1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Psychopharmacology (Berl). Author manuscript; available in PMC 2023 January 30.

-, HHS Public Access
«

Published in final edited form as:
Psychopharmacology (Berl). 2022 May ; 239(5): 1337-1347. doi:10.1007/s00213-021-05914-8.

Cannabinoid receptor type 1 antagonists alter aspects of risk/
reward decision making independent of toluene-mediated effects

Kevin M Braunscheidell, Michael P. Okas?, Stan B Floresco?, John J Woodward, Ph.D.}

1Department of Neuroscience, Medical University of South Carolina, Charleston, South Carolina
29425

2Department of Psychology and Djavad Mowafaghian Centre for Brain Health, University of British
Columbia, Vancouver, British Colombia V6T 174, Canada

Abstract

Drugs of abuse including cannabis and inhalants impair risk/reward decision making. Cannabis
use is often concurrent with inhalant intoxication, yet preclinical studies investigating the role

of endocannabinoids in inhalant misuse are limited. To address this gap in the literature we

used the well-validated probabilistic discounting task to assess risk/reward decision making in
rodents following combinations of toluene vapor (a common inhalant) and manipulations of
cannabinoid receptor type 1 (CB1R) signaling. As reported previously, acute exposure to toluene
vapor disrupted behavioral flexibility during probabilistic discounting. Systemic administration of
the CB1R inverse agonist AM281 did not prevent toluene-induced alterations in risky choices,

but did independently reduce win-stay behavior, increase choice latency, and increase omissions.
Toluene-induced deficits in probabilistic discounting are thought to involve impaired medial
prefrontal cortex (mPFC) activity. As we previously reported that some of toluene’s inhibitory
effects on glutamatergic signaling in the mPFC are endocannabinoid-dependent, we tested the
hypothesis that mPFC CB1R activity mediates toluene-induced deficits in discounting. However,
bilateral injection of the CB1R inverse agonist AM251 prior to toluene vapor exposure had no
effect on toluene-induced changes in risk behavior. In a final set of experiments, we injected the
CBI1R inverse agonist AM251 (5 and 50 ng), the CB1R agonist WIN55,212-2 (50 ng and 500
ng), or vehicle into the mPFC prior to testing. While mPFC CB1R stimulation did not affect any
of the measures tested, the CB1R inverse agonist caused a dose-dependent reduction in win-stay
behavior without altering any other measures. Together, these studies indicate that toluene-induced
deficits in probabilistic discounting are largely distinct from CB1R-dependent effects, that include
decreased effectiveness of positive reinforcement (mPFC CB1Rs), decision making speed, and
task engagement (non-mPFC CB1Rs).
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Abused substances impair risky decision making in humans (Lane et al., 2005; Euser et

al., 2011; Buelow and Suhr, 2014) and rodents (Floresco and Whelan, 2009; Mitchell and
Blankenship, 2011). Preclinical studies on the effects of drugs of abuse on decision making
have focused primarily on stimulants and alcohol. However, recent work from our laboratory
has shown that toluene, a volatile organic solvent and abused inhalant, also perturbs flexible
risk/reward decision making and associated reward-related activity in the prefrontal cortex
(PFC; Braunscheidel et al., 2019).

Interestingly, some of the inhibitory effects of toluene on glutamatergic signaling are
mediated by enhanced endocannabinoid/cannabinoid receptor type 1 receptor (CB1R)
activity in regions of the brain that are important for decision making. For example, a brief
exposure to toluene produces a long-lasting endocannabinoid/CB1R-dependent depression
in AMPA-mediated synaptic currents in deep-layer pyramidal neurons in the prelimbic
PFC (Beckley and Woodward, 2011) and those generated in D2 but not D1 medium spiny
neurons in the nucleus accumbens (Beckley et al., 2016). Beyond these reports, preclinical
studies investigating the interaction between inhalants and endocannabinoids are limited.

Research on the modulation of CB1Rs in the context of cost/benefit decision making

are important for developing informed health and safety policies. Relaxed legislation

on cannabis restrictions is leading to greater consumption of delta9-tetrahydrocannabinol-
containing products in adults (Carliner et al., 2017) and cannabis is the most common
illicit intoxicant observed in ambulance attendees involving inhalant misuse (Crossin et al.,
2018). Given the comorbities of cannabis use with drug use disorders, mood disorders, and
anxiety disorders (Stinson et al., 2006), it is not surprising that CB1R receptor expression
is widespread in regions that are important for decision making such as the prefrontal
cortex (Eggan et al., 2010), hippocampus (Davies et al., 2002), and striatum (Julian et

al., 2003; Pickel et al., 2004) for review, see (Hu and Mackie, 2015). Enhancing CB1R
signaling disrupts higher cognitive functions including risky decision making in humans
(Lane and Cherek, 2002; Lane et al., 2005; Anderson et al., 2010). However, these effects
have not been reproduced in two separate preclinical models: a rat gambling task (Ferland
et al., 2018) or one involving punishment-based risk taking (Freels et al., 2020). Here we
use a third, well-validated rodent model of risk/reward decision making, the probabilistic
discounting task (St Onge and Floresco, 2009; St Onge et al., 2012; Braunscheidel et al.,
2019) to test the hypotheses that CB1R antagonism is sufficient to modulate risky decision
making and that toluene-induced impairments depend on CB1R signaling.

