expanding into a wide variety of commercially available products,
including foods, dietary supplements, veterinary products, and cosmetics (FDA, 2019c¢).
While CBD is currently being marked for a variety of maladies, including chronic pain,
anxiety, inflammation, insomnia, among other indications (Scuderi et al., 2009), rigorous
scientific research has yet to systemically validate many of the beneficial health claims.

Of further concern, studies show that commercially available CBD products have highly
inaccurate labeling of CBD concentrations, including 18 of 84 samples tested containing
THC although not labeled (Gurley et al., 2020). Thus, controlled dosing will be needed

for therapeutic indications. Indeed, in 2018, the FDA approved CBD for the treatment of
epileptic seizures attributed to Dravet and Lennox-Gastaut syndromes (Biosciences, 2021).
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This sesame oil formulation has been shown to be well tolerated with no serious side
effects or toxicity found in patients (Cunha et al., 1980). In the validation process for

this FDA-approved formulation, CBD was found to not be self-administered by rodents,
and doses between 10 and 60 mg/kg elicited positive ‘drug-liking” evaluations in humans
that were similar to placebo (60 mg/kg highest dose examined) (Biosciences, 2021).

At doses <125 mg/kg, oral administration in pregnant rats did not induce maternal or
developmental effects, and after long-term treatment (2 years), carcinogenesis was not
observed (Biosciences, 2021). However, other studies have found that at doses >125 mg/kg,
toxicity in animal models has been observed, notably with intravenous CBD administration
(Huestis et al., 2019; Rosenkrantz et al., 1981). In human studies, other adverse effects,
such as diarrhea, loss of appetite, somnolence and sedation, have been recorded, but these
studies were confounded by the co-administration other psychiatric mediations that could
have contributed to the side effects (Devinsky et al., 2017; McGuire et al., 2018; Thiele et
al., 2018).

A few studies have begun to demonstrate a potential for CBD’s effectiveness with nicotine
dependence. For instance, CBD administration following overnight nicotine abstinence
reduced the self-reported subjective pleasantness of cues for cigarettes (Hindocha et al.,
2018), and ad-hoc use of a CBD, but not placebo, inhaler reduced cigarette consumption in a
preliminary study (Morgan et al., 2013). More recently, a small, open label study suggested
that CBD could potentially mitigate withdrawal symptoms and anxiety state following
e-cigarette use in humans (Gournay et al., 2023). In a preclinical study, repeated injections
of CBD were also found to attenuate both the somatic signs and hyperalgesia during nicotine
withdrawal in rats (Smith et al., 2021). However, it is unknown as to whether oral CBD
leads to beneficial outcomes in controlled pre-clinical studies. Indeed, oral intake is highly
desirable due to convenience and accuracy of within-subject dosing (MacCallum and Russo,
2018) and in consideration of the potential adverse effects of inhaled CBD on lung health
(Leigh and Goniewicz, 2020a, 2020b). Furthermore, it has not yet been shown whether CBD
would alter other aspects of the drug use trajectory, for instance nicotine reinforcement and
intake.

In these studies, we sought to examine whether orally dosed CBD would alter nicotine
self-administration and mitigate somatic withdrawal symptomology. As described above,
CBD was administered orally to mimic the most common current method of use by humans
(MacCallum and Russo, 2018). In the first series of studies, mice were implanted with
intravenous catheters and examined for their reinforcement related responding to obtain
nicotine infusions. Given that individuals may experience differing levels of nicotine intake,
we examined two different doses of nicotine, for which mice titrate their baseline intake

at either a low or moderate level. In the second series of studies, mice were examined for
CBD’s effectiveness in altering spontaneous nicotine withdrawal, with a focus on anxiety-
like behavior, hyperalgesia, and somatic signs of nicotine withdrawal. Taken together,

these studies provide evidence for the effectiveness of orally administered CBD to dose
dependently alter nicotine intake and dependence behaviors, thereby supporting further
development as a cessation therapeutic.
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2. Materials and methods

