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Abstract

Background: Cannabis (marijuana) is the most widely used illicit drug in the USA, and
consumption among adolescents is rising. Some animal studies show that adolescent exposure to
delta 9-tetrahydrocannabinol or synthetic cannabinoid receptor 1 agonists causes alterations in
affect and cognition that can persist into adulthood. It is less clear, however, whether similar
alterations result from exposure to cannabis via smoke inhalation, which remains the most
frequent route of administration in humans.

Aims: To begin to address these questions, a rat model was used to determine how cannabis
smoke exposure during adolescence affects behavioral and cognitive outcomes in adulthood.

Methods: Adolescent male Long-Evans rats were assigned to clean air, placebo smoke, or
cannabis smoke groups. Clean air or smoke exposure sessions were conducted daily during
adolescence (from P29-P49 days of age) for a total of 21 days, and behavioral testing began on
P70.

Results: Compared to clean air and placebo smoke conditions, cannabis smoke significantly
attenuated the normal developmental increase in body weight, but had no effects on several
measures of either affect/motivation (open field activity, elevated plus maze, instrumental
responding under a progressive ratio schedule of reinforcement) or cognition (set shifting, reversal
learning, intertemporal choice). Surprisingly, however, in comparison to clean air controls rats
exposed to either cannabis or placebo smoke in adolescence exhibited enhanced performance on a
delayed response working memory task.
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Conclusions: These findings are consistent with a growing body of evidence for limited long-
term adverse cognitive and affective consequences of adolescent exposure to relatively low levels
of cannabinoids.
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Introduction

Cannabis (marijuana) is the most widely used illicit drug in the USA, with 19.8% of the
population reporting past month use (National Institute on Drug Abuse (NIDA), 2015). In a
national survey conducted by NIDA, consumption has risen over the past few years in
adolescents between 12-17 years of age (NIDA, 2018). Cannabis use is linked to a number
of serious health conditions, including greater risks for cardiovascular, lung, and gum
diseases, schizophrenia, and obesity (Gordon et al., 2013; Jouanjus et al., 2017; Ross et al.,
2016; Rubino and Parolaro, 2008). Additionally, cannabis use is well known to alter affect
and cognition in fully mature adults. For example, among the top 10 self-reported effects of
cannabis use, increased happiness and relaxation are the most prevalent (Green et al., 2003);
however, several studies report that anxiety disorders are more prevalent in adults that use
cannabis heavily (Crippa et al., 2009; Green et al., 2003). In mature adults, it is also well
documented that several cognitive domains such as memory and decision making are
impaired in the context of either acute or chronic cannabis use (Broyd et al., 2016).

Among adolescents, cannabis use is also associated with deficits in several emotional and
cognitive measures including motivation (Lane et al., 2005b), depression and/or anxiety
(Fergusson et al., 2002; Hayatbhakhsh et al., 2007; Patton et al., 2002; Rey et al., 2002), and
executive functioning (Hanson et al., 2010; Harvey et al., 2007; Medina et al., 2007;
Schwartz et al., 1989; Thoma et al., 2011). Much evidence exists on the effects of acute and
chronic cannabis use on emotion and cognition in adolescents and adults; however, less is
known about the long-term effects of chronic cannabis use during adolescence on adult
emotion and cognition. Although periods of abstinence from cannabis appear to ameliorate
cognitive impairments (Hanson et al., 2010; Schwartz et al., 1989), a few studies report that
cognitive impairments linked to cannabis use can persist for weeks (Medina et al., 2007) or
even into early adulthood (Gruber et al., 2012a; 2012b; Solowij and Pesa, 2010; Solowij et
al., 2002).

Animal studies, which provide a high degree of experimental control, report mixed results
concerning the effects of adolescent cannabinoid exposure on adult behavioral outcomes. In
rats, chronic administration of A9-tetrahydrocannabinol (THC) or synthetic cannabinoid
receptor 1 (CB1R) agonists during adolescence increases anxiety-like behavior in adulthood
in some (O’Shea et al., 2004, 2006), but not all (Biscaia et al., 2003), studies. Other studies
show that adolescent exposure to THC can impair learning and memory in adulthood (Quinn
et al., 2008; Rubino et al., 2009a, 2009b, although see Cha et al., 2006). Importantly, these
prior studies employed systemic injections of THC or CB1R agonists, whereas the majority
of cannabis use in humans is via inhalation, particularly smoking. Despite the prevalence of
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cannabis smoking in humans, there have been relatively few assessments of the effects of
cannabis smoke on behavior in preclinical models. Acute cannabis smoke exposure in
rodents causes hypothermia, analgesia, and changes in locomotor activity, as well as
alterations in cognitive performance (Blaes et al., 2019; Bruijnzeel et al., 2016; Niyuhire et
al., 2007; Varvel et al., 2005). Similar results have been obtained with models of THC or
cannabis extract vapor inhalation (Freels et al., 2020; Manwell et al., 2014; Nguyen et al.,
2016; Taffe et al., 2020). Chronic cannabis smoke exposure in rodents can induce
dependence (as indexed by the presence of antagonist-precipitated withdrawal symptoms) as
well as changes in reward thresholds (Bruijnzeel et al., 2016; Ravula et al., 2019; Wilson et
al., 2006). To our knowledge, however, only a few studies have assessed the consequences of
adolescent exposure to inhaled cannabinoids on adult behavioral outcomes. In one study in
rats (Nguyen et al., 2020), the authors found that 2 weeks of exposure to THC vapor during
adolescence enhanced food consumption (but not body weight) in adult males and enhanced
fentanyl (but not oxycodone) self-administration in adult females. In another study in rats
(Bruijnzeel et al., 2019), cannabis smoke exposure from P29-P49 had no effects on adult
behavioral performance, including several measures of anxiety- and depression-like
behavior. There were also no effects on cognition in this latter study, but as only a single
measure of cognitive function (a novel object recognition task) was used, it leaves open the
possibility that other measures of cognition might detect cannabis smoke-induced
alterations. The present study replicated the approach used in the Bruijnzeel et al., 2019
study but used a broader range of cognitive assessments focused particularly on prefrontal
cortical-dependent executive functions.

Materials and methods

Subjects

Male Long-Evans rats (/7=36) were obtained from Charles River at 23 days of age (P23) and
housed in the Association for Assessment and Accreditation of Laboratory Animal Care
International-accredited vivarium facility in the McKnight Brain Institute building at the
University of Florida. All animal procedures were conducted in accordance with the rules
and regulations of the University of Florida Institutional Animal Care and Use Committee
and National Institutes of Health guidelines. The facility was maintained at a consistent
temperature of 25° with a 12-hour light/dark cycle (lights on at 07:00) and free access to
food and water except as otherwise noted. Rats were housed three rats/cage until completion
of smoke exposure (P49), after which they were housed two rats/cage until P70, at which
point they were housed individually in order to facilitate food restriction protocols. Rats
were randomly assigned to either a clean air (no smoke) control group (17=12), a placebo
smoke group (/7=12) exposed to smoke from burning placebo cannabis cigarettes from which
cannabinoids were removed, and a cannabis smoke group (/7=12) exposed to smoke from
burning cannabis cigarettes.

