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Abstract

Animal and human studies show that cannabis or its derivatives can increase relapse to cocaine
seeking following withdrawal. Moreover, cannabis use in humans is associated with impulse
control deficits and animal studies implicate endogenous cannabinoids (eCB) in several
impulsivity constructs. However, the brain areas where cannabinoids might control impulsivity or
cocaine seeking are largely unknown. Here, we assess Lateral Habenula (LHb) involvement on
performance in the 5-choice serial reaction time task (5CSRTT) in rats and investigate whether
LHb cannabinoid CB1 receptors (CB1R) are involved in these effects. Systemic cocaine increased
premature responding, a measure of impulsivity, at a dose (5 mg/kg) that did not alter other
measures of task performance. Intra-LHb infusion of the CB1R antagonist AM251 blocked this
effect. Systemic injection of the psychoactive constituent of cannabis, A°-tetrahydrocannabinol
(A9-THC, 1mg/kg), also increased SCSRTT premature responding at a dose that did not otherwise
disrupt task performance. This was blocked by intra-LHb infusion of AM251 in a subgroup of rats
showing the largest increases in A%-THC-evoked premature responses. Systemic A%-THC also
prompted impulsive cocaine seeking in a Go/NoGo cocaine self-administration task and this was
blocked by intra-LHb AM251. These data show that LHb CB1Rs are involved in deficits in
impulse control initiated by cocaine and A%-THC, assessed by the 5CSRTT, and play a role in
impulsive cocaine seeking during self-administration. This suggests that the LHb eCB system
contributes to the control of impulsive behavior, and thus represents a potential target for
therapeutic treatment of substance use disorders (SUDs) in humans.
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1. Introduction

Impulsive action is associated with the development of an addictive phenotype in humans
and in animal models (Anker et al., 2009; Argyriou et al., 2018; Belin et al., 2008; Deroche-
Gamonet and Piazza, 2014; Economidou et al., 2009; Jentsch and Pennington, 2014;
MacKillop et al., 2016; Wit, 2009). Impulsivity can be observed in animals using behavioral
paradigms such as Go/NoGo tasks in which reward availability is signaled and inappropriate
responses are not rewarded, and in the 5CSRTT in which executive processes such as
attention, reaction time, impulsiveness and motivation can be disambiguated. In general,
studies like these agree that impulse control is impaired in humans and animals that seek or
have been exposed to drugs that can cause SUDs. Moreover, because impulsivity is both
predictive of, and affiliated with SUDs, it is seen as a behavioral trait that is an impediment
to drug abstinence (Argyriou et al., 2018; Smith et al., 2014).

Although impulse control has largely been ascribed to inhibition of motor output by
frontocortical brain regions, much of this information is also conveyed to downstream
targets such as the LHb. Thus, the LHb receives input from the anterior insular, cingulate,
prelimbic and infralimbic cortices, and in turn, sends its output to all forebrain projecting
midbrain monoaminergic nuclei (Lecourtier and Kelly, 2007; Sutherland, 1982). The LHb
thereby constitutes a critical link between brain regions processing executive function and
those involved in reward and affect. One example of this is in the inhibition of mid-brain
dopamine (DA) neurons by the LHb (Christoph et al., 1986; Ji and Shepard, 2007;
Matsumoto and Hikosaka, 2007). This occurs via LHb excitatory efferents that target
GABAergic rostromedial tegmental nucleus (RMTg) neurons that, in turn strongly inhibit
DA neurons (Hong et al., 2011). As LHb neurons are activated by negative events, such as
punishment, omission of expected reward, and by conditioned negative stimuli, this circuit
permits interaction between cortical areas involved in prediction and planning, and DA
neurons with their influence on reward processing (Matsumoto and Hikosaka, 2009, 2007).
In addition to this interaction with reward circuitry, overactivation of the LHb is linked to
persistent negative affective states (Proulx et al., 2014), likely via connections with basal
forebrain and limbic nuclei, and with behavioral flexibility in learning tasks that require
adaptation to changes in external contingencies (Baker et al., 2016; Stopper and Floresco,
2013). With relevance to our current work, there is also evidence that the LHb is involved in
aspects of impulse control as it relates to drug seeking behavior (Lecourtier and Kelly, 2005;
Zapata et al., 2017). Previously, using a Go/NoGo task in rats trained to use a cue to
discriminate cocaine availability, we found that inactivation of the LHb increased NoGo
responding for cocaine despite its signaled absence (Zapata et al., 2017). Moreover, this
inability to withhold responding with LHb inactivation was observed in rats trained to self-
administer cocaine, but not in those trained to self-administer sucrose, suggesting that
cocaine experience increased the LHb’s role in this form of impulsivity. Although these
experiments implicate the LHb in impulsive action in cocaine seeking, it is not known
whether other abused drugs similarly interact with LHb function to modify impulse control,
nor what mechanisms are involved in these actions.