2.1. Animals

2.2. Drugs

Male and female C57BL/6J mice =8 weeks of age (Jackson Laboratory, Bar Harbor, ME)
were used for all studies. At the University of California, Irvine, animals were housed in

a reversed light-dark cycle (12h:12h), with water proved ad /ibiturm, food was provided ad
libitum and then restricted to 85-90% of free-feeding weights during the self-administration
studies. For withdrawal studies, mice were housed in standard environmental conditions
with the light-dark cycle (12h:12h) and food and water available ad /ibitum at Virginia
Commonwealth University. Housing conditions were maintained at a constant temperature
(22 °C) and humidity (50-60%) at both institutions. Subjects were observed and weighed
daily to ensure well-being. All animal care and experimental procedures complied with the
National Institutes of Health Guidelines for the Care and Use of Laboratory Animals and
were approved by the Institutional Animal Care and Use Committees at the University of
California Irvine and Virginia Commonwealth University.

(-)-Nicotine hydrogen tartrate salt [(—)-1-methyl-2-(3-pyridyl) pyrrolidine (+)-bitartrate
salt] was purchased from Sigma-Aldrich or MP Biomedicals. Nicotine was dissolved in
physiological saline (0.9% sodium chloride). All doses of nicotine refer to the free-base
form. In self-administration studies, nicotine was adjusted to pH 7.4. Cannabidiol (CBD)
was purchased from Cayman Chemicals. CBD was dissolved in sesame oil (Sigma-Aldrich)
and administered by oral gavage at a volume of 0.05 ml.

2.3. Food self-administration

Mice were mildly restricted to 85-95% of their free-feeding body weight and were then
trained to lever press for food pellet rewards (grain-based, 20 mg, 5TUM, Test Diet) on a
two-lever operant task across ascending fixed ratio (FR) schedules from one up to five lever
presses, as previously described (Fowler and Kenny, 2011). The left and right lever extend
into the chamber at the beginning of the session. Responses on the active lever that reached
the FR criteria resulted in the delivery of a food pellet and a cue light that remained active
for a 20-s time-out period. Mice were required to achieve a FR5TO20 s schedule above
criterion (>30 pellets per hr session) for three consecutive days prior to testing. Inactive lever
responses were recorded but had no scheduled consequences. Testing was conducted 6 d per
week, and responses were recorded with the MedPC interface (Med Associates). Mice were
then habituated to the oral gavage procedure prior to sessions to ensure that this route of
administration did not alter baseline responding prior to testing with CBD doses. Thereafter,
mice (n = 20, 14 males, 6 females) were examined for changes in responding following p.o.
gavage administration of vehicle (0 mg/kg), 40 mg/kg, or 100 mg/kg CBD presented in a
Latin square design, 45 min before the session. Mice were required to return to baseline
responding prior to the next CBD dose administration, which necessitated a minimum of 2
d in between each CBD dosage day. One mouse was barbered by its cagemate, so it was
removed from the study prior to completion of the dosing schedule and sacrificed.
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Intravenous nicotine self-administration

Mice were first trained for food self-administration until achieving criterion, as described
above. Thereafter, subjects were anesthetized with 1-3% isoflurane/oxygen mixture and
catheterized as previously described (Chen et al., 2018; Fowler and Kenny, 2011). A 6

cm catheter tubing was passed subcutaneously from the animal’s back to the right jugular
vein. Approximately 1 cm of the catheter tip was inserted into the vein and tied with

a surgical silk suture. Following surgery, animals were provided =72 h to recover and

then were reinstated for food responding to ensure full recovery. Thereafter, mice were
transitioned to respond for intravenous nicotine under the FR5TO20 s schedule with 1 h
daily sessions, 6 d per week, at the training dose of nicotine (0.03 mg/kg per infusion) for ~8
sessions. For all doses, nicotine (0.03 ml per infusion volume) was delivered through tubing
into the intravenous catheter by a Razel syringe pump (Med Associates). Based on prior
findings, mice typically achieve stable responses for nicotine after ~5 d of acquisitionl4,

so the acquisition period was provided to allow for consistency with baseline responding
across subjects. Subjects were also administered vehicle with oral gavage during baseline
sessions and were required to exhibit stable responding prior to dose testing, which served
to ensure that this route of administration did not alter baseline behavior. Mice (n = 16 total)
were then observed for changes in responding following administration of CBD (0, 40, or
100 mg/kg, p.0.) 45 min prior to the session. This pretreatment time point was selected
given that it has been shown to occur on the ascending limb of brain accumulation and

in consideration of subsequent high levels across the next hr of testing during the session
(Xu et al., 2019). Since it was unknown if the mice would be able to restabilize responding
following CBD administration, one cohort of mice were examined for vehicle and either