Cannabis smoke delivery

Cannabis and placebo cigarettes were obtained from the NIDA Drug Supply Program. The
cannabis cigarettes were the same size as standard tobacco cigarettes and weighed
approximately 700 mg each. The cigarettes contained approximately 5.6% THC, 0%
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cannabidiol (CBD), and 0.4% cannabinol (CBN) as per the analytical data accompanying the
cigarettes. The placebo cigarettes were identical in size but contained cannabis plant

material from which cannabinoids were extracted, and contained 0.002% THC, 0.001%
CBD, and 0.004% CBN.

Freely moving rats were exposed to smoke from burning cannabis or placebo cigarettes as
described in our previous work (Blaes et al., 2019; Bruijnzeel et al., 2016; Ravula et al.,
2018). Briefly, smoke exposure was conducted in a microprocessor-controlled cigarette
smoking-machine (model TE-10, Teague Enterprises, Davis, California, USA) that burned
cigarettes using a standardized smoking procedure (35 cm3 puff volume, 1 puff per minute,
2 s per puff; Teague et al., 1994). Mainstream and sidestream smoke was transported to a
mixing chamber, where the smoke was diluted with clean air to a concentration of roughly
250 mg of total suspended particles (TSP) per m3 before being introduced into the exposure
chamber. Just prior to the exposure sessions, rats were moved from their home cages into
clean, standard polycarbonate rodent cages (38x28%20 cm; LxWxH) with corncob bedding,
wire tops, and a water bottle (rats from the same home cage were moved into the same
exposure cage). This whole-body exposure regimen allowed for free movement (i.e. not
restrained) and social contact (three rats/cage) during the exposure sessions. During the
sessions, the air in the chambers was monitored for carbon monoxide (CO) and TSP levels.
CO levels were assessed using a continuous CO analyzer that measures CO levels between
0-2000 parts per million (Monoxor 111, Bacharach, New Kensington, Pennsylvania, USA).
In order to measure TSP levels, smoke was pumped out of the chamber through a pre-
weighed filter for 5 min (Pallflex Emfab Filter, Pall Corporation, Port Washington, New
York, USA). The TSP level was calculated by dividing the weight increase of the filter by
the volume of airflow through the filter. Rats in the smoke exposure groups were exposed to
smoke for 1 h per day. During this period, five cigarettes were burned (10 min per cigarette
with a 2 min break between cigarettes). For cannabis cigarettes, the meanzstandard error of
the mean (SEM) TSP was 210.82+33.25 and CO was 249.20+£26.94. For placebo cigarettes,
the mean+SEM TSP was 72.60+6.12 and CO was 236.20+31.58. Rats in the clean air
condition were placed in the smoke exposure chamber in the same manner described above
with the machine switched on to allow continuous airflow, but no cigarettes were burned,
and no smoke was delivered. For comparison, during clean air control sessions, the mean
+SEM TSP was 6.57+2.53 and CO was 1.17+0.48. Exposure sessions were conducted daily
(between 10:00-15:00) from P29-P49 for a total of 21 days.

Sequence of behavioral testing procedures

Behavioral testing began after P70 and started at the following ages for each test: elevated
plus maze, P76; large open field, P84; probabilistic reversal learning, P98; delayed response
task, P123; set-shifting task, P178; intertemporal choice task, P202; progressive ratio, P219.

Body weight measurements

Body weights were measured daily prior to each smoke exposure session. After completion
of smoke exposure, rats were weighed on Mondays, Wednesdays, and Fridays until the
commencement of food restriction for behavioral testing.
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Large open field test

The large open field test is used to assess anxiety-like behavior (Liebsch et al., 1998). The
test was conducted in a dimly lit room (75 lux) as described previously (Bruijnzeel et al.,
2016, 2019; Qi et al., 2016). The open field apparatus consisted of a large arena measuring
120x120x60 cm (LxWxH). The arena was made of matte black high-density polyethylene
panels that were fastened together and placed on a plastic floor plate (Faulkner Plastics,
Miami, Florida, USA). The rats’ behavior was recorded with a wide-view camera mounted
above the center of the arena and analyzed with EthoVision XT 11.5 software (Noldus
Information Technology, Leesburg, Virginia, USA). The open field was divided into three
zones: an outer zone (20 cm wide), a middle zone (20 cm wide), and a center zone (40x40
cm; LxW). The following behaviors were analyzed: total distance traveled, latency and
frequency to enter the middle and center zones, and duration in each zone. Rats were placed
into the outer zone of the open field and allowed to explore for 5 min. The open field was
cleaned with an odorless antiseptic solution (Nolvasan, 1:100 dilution in water) between
rats.

Elevated plus maze test

The elevated plus maze test is used to assess anxiety-like behavior and was conducted as
described previously (Bruijnzeel et al., 2019; Qi et al., 2016; Rylkova et al., 2009). The test
apparatus consisted of four black polypropylene arms (Coulbourn Instruments, Holliston,
MA). The two “open” arms had 0.5 cm walls and the two “closed” arms had 30 cm walls.
The open arms were oriented opposite from each other. The arms were 10 cm wide, 50 cm
long, and were placed on 55 cm tall acrylic legs. Testing occurred in a quiet, dimly-lit (75
lux) room. At the beginning of each test, the rats were placed in the center of the apparatus
facing an open arm. Rats were allowed to explore the apparatus for 5 min, and their behavior
was recorded with a camera mounted above the maze. The elevated plus maze was divided
into five zones (two open arms, two closed arms, and center). Behavior was scored manually
using EthoVision XT 11.5 software by an experienced observer who was blind to the
treatment conditions. The following behaviors were analyzed: time spent in the open and
closed arms and the number of entries into open and closed arms. An arm entry was counted
when the rat had all four paws in that arm. The apparatus was cleaned with a Nolvasan
solution between rats.

Operant behavioral testing

Apparatus and shaping procedures.—Testing on all operant tasks (progressive ratio,
delayed response, set-shifting, probabilistic reversal learning, intertemporal choice) was
conducted in eight identical standard rat behavioral test chambers (Coulbourn Instruments,
Holliston, Massachusetts, USA) with metal front and back walls, transparent Plexiglas side
walls, and a floor composed of steel rods (0.4 cm in diameter) spaced 1.1 cm apart. Each test
chamber was housed in a sound-attenuating cubicle and was equipped with a recessed food
pellet delivery trough located 2 cm above the floor in the center of the front wall. The trough
was fitted with a photobeam to detect head entries and a 1.12 W lamp for illumination. Food
rewards consisted of 45 mg grain-based food pellets (5TUL; Test Diet, Richmond, Indiana,
USA). Two retractable levers were positioned to the left and right of the food trough (11 cm
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above the floor), and a 1.12 W cue lamp was located 3.8 cm above each lever. An additional
1.12 W house light was mounted near the top of the rear wall of the sound-attenuating
cubicle. A computer interfaced with the behavioral test chambers and equipped with Graphic
State 3 software (Coulbourn Instruments) was used to control experiments and collect data.
Prior to shaping, rats were food restricted to 85% of their ad /ibitum weight. This target
weight was increased by 5 g/week during the period of restriction to allow for growth. On
the day prior to the first day of shaping, rats were given five of the 45 mg food pellets in
their home cages to reduce neophobia to the food rewards used in operant testing. Following
a single session of magazine training, rats were shaped to lever press to initiate delivery of a
food pellet into the food trough and were then trained to nosepoke to initiate lever extension.
Each nosepoke initiated the extension of either the left or right lever (randomized across
pairs of trials), a press on which yielded a single food pellet. After two consecutive days of
reaching criterion performance (50 presses on each lever), rats began testing in the operant
tasks.