Interestingly, impairments in behavioral flexibility caused by toluene mimic those
observed by inactivation of the mPFC (St Onge and Floresco, 2010), and exposure

to toluene vapor disrupts mPFC pyramidal activity during contingency updating and
monitoring (Braunscheidel et al., 2019). As mentioned above, results from our previous
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electrophysiology recordings in the mPFC show that ex vivo toluene application reduced
AMPA-mediated excitatory signaling via activation of presynaptic CB1Rs (Beckley and
Woodward, 2011). While mPFC CB1R signaling is involved in fear and anxiety-related
decision making (Draycott et al., 2014; Schneider et al., 2015), their role in risk/reward
decision making have not been explored. To address this gap in the literature we studied

the effect of local pharmacological MPFC CB1R manipulation on probabilistic discounting.
Finally, we test the hypothesis that toluene-induced impairments depend on mPFC CB1R
signaling. Our results provide evidence for the involvement of CB1R signaling during
probabilistic discounting that is unrelated to toluene-induced deficits in risk/reward decision
making.

Materials and Methods

Subjects

Surgeries

Fifty-eight male Sprague-Dawley rats (post-natal day (P) 53 on arrival; Envigo RMS,
Indianapolis, IN) were pair-housed in polypropylene cages on a reverse light cycle (lights
off at 0900) in a climate-controlled room with food and water delivered ad /ibitum. At
approximately P60-70, rats were food restricted to maintain 85-90% of their free feeding
weight (weight at time of final testing (300—400 g). Figure 1A details the experimental
timeline for all rodents. All procedures were performed in compliance with Medical
University of South Carolina IACUC protocols.

A subset of 30 animals underwent stereotaxic surgery ~1 week after arrival during which
deep anesthesia was achieved via an isoflurane vaporizer (Penlon; 1 L/min, 5% induction,
2-3% maintenance). Bilateral guide cannula (Plastics One) were implanted above the
prelimbic mPFC (£ 0.6ML, +2.95 AP, -2.85DV from Bregma) and microinfusion tips
extended 1 mm from the guide cannula for a final injection location of —=3.85 DV from
Bregma. Cefazolin (165 mg/kg, SC) was injected post-operation to limit infection. Animals
were also injected with carprofen (2.5 mg/kg, SC) analgesia pre- and post-operation.
Carprofen injections were continued once daily for the three days following surgery in
compliance with Medical University of South Carolina IACUC protocols.

Lever Press Training

Lever press training occurred over the course of 1-2 weeks as previously described
(Braunscheidel et al 2019). In brief, rats were habituated to a reward of 20% sweetened
condensed milk (SCM), by giving them free access to 10 ml SCM for two days prior to
operant training. Over the course of two phases, rats (P60—70) were trained to lever press in
operant chambers (Med Associates, St. Albans, VT) for SCM delivered to a central feeding
well via a pump-activated syringe. Phase 1 (2-5 days; 30 min sessions) began with one lever
(left or right, pseudo-randomly assigned) reinforced with 45 pl SCM on an FR1 schedule.
Upon meeting criteria (50 presses for 2 consecutive days), the presented lever was switched,
and rats were tested to criteria before moving on to phase 2. Phase 2 (6—7 days; 60-minute
sessions) consisted of 90 trials separated by 35s. Each session began with an illuminated
house light and 2s later, the left or right lever extended in a pseudo-random order. When
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pressed, the lever retracted, and 45 ul SCM was delivered on 75% of trials. If a lever was
not pressed within 20s, it retracted, and the trial was recorded as an omission. Following
completion of two consecutive days with less than 10 omissions per session, the time to
omission was reduced to 10s. When rats met criteria again, the lever reward probability
reduced to 50%. When rats met criteria a third time, a side preference test was performed.
Briefly, for each of 60 trials, both levers extended simultaneously and were reinforced on
an FR1 schedule. A trial concluded when two presses occurred, which resulted in lever
retraction for 20s. The preferred side was defined as the side that a rat pressed first most
often across trials. Rodents then began training in the probabilistic discounting task.