40 or 100 mg/kg CBD (7 males, 2 females) in a cross-over design. After we found that
mice could re-established baseline responding with 2+ days between doses, another cohort
of mice were examined with all three doses (0, 40 or 100 mg/kg) in a Latin square design (5
males, 2 females). For the second experiment with the moderate dose of nicotine, mice first
underwent acquisition at the 0.03 mg/kg/infusion dose, and then were provided access to
the moderate 0.1 mg/kg/infusion dose for at least 5 days to stabilize responding. Thereafter,
mice (n = 12 total) began CBD dose administration (0, 40, or 100 mg/Kkg, p.0.). As above,
the first cohort were examined for vehicle and either 40 or 100 mg/kg CBD (1 male, 1
female) in a cross-over design. After we found that mice could re-established baseline
responding with 2+ days between doses, a second cohort of mice were examined with all
three doses (0, 40 or 100 mg/kg) in a Latin square design (n = 10, 6 males, 4 females).

For all of the experiments described above, mice were required to reestablish baseline
responding for nicotine infusions, which occurred with at least 2 d of baseline sessions
before receiving the next CBD dose in the sequence. Catheters were flushed daily with
heparin (100 units/ml). Catheter integrity was verified with the ultra-short-acting barbiturate
anesthetic Brevital (2%, methohexital sodium, Eli Lilly) at the end of the study. Mice (n = 6)
were excluded from the data analysis due to failed catheters.

2.5. Chronic nicotine administration to induce withdrawal

Male and female mice were anesthetized with inhalation of an isoflurane/oxygen vapor
mixture (1-3%). Alzet osmotic minipumps (model 2000; Alzet Corporation), containing
either nicotine or saline, were then surgically implanted subcutaneously. The minipumps
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were kept at a constant flow rate to deliver 24 mg nicotine bitartrate/kg animal body
weight/day for 14 days which has been show to maintain stable nicotine level and elicit
nicotine withdrawal symptoms upon removal (Damaj et al., 2003; Jackson et al., 2008).

2.6. Spontaneous nicotine withdrawal

Nicotine or vehicle minipumps were removed from mice the evening of day 14 exposure,
and behavioral observations were performed on day 15, ~18-20 h after removal. Mice

(n =60; 10 per group with 5 males, 5 females) were pretreated with either vehicle or

CBD (15, 30, 60 mg/kg, p.o.) 2 h before behavioral observations to assess the effects of
CBD on spontaneous nicotine withdrawal. This pretreatment time was chosen based on
previous time course kinetics (Xu et al., 2019) and in consideration of the testing time for
withdrawal behavioral measures. Behavioral testing was performed by an observer blinded
to the experimental treatment and in a specific testing sequence known to produce the most
consistent results with minimal within-group variability (Jackson et al., 2008). Specifically,
animals were habituated to the room for 30 min before testing. Mice were first evaluated
for 5 min in the light-dark box (LDB) test for anxiety-related behavior; the total time spent
in the light compartment was recorded for 5 min by a video monitoring technique and ANY-
MAZE software (Stoelting Co.). We then followed the LDB test with a 30-min observation
of somatic signs measured as paw and body tremors, head shakes, backing, jumps, curls,
and ptosis. The total number of signs was measured. Hyperalgesia was evaluated in the hot-
plate test (52 °C) immediately following the somatic sign observation period as previously
described (Jackson et al., 2008).

2.7. Data analysis

Data were analyzed by a one-way or two-way ANOVA or mixed-effects analysis with Prism
10 software (GraphPad, La Jolla, CA, USA), as appropriate. Significant main or interaction
effects were followed by Tukey or Sidak post-hoc comparison with correction for multiple
comparisons. The criterion for significance was set at a = 0.05.