The eCB system is present in the LHb where it is involved in regulating neuronal excitability
and synaptic plasticity (Park et al., 2017; Valentinova and Mameli, 2016). Moreover,
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exposure to stressful stimuli recruits the LHb eCB system, leading to altered behavioral
strategies (Berger et al., 2018), and eCB control of synaptic plasticity is impaired in an
animal model of depression (Park et al., 2017). There is also evidence from recent animal
studies to support the idea that the eCB system is involved in impulsive action but not in
impulsive choice (Ferland et al., 2018). Thus, systemic CB1R antagonists reduce premature
responding in the 5CSRTT, a measure of motor impulsivity, suggesting that eCB tone is
responsible for promoting impulsive action (Bruin et al., 2011; Pattij et al., 2007). In
humans, the involvement of the eCB system in impulsive action is supported by studies
showing that acute A°-THC, in both occasional and heavy cannabis users, impairs inhibitory
impulse control in stop signal tasks (McDonald et al., 2003; Ramaekers et al., 2008;
Theunissen et al., 2012).

To explore a possible relationship between LHb eCB function and drug-associated impulsive
action we examine the effects of cocaine and A%-THC in the 5CSRTT and Go/NoGo task
and ask whether LHb CB1Rs are involved in this impulsive behavior.

2. Methods
2.1. Subjects

Male Long Evans rats (Charles River Laboratories, Wilmington, MA) weighing 300 g at the
beginning of experiments were housed 2-3 per cage for at least 1 week before use in
facilities accredited by the American Association for the Accreditation of Laboratory
Animal Care. They were maintained in a temperature- and humidity-controlled environment
under a reverse 12 hr light/dark cycle. Experiments were conducted during the dark cycle. At
least two days before the beginning of the 5CSRTT experiments, rats were single-housed
and food-restricted to 90-95% of their free feeding weight and remained under food
restriction for the remainder of the experiments. Rats participating in the Go/NoGo
experiments had ad /ibitum food access throughout the experiments. All procedures were
approved by the Institutional Care and Use Committee of the NIDA Intramural Research
Program, National Institutes of Health (Baltimore, MD), and conducted in accordance with
the Guide for the Care and Use of Laboratory Animals provided by the NIH.

2.2. 5 Choice Serial reaction Time Task

Rats were trained in standard 5CSRTT operant boxes (Lafayette Instruments, Lafayette,
Indiana) using established procedures (Bari et al., 2008). Rats were habituated to the
chamber and trained to collect food pellets (45 mg, Noyes) from the magazine and the nose
poke holes for at least 4 daily 30 min sessions or until they were able to collect all the
pellets. Training was then begun on a standard 5CSRTT procedure. Each trial was initiated
by illumination of a random nose-poke. A response at the signaled nose poke was recorded
as an accurate response and resulted in pellet delivery and illumination of the food
magazine. If the animal failed to respond during a specified interval (limited hold) a
response omission was recorded. If the animal responded at a nose poke position different
than the signaled one, an incorrect response was recorded. Both, omissions and incorrect
responses, were penalized by a 5 second time out (signaled by illumination of the house
light). Retrieval of the pellet or the end of the time out finalized the trial and started an inter
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trial interval (ITI). Responses during the ITI were recorded as premature responses and
triggered a time out and the end of the trial. During training, stimulus duration and limited
hold started at 60 seconds and were progressively decreased to 1 and 5 seconds respectively
in successive steps. Rats were required to perform 80% accurate responses with less than
20% omissions in order to progress to the next step. The ITI remained constant at 5 seconds,
except on test trials where the effect of a longer ITI (7 seconds) was tested. Each daily
session lasted 30 minutes or 100 trials (whichever occurred first). Rats were stabilized for at
least 10 sessions at the last training step prior to surgery. After surgery, they were retrained
for at least 10 sessions until they showed stable responding, followed by the testing phase.
The testing phase used a within subject design in which rats were given a systemic drug or a
systemic drug + intra-LHb infusion combination before each test session. Drugs were given
in a pseudo-random order, except that vehicle or no drug days were alternated with drug
treatment days. If omissions increased above 50%, drug testing stopped until stable
performance was again established.

Go/NoGo Cocaine intravenous self-administration (IVSA) Task—Operant training
took place as described in detail previously (Zapata et al., 2017). Standard rat operant
chambers (Med-Associates; St Albans, VT) were used. Rats were trained to self-
administered cocaine (0.75 mg/kg /infusion) for 12 sessions (2 hours or 40 infusions per
session) on an FR1 schedule. Following this, they were trained on a Go-NoGo task
consisting of 2 hour sessions comprised of 6 x 20 min alternating intervals of cocaine
availability (Go) and non-availability (NoGo), signaled by the house light (light on during
cocaine availability). During Go intervals, responses were reinforced with cocaine under an
FR5 schedule, and during NoGo intervals lever responses did not trigger cocaine infusions.
Training progressed until stable discrimination of the Go/NoGo periods were observed (3
consecutive sessions in which NoGo responses were less than 30% of total, 12-14 sessions).
After reaching criterion, testing proceeded using a within subject design in which each rat
received bilateral infusion of PBS or AM251 (0.7 ug) before intraperitoneal (i.p.) injections
of either A%-THC or vehicle, in a randomized order, 15 min before each test session.