Progressive ratio task.—This task evaluated rats’ motivation to press a lever to obtain a
food reward, and was based on designs used previously by our laboratory and others (Barr
and Phillips, 1999; Cetin et al., 2004; Hernandez et al., 2017; Kheramin et al., 2005; Mendez
et al., 2009). Instrumental responding for food reward was assessed using a progressive ratio
schedule of reinforcement, on which the number of lever presses required to earn a reward
increased with each successive reward earned. The number of responses required for reward
delivery increased in a geometric progression, in the sequence 1, 4, 10, 20, 35, 56, 84, 120,

165, 220, 286 (N = w where Nis the number of responses required to earn a

reward rand where ris the ordinal number of the reward; i.e. for the second reward, r=2; for
the third reward, r=3). Only a single lever was extended into the test chamber, and rats were
tested in the progressive ratio task for seven consecutive sessions (one session per day).
These sessions varied in length, ending only after 30 min elapsed with no reward delivery.

Delayed response working memory task.—The design of this task was based on a
previous study (Sloan et al., 2006) and has been used before by our laboratory to evaluate
prefrontal cortical function (e.g. Bafiuelos et al., 2014; Beas et al., 2013; Blaes et al., 2019;
Hernandez et al., 2017; McQuiail et al., 2016). Each 40 min session began with illumination
of the house light, which remained illuminated throughout the entire session except during
timeout periods. Rats received a single test session each day. Each trial in the task began
with the extension of a single “sample” lever into the chamber. The sample lever (left or
right) was randomly selected within each pair of trials to ensure equal representation of both
levers across the test session. A press on the sample lever caused it to retract and initiated the
delay interval. During the delay interval, rats were required to nosepoke into the food trough
to minimize their use of mediating strategies (e.g. positioning themselves in front of the
sample lever during the delay). The first nosepoke executed after the delay interval expired
initiated the “choice” phase, in which both levers were extended. During the choice phase, a
response on the same lever pressed during the sample phase was “correct” and resulted in
the retraction of both levers and delivery of a food pellet into the food trough. A nosepoke
into the food trough to retrieve the food initiated a 5 s intertrial interval, after which the next
trial began. A response on the opposite lever from that chosen during the sample phase was
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“incorrect” and resulted in the retraction of both levers and initiation of a 5 s “timeout”
period during which the house light was extinguished. Immediately following this timeout,
the house light was re-illuminated, signaling the start of the next trial.

During initial sessions in this task, there were no delays between the sample and choice
phases, and a correction procedure was used such that the sample lever was repeated on the
same side following an incorrect response to reduce the development of side biases. Once
rats reached a criterion of 80% correct choices across a test session for two consecutive
sessions, this correction procedure was discontinued, and a set of seven delays was
introduced. The presentation of delay durations was randomized within each block of seven
trials, such that each delay was presented once within a block. Upon establishing >80%
correct responses across two consecutive sessions in a “delay set”, rats were progressed to
the next set, which contained increasingly longer delays (delay setone: 0,1, 2, 3,4,5,6s;
delay set two: 0, 2, 4, 8, 12, 16 s; delay set three: 0, 2, 4, 8, 12, 18, and 24 s).

Set shifting task.—This task was originally developed by Floresco et al. (2008) and was
used previously in our laboratory to assess cognitive flexibility (Beas et al., 2013, 2017;
Hernandez et al., 2017). Rats were first assessed on a protocol designed to determine their
individual “side bias” or inherent preference for the left or right lever. This protocol was
composed of 45 trials, each of which consisted of two phases. In the first phase of each trial,
the house light was illuminated, and both levers extended into the test chamber. A response
on either lever resulted in the retraction of both levers and the delivery of a single food
pellet. In the second phase of each trial, both levers were extended into the chamber, but
only a response on the lever opposite to the choice made in the first phase was rewarded. If
the rat made an “incorrect” response (i.e. chose the same lever as in the first phase), the
levers were retracted and the house light was extinguished. The second phase of the trial was
then repeated until the rat made a correct response, and then a new trial was initiated. An
individual rat’s “side bias” reflected the lever position on which it made the greatest number
of responses across the entire test session.

The day after side bias determination, rats began discrimination training on the initial (visual
cue) discrimination learning rule. Each 20 s trial began with illumination of one of the cue
lights positioned over the left or right lever for 3 s (the position was randomly selected
within each pair of trials). Both levers were then inserted into the chamber for 4 s, during
which the cue light remained illuminated (the house light was also illuminated during this
phase). If the rat made a correct response (pressed the lever beneath the cue light), both
levers were retracted, the cue light was extinguished, and a single food pellet was delivered.
If the rat made an incorrect response (pressed the lever opposite from the cue light), the
levers were retracted, and the house light extinguished, but no food was delivered. As in our
previous work (Beas et al., 2013, 2017), rats were trained on the visual cue discrimination
for a minimum of 30 trials and until reaching criterion performance of 10 consecutive
correct choices. The visual discrimination task included a maximum of 120 trials/session. If
a rat failed to reach criterion performance in a single session, the task was repeated on
subsequent days. Upon reaching criterion performance, the session was ended. To reinforce
the formation of an attentional “set,” rats received one additional session of 120 trials of
visual discrimination training on the day after reaching criterion performance.
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The day after completing visual cue discrimination training, rats received a “set shift” in
which the contingencies for making a correct (reinforced) choice were changed. The
presentation of the trials during the set shift was identical to that in the visual cue
discrimination phase of the task; however, to receive a food reward, rats were now required
to ignore the cue light and instead respond to a particular lever position (either left or right,
whichever was not their “biased” side as determined during the side bias assessment) to
receive a food reward. Rats were trained on the set shift until achieving criterion
performance of 10 consecutive correct trials (Beas et al., 2013, 2017). As in the initial
discrimination phase, each session included a maximum of 120 trials.

Probabilistic reversal learning task.—Procedures were adapted from Dalton et al.
(2014). Rats were initially trained in 90-trial sessions designed to familiarize them with the
task procedures. Each trial began with the levers retracted and the house light off. Trials
occurred every 40 s, with the house light being illuminated prior to insertion of a single lever
(left or right, randomized within each pair of trials). Failure to respond within 10 s resulted
in lever retraction, termination of the house light, and the trial being scored as an omission.
If a response occurred within 10 s of lever insertion, a single pellet was delivered with a 50%
probability. This ensured equivalent familiarity with the levers and the probabilistic schedule
of reinforcement. This initial training lasted approximately 3—4 sessions, and rats were
progressed to the probabilistic reversal learning task after reaching a criterion of
approximately 80 successful trials in a session.