3. Results

3.1. CBD attenuates nicotine intake

Mice were assessed for the effects of CBD treatment on intravenous nicotine self-
administration (Fig. 1A). Our first study examined nicotine intake at a low infusion dose
(0.03 mg/kg/infusion), which resulted in a mean level of ~0.4 mg per hr session with
vehicle dosing (Fig. 1B). We found significant differences with CBD pretreatment in the
number of nicotine infusions earned (F2,1) = 13.17, p = 0.0002) (Fig. 1B). The post-hoc
test revealed a decrease in nicotine infusions for both the 40 mg/kg (p = 0.0015) and 100
mg/kg (p = 0.0004) CBD doses compared to vehicle treatment. When comparing the latency
to reward, CBD treatment had no significant effect on seconds to obtain the first earned
nicotine infusion (F 3s) = 1.683, p = 0.2001) (Fig. 1C). The number of lever presses also
differed based on dose and lever (Dose, F(2 30) = 9.820, p = 0.0005; Lever, F(1,15) = 56.15,
p < 0.0001; /nteraction, F(2,12) = 12.38, p = 0.0012) (Fig. 1D). The post hoc test revealed
significantly less active lever presses following both the 40 mg/kg (p < 0.0001) and 100
mg/kg (p < 0.0001) CBD doses compared to vehicle. No differences were found in the
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number of inactive lever presses across treatment conditions. Further, when comparing the
latency to lever press, CBD treatment had no significant effect on the time to first press the
active lever following the session initiation (F(; 3s) = 1.251, p = 0.2983) (Fig. 1E).

Next, we sought to examine whether CBD would maintain effectiveness at a moderate dose
of nicotine (0.1 mg/kg/infusion) (Fig. 2A), which resulted in a mean level of ~1.4 mg

per hr session with vehicle dosing. At this moderate level of nicotine intake, we found a
significant reduction in the number of infusions earned (F (2 20) = 10.56, p = 0.0007) (Fig.
2B). The post-hoc analysis revealed decreased infusions for both the 40 mg/kg (p = 0.0026)
and 100 mg/kg (p = 0.0010) CBD dose, compared to vehicle. When comparing the latency
to reward, CBD treatment had no significant effect on seconds to obtain the first earned
nicotine infusion (F(2, 20y = 1.874, p = 0.1795) (Fig. 2C). Lever pressing behavior also
differed based on dose and lever (Dose, F(2 22) = 8.675, p = 0.0017; Lever, F(1,11) = 38.20,
p <0.0001; Interaction, F(2,18) = 7.539, p = 0.0042) (Fig. 2D). Post hoc analysis revealed
that CBD significantly reduced the active lever responding at 40 mg/kg (p < 0.0001) and
100 mg/kg (p < 0.0001) doses compared to vehicle. No differences were observed in inactive
lever responding. Finally, when comparing the latency to lever press, CBD treatment had no
significant effect on the time to first press the active lever following the session initiation
(F(2,20) = 1.642, p = 0.2186) (Fig. 2E). Of note, no sex differences were found in any of the
above nicotine self-administration assessments (Sup Table 1).

3.2. CBD treatment does not affect operant responding for food reward

Mice were examined with operant food self-administration to determine if CBD’s effects
were specific to nicotine or perhaps affected overall lever-pressing behavior (Fig. 3A).
Importantly, no significant differences were found among groups in the number of food
pellets earned (F(2 3g) = 0.3057, p = 0.7384) (Fig. 3B). When comparing the latency to
reward, CBD treatment had a main effect on seconds to obtain the first earned food pellet
(F2,38) = 3.648, p = 0.0356), but no differences were found in the post-hoc test when
comparing CBD doses to the vehicle control (Fig. 3C). Active and Inactive lever responding
also revealed no significant differences following CBD administration (Dose, F(2,76) =
0.6164, p = 0.5426; Lever, F(1,38) = 71.27, p < 0.0001; Interaction, F, 7¢) = 0.5433, p
=0.5831) (Fig. 3D). When comparing the latency to lever press, CBD treatment had no
significant effect on the time to first press the active lever following the session initiation
(F(2,38) = 1.663, p = 0.2030) (Fig. 3E). Variability was noted in the number of rewards
earned and lever presses within each session for food, and this was attributed to sex
differences in the number of food pellets earned and active lever presses, independent of
CBD drug treatment (Sup Table 1). Specifically, males exhibited higher levels of active lever
responding and rewards earned for food compared to females (Sup Fig. LA-C), which was
consistent with differences in body weight (female: 19.32 g mean + 0.4454 SEM, male:
20.33 + 0.2656; t(19) = 2.004, p = 0.0298). There was also a slightly longer latency noted
in females with the 40 mg/kg CBD dose for the first active lever press and first reward
(Sup Fig. 1B-D), but this was likely attributable to overall higher female variability in this
measure and lower number of females subjects, as compared to males.
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3.3. CBD attenuates nicotine withdrawal symptomology