A-tetrahydrocannabinol (A%-THC; in 200 mg/ml EtOH, NIDA drug supply) was dissolved
in DMSO/Tween 80/Saline (final vehicle: 20% DMSO, 10% Tween, 70% Saline) and
administered 15 min before testing (1 ml/kg, i.p.). Cocaine HCI was dissolved in saline and
injected i.p. 5 minutes before testing. For intracranial (i.c.) infusions, AM251 (Tocris) and
AS-THC were dissolved in DMSO/Tween 80/PBS (5%, 5%, 90% respectively). Rats
received bilateral infusions of either AS-THC (0.2 or 2 pg) AM251 (0.7 ug) or vehicle into
the LHb. A microinjection cannula (C315I, Plastics One, Roanoke VA) which extended 1
mm below the tip of the guide was inserted into the guide cannula and 0.5 pl infused at 1 pl/
min. The microinjection cannula was removed 1 min after the infusion to allow for diffusion
of the solution into the tissue. The control vehicle solutions contained 0.5% EtOH (i.p.
injections) or 0.2% EtOH (i.c. infusions) to match that present in the A°-THC solution. All
drug doses were chosen based on previous published studies (Ratano et al., 2014;
Szkudlarek et al., 2019; Tan et al., 2011; Wiskerke et al., 2011).
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2.4. Surgery

Food deprived rats were allowed free feeding for at least 3 days before surgery. Surgical
anesthesia was achieved with equithesin (1% pentobarbital, 2% magnesium sulfate, 4%
chloral hydrate, 42% propyleneglycol, 11% ethanol, 3 ml/kg, i.p.), diluted to 33% in saline
immediately before injection to minimize peritonitis. Anesthetic depth was assessed
continuously throughout the procedure. Rats were then stereotaxically implanted with
bilateral guide cannulae (C315, Plastics One, Roanoke VA) aimed 1 mm dorsal to the LHb
(coordinates: AP: —3.8, L: £0.6, V: —=3.6 mm relative to bregma). Rats in the Go/NoGo IVSA
study were also implanted with a polyurethane catheter (Instech, PA) that was inserted 3.5
cm into the right jugular vein. The catheter terminated in a Vascular Access Button™
(Instech, PA) which was subcutaneously mounted dorsally. Rats were monitored daily for
signs of adynamic ileus; no such signs were observed in any subjects. All rats resumed
normal feeding behavior and demonstrated weight gain during a one-week recovery phase,
prior to training in the Go/NoGo task or resuming food deprivation and the 5CSRTT testing
phase.

2.5. Histology

At the end of the experiments, the rats were euthanized, and brains removed and frozen on
dry ice. Histological verification of the microinjection site was carried out in 50 um frozen
sections. The infusion coordinates were chosen to target the medial aspect of the LHb, and
were identical to those used in a previous study in our lab in which the GABA receptor
agonists baclofen and muscimol were infused into the LHb (Zapata et al., 2017). In that
study we observed that errant cannula placements resulting in infusion of baclofen and
muscimol into the 3rd ventricle were rare and associated with marked ataxia, as would be
expected with general diffusion of GABA agonists into the cerebrospinal fluid (CSF) via the
ventricle. Based upon this experience, the incidence of inaccurate cannula placement and
diffusion of solutions into the CSF is rare, and in the present study, data from only two
animals had to be discarded due to confirmed inaccurate cannula placements.

2.6. Data Analysis

We analyzed premature responses in the 5SCSRTT as a measure of impulsive action, percent
response accuracy as a measure of cognitive performance and attention, and response
omissions as a measure of behavioral impairment or motivation. For the Go/NoGo
experiments we analyzed responses during the Go and NoGo intervals and responses during
NoGo intervals as a percentage of total responses. Statistical analysis was conducted using
1- or 2-way repeated measures analysis of variance (RM ANOVA) where appropriate. The
main factors were systemic (i.p.) drug injection and intracranial drug infusion. Differences
among groups were assessed by Bonferroni’s multiple comparison post-hoc test.

3. Results

3.1. Cocaine effects in the 5CSRTT and involvement of LHb CB1Rs

In our previous study, rats engaged in impulsive cocaine seeking when the LHb was
inhibited by infusion of GABA receptor agonists (Zapata et al., 2017). Moreover, this

Neuropharmacology. Author manuscript; available in PMC 2022 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zapata and Lupica

Page 6

inability to inhibit a response was not observed in rats trained to self-administer sucrose
pellets (Zapata et al., 2017). Therefore, we hypothesize that cocaine experience is associated
with a lowered threshold for impulsive behavior and that inhibition of LHb activity reveals
this increased propensity toward impulsive cocaine seeking in drug-experienced rats. To
investigate whether the pro-impulsive effects of cocaine generalize to other measures of
impulsive behavior we used the 5CSRTT. Systemic cocaine significantly affected behavior
in the 5CSRTT (Fig. 1A). At the highest dose tested (20 mg/kg, i.p.) it increased response
omissions (F3 39 = 9.71, p = 0.0001, RM ANOVA) and decreased response accuracy (F3 3o =
6.29, p = 0.002, RM ANOVA), indicating a general disruption of task-relevant behavior. In
contrast, a lower dose (5 mg/kg, i.p.) increased only premature responses (F 330 = 2.93, p =
0.05, RM ANOVA) with no changes in other task measures, such as omissions or accuracy.