Following the initial training, rats were tested in the probabilistic reversal learning task.
Each session began with illumination of the house light, after which both levers extended
into the chamber. One lever was associated with an 80% probability of reward delivery (a
single food pellet), and the other lever was associated with a 20% probability of reward
delivery. After eight consecutive choices on the 80% lever (the correct choice, resulting in a
food reward 80% of the time), the lever contingencies were reversed, such that the
previously correct lever became incorrect and vice versa. Once levers were extended during
atrial, rats had 10 s to press a lever, after which the levers retracted, a 5 s intertrial interval
ensued, and the trial was scored as an omission. Omissions did not count as incorrect
choices (and thus did not reset the correct choice counter). Sessions lasted up to 56 min with
a maximum of 255 trials, with each trial lasting up to 15 s.

Intertemporal choice task.—The intertemporal choice (delay discounting) task was
based on a design by Evenden and Ryan (1996) and has been used previously by our
laboratories to evaluate the effects of age and drugs of abuse on impulsive choice
(Hernandez et al., 2017; Mendez et al., 2012; Mitchell et al., 2014). Each 100 min session
consisted of five blocks of 12 trials each. Each 100 s trial began with a 10 s illumination of
the food trough and house lights. A nosepoke into the food trough during this time
extinguished the food trough light and triggered extension of either a single lever (forced-
choice trials) or of both levers simultaneously (free-choice trials). Each block consisted of
two forced choice trials (one for each lever) followed by 10 free-choice trials. The forced-
choice trials were designed to remind rats of the delay contingencies in effect for that block.
A press on one lever (either left or right, counterbalanced across exposure groups) resulted
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in one food pellet (the small reward) delivered immediately. A press on the other lever
resulted in four food pellets (the large reward) delivered after a variable delay. The identities
of the levers remained consistent throughout testing. Failure to press either lever within 10 s
of their extension resulted in the levers being retracted and lights extinguished, and the trial
was scored as an omission. Once either lever was pressed, both levers were retracted for the
remainder of the trial (i.e. the inter-trial interval). The duration of the delay preceding large
reward delivery increased between each block of trials (0, 10, 20, 40, 60 s), but remained
constant within each block.

Data analyses

Results

Data analyses were conducted in GraphPad Prism 8. Prior to statistical analyses, the robust
regression and outlier removal (ROUT; Motulsky and Brown, 2006) method was used to
identify and remove outliers as in our previous work (Hernandez et al., 2019). Data across
all measures were analyzed using a one-factor analysis of variance (ANOVA) (with exposure
group as a between-subjects variable) or a two-factor repeated-measures ANOVA (with
group as a between-subjects variable and within-subjects variables as appropriate for the
measure). Specifically, body weights were analyzed using a two-factor repeated-measures
ANOVA, with exposure group (clean air, placebo smoke, cannabis smoke) as a between-
subjects variable and day as a within-subjects variable. Open field data were analyzed using
a two-factor repeated-measures ANOVA, with exposure group as a between-subjects
variable and zone as a within-subjects variable. Elevated plus maze data were analyzed using
a two-factor repeated-measures ANOVA, with exposure group as a between-subjects
variable and arm as a within-subjects variable. Additional elevated plus maze measures were
compared between groups using a one-factor ANOVA. Progressive ratio data were compared
between groups using a one-factor ANOVA. Delayed response task data were analyzed
using a two-factor repeated-measures ANOVA, with exposure group as a between-subjects
variable and delay as a within-subjects variable. Set shifting task data were compared
between groups using either a one-factor ANOVA (trials-to-criterion) or a two-factor
repeated-measures ANOVA, with exposure group as a between-subjects variable and error
type as a within-subjects variable. Probabilistic reversal learning data were analyzed using a
two-factor repeated-measures ANOVA, with exposure group as a between-subjects variable
and day as a within-subjects variable. Intertemporal choice task data were analyzed using
either a two-factor repeated-measures ANOVA, with exposure group as a between-subjects
variable and delay as a within-subjects variable, or compared between groups (for
indifference point data) using a one-factor ANOVA. The alpha value was set at 0.05, and
effect sizes for factors associated with group are denoted by the partial eta squared (npz)
value wherever significant differences were observed. For all ANOVAs, the Greenhouse-
Geisser correction was used in cases in which homogeneity of variance was violated.

Effects of adolescent smoke exposure on adult body weight

To determine if adolescent exposure to cannabis smoke affected growth (body weight
change as a function of age), a two-factor repeated-measures ANOVA (groupxday) was
used, with group (three levels: air, placebo, and cannabis) as the between-subjects factor and
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day (22 levels, days 29-50) as the within-subjects factor. This analysis confirmed an
expected main effect of day such that all rats gained weight as they aged
(F(21,693)=3699.019, p<0.001; Figure 1(a)). Although there was no main effect of group
(F2,33=2.013, p=0.150), there was a groupxday interaction (F42,693)=3.092, p<0.001,
np2:0.16). A follow-up comparison specifically between the cannabis smoke and placebo
smoke groups using a two-factor repeated-measures ANOVA with group as the between-
subjects factor and day as the within-subjects factor revealed a significant main effect of day
(F(21,462)=2038.00, p<0.001) and a groupxday interaction (F1 462)=1.793, p=0.017, T1p2
=0.08), but no main effect of group (~1,22)=1.001, p=0.329). A similar comparison between
the placebo smoke and clean air control groups revealed the expected main effect of day
(F(21,462)=2572.00, p<0.001) but no other effects (main effect of group: A 22)=0.994,
p=0.330; groupxday: A1 462)=1.305, p=0.165).

A similar analysis of rats’ body weight during adulthood (groupxday: 14 levels, days 53-83)
confirmed the expected main effect of day (i.e. all rats continued to gain weight;
F(13,429)=1716.320, p<0.001; Figure 1(b)). There was also a groupxday interaction
(F(26,420)=1.729, p=0.015, npz =0.10) but no main effect of group (F,33)=2.254, p=0.121).
A follow-up comparison between the cannabis smoke and placebo smoke groups using a
two-factor repeated-measures ANOVA with group as the between-subjects factor and day as
the within-subjects factor revealed a significant main effect of day (/13,286)=1168.00,
/<0.001) and a groupxday interaction (/13 285)=2.164, p=0.011, np220.09), but no main
effect of group (F(1,22)=1.604, p=0.219). A similar comparison between the placebo smoke
and clean air control groups revealed the expected main effect of day (£13 285=1136.00,
/<0.001) but no other effects (main effect of group: A1 22)=0.569, p=0.459; groupxday:
F(13,286)=0.463, p=0.944). Considered together, these data show that adolescent exposure to
cannabis smoke slows normal developmental patterns of weight gain, both during the period
of exposure and for at least several weeks afterward.