Probabilistic Discounting

A probabilistic discounting procedure used to assess risk/reward decision making in rodents
as previously described (St Onge and Floresco, 2009; Braunscheidel et al., 2019). This
two-lever choice task (Fig. 1B) consists of a “safe” lever that delivered a small reward (30
ul SCM) 100% of the time and a “risky” lever that delivered a large reward (90 ul SCM)
with varying probability of reinforcement. The risky lever was assigned to the non-preferred
lever position as determined by the side preference test. Each session consisted of 90 trials
separated into 5 blocks and each block started with 8 forced-choice trials that set the
probability of reinforcement for the following 10 free-choice trials (Fig. 1C). The probability
of obtaining a large reward was varied from high-to-low with the following probabilities:
100%, 50%, 25%, 12.5%, 6.25%. Each trial lasted 35s and began with an illuminated house
light and 2s later levers extended into the chamber. A press on either lever caused both of
them retract and turned the house light off. On rewarded trials, reward was delivered to

the central feeding well. These “wins” were paired with a discriminative cue: a flashing
light above the food well to indicate whether the reward was small or large (safe win:

2 pulses, 0.35s pulse width, 0.5 Hz; risky win: 5 pulses, 0.35s pulse width, 0.5 Hz). On
non-reinforced “loss” trials, no cue light was provided. If a lever was not pressed in 10s, it
was recorded as an omission and the houselights were extinguished for 25s. Following ~20
days of training (5-6 days per week), rats exhibited stable responding (two-way ANOVA on
three consecutive testing days yields no block x day interaction or main effect of day, p >
0.1) and were subjected to drug tests.

Systemic drug administration and inhalation chamber treatments

In some studies, rats received an intra-peritoneal (i.p.) injection of the CB1R inverse agonist
AM251 (2 mg/kg; Tocris Bioscience) or vehicle (DMSQ) 15 min prior to gas exposures in a
30x30%30 cm inhalation chamber (Fig. 1D, Plas Labs, Lansing, MI). We previously reported
that this dose of AM251 reduced perseverative errors in a rat set-shifting task (Hill et al.,
2006). Rats then were then returned to their home cage for 30 min prior to task performance
(Fig. 1E).

Rats were exposed for 15 minutes to either air or toluene vapor (10,500 ppm; confirmed
with a portable toluene gas detector, DOD Technologies, Cary, IL) delivered via

a sevoflurane vaporizer (Penlon Limited; flow rate 4L/min) as previously described
(Braunscheidel et al., 2017, 2019; Wayman and Woodward, 2018). At this dose of toluene,
rats exhibit lethargy after ~10 minutes of exposure and were nearly immobile after 15
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minutes. Rats fully regained ambulation following approximately 15 minutes of recovery in
the home cage (unpublished observations). These four treatments (AM251 + air, AM251

+ toluene, vehicle + air, vehicle + toluene) were administered in a within-subject counter-
balanced design with 2-5 days of retraining between tests such that pre-test day performance
was equivalent (two-way ANOVA vyields no main effect of day, p > 0.1).

Microinfusions

Statistics

Three separate cohorts of rats were used in microinfusion studies where animals received a
series of microinfusions (300 nl over 1 min) into the prelimbic mPFC using a within-subject,
counter-balanced design. The first cohort of animals received two doses of the CB1R inverse
agonist AM251 (5 and 50 ng) and vehicle (3% DMSO, 3% Tween80, PBS). A second

group of animals received two doses of CB1R agonist WIN55,212-2 (50 ng and 500 ng;
Tocris Bioscience) and vehicle (3% DMSO, 3% Tween80, PBS). Microinjections were
administered 30 min before testing (Fig. 1 E). These doses were selected as they have been
shown to alter fear-related behaviors when infused into the mPFC (Laviolette and Grace,
2006). In the third cohort, 50 ng AM251 or vehicle was administered via the cannula 15

min prior to toluene exposure (i.e. 1hr prior to task performance, see Fig. 1E). Rats were
given 2-5 days of retraining between tests such that pre-test day performance was equivalent
(two-way ANOVA yields no main effect of day, p > 0.1). This design has been validated
elsewhere for addressing the neuropharmacology of probabilistic discounting (Stopper et al.,
2013).