Recent studies have shown that all components of the eCB system are found in the LHb.
Therefore, to determine whether the eCB system is involved in the control of drug-
associated impulsive behavior we assessed CB1R involvement in cocaine-induced impulsive
responding in the 5CSRTT. Bilateral infusion of the CB1R antagonist/inverse agonist
AM251 (0.7 ug) into the LHb did not significantly alter 5SCSRTT omissions, accuracy, or
premature responses (p>0.05, RM 2-way ANOVA) but significantly prevented cocaine-
evoked premature responses (Fig. 1B, AM251 x cocaine interaction, Fq g = 11.27, p = 0.01,
RM 2-way ANOVA).

3.2. AS-THC effects in the 5CSRTT and involvement of LHb CB1Rs

As blockade of CB1Rs in the LHb prevented the pro-impulsive effects of cocaine in the
5CSRTT, and prior studies suggested that that the eCB system is involved in impulsive
action (Ferland et al., 2018), we next explored the potential involvement of LHb CB1Rs in
impulsive responding in the 5SCSRTT. Systemic A%-THC affected task behavior in a dose-
dependent manner. At the 3 mg/kg dose it disrupted task performance as indicated by
increased response omissions (Fig. 2A, F3 »7 = 5.149, p = 0.006, RM ANOVA), and
decreased response accuracy (F3 27 = 3.69, p=0.024, RM ANOVA). However, a moderate
dose of A%-THC (1 mg/kg) significantly increased impulsive action as measured by
premature responses (F3 27 = 3.699, p = 0.0238; RM ANOVA) without disrupting other
measures of task performance.

We next tested whether LHb CB1Rs are involved in the effects of systemic A%-THC on
premature responding in the SCSRTT (Fig. 2B). Systemic A%-THC (1 mg/kg) increased
premature responding (main effect, F1 13 = 13.64, p = 0.002, RM 2-way ANOVA) without
changing response omissions or accuracy. Our initial analysis showed no effects of intra-
LHb infusion of AM251 on basal or AS-THC-associated premature responding (no
significant main effect of AM251 infusion, nor AM251 x A9-THC interaction, RM 2-way
ANOVA, Fig. 2B, left panel). However, we also noted substantial between subject variability
in the data set, where some rats showed a robust increase in premature responding with 1
mg/kg A%-THC, and others showed no change or a decrease in this measure (Fig. 2). Pooling
the data from all subjects where a heterogeneous response to A%-THC exists in the
population could mask our ability to detect antagonism by AM251. Therefore, we
reanalyzed the data, first by performing a correlational analysis relating the ability of LHb

Neuropharmacology. Author manuscript; available in PMC 2022 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zapata and Lupica

Page 7

AM?251 infusions to inhibit A9-THC-evoked premature responses to the magnitude of A°-
THC-evoked increases in premature responding. We defined the magnitude of the AS-THC
effect as premature responses emitted following systemic A%-THC (1 mg/kg i.p.), minus the
premature responses after systemic vehicle injection (THC-evoked: eTHC). We then defined
the ability of AM251 to inhibit the A®-THC effects as the eTHC after LHb AM251 infusion
minus the eTHC after LHb vehicle infusions. With this calculation, negative values indicate
that LHb AM251 infusion decreased the systemic A%-THC-evoked response, compared to
LHb vehicle infusions. This correlational analysis confirmed that AM251 ability to inhibit
AS-THC effects correlated with the magnitude of A%-THC -evoked increases in premature
responses (Fig. 3A, Pearson correlation coefficient, r = —0.69, p = 0.001). To further address
this, we also performed a median split analysis (lacobucci et al., 2015) by ranking the
5CSRTT performance of all rats after systemic A%-THC (1 mg/kg) or vehicle infusions in the
LHb, and then subdividing this group into 2 equal size subgroups based on premature
responses either above or below the median (i.e. THC[+] and THC[~-] groups, n = 9 rats per
group), and discarding the data from the animal at the median (Fig. 3B). We then reanalyzed
the data asking whether the effects of LHb AM251 infusion was dependent upon whether
the rats showed an initial response to A%-THC alone, by including the A®-THC response
subgroup as a variable in the ANOVA. This analysis, indicated that AM251 infusion into the
LHb prevented A%-THC-evoked premature responding in the THC[+] subgroup (A%-THC
response subgroup x AM251 interaction, F1 15 = 9.024, p = 0.0084, RM ANOVA; p < 0.05
vs LHb vehicle infusions, Bonferroni’s post hoc test, Fig. 3C), but had no effect on the
subgroup that was unresponsive to A%-THC. This analysis also confirmed that individual
differences were present in the population with regard to A®-THC-induced premature
responding in the 5CSRTT (main effect of A%-THC response subgroup, Fi116=9.245p=
0.0078, RM ANOVA; *p < 0.05 vs THC[-] subgroup, Bonferroni’s post hoc test, Fig. 3C).
However, these subgroups did not differ with regard to the effect of A%-THC on response
omissions or response accuracy (p>0.05, RM ANOVA, Fig. 3C), nor on any other measures
of 5CSRTT performance after systemic vehicle injections (p>0.05, RM ANOVA, Fig. 3D).