Effects of adolescent smoke exposure on open field testing

The amount of time spent near the walls of an open field arena can be a measure of anxiety-
like behavior (Lezak et al., 2017). For example, relative to the outer area of an open field,
the middle or center areas may be perceived as more dangerous (e.g. due to an increased risk
of predation), and thus, greater time spent in the center relative to the outer or middle zones
of the arena may be indicative of a decreased sense of vulnerability to open spaces (i.e. less
anxiety-like behavior). A two-factor repeated-measures ANOVA (groupxzone) with group
(three levels: air, placebo, and cannabis) as the between-subjects factor and zone (three
levels: outer, middle, and center) as the within-subjects factor was used to analyze the
duration of time each group spent per zone. As expected, there was a main effect of zone
such that all rats spent the most time in the outer zone and the least time in the center zone
(F(2,66)=2653.794, p<0.001; Figure 2(a)); however, there was neither a main effect of group
(F2,33=1.921, p=0.162) nor a groupxzone interaction (F4,66)=0.970, p=0.430) on these
measures.

Zone entry latency may be a more sensitive measure of anxiety than duration spent in a zone
(i.e. longer latencies to enter could suggest greater caution upon approach to the zone). A
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two-factor repeated-measures ANOVA (groupxzone) was used to analyze zone entry latency
(outer, middle, center) and confirmed an expected main effect of zone such that all rats were
slower to enter the center zone (/,64)=19.72, p<0.001; Table 1). There was, however, no
main effect of group (£2,33)=0.369, p=0.694) and no groupxzone interaction (A4 64)=0.282,
p=0.889). Furthermore, while the frequency of entries differed across zones
(F(2,66)=130.033, p<0.001; Table 1), with the fewest entries into the center zone, the
frequency of zone entries did not differ by group (group: A2,33)=1.038, p=0.366;
groupxzone: F4,66)=1.359, p=0.258). Finally, a one-factor ANOVA confirmed there were no
group differences in total distance traveled in the arena (A2 33)=0.939, p=0.401). Taken
together, these data suggest that adolescent exposure to cannabis smoke did not alter
anxiety-like behavior in adulthood.

Effects of adolescent smoke exposure on elevated plus maze

Similar to the open field arena, the elevated plus maze is used to evaluate anxiety-like
behavior (Lezak et al., 2017). A two-factor repeated-measures ANOVA (groupxarm) with
group (three levels: air, placebo, and cannabis) as the between-subjects factor and arm (two
levels: open and closed) as the within-subjects factor was used to analyze the time spent in
each arm. Results of the analysis confirmed the expected main effect of arm such that all rats
spent more time in the closed arms compared to the open arms (F1,33)=18.595, p<0.001;
Figure 2(b)). There was no main effect of group, however (F 33=0.046, p=0.955), and no
groupxarm interaction (A2 33)=1.108, p=0.342). In addition to the time spent in each arm,
the latency to enter the closed arms was analyzed with a one-factor ANOVA to determine
group differences. Shorter latencies to enter closed arms, possibly reflecting the desire to
return to a safe location, could be indicative of greater anxiety; however, there was no effect
of group on closed arm entry latency (A2 33)=2.109, p=0.138; Table 2). The analysis of arm
entry frequencies (open and closed) using a two-factor repeated-measures ANOVA
(groupxarm) confirmed that all rats entered the closed arms more frequently (Fy 33)=4.718,
p=0.037; Table 2) but that this effect did not differ by group (group: A 33)=0.205, p=0.816;
groupxarm interaction: £ 33y=0.061, p=0.941). Finally, one-factor ANOVAs confirmed that
there were no group differences in total distance traveled (£ 33)=1.286, p=0.290), mean
velocity (A2 33)=1.204, p=0.313), and maximum velocity (F(,33)=1.649, p=0.208). These
data are congruent with the open field data (as well as with previous work from our labs;
Bruijnzeel et al. 2019) and suggest that adolescent exposure to cannabis smoke does not
affect anxiety-like behavior in adulthood.

Effects of adolescent smoke exposure on instrumental responding on a progressive ratio

schedule

The primary dependent variable in the progressive ratio task was the number of lever presses
completed before rats reached their breakpoint, or the point at which they were no longer
willing to lever press for a food reward. A one-factor ANOVA revealed no group differences
in breakpoint, expressed as either as the highest ratio achieved (F2 33)=0.833, p=0.444) or
the number of food pellets earned (F(2,33)=1.079, p=0.352; Figure 2(c)). These results
suggest that adolescent exposure to cannabis smoke does not affect motivation to work for
food in adulthood.
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Effect of adolescent smoke exposure on working memory (delayed response task)

The delayed response task assesses working memory, or the ability to maintain and update
information “in mind” for relatively brief periods of time (Sloan et al., 2006). One rat’s data
from the clean air group was identified as an outlier using the ROUT method (Hernandez et
al., 2019) and was removed from subsequent analyses. A two-factor repeated-measures
ANOVA (groupxdelay), with group (three levels: air, placebo, and cannabis) as a between-
subjects factor and delay (seven levels: 0, 2, 4, 8, 12, 18, 24 s) as a within-subjects factor,
was used to analyze choice accuracy as a function of delay. This analysis confirmed the
expected main effect of delay such that as delays increased, choice accuracy decreased
(F6,192)=146.552, p<0.001; Figure 3(a)). In addition, there was a significant main effect of
group (F(2,32)=4.073, p=0.027, np2:0.20), as well as a groupxdelay interaction
(Fa2,192)=2.390, p=0.007, np2:0.13). Follow-up testing comparing the cannabis smoke and
placebo smoke groups using a two-factor repeated measures ANOVA with group as the
between-subjects factor and day as the within-subjects factor revealed a significant main
effect of delay (£ 132)=74.58, p<0.001) but no other effects (main effect of group:
F1,22)=1.530, p=0.229; groupxdelay: Fg 132)=0.667, p=0.677). A similar two-factor
ANOVA comparing the placebo smoke and clean air control groups revealed the expected
main effect of delay (~g,126)=121.5, p<0.001) but no other effects (main effect of group:
Fa,21)=2.812, p=0.108; groupxdelay: Fg 126)=2.105, p=0.057). To test whether the effects
revealed in the parent ANOVA were driven by group differences between the cannabis
smoke and clean air control group, a similar follow-up two-factor ANOVA was used. In this
instance, there were significant effects of group (A1 ,21)=8.324, p=0.009, np2:0.28) and
delay (F(s,126)=102.00, p<0.001), in addition to a groupxdelay interaction (~,126)=4.616,
p<0.001, np2:0.18). Finally, a one-factor ANOVA comparing the numbers of trials
completed/session between groups revealed no group differences (clean air mean+SEM:
136.0+2.28; placebo smoke: 134.80+1.73; cannabis smoke: 136.30+1.52; A 32)=0.187,
p=0.831), suggesting that the differences among groups in choice accuracy were not
secondary to differences in task engagement.