The primary dependent variable of the probabilistic discounting test was risky lever
preference, expressed as the proportion of risky choices (number risky lever presses/total
lever presses) during each of the five probability blocks separated by likelihood of a
rewarded risky lever press. Additional performance variables including omissions, latency
to choice, win-stay (number of risky choices following a risky win/total number of risky
wins), and lose-shift (number of shifts to the safe lever following a risky loss/total number
of risky losses) were also recorded. Only free-choice trials were considered in the behavioral
analyses. Choice data obtained from the microinfusion experiments were analyzed with

a two-way repeated measures ANOVA with treatment and probability block as factors.
Win-stay, lose-shift, and omissions were analyzed with a one-way ANOVA with appropriate
multiple comparisons. The systemic AM281 studies were analyzed with a three-way
ANOVA with i.p. treatment, inhalation treatment, and probability block as factors. Win-stay,
lose-shift, and omissions were analyzed with a 2-way ANOVA with appropriate post hoc
multiple comparisons. All statistics and graphing was performed with Prism 8 software
(Graphpad Software San Diego, CA) using the recommended tests (Tukey’s, Dunnett’s
Sidak’s) for post-hoc comparisons.
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Systemic reduction in CB1R activity alters probabilistic discounting performance
independently from acute toluene effects:
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Previous studies in our laboratory have shown that acute toluene exposure impairs flexible
adjustments in choice biases during probabilistic discounting (Braunscheidel et al., 2019).

In this experiment, we sought to determine whether this effect may be modulated by CB1R
activity. Figure 2A shows risk preference during probabilistic discounting behavior in well-
trained Sprague-Dawley rats following four treatments: 2 mg/kg AM281 + air inhalation,
vehicle + air inhalation, 2 mg/kg AM281 + toluene inhalation, and vehicle + toluene
inhalation. Analysis of the choice data revealed that toluene exposure again impaired shifts
in choice biases manifesting as increased risky choice under these conditions, as evidenced
by a main effect of toluene (F(, 1) = 14.58, p = 0.0013). Post hoc two-way ANOVA of these
data collapsed across all toluene/air treatments revealed that toluene exposure increased
risky choice specifically during times of high uncertainty (50%, 25%, and 12.5% blocks, all
t(38) > 2.86, p < 0.024) but not during blocks where there was relatively little uncertainty of
obtaining the larger reward (100% and 6.25% blocks, both t(3g) < 1.78, p > 0.33). However,
there was no interaction between the factors (three-way ANOVA, toluene x AM281 x
probability block, F4, 72) = 0.85, p = 0.50) or any combination of two factors (toluene x
AM281 F(q, 1g) = 0.12, p = 0.74; toluene x probability block F(4 72) = 1.96, p = 0.11;
AM281 x probability block F4, 77) = 0.55, p = 0.70). Furthermore, AM281 did not appear to
alter choice during probabilistic discounting (main effect, F(1, 1) = 0.0020, p = 0.97).

Subsequent trial-by-trial analysis of the choice data were conduced to examine how the
outcomes of risky choices influenced subsequent choice. Figure 2B illustrates the effect of
recent positive reinforcement on choice strategy, measured as the probability of choosing
the risky lever following a risky win (“win-stay”). Two-way ANOVA revealed an increase
in win-stay strategy in toluene treated animals, (main effect, F(y, 1g) = 13.18, p = 0.0020)
with a significant interaction between toluene and AM281 treatments (F(y, 18 = 7.00, p =
0.017) driven by a reduction in win-stay behavior by AM281 relatively to vehicle treated
air exposed animals (Tukey’s post hoc, AM281 vs vehicle, q(14) = 4.48, p = 0.025). Thus,
even though CB1R stimulation did not alter overall choice levels, it reduced the influence
of recently rewarded risky choices on subsequent choices. In contrast, the effect of recent
negative feedback sensitivity on choice strategy, measured as the probability of choosing
the safe lever following a risky loss (“lose-shift”; Fig 2C) did not differ across treatment
conditions (F(y, 18) < 0.28, p > 0.60). Taken together, the fact that AM281 did not alter the
effects of toluene on in probabilistic discounting suggests that the alterations in decision
making induced by this inhalant are not mediated by increased systemic CB1R activation.

Choice latency and omission data may reflect decision speed, impulsivity and/or general
motivation to lever press for reward. Analysis of the choice data partitioned across blocks
yielded no interaction between the factors (three-way ANOVA, toluene x AM281 x risk
preference, F(4 72) = 0.42, p = 0.79) or any combination of two factors (toluene x AM281
F, 18)=1.37, p = 0.26; toluene x risk, F(4, 72) = 1.07, p = 0.38; AM281 x risk, F(4 72

= 1.10, p =0.38) on choice latency (Fig 2D). On the other hand, whereas toluene did not
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impact choice latency (main effect, Fy, 18) = 2.45, p = 0.14), it was increased by AM281
(main effect, Fy, 18) = 7.36, p = 0.014). Post hoc two-way ANOVA of these data collapsed
across all AM281/vehicle treatments reveals that these differences occur during times of
high uncertainty (50%, 25%, and 12.5% blocks, all t(3g) > 3.0, p < 0.015) and not when the
potential outcome of a risky choice was more certain (100% and 6.25% blocks, both t3g) <
1.24, p > 0.70). AM281-treated animals also had more omissions than their vehicle-treated
counterparts (Fig. 2E, two-way ANOVA, main effect of AM281, F(y, 1g) = 13.20, p =
0.0020) following air treatment (Tukey’s post hoc, AM281 vs vehicle, q(1g) = 5.77, p =
0.0036), but not after toluene exposure. Taken together, these data suggest that AM281
causes task disengagement or delayed decision making speeds, especially during times of
increased difficulty or uncertainty.