To further examine the specificity of the effect of AM251 and LHb CB1Rs in the 5CSRTT,
we increased the cognitive demand of the task by increasing the ITI from 4 to 7 seconds, and
thus the period of time that each animal was required to withhold a response to receive
reward. This manipulation has been shown to selectively increase premature responding
without impairing other task variables (Wiskerke et al., 2011). We found that increasing the
ITI significantly increased the number of premature responses in the systemic saline control
group (27 £6 1TI =7 sec vs 10 £ 2 ITI = 4 sec, control groups in Fig. 4A vs Fig. 2,
respectively, t = 2.069, p = 0.005, Student’s t-test). However, in this version of the task,
systemic A9-THC injections failed to increase premature responding, or affect any other
variable measured in the 5CSRTT (p>0.05, RM ANOVA, Fig. 4A). Interestingly, all of the
treatments resulting in increased premature responding in our study (cocaine, THC and
increased ITI) reached a maximum of 20-30 of these responses. Therefore, this may
represent an upper limit to premature responding in this 5CSRTT that cannot be exceeded in
the present experimental paradigm. This may explain our observation that A%-THC increased
premature responding at the 4 sec ITI, but not at the 7 sec ITl. AM251 infusions in the LHb
did not alter performance in this task (p>0.05, RM ANOVA, Fig. 4A).
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Finally, we assessed whether local infusions of A%-THC (0.2 or 2 pg, 0.5 ul volume,
bilateral) into the LHb could alter performance on the 5CSRTT. We found no effects of
intra-LHb infusion of A%-THC at either concentration on any of the 5CSRTT variables
(p>0.05, RM ANOVA, Fig. 4B).

3.3. Arrole for CB1Rs in the LHb in impulsive responding for cocaine in the Go/NoGo

task.

Our above 5CSRTT studies showed that impulsive behavior was increased by systemic
cocaine or A%-THC, and that LHB CB1Rs are involved in the effects of these drugs.
Moreover, our prior study showed that the LHb was also involved in impulsive cocaine
seeking in a cocaine self-administration Go/NoGo self-administration task (Zapata et al.,
2017). Therefore, we wondered whether systemic A%-THC also increased impulsive
responding in this task, and whether LHb CB1Rs are involved. We found that systemic A%-
THC, at a dose that did not disrupt response accuracy or omissions in the 5CSRTT (1 mg/kg,
i.p.), did evoke a small but statistically significant decrease in responding during Go
intervals (main effect F1 19 = 4.81, p = 0.041, RM 2-way ANOVA, Fig 5). However, this
same dose of A%-THC dramatically increased responding during the NoGo intervals (A%-
THC =44.5 £ 8.6, vehicle = 7.65 + 1.49 responses). This was apparent in both the number
of NoGo responses (main effect of AS-THC, F119 =32.0, p<0.0001, RM 2-way ANOVA),
and in NoGo responses as a percentage of total responses (main effect of A%-THC, Fi19=
46.35, p < 0.0001, RM 2-way ANOVA). To determine the potential involvement of LHb
CB1Rs in the effects of systemic A%-THC we bilaterally infused AM251 into the LHb before
systemic A%-THC. We found that infusions of AM251 into the LHb prevented the increase in
operant responding for cocaine during the NoGo periods caused by systemic A%-THC (%
NoGo responses, A%-THC x AM251 interaction, F119=6.77, p=0.018, RM 2-way
ANOVA). This trend was also apparent in the analysis of the absolute number of NoGo
responses, but this failed to reach significance (A%THC x AM251 interaction, Fy 19 = 3.91,
p = 0.063, RM 2-way ANOVA). Moreover, we observed that infusion of AM251 into the
LHb in the absence of systemic A%-THC did not significantly change NoGo responding for
cocaine (AM251 main effect, F1 4 = 2.63, p = 0.180, RM 2-way ANOVA). Together, these
data suggest that systemic A%-THC increases impulsive responding for cocaine, and that
LHb CB1Rs are involved in this behavior.