Effects of adolescent smoke exposure on cognitive flexibility (set-shifting task)

The set-shifting task evaluates one form of cognitive flexibility, or the ability to adapt
behavioral strategies in response to changes in environmental contingencies (Floresco et al.,
2008). Data from four rats were excluded from analysis due to malfunctions in the operant
chambers (/=1 clean air control, 7=1 placebo smoke, /7=2 cannabis smoke). A one-factor
ANOVA showed no group differences in the number of trials required to reach criterion
performance (10 consecutive correct trials) on the initial discrimination rule (A2 29)=0.609,
p=0.551; Figure 3(b)), demonstrating that visual discrimination learning was unaffected by
adolescent smoke exposure. There were also no group differences in trials to criterion to
adapt to the new rule (set shift; A 29)=0.575, p=0.569; Figure 3(d)). To further evaluate
acquisition of the new rule during set shifting, the types of errors made during learning were
divided into “previously reinforced” (responses that correspond to the previously-correct but
now-incorrect rule) and “never reinforced” (responses that do not correspond to either the
initial or the new rule). A two-factor repeated-measures ANOVA (groupxerror type), with
group (three levels: air, placebo, and cannabis) as a between-subjects factor and error type
(two levels: previously-reinforced and never-reinforced) as a within-subjects factor,
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confirmed the expected main effect of error type, such that all rats made more previously-
reinforced than never-reinforced errors (£ 29y=81.426, p<0.001; Table 3). There was,
however, no effect of group (/1,29)=0.575, p=0.569) and no groupxerror type interaction
(F(2,20=0.736, p=0.488). Considered together, these data suggest that cognitive flexibility is
unaffected by smoke exposure.

Effects of adolescent smoke exposure on cognitive flexibility (probabilistic reversal

learning)

The probabilistic reversal learning task measures cognitive flexibility and learning. The
number of completed reversals was the primary measure of performance. As a consequence
of incomplete data collection due to computer errors, 7=1 air control, and /7=2 cannabis
smoke rats were excluded from this analysis. A two-factor repeated-measures ANOVA
(groupxday) was used to analyze the number of completed reversals as a function of day.
This analysis confirmed an expected main effect of day such that rats increased the number
of reversals completed per session across testing days (Fg 27g)=23.92, p<0.001; Figure 3(c));
there was, however, no effect of group (F2,31)=0.141, p=0.866) and no groupxday
interaction (F(1g27g)=0.877, p=0.608). In addition to accuracy, lever press response latencies
(the time from lever extension to lever press) were assessed to evaluate smoke exposure
effects on task motivation. A two-factor repeated-measures ANOVA (groupxday), with
group (three levels: air, placebo, and cannabis) as the between-subjects factor and day (10
levels: days 1-10) as the within-subjects factor, confirmed that rats responded with shorter
latencies across days (F9,279)=5.376, p<0.001) but that this did not differ across groups
(group: F,31)=0.683, p=0.513; groupxday: £ 279)=1.126, p=0.326). Together with the set-
shifting data, these results indicate that adolescent exposure to cannabis does not impair
cognitive flexibility in adulthood.

Effects of adolescent smoke exposure on intertemporal choice

To evaluate the effects of adolescent smoke exposure on decision making and one form of
impulsivity (impulsive choice), rats were tested on an intertemporal choice (delay
discounting) task. A two-factor repeated-measures ANOVA (groupxdelay), with group
(three levels: air, placebo, and cannabis) as the between-subjects factor and delay (five
levels: 0, 10, 20, 40, 60 s) as a within-subjects factor, was used to analyze the percent choice
of the large reward as a function of delay. This analysis revealed a main effect of delay such
that rats reduced their choice of the large reward at longer delays (/4,132)=60.183, p<0.001;
Figure 3(d)); however, there was neither a main effect of group (/,33)=1.024, p=0.370) nor
an interaction between group and delay (Fg 132)=1.079, p=0.382). To further evaluate effects
of smoke exposure on intertemporal choice, a one-factor ANOVA compared choice
indifference points and showed no differences across groups (clean air mean+SEM:
37.98+5.018; placebo smoke: 26.20+5.403; cannabis smoke: 43.91+7.365; £ 33)=2.245,
p=0.123), suggesting that adolescent exposure to cannabis smoke does not alter
intertemporal decision making in adulthood.
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Discussion

The current study evaluated the effects of adolescent exposure to cannabis smoke on
measures of affect and cognition. Briefly, adolescent exposure to cannabis smoke led to
slower growth (attenuated body weight gain) but had no effect on anxiety-like behavior,
either in an open field arena or an elevated plus maze, nor did it affect food motivation under
a progressive ratio schedule of instrumental responding for food reward. While there was no
effect of adolescent smoke exposure on measures of cognitive flexibility (set-shifting and
probabilistic reversal learning), surprisingly, it appeared to enhance working memory
relative to the clean air control condition. Finally, smoke exposure had no effect on
impulsive choice as measured with an intertemporal choice task.

Cannabis smoke and body weight

Previous studies have reported inconsistent effects of cannabis use on body weight. For
example, one study reports that adolescent cannabis use is linked with increased risk of
obesity in early adulthood (Huang et al., 2013), whereas other studies suggest that
adolescent cannabis use does not impact weight in middle life (Jin et al., 2017), and that
cannabis use may even produce weight loss in adults (Le Foll et al., 2013). The results of the
current study show that adolescent exposure to cannabis smoke can reduce weight gain both
during the period of smoke exposure and for at least several weeks after exposure (during
young adulthood). This finding is consistent with previous work showing that adolescent
exposure to THC reduces body weight in rats (Bruijnzeel et al., 2019; Klein et al., 2011), an
effect that can persist up to 21 weeks after exposure (Klein et al., 2011). Notably, however,
previous work from our laboratory (Bruijnzeel et al., 2019) failed to observe changes in
body weight during and after adolescent exposure to cannabis smoke in either male or
female rats, suggesting that the effects of cannabis smoke on body weight are not robust.
Importantly, however, the current data provide a “positive control” for the efficacy of the
smoke exposure regimen in affecting developmental physiology, which is particularly
important considering the largely negative data on measures of affect and cognition.

Cannabis smoke, anxiety, and motivation

Adolescent cannabis use is associated with increased prevalence of anxiety and/or
depression in teenagers (Patton et al., 2002) as well as in adults (Fergusson et al., 2002;
Hayatbakhsh et al., 2007; Rey et al., 2002). In the current study, chronic cannabis smoke
exposure during adolescence did not alter measures of anxiety-like behavior in adulthood in
either an open field arena or elevated plus maze. These findings replicate the results of
previous work showing a similar absence of effects of adolescent cannabis smoke exposure
in these tasks, as well as findings that adolescent exposure to THC or synthetic cannabinoids
has no effect on these tasks in adulthood (Bruijnzeel et al., 2019; Higuera-Matas et al., 2009;
Rubino et al., 2008). In contrast to the absence of long-term effects of adolescent cannabis
smoke, acute administration of either cannabis smoke or THC in adulthood can alter
anxiety-like behavior. For example, acute exposure to cannabis smoke in adult rats increases
time spent in the center of an open field, potentially indicating an anxiolytic effect
(Bruijnzeel et al., 2016). In contrast, acute injection of THC in adolescent rats has the
opposite effect in an open field arena and also reduces entries into the open arms of the
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elevated plus maze (Klein et al., 2011). These contrasting effects likely depend on the dose
of THC administered. Doses of THC greater than 1-3 mg/Kkg in rats can be aversive (and
thus may produce acute anxiogenesis or conditioned place aversion; Braida et al., 2004;
Elsmore and Fletcher, 1972; Parker and Gillies, 1995), whereas doses below 1 mg/kg can
produce rewarding effects (Braida et al., 2004). Blood THC levels in rats following the
cannabis smoke exposure regimen used here peak at 10-12 ng/mL, which is estimated to
correspond to a dose of 0.05 mg/kg (Ravula et al., 2018, 2019). Given that cannabis users
are unlikely to intentionally ingest anxiogenic doses of THC, it seems probable that the
doses of THC obtained through the cannabis smoke exposure regimen used here are a
reasonable model of recreational levels of use.