Toluene induced deficits in probabilistic discounting are not prevented by reduced mPFC
CB1R activity

In the next set of experiments, we trained a separate cohort of animals and specifically
targeted mPFC CB1Rs via bilateral microinfusion of AM251 into the prelimbic cortex. In
keeping with the findings following systemic administration of this compound, intra-PFC
infusion of AM251 (50 ng) did not prevent the shift in risk preference following toluene
treatment (Fig. 3A, two-way ANOVA, treatment x probability block, Fg, ¢4) = 0.70, p =
0.69; main effect of treatment, F,, 16) = 2.15, p = 0.15; Sidak’s post hoc comparing AM251
+ toluene to vehicle + toluene, all tg4) < 0.93, p > 0.73). With respect to reward and negative
feedback sensitivity, there was a strong trend for toluene to increase win-stay behavior
relative to air-treatment although this did not reach statistical significance (Figure 3B; F(7 16)
=3.04, p =0.076.). Figure 3C shows the effect of these treatments on lose-shift behavior.
Surprisingly, toluene decreased this metric compared to the vehicle + air control (one-way
ANOVA, F(3 16) = 10.58, p = 0.0012), regardless of whether rats were treated with AM251
(Tukey’s post hoc, both q(16) > 5.09, p < 0.0064). Pretreament with AM251 did not alter
toluene’s effect on lose-shift behavior (q(1g) = 9.45, p = 0.76). Finally, these treatments

had no effect on choice latency (Fig. 3D, two-way ANOVA, probability block x treatment,
F(s, 64) = 1.17, p = 0.33; main effect of treatment, F, 16) = 1.10, p = 0.36) or omissions
(Fig. 3E, one-way ANOVA, F(,, 16) = 0.78, p = 0.48). These data suggest that antagonizing
CB1Rs within the prefrontal cortex does not block toluene-induced deficits in probabilistic
discounting.

Effect of mPFC CB1R modulation on probabilistic discounting

Although toluene-mediated alterations in risk behavior were not significantly altered by
CB1R antagonists, these compounds alone produced selective effects on measures of
probabilistic discounting. To further address this, a new cohort of animals were microinfused
with different doses of AM251 (5 ng, 50 ng) or vehicle directly into the prelimbic cortex
prior to probabilistic discounting test sessions. These treatments did not alter risk preference
(Fig. 4A, two-way ANOVA, probability block x AM251, F(g 112) = 0.41, p = 0.91; main
effect of AM251, F(3 2g) = 1.20, p = 0.32) while the high dose of AM251 decreased win-stay
behavior (Fig. 4B, one-way ANOVA, F(;, 2g) = 4.00, p = 0.030 and Dunnett’s post hoc, 50
ng AM251 vs vehicle, q(g) = 2.78, p = 0.018), consistent with its effect when administered
systemically. Lose-shift behavior was unaffected by mPFC AM251 (Fig. 4C, one-way
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ANOVA, F(2 2g) = 0.60, p = 0.55) as was choice latency (Fig. 4D, two-way ANOVA,
probability block x AM251, F(g 112) = 0.76, p = 0.64; main effect of AM251, F(; »g) =
0.027, p =0.97) and omissions (Fig. 4E, one-way ANOVA, F(;, 2g) = 3.11, p = 0.060).

These data suggest that while mPFC CB1R signaling may promote win-stay behavior during
probabilistic discounting, intra-PFC infusions of AM251 did not recapitulate its actions

on choice latency and omissions following systemic injection suggesting that other brain
regions mediate these effects.

In a final set of studies, we trained a new cohort of animals and tested whether intra-mPFC
infusion of the CB1R agonist WIN55,212-2 affects task performance. In separate test
sessions, animals were infused with vehicle and two doses of WIN55,212-2 (50 ng and
500 ng) 30 min prior to probabilistic discounting. Neither dose of WIN55,212-2 affected
risk preference (Fig. 4F, two-way ANOVA, probability block x treatment, Fg 112) = 0.79,
p = 0.61; main effect of treatment, F(, ,g) = 0.48, p = 0.62), win-stay (Fig. 4G, one-way
ANOVA, F(Z, 28) = 1.40, p = 0.26), lose-shift (Fig. 4H, F(2, 28) = 0.47, p = 0.63), choice
latency (Fig. 41, two-way ANOVA, probability block x treatment, Fg 112) = 0.53, p = 0.83;
main effect of treatment F(,, 2g), p = 0.56), or omissions (Fig. 4J, one-way ANOVA, F(; 7g)
=0.78, p = 0.47). Thus, stimulating CB1R receptors in the mPFC does not appear to alter
risk/reward decision making or other motivational measures in the probabilistic discounting
task.