Spontaneous nicotine withdrawal was induced in male and female mice via the removal

of minipumps and several withdrawal signs were observed following a 2 h pre-treatment

of CBD or vehicle (Fig. 4A). Withdrawal signs include affective (anxiety-like behavior),
somatic, and hyperalgesia behaviors. An effect of nicotine treatment was found on anxiety-
like behavior in the light-dark-box test (F(1, s5) = 11.35, p = 0.0014). Compared to saline,
nicotine induced a significant decrease in the time spent in the light compartment (p =
0.0281), but this difference was ameliorated by CBD treatment at doses 30 and 60 mg/kg
(Fig. 4B). Analyses of the total number of crosses revealed no differences between groups
(F(1,43) = 0.0031, p = 0.9557) (Fig. 4C), indicating no significant changes in locomotor
activity. For the somatic signs of withdrawal, a main effect of both nicotine (F(y 55) = 66.92,
p < 0.0001) and CBD (F(355) = 9.619, p < 0.0001) was found (Fig. 4D). The post-hoc
analysis showed that 30 mg/kg (p = 0.0015) and 60 mg/kg (p = 0.0007) CBD significantly
reduced the number of somatic signs of withdrawal in mice treated with nicotine. Finally,
for hyperalgesia, nicotine altered the behavioral response (F(1,55) = 22.48, p < 0.0001), with
a significant decrease in paw withdrawal latency compared to saline (p = 0.0004) (Fig. 4E).
CBD attenuated nicotine withdrawal induced hyperalgesia (F(355) = 11.81, p < 0.0001), with
the post-hoc revealing an effect at the 30 mg/kg (p = 0.0045) and 60 mg/kg (p < 0.0001)
CBD doses comparing to vehicle for nicotine withdrawal. Overall, minimal differences were
found between females and males in the nicotine withdrawal assessments (Sup Table 1).
One significant difference was noted with higher somatic signs exhibited by the females
following nicotine minipump exposure (Sup Fig. 1E), suggesting that there may be brain
circuitry differences involved in somatic signs versus anxiety-like behavior and thermal
hyperalgesia. However, this sex difference was not found with CBD treatment, indicating
that CBD was effective in both male and female subjects to reduce withdrawal signs.

4. Discussion

In these studies, we found that acute oral administration of CBD decreases nicotine intake
at both a low and moderate level of self-administered nicotine. Given that smokers can
differ in their levels of daily drug use (Le Foll et al., 2022), these results provide important
evidence to support the potential effectiveness of CBD for wide range of individuals with
varying daily intake levels. We also demonstrated that CBD attenuates the somatic signs

of nicotine withdrawal, as well as withdrawal-induced hyperalgesia and anxiety-associated
behaviors. Taken together, these preclinical studies support the further development of CBD
as a smoking cessation therapeutic.