4. Discussion

This study provides evidence that LHb CB1Rs are involved in cocaine and A%-THC-evoked
increases in impulsive action, as measured by premature responses in the 5CSRTT and drug
seeking during NoGo periods in a Go/NoGo task. Our results generally agree with studies
showing that systemic CB1R antagonists can prevent deficits in impulse control caused by
amphetamine (Wiskerke et al., 2011), cocaine (Hernandez et al., 2014), or nicotine
(Wiskerke et al., 2012), and extend this by implicating the LHb eCB system in these effects.
More generally, our study adds to a growing body of evidence implicating the eCB system in
impulsive psychostimulant seeking and suggests that the LHb may be involved in this aspect
of behavioral control.
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Impulsive behavioral traits are of interest because of their high concordance with addiction
and relapse risk (Dalley et al., 2011; Stevens et al., 2015; Thomsen et al., 2018; Wit, 2009),
and because they are implicated in several psychiatric disorders (Amlung et al., 2019). In
rats, high trait impulsivity is associated with increased vulnerability to development of
compulsive drug seeking and taking (Belin et al., 2008), and with an increased propensity
for relapse after punishment-induced drug abstinence (Economidou et al., 2009). An
extensive literature implicates a top-down circuit model in which impulse control involves
inhibition of basal ganglia output by prefrontal cortex (Chambers et al., 2009; Dalley et al.,
2011; Dalley and Robbins, 2017), and modulation of this behavior by monoaminergic
pathways (Pattij and Vanderschuren, 2008). Cocaine is thought to influence this circuitry
through its ability to inhibit monoamine transporters (Amara and Sonders, 1998), and long-
term use of this drug is linked to deficits in impulse control, as measured by response
inhibition in humans (Ersche et al., 2011; Fernandez-Serrano et al., 2012; Fillmore and
Rush, 2002; Kaufman et al., 2003). In rodents, amphetamine, cocaine, and nicotine impair
response inhibition, as measured by increased premature responding in the 5CSRTT, and this
is blocked by dopamine D2 receptor antagonists (Gaalen et al., 2006). Moreover,
dopaminergic tone in the ventral striatum (nucleus accumbens) is strongly implicated in
impulsive action (Pattij and Vanderschuren, 2020).

In humans, there is good agreement that cannabis use is related to deficits in motor impulse
control (McDonald et al., 2003; Ramaekers et al., 2008; Theunissen et al., 2012). However,
studies in rodents are inconsistent, with some showing decreased motor impulsivity after
systemic administration of CB1R antagonists and others showing no effects of A%-THC or
selective CB1 agonists (Pattij et al., 2007; Wiskerke et al., 2011). In contrast to these studies,
and in agreement with evidence in humans, we observed deficits in impulse control in the
5CSRTT after systemic administration of A%-THC. The reasons why our results differ from
these earlier studies are not clear, although one possibility could be the strain of rats used as
experimental subjects. In earlier studies where motor impulsivity was not increased by
cannabinoids Wistar rats were used, whereas Long Evans rats were used in our study. Wistar
rats are particularly sensitive to the anxiogenic properties of cannabinoids (Arnold et al.,
2010; Ferland et al., 2018), which may relate to differences in performance in the 5CSRTT.
Moreover, Long Evans and Wistar rats also differ in the ability of amphetamine to elicit
impulsive responding in a modified gambling task (Zeeb et al., 2009)(Ferland et al., 2018).
Procedural differences may also be involved in the inconsistent effects of cannabinoids on
impulsive responding. For example, studies failing to detect CB1R agonist effects on motor
impulsivity used short limited-hold periods (2 seconds) in which responses could be
rewarded (Pattij et al., 2007; Wiskerke et al., 2011). However, studies showing CB1R
agonist-induced increased premature responding used a longer 5 second limited-hold period
(present study and Arguello and Jentsch, 2004). Therefore, differences among rat strains or
experimental procedures may explain the discrepancies in cannabinoid effects on impulsive
behavior.

Our study also found considerable individual variability in impulsive responding caused by
systemic A%-THC in the 5CSRTT, where approximately half of the individuals in our sample
failed to exhibit this behavior. However, when the magnitude of the initial A%-THC-induced
premature responding in the 5SCSRTT was considered in subsequent analyses, we found that
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intra-LHb injections of AM251 prevented this response. Inter-subject variability in
cannabinoid-associated impulsive behavior has been reported previously where systemic
injection of the CB1R agonist WIN55,212-2 increased premature responding in a subset of
rats, but not in the larger population in a modified lowa Gambling Task (Ferland et al.,
2018). Therefore, individual differences in sensitivity to cannabinoid-induced impulsiveness
appear likely to exist within rat populations. In our study, the cannabinoid-sensitive
subpopulation showed increased premature responding at a dose of A%-THC (1 mg/kg) that
did not interfere with other measures of task performance such as response omissions or
choice accuracy. However, a modest increase in the dose of A%-THC (3 mg/kg) affected
these measures of task performance, suggesting that the phytocannabinoid selectively
increases impulsive behavior within a narrow range of doses, and this may also contribute to
the variability observed among earlier studies.