Discussion

Toluene-induced impairments in probabilistic discounting do not depend on systemic or
mPFC CB1R inverse agonism.

Previous studies in our laboratory have shown that acute toluene exposure impairs flexible
risk/reward decision making during a probabilistic discounting task and this effect is
associated with changes in mPFC neural activity (Braunscheidel et al., 2019). CB1Rs

are highly expressed in the mPFC (Marsicano and Lutz, 1999; Eggan et al., 2010) and
toluene inhibits glutamatergic synaptic activity in neurons from the mPFC and other brain
regions via endocannabinoid/CB1R signalling (Beckley and Woodward, 2011; Beckley et
al., 2016). Interestingly, a previous study showed that pharmacological inactivation of
CB1Rs reduced choice perseveration during a deterministic decision making task (Hill et
al., 2006). Here, we test the hypothesis that toluene-induced impairments in probabilistic
discounting are mediated by enhanced endocannabinoid/CB1R signaling. To test this, we
treated rats with CB1R inverse agonists prior to exposure to air or toluene vapor. Replicating
our previous findings, toluene vapor increased risk preference during a probabilistic
discounting task when reward probabilities were initially high and then decreased over a
session (Braunscheidel et al., 2019). Counter to our hypothesis however, this effect was not
mitigated by co-treatment with systemic or intra-mPFC infusions of CB1R inverse agonists.

An analysis of the trial-by-trial choice strategies during the task suggests that reducing
CBI1R activity either systemically or within the mPFC may mitigate the expected
toluene-induced increases in win-stay behavior, a marker of sensitivity to recent positive
reinforcement. However, this effect was independent of toluene treatment, as a reduction in
win-stay behavior was also observed in animals given the CB1R antagonist alone. There
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were also no interactions between toluene and CB1R treatment on lose-shift behavior,

an indicator of recent negative reinforcement. Likewise, no interaction between toluene

and CB1R treatment were detected in choice latency or number of omissions, markers of
decision impulsivity, processing speeds and/or task engagement. These findings suggest that
toluene-induced impairments in probabilistic discounting do not depend on enhanced mPFC
endocannabinoid signaling. Instead, toluene’s direct inhibition of NMDA receptors (Cruz et
al., 2000; Beckley and Woodward, 2011) may perturb mPFC functions required for flexible
decision making (St Onge and Floresco, 2010; Braunscheidel et al., 2019). An additional
alternative possibility is that toluene specifically impairs activity of mPFC projections to

the basolateral amygdala, as disruption of this connection causes effects on probabilistic
discounting similar to those observed following bilateral mPFC inactivations (St Onge et al.,
2012; Jenni et al., 2017). In support of this idea, results from our preliminary studies show
that optical stimulation of channelrhodopsin-2 expressing mPFC terminals evokes AMPA.-
mediated EPSCs in BLA neurons that are blocked by a CB1R antagonist (Braunscheidel,
2020). Future studies can extend these findings by using intra-BLA injections of CB1R
selective agents to identify the role of this areas in mediating toluene’s effects on risk/reward
decision making.

Effect of systemic CB1R inverse agonism on probabilistic discounting

In the present study, systemic AM281 administration did not affect risky choice during
probabilistic discounting. This finding is consistent with reports showing that systemic
administration of the CB1R inverse agonist rimonabant does not change risky decision
making in the rodent gambling task (Ferland et al., 2018) or probabilistic discounting under
threat of shock (Freels et al., 2020). However, in the present study, AM281 treatments were
not completely without effect, as analysis of trial-by-trial choice strategies suggests that

it reduces the effect of recent positive enforcement on upcoming choice selection without
affecting the influence of non-rewarded choices on action selection. The lack of effect of
reducing CB1R activity on flexible choice is perhaps surprising given that treatment with
the same dose of AM281 reduces perseverative errors during strategy set shifting (Hill et
al., 2006) that may be thought of as a failure in lose-shift decision making. However, the
optimal choice following a loss trial varies drastically between the two tasks. For example,
returning to a choice on the risky lever that is not rewarded during the 50% probability block
in the discounting task is still the theoretically optimal selection, whereas perseverating
during a simple strategy shift where rewards are always deterministic is suboptimal.
Moreover, the effects of AM281 on set-shifting in the Hill et al. study were tested after

a single shift, whereas in the present study, rats were well-trained to adjust choice biases as
reward probabilities changed. These critical differences in task design are important when
interpreting the effect of systemic CB1R inverse agonism on choice behavior. Nevertheless,
it is possible that CB1R activity may play a more prominent role in modulating flexible
action selection when outcomes are deterministic rather than probabilistic.