Similar to the measures of anxiety-like behavior, there was no effect of adolescent cannabis
smoke exposure on willingness to expend effort to obtain food rewards (food motivation), as
assessed by breakpoint on a progressive ratio (PR) schedule of reinforced responding for
food. These data are consistent with those from a recent study in which adolescent exposure
to THC vapor failed to affect PR breakpoint for an oxycodone reinforcer in adulthood
(despite a small increase in fentanyl self-administration selectively in adult females (Nguyen
et al., 2020)). A similar absence of effect on PR breakpoints (for both food and opioids) has
been observed following perinatal THC exposure (Gonzalez et al., 2003), although see
(Ellgren et al., 2007) for contrasting results with adolescent THC injections. In contrast, a
prior study found that repeated administration of the synthetic cannabinoid WIN 55,2122
(WIN) during late adolescence in rats caused a reduction in breakpoint in adulthood on a PR
schedule for a food reinforcer, whereas the same WIN administration regimen in adult rats
had no effect (Schneider and Koch, 2003). There were several significant differences
between this prior work and the current results, however, including the drug used, the
relatively high dose of WIN, and the short period (10 days) between cessation of WIN
administration and PR testing, making it difficult to directly compare the two findings.
Intriguingly, the absence of effects of cannabis smoke on food motivation is not in line with
reports from studies in human subjects that show moderate increases in food intake during
cannabis administration (Foltin et al., 1986; Rodondi et al., 2006). Importantly, the null
effects of adolescent cannabis smoke exposure on food motivation in the current study are
not likely due to non-behaviorally effective doses of THC. Aside from the fact that growth
was attenuated, our prior work shows that the smoke exposure regimen used here produces
blood THC levels that are behaviorally active (Bruijnzeel et al., 2016; Ravula et al., 2019)
and within the range observed following cannabis self-administration in humans (1.9-43.6
ng/mL; Lee et al., 2015). Taken together, these results suggest that cannabis smoke exposure
in adolescent rats does not produce lasting alterations in anxiety-like behavior and
motivation in adulthood.

Cannabis smoke and executive functions

In contrast to the null effects of adolescent cannabis smoke exposure on the open field,
elevated plus maze, and progressive ratio tasks, smoke exposure in adolescence appeared to
enhance working memory in adulthood. It is important to note that while the cannabis smoke
group showed better working memory performance relative to the clean air control group,
the cannabis smoke group did not perform significantly better than the placebo smoke group,
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nor did the placebo smoke group perform significantly better than the clean air control
group. This pattern of results suggests that while cannabis smoke exposure appears to
improve working memory, the better performance in the cannabis smoke group is unlikely to
be explained by the cannabinoid content of the smoke alone, as the cannabis and placebo
smoke groups were not different. It would appear then that placebo smoke does not
markedly improve performance but instead produces an intermediate phenotype that can be
enhanced by the active components of cannabis smoke (or potentially by the greater quantity
of particulate matter produced by burning the cannabis compared to placebo cigarettes).
Indeed, exposure to inhaled particulate matter or CO from the smoke likely produced some
degree of stress, which can have lasting effects on cognitive development (Gunnar and
Quevedo, 2007). Intriguingly, however, several previous reports in rats indicate that
intravenous self-administration of the synthetic CB1R agonist WIN during adolescence
results in a lasting enhancement in working memory performance similar to that observed
here (Kirschmann et al., 2017a, 2017b). These data show that developmental cannabinoid
exposure (at voluntarily ingested doses) has the potential to facilitate at least some forms of
cognitive function (see also Higuera-Matas et al. (2009) for potential enhancing effects of
adolescent synthetic cannabinoid injections in the Morris water maze). Moreover, previous
work from our laboratory showed that acute exposure to cannabis (but not placebo) smoke
enhances performance in the same delayed response task employed in the present study
(Blaes et al., 2019), indicating that the dose of THC obtained from cannabis smoke is
sufficient to potentiate working memory.

Studies in humans have reported inconsistent effects of acute THC (or CB1R agonist)
administration on working memory, with different studies reporting impairments (Bedi et al.,
2013; D’Souza et al., 2004; Englund et al., 2013; Freeman et al., 2015; Hunault et al., 2009;
Lane et al., 2005a; Lile et al., 2014; Morrison et al., 2009; Ramesh et al., 2013; Theunissen
et al., 2015; Wesnes et al., 2010), improvements (Makela et al., 2006), or no effects
(D’Souza et al., 2008; Kollins et al., 2015; Lile et al., 2011; Ranganathan et al., 2012;
reviewed in Broyd et al., 2016). Similar to the mixed effects of acute THC on working
memory, studies of chronic cannabis use in humans also report either impairments (Fried et
al., 2005; Herzig et al., 2014; Wadsworth et al., 2006) or no effects (Becker et al., 2014;
Grant et al., 2012). Furthermore, those who abstained after chronic use showed no difference
in performance relative to non-users (Fried et al., 2005), suggesting that after prolonged
cannabis use, abstinence can rescue working memory impairments.

It is thought that the prefrontal cortex (PFC) supports working memory via recurrent
excitation of local excitatory pyramidal networks (Goldman-Rakic, 1995). Inhibitory
interneurons within the PFC are well-positioned to regulate these local networks of
excitatory neurons (McQuiail et al., 2015). Neurobiological reports suggest that CB1Rs are
enriched at inhibitory neurons within the PFC (Wedzony and Chocyk, 2009) and function to
inhibit presynaptic release of the primary inhibitory neurotransmitter, gamma-amino butyric
acid (GABA) (McLaughlin et al., 2014). Indeed, inhibition of GABA signaling ameliorates
age-related impairments in working memory performance (Bafiuelos et al., 2014), likely in
part via blunting of tonic inhibition onto excitatory neurons of the PFC (Carpenter et al.,
2016). Though the mechanisms by which adolescent cannabis smoke appears to facilitate
working memory are not entirely clear, one possibility is that chronic exposure to cannabis
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smoke during adolescence may result in prolonged dampening of inhibition over the
recurrent excitation necessary for information maintenance in working memory. Consistent
with this interpretation and with the findings of the current study, chronic WIN self-
administration during adolescence enhances working memory performance in adult rats,
likely via alterations to PFC glutamatergic and GABAergic signaling (Kirschmann et al.,
2017b). More specifically, Kirschmann et al. found selective increases in expression of both
the synaptic GABA uptake transporter (GAT-1) and the N-methyl-D-aspartate receptor
subunit NR2B, which would promote increased removal of GABA at inhibitory synapses
and increased excitability, respectively. The results of the present study suggest that both the
cannabinoid content of smoke and smoke exposure itself may act synergistically to
potentiate working memory functions in adulthood. Future studies will be necessary to
determine the mechanisms (e.g. decreased GABAergic signaling) underlying these
enhancements.