Although systemic A%-THC increased impulsive responding in the 5CSRTT, and direct LHb
infusion of AM251 blocked this effect, neither AM251 alone, nor local A%-THC infusions
into the LHb altered 5CSRTT measures in the present study. Similarly, systemic A%-THC
promoted NoGo responding for cocaine and this was blocked by intra-LHb infusion of
AM251, but neither intra-LHb infusion of A%-THC or AM251 alone altered NoGo
responding. This suggests that although LHb CB1Rs are involved in these impulsive
behaviors, their activation appears to require priming by actions of A%-THC or cocaine
outside of the LHb. Thus, exposure to these drugs may recruit brain regions that project to
the LHb and engage eCB-dependent mechanisms within this brain structure. Future
experiments will examine this possibility.

Our observed interaction between CB1Rs and cocaine in the Go/NoGo task is also
interesting because unlike most abused drugs, the primary rewarding and motivational
effects of cocaine and other psychostimulants are not strongly inhibited by antagonism or
genetic deletion of brain CB1Rs (Parsons and Hurd, 2015). Rather, CB1Rs appear to be
involved in modulating psychostimulant-associated conditioned reward and play a more
important role in reinstatement or relapse to drug seeking. Thus, systemic exposure to CB1
agonists, like A%-THC or HU-210, can trigger reinstatement of cocaine seeking after
extinction of this operant response, and CB1R antagonists can prevent relapse to cocaine
seeking elicited by conditioned cues (Serrano and Parsons, 2011; Vries et al., 2001). There
is also recent evidence supporting the idea that the LHb is involved in relapse to drug
seeking, where both cocaine-primed reinstatement of conditioned place preference and cue-
evoked reinstatement of heroin seeking are associated with increased activation of LHb
neurons, as indicated by increased c-Fos expression (Brown et al., 2010)(Zhang et al., 2005).
Moreover, chemogenetic inhibition of the LHb inhibits both cocaine-primed and cue-
induced reinstatement of cocaine seeking after extinction (Nair et al., 2020). Here we show
that systemic A%-THC increases cocaine seeking during NoGo periods, despite the fact that
rats have learned that cocaine is not available at these times, and we show that this A%-THC-
induced increase in NoGo responding is prevented by intra-LHb infusion of a CB1R
antagonist. Therefore, our results suggest the intriguing possibility that A>-THC may trigger
relapse to cocaine seeking by activating LHb CB1Rs and increasing impulsive action
associated with obtaining the drug. More generally, our study and those describing a role for
the LHDb in reinstatement of cocaine seeking suggest that this brain region could be involved
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in relapse in humans and that LHB CB1Rs may be critically involved in this hallmark of
psychostimulant addiction. Although our investigation did not examine a potential difference
between male and female rats in the role of the eCB system in impulsivity, this merits
further investigation because a study has reported sex differences in an interaction between
LHB eCBs and basal corticosterone levels (Berger et al 2008). Thus, it is possible that
stress-response associated changes in LHb activity and eCB activity may contribute to the
effects we observed, and this may differ between males and females.

The output of the LHb to downstream brain structures is mediated predominantly by
excitatory glutamatergic axons (Aizawa et al., 2013). One of these output pathways targets a
collection of GABAergic neurons in a brain area known as the rostromedial tegmentum
(RMTg) that provides strong inhibitory control of midbrain DA neurons (Christoph et al.,
1986; Hong et al., 2011). As midbrain DA neurons are thought to play a role in impulsivity
as well as in other neuropsychiatric disorders (Dalley and Roiser, 2012; Pattij and
Vanderschuren, 2020, 2008), it is possible that engagement of the eCB system by A%-THC
might increase impulsivity by increasing dopaminergic tone through this circuitry.
Alternatively, substantial evidence also points to a role for 5HT in impulse control, and the
LHb also projects to median and dorsal raphe nuclei where it inhibits 5HT activity (Zhao et
al., 2015). Thus, decreased 5-HT tone is associated with increased impulsivity in Go/NoGo
and 5CSRT tasks (Fletcher, 1993; Harrison et al., 1999, 1997; Winstanley et al., 2004), and
elevated 5-HT levels decrease impulsivity in the 5CSRTT (Baarendse and Vanderschuren,
2012). Therefore, CB1R activation within LHb may alter its output to 5-HT-containing brain
regions and this may be involved in controlling impulsive behavior.