Systemic CB1R inverse agonism increased choice latency and omissions in the current
study, possibly reflecting a reduction in task engagement and/or reduced executive
processing speeds. This idea is consistent with the observation that the CB1 receptor
antagonist rimonabant decreased premature responding in the five-choice serial reaction
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time test (Pattij et al., 2007; Wiskerke et al., 2011) and reduced motivation to obtain food
and drug rewards absent reward consumption (Solinas and Goldberg, 2005). Alternatively,
these results might reflect a generalized reduction in food motivation caused by reduced
CBI1R activity (Freedland et al., 2000; Thornton-Jones et al., 2005; McReynolds et al.,
2016). However, this would not explain why increases in choice latency in the present study
emerged exclusively in the middle of the task, during times of high difficulty (50% — 12.5%
probability blocks) while being absent in the beginning and end of the task, when choices
are clear (100% and 6.25% probability blocks). Furthermore, reducing food motivation with
pre-feeding does alter choice during probabilistic discounting (St Onge and Floresco 2009),
whereas AM281 did not affect this measure in the present study. In addition, treatment with
this drug did not alter choice latency or omissions on a rodent gambling task (Ferland et al.,
2018, Gueye et al., 2016). Notably, in that task, probabilities associated with four different
rewards remain static over the session, whereas in the probabilistic discounting protocol
used in the present study, probabilities of obtaining the larger reward are volatile. The extra
cognitive load required to monitor changes in reward probabilisties might be better suited to
elicit latency effects caused by CB1R inverse agonism. Further, reductions in intake caused
by CB1R inverse agonism did not extend to water consumption (Verty et al., 2004; Gardner
and Mallet, 2006), that may be more comparable to the liquid reinforcer used in the present
studies.

Freels et al (2020) did not observe changes in choice latency following systemic treatment
with a CB1R inverse agonist in a risky decision making task, where choice of a larger
reward was associated with increasing probabilities of foot shock. Divergent findings
between probabilistic discounting with and without physical punishment are not uncommon,
as the tasks employ overlapping, but not identical neurocircuitry (Winstanley and Floresco,
2016). Further, differences exist in the specificity and mechanism of action of rimonabant,
the CB1R inverse agonist used by Freels et al, and AM281, the compound used in the
current studies (Pertwee, 2006). Taken together, these results suggest an important role of
CB1Rs in regulating decision making speed and/or task engagement during probabilistic
discounting.

A final caveat to the current studies is that only a single dose of AM281 was tested (2
mg/kg). This dose was based on findings by Hill and colleagues (2006) showing that it
reduces perseverative responding during strategy set shifting. Interestingly, these authors
also reported that a higher dose (5 mg/kg) had no effect suggesting an inverted-U dose
response curve to this compound. Thus, although not tested in the present study, systemic
CBI1R stimulation might be protective against toluene-induced deficits in risk decision
making at a dose between 2 and 5 mg/kg.

Future studies are required to identify the locus of the CB1R-mediated effects on choice
latency and omission deficits observed here. Of particular interest might be the nucleus
accumbens, given the unique expression profile of CB1Rs in this region (Pickel et al., 2004)
and findings showing that pharmacological inactivation of the nucleus accumbens (or a
mPFC-accumbens disconnection) also increases choice latency without affecting overall risk
preference (Stopper and Floresco, 2011; St Onge et al., 2012).
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of mPFC CB1R signaling during probabilistic discounting

CB1Rs are abundantly expressed in the PFC (Marsicano and Lutz, 1999; Eggan et al.,
2010) and mPFC CB1R inverse agonism impairs certain fear-related memories in rodents
(Laviolette and Grace, 2006; Lin et al., 2009; Kuhnert et al., 2013). Moreover, the mPFC
plays a critical role in facilitating flexible adjustments in choice biases (St Onge and
Floresco, 2010). Yet, very little is known about how diminishing mPFC CB1R signaling
may affect appetitive decision making. Here we found that mPFC CB1R inverse agonism
is sufficient to mediate the observed reduction in positive reinforcement on biasing future
choice seen in the systemic CB1R applications, although this effect was not sufficient to
cause significant changes in risky choice.