4.1. CBD’s effects during nicotine intake and withdrawal

CBD has been shown to act on multiple targets which could mitigate its effects on drug
reinforcement and withdrawal behaviors. First, CBD is a negative allosteric modulator on
the cannabinoid 1 receptor (CB1R), as well as an inverse agonist on CB2Rs at nanomolar
concentrations (Deiana et al., 2012). CB1Rs and nicotinic acetylcholine receptors (nAChRS),
the main receptor mitigating nicotine’s actions, exhibit overlapping expression patterns
within brain regions implicated in drug reinforcement, aversion and withdrawal (Renard et
al., 2014; Tuesta et al., 2011). On the cellular level, CB1Rs and nAChRs are expressed on
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presynaptic axon terminals, and both can function to modulate release of neurotransmitters
(Fowler et al., 2011; Renard et al., 2014). For instance, CBD has been shown inhibit
nicotine-mediated norepinephrine release in rat hippocampus, likely by interacting with
a7 nAChRs (Mahgoub et al., 2013). Further, endocannabinoid and cholinergic signaling
mechanisms can reciprocally mediate each another. For instance, exogenous cannabinoids
can modulate cholinergic neurotransmission in the brain (Acquas et al., 2001), and similarly,
nicotine administration can alter endocannabinoid signaling (Solinas et al., 2007b). The
rewarding effects of nicotine or cannabinoids can also be altered with pharmacological
modulation of either CB1Rs or nAChRs (Gamaleddin et al., 2015; Solinas et al., 2007a).
Secondly, CBD has been shown to have an inhibitory effect on serotonin 5-HT; 4 and
TRPV1 receptor signaling (Galaj et al., 2020; Martinez-Aguirre et al., 2020; Russo et

al., 2005), and both of these receptors have been implicated in nicotine’s effects (Dao
etal., 2011; Liu et al., 2004). Further, CBD appears to interact with GPR55 to increase
intracellular calcium, and interestingly, modulation of GPR55 can influence the rewarding
properties of nicotine (Liu et al., 2021; Ryberg et al., 2007). Finally, nicotine has been
shown to modulate microglial activity in the brain (Adeluyi et al., 2019; Guan et al., 2015;
Shytle et al., 2004), which could potentially be affected by CBD administration (Kozela et
al., 2010). Thus, given that nicotine and CBD may interact at varying circuit and molecular
levels, it will be interesting in further studies to determine the specificity of action with
integration across levels.

Recently, CBD’s enzyme inducing effects have also been proposed to lead to a reduction

in nicotine metabolism (Nasrin et al., 2023), which based on our prior studies (Chen

et al., 2020), would be expected to decrease nicotine consumption. Specifically, CBD

and its metabolite 7-OH-CBD have been shown inhibit the activity of CYP2A6 in vitro,
which is critical for nicotine metabolism 7n vivo (Chen et al., 2020; Nasrin et al., 2023).
However, in our studies, we examined CBD’s actions following acute treatment, which
would have been during high blood and brain concentrations of CBD /n7 vivo (Xu et

al., 2019), and subjects were required to return to the baseline levels of nicotine intake
following each dose, thereby verifying that the CBD dose did not exert longer term effects
on nicotine intake with this dosing regimen. Similarly, with the withdrawal studies, CBD
was administered ~18-20 h after nicotine minipump removal, a time point in which nicotine
would have been fully metabolized and excreted (Petersen et al., 1984). Thus, based on our
evidence, CBD’s actions on nicotine self-administration and withdrawal were likely due to
an aforementioned effect at the cellular and/or circuit level, rather than metabolic enzyme
induction. Nevertheless, it will be important in further research to determine whether chronic
CBD dosing regimens can support nicotine cessation in the longer-term through metabolic
mechanisms.

4.2. Specificity of CBD’s actions on nicotine behaviors

While we found effects of CBD on nicotine-specific behavioral outcomes, we did not find
any effects on general behavioral responding in the absence of nicotine. Specifically, CBD
had no effect on food self-administration in the operant task at both the lower and higher
doses, as compared to the vehicle control. While clinical studies with CBD have reported
lack of appetite as a side effect (Pinto and Martel, 2022), this was not revealed in the
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mice with the acute dosing paradigm employed. However, it should be noted that we used
a grain-based food pellet, and a prior study did find that CBD decreased responding for
sucrose pellets in rats (Bi et al., 2020), thereby suggesting potentially dissociable effects
on reinforcement responding based on the value of the reward. In the withdrawal studies,
we also found that CBD did not induce any significant differences in mice only treated
with the saline minipumps. Moreover, CBD did not have any significant differences on

the latency to the first active lever press or reward with both nicotine infusions and food
pellets. In addition, during nicotine withdrawal, no differences were found with locomotion
in the light-dark box. Therefore, taken together, the current findings demonstrate that
CBD’s actions were specific to mitigating nicotine intake and the expression of withdrawal
symptoms, rather than a generalized effect on locomotor or behavioral function.