In summary, our results add to a growing body of evidence supporting the idea that the LHb
is involved in regulating the inhibition of impulsive action. Thus, acute A®-THC or cocaine
caused deficits in impulse control in the 5SCSRTT and A%-THC increased NoGo responding
for cocaine self-administration, and both of these indices of impulsive behavior involved
LHb CB1Rs. These results therefore suggest that the LHb may be relevant to impulsive
behavior related to SUDs, and further implicate the LHb eCB system as a potential target for
therapeutic strategies aimed at restoring impaired impulse regulation in addiction.
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. Studies show that cannabis increases relapse to cocaine seeking following
withdrawal.
. Human cannabis use is associated with impulse control deficits.
. Lateral Habenula endocannabinoids in are involved in impulsive behavior.
. Cocaine and A%-tetrahydrocannabinol (A%-THC) increased impulsive
behavior.
. AS-THC increased impulsive cocaine seeking via effect in the lateral habenula
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Effects of systemic cocaine on premature responses, omissions and accuracy in the 5CSRTT,
and effects of Intra-LHb CB1R antagonism (A) Dose -response relationships for the effects
of cocaine on premature responses, response omissions and, % accuracy in the 5SCSRTT
(n=11, *p<0.05 vs vehicle, Bonferroni’s multiple comparisons test after RM ANOVA). (B)
Effects of local LHb infusion of AM251 (0.7 ug) or vehicle on cocaine-altered (5 mg/kg i.p.)
behavior in the 5CSRTT (n=9 per group *p<0.05 vs saline, #p<0.05 vs vehicle, Bonferroni’s
multiple comparisons test after RM ANOVA). Note that the increase in premature responses
caused by 5 mg/kg cocaine was prevented by intra-LHb infusion with AM251.
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Fig. 2:

Effects of systemic A%-THC on premature responses, omissions and accuracy in the
5CSRTT: dose-response (A). Data are Mean+SEM, individual data points are also shown for
premature responses (n=10, *p<0.05 vs vehicle, Bonferroni’s multiple comparisons test after
RM ANOVA). B) Effects of local LHb infusions of AM251 (0.7 ug) or vehicle on A%-THC
(1 mg/kg i.p.) evoked behavior in the 5CSRTT (n=19) Data are Mean + SEM, individual
data points are also shown for premature responses.

Neuropharmacology. Author manuscript; available in PMC 2022 July 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Zapata and Lupica

Page 19

2 A 4, B tTHC(+)  THC()
E ® 80
2= ‘0 70
©
£ o o 2 60
S0 7]
[oRr N 14 50
T =S o
o< 340
2 :
2 s > 0
) o 20- <
z e
B 40 PY 10 g
o0- —_
A®THC-evoked premature rsps 0 1 & 1
(LHb Veh) A’-THC (mg/kg ip)
C THC ip THC ip THC ip
80-_ = Veh 80-_ . Ven 120 = Veh
70- w=m AM251 70 o AM251 1004 == AM251
[7/] T . | :
2. 60 * # 60- .
2 e & 804
50 : o 501 © 5
g : B 0] 3
2 407 1o @ 407 g 607
il 30.- : E 30- <
£ Y] <Ihag I s 404
E 2 204 |:
| 20
0 1 ]
THC () THC (+) THC () THC (+) THC (-) THC (+)
D Veh ip Veh ip Veh ip
60- 80- — Veh 120~ 1 Veh
m— Veh 1 — AM251 1 — AM251
w 50 w—AM251 707 - 100- o
o 60 . L o
& 40- 2 o Seo{ imm I
o : - L
0 2 £
5 304 2 404 Q 60-
s : I= 30.- ‘<J 1
S20{. . | g 2 40-
o g, 207 l
104 ‘ g (L 104 204
0-——|.——1-—' 0- 0

THC (-) THC (+) THC () THC (+)

Fig. 3:
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Analysis of A%-THC -evoked increase in premature responses and the ability of AM251 LHb

infusions to inhibit those effects. A) Correlation between

effect of systemic A%-THC alone (1

mg/kg i.p.), and systemic AS-THC preceded by intra-LHb infusion of AM251 on premature
responses in the 5CSRTT. B) Data from Fig. 2 was reanalyzed by dividing the rats (n=19)
into 2 equal subgroups (n=9 each) according to their response to A%-THC on premature
responses (the median animal was discarded). The influence of A%-THC response subgroup
on the effects of local LHb AM251 infusions on 5CSRTT behavior after systemic AS-THC
(C) or vehicle (D) administration was assessed (n=9 per group *p<0.05 vs THC(-) group,
#p<0.05 vs vehicle, Bonferroni’s multiple comparisons test after RM ANOVA).
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A) Effects of local LHb infusions of AM251 (0.7 ug) or vehicle on AS-THC (1 mg/kg i.p.)
evoked behavior in a modified version of the 5CSRTT using a longer (7 seconds) ITI (n=11).
B) Effects of local LHb A%-THC infusions on premature responses, omissions and accuracy
in the 5CSRTT: dose-response (n=10).
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Fig. 5:

Ef%ects of local LHb infusions of AM251 (0.7 ug) or vehicle on A%-THC (1 mg/kg i.p.)
evoked behavior in the Go/NoGo Cocaine IVSA task (n=20). Data are Mean + SEM.
*p<0.05 vs vehicle i.p. group, #p<0.05 vs vehicle LHb infusions, Bonferroni’s multiple
comparisons test after RM ANOVA.
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Fig. 6:

Diagrams of coronal sections displaying the histological verification of the infusion sites in
the LHb. Circles show the location of the infusion sites for the rats included in the data
analysis for all the experiments (numbers indicate mm from bregma).
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