Unlike silencing mPFC CB1R signaling, intra-mPFC infusion of a CB1R agonist did

not affect any of the task parameters measured during probabilistic discounting. These
results are a bit surprising given that acute administration of the CB1R partial agonist
delta9-tetrahydrocannabinol in humans impairs behavioral flexibility (Lane and Cherek,
2002; Anderson et al., 2010), increases gambling risk preference, and decreases lose-shift
behavior (Lane et al., 2005). Furthermore, enhancing mPFC CB1R signaling in adult rats
via viral-mediated receptor over-expression impaired reversal learning in the attentional set
shifting task (Klugmann et al., 2011) and direct CB1R agonists interfere with memory recall
and extinction learning in rodents (Kuhnert et al., 2013). However, in line with our results,
a recent preclinical study showed that systemic treatment with a CB1R agonist did not alter
risk preference during a rodent gambling task, although it may promote more appropriate
responding in risk preferring individuals (Gueye et al., 2016; Ferland et al., 2018). Ferland
and colleagues argue that their task perhaps did not engage the circuitry impaired by delta9-
tetrahydrocannabinol administration due to the static probabilities used in their task. While
the studies herein certainly would engage such circuitry, it appears that enhanced mPFC
CBI1R activity is not sufficient to drive abnormal risk preference. Nevertheless, the finding
that these treatments blunted the impact that rewarded risky choices have on subsequent
choice, suggests that targeting CB1R may be a potential strategy for mitigating the effects
of maladaptive pleasure seeking (e.g. gambling addiction treatment, substance use relapse
prevention, OCD treatment) on decision making. Additional studies are needed to evaluate
this idea.

The studies herein investigate an endocannabinoid-mediated mechanism for the behavioral
flexibility deficits caused by acute exposure to the abused inhalant toluene. We found

that systemic or local mPFC CB1R inhibition did not mitigate the impairments caused by
toluene. However, the data suggest that mPFC CB1R signaling is necessary for normal
integration of recent positive reinforcement on future decisions, and that non-mPFC CB1R
signaling is likely important for maintaining decision making speeds and task engagement
during risky decision making. To our knowledge, these studies are the first to investigate
the role of mPFC CB1R inverse agonism in the context of risk/reward decision making and
could help inform future studies on disorders marked by maladaptive pleasure seeking.
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Figure 1. Probabilistic discounting training and test design.
(A) Experimental timeline and corresponding rat age. (B) Flow chart detailing a single

trial of the probabilistic discounting task. (C) Breakdown of the 10 different probability
blocks within the probabilistic discounting task with odds presented in descending order.
(D) Inhalation chamber schematic. (E) Test day progression for the two toluene exposure

experiments (top) and two mPFC CB1R

modulation experiments (bottom).
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Figure 2. Systemic CB1R inverse agonism alters probabilistic discounting per formance
independently from acute toluene effects.

Well-trained rats were treated with a combination of injections (2 mg/kg AM281 or vehicle,
i.p.) and vapor exposure (toluene or air) prior to task performance. (A) Proportion of risky
choice within each probability block across treatments. (B, C) Choice strategies employed
across all trials. Win-stay (B) indicates choice of risky lever after risky win while lose-shift
(C) indicates choice of safe lever after risky loss. (D) Time to choice selection within each
probability block. (E) Omissions across all trials indicate no lever press within the 10 s trial
period. Data shown are mean + SEM; all n = 19; three-way ANOVA main effects, *p < 0.05,
**p < 0.01; Tukey’s post hoc, *p < 0.05, **p < 0.01.
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Figure 3. Toluene-induced impair mentsin probabilistic discounting does not depend on mPFC
CB1R signaling.

Using a within-subject design, well-trained rats were given the following treatments prior
to task performance across three test days: vehicle mPFC microinjection + air exposure,
vehicle mPFC microinjection + toluene, or 50 ng AM251 mPFC microinjection + toluene.
(A) Proportion of risky choice within each probability block across treatments. (B, C)
Choice strategies employed across all trials. Win-stay (B) indicates choice of risky lever
after risky win while lose-shift (C) indicates choice of safe lever after risky loss. (D) Time
to choice selection within each probability block. (E) Omissions across all trials indicate no
lever press within the 10 s trial period. Data shown are mean + SEM; all n = 9; *p < 0.05;
Tukey’s post hoc, *p = 0.063, *p < 0.05, **p < 0.01.
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Figure 4. Effects of mPFC CB1R manipulation on probabilistic discounting.
Using a within-subjects design and two separate cohorts of animals, a CB1R inverse agonist

AM251 (5 ng, 50 ng; A-E), CB1R agonist WIN55,212-2 (50 ng, 500 ng; F-J) or vehicle

was bilaterally microinfused into the mPFC of well-trained rats prior to task performance.
(A, F) Proportion of risky choice within each probability block across treatments. (B, C, G,
H) Choice strategies employed across all trials. Win-stay (B, G) indicates choice of risky
lever after risky win while lose-shift (C, H) indicates choice of safe lever after risky loss. (D,
I) Time to choice selection within each probability block. (E, J) Omissions across all trials
indicate no lever press within the 10 s trial period. Data shown are mean + SEM; all n = 15;

Dunnett’s post hoc, *p < 0.05.
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