5. Conclusions

The current findings reveal that acute CBD administration decreases nicotine intake and
ameliorates withdrawal symptomology. While further studies are needed to determine the
precise mechanism of action and duration of effectiveness after acute and chronic dosing,
these findings represent an important step in substantiating CBD as a viable therapeutic
approach for the cessation of nicotine-containing products, including tobacco cigarettes and
e-cigarettes.
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Fig. 1. CBD attenuates nicotineintake at a low self-administered nicotine dose.
(A) Schematic of the experimental design in which mice received vehicle, 40 mg/kg,

or 100 mg/kg cannabidiol (CBD) perioral 45 min prior to an intravenous nicotine self-
administration session; image created with Biorender.com. (B) Male and female mice self-
administering a lower dose of nicotine significantly reduced the number of infusions earned
following treatment with 40 or 100 mg/kg CBD. (C) Mice did not differ in the latency to the
first nicotine infusion earned following CBD treatment. (D) CBD treatment decreased active
lever pressing behavior at both the 40 and 100 mg/kg CBD doses. No statistical differences
were observed in inactive lever pressing behavior across treatments. (E) Mice did not differ
following CBD treatment in the latency to the first active lever press. Individual data points
shown on graphs for each subject. Bar graphs represent mean £ SEM. **p < 0.01, ***p <
0.001, ****p < 0.0001.
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Fig. 2. CBD attenuates nicotine intake at a moder ate self-administered nicotine dose.
(A) Schematic of the experimental design with the moderate 0.1 mg/kg/infusion dose of

nicotine, generated with Biorender.com (B) Male and female mice self-administering the
moderate dose of nicotine significantly reduced the number of rewards earned following
treatment with 40 and 100 mg/kg CBD. (C) Mice did not differ in the latency to the first
nicotine infusion earned following CBD treatment. (D) Analysis of lever pressing behavior
demonstrates a reduction in active lever responding at both the 40 and 100 mg/kg CBD
doses. No statistical differences were observed in inactive lever pressing behavior across
treatment. (E) Mice did not differ following CBD treatment in the latency to the first active
lever press. Individual data points shown on graphs for each subject. Bar graphs represent

mean + SEM. **p < 0.01, ****p < 0.0001.
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Fig. 3. CBD doesnot alter operant responding for food reward.
(A) Schematic of the experimental design for food self-administration testing, generated

with Biorender.com. (B) Male and female mice self-administering a grain-based food reward
did not differ in the number of food pellets earned following CBD pre-treatment. (C) Mice
did not differ in the latency to the first earned food reward following CBD, as compared

to vehicle control. (D) No significant differences were observed with CBD treatment for

the number of active or inactive lever presses. (E) Mice did not statistically differ following
CBD treatment in the latency to the first active lever press. Individual data points shown on
graphs for each subject. Bar graphs represent mean + SEM.
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Fig. 4. CBD attenuates nicotine withdrawal.
(A) Schematic illustration of the light-dark box generated with Biorender.com. Mice were

chronically treated with nicotine (24 mg/kg/day) for 14 days. On day 14, minipumps were
removed, and on day 15, mice were administered CBD perioral at the dose of 0, 15, 30,

or 60 mg/kg. Two hours later, mice were tested for anxiety-associated behavior, signs of
withdrawal, and hyperalgesia. (B) With vehicle administration, nicotine induced anxiolytic
behavior, which was evidenced by significantly less time spent in the light compartment.
CBD pretreatment did not alter behavior for the saline control. (C) No significant differences
were found in the number of crosses between the light and dark compartments with CBD
pretreatment. (D) Nicotine withdrawal induced a significant increase in somatic symptoms,
and 60 mg/kg of CBD significantly attenuated these withdrawal behaviors. (E) Nicotine
withdrawal induced hyperalgesia in the tail-flick assay, and 60 mg/kg CBD reversed this
enhanced pain sensitivity. Individual data points shown on graphs for each subject. Bar
graphs represent mean + SEM. *p < 0.05, ****p < 0.0001 saline vehicle vs nicotine, *p <
0.01, "p < 0.001, “"*"p < 0.0001 nicotine vehicle vs nicotine CBD.
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