Chronic exposure to cannabis smoke during adolescence did not impact cognitive flexibility
in adulthood in either set-shifting or probabilistic reversal learning tasks. Prior studies have
reported mixed effects of acute CB1R agonist administration on cognitive flexibility
(Egerton et al., 2005; Hill et al., 2006; reviewed in Cohen and Weinstein, 2018). Specifically,
Hill et al. (2006) reported that acute intraperitoneal administration of a high dose (20 pg/kg)
of the CB1R agonist HU-250 impaired performance in a set-shifting task, whereas a low
dose (5 pg/kg) of the drug improved performance. Egerton et al. (2005) reported that acute
intraperitoneal administration of 1.0 mg/kg THC impaired reversal learning in rats, whereas
a dose of 0.01 mg/kg had no effect. Differences between previously reported effects and the
findings of the current study likely arise from pharmacokinetic differences in drug, doses,
routes of administration, and duration of administration; however, the null effects of low
doses of THC in the Egerton et al. study are consistent with the results presented here.
Considering the working memory results in the current study and others, the null effects on
cognitive flexibility suggest that the effects of cannabis use in adolescence do not broadly
impact adult performance on tasks assessing executive function.

Cannabis smoke and intertemporal choice

Chronic adolescent exposure to cannabis smoke did not alter impulsive choice in adulthood
as assessed by an intertemporal choice task (i.e. no changes in rats’ preference for a small,
immediate reward vs a large, delayed reward). Previous studies have reported that chronic
cannabis use can impair decision making assessed in the lowa Gambling Task in humans
(Becker et al., 2014; Grant et al., 2012; Whitlow et al., 2004). Furthermore, acute cannabis
use was shown to increase risky decisions in adults given choices between a small but
certain monetary gain vs a larger monetary gain with a risk of loss (Lane et al., 2005c). In
contrast, several studies have reported no effects of inhaled or oral cannabis on intertemporal
choice in humans (Churchwell et al., 2010; Gonzalez et al., 2012; McDonald et al., 2003). In
rats, activation of CB1Rs via acute intraperitoneal administration of WIN did not alter
performance in an intertemporal choice task (Pattij et al., 2007), whereas acute
intraperitoneal administration of THC dose-dependently decreased impulsive choice in rats
(Wiskerke et al., 2011). Compared to the Wiskerke et al. (2011) study, the absence of an
effect of cannabis smoke on impulsive choice in the current study could be due to
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differences in the timing, chronicity, or route of administration. Indeed, the results of the
present study more closely resemble the null findings in human subjects, in which drug
administration occurred mostly by cannabis smoke inhalation. To our knowledge, no other
studies have investigated effects of adolescent cannabis exposure on adult impulsive choice,
and the current results would suggest there are no long-term impairing effects. The results of
the current study, in combination with the literature on cannabis use and decision making,
suggest that although cannabis may have selective effects on other forms of decision-
making, it appears to spare intertemporal choice.

Limitations and conclusions

The current study sought to determine the effects of chronic cannabis smoke exposure
during adolescence on measures of anxiety, motivation, and cognition in adulthood. Despite
the fact that cannabis smoke exposure produced a lasting reduction in body weight, it had no
effects on measures of affect or executive function. The findings suggest that adolescent
cannabis smoke exposure does not cause adverse affective and cognitive effects in
adulthood, and are consistent with prior descriptions of the effects of chronic adolescent
exposure to low doses of cannabinoid receptor agonists (Bruijnzeel et al., 2019; Kirschmann
etal., 2017a, 2017b).

One limitation of the current study is that all of the rats were tested in the behavioral tasks in
the same order, rendering it possible that experience with one task occluded detection of
group differences in subsequent tasks. Although this possibility cannot be entirely ruled out,
in a previous study that also found no effects of adolescent cannabis smoke exposure on the
open field and elevated plus maze tasks (Bruijnzeel et al., 2019), the rats were tested in these
tasks in the opposite order from that used here. This suggests that at least within the domains
of locomotion and anxiety-like behavior, the order of testing did not influence test outcomes.

Another limitation of the current study, which leaves the door open to future work, is that
rats were not tested during the period of cannabis exposure. It is highly probable that in
humans, cannabis use starting in adolescence continues through at least early adulthood, and
thus future rat models of cannabis use should take this into consideration. In addition, the
current study was limited to male rats. Although the null effects of cannabis smoke observed
here mimicked those in our previous study that employed both sexes (Bruijnzeel et al.,
2019), there are significant sex differences on several of the tasks used here (intertemporal
choice, working memory, progressive ratio; Blaes et al., 2019; Hernandez et al., 2020; Orsini
et al., 2016), and thus it is possible that adolescent smoke exposure would affect females
differently. In addition, the current study employed only a single rat strain (Long-Evans)
with a single smoke exposure regimen. It will be important in future work to determine
whether these findings are replicated with additional strains and species (although note that a
similar absence of impairing effects on adult working memory was observed following
adolescent cannabinoid self-administration in Sprague Dawley rats; Kirschmann et al.,
2017h).

Finally, the relatively low, “recreational use”-like levels of THC employed in the current
study may not entirely model current trends in cannabis use. Commercially available
cannabis can contain THC levels of 15% or higher, in addition to a rich mix of other
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cannabinoids. Thus, it would be valuable in future studies to be able to use cannabis that
better reflects currently available cannabinoid contents. Self-administration models will be
useful in this regard (e.g. self-administration of cannabis extracts), as they can address these
issues as well as those concerning potential aversive effects of higher levels of cannabinoid
exposure (Freels et al., 2020; Kruse et al., 2019). Given the contrast between the present
results and those of previous work employing adolescent exposure to higher doses of
cannabinoid receptor agonists, as well as the growing availability of cannabis products to
adolescents, the current findings highlight the need for modeling of adolescent exposure to a
range of cannabinoid doses in order to better understand how such exposure affects the brain
and behavior.
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Body weights during and after exposure. (a) Body weights during the adolescent exposure

period increased with age, but this increase was attenuated in smoke exposed rats

(significant group x day interaction). Follow-up comparisons between placebo and clean air
controls revealed no differences, whereas there was a significant group x day interaction in
the comparison between placebo smoke and cannabis smoke groups. (b) Rats continued to
gain weight into adulthood. As with the exposure period, the increase in body weight was

attenuated in cannabis smoke-exposed rats (significant groupxday interaction in the

comparison between placebo smoke and cannabis smoke groups, but not in the comparison
between clean air and placebo smoke groups). In all figure panels, open circles and black
lines represent the clean air control group, filled grey circles and lines represent the placebo
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smoke group, and filled green circles and lines represent the cannabis smoke group (7=12
rats/group for all measures). Error bars represent standard error of the mean (SEM). The “x”
symbol denotes a significant group delay interaction: xp<0.05. No significant difference is
indicated by “ns.”
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Figure 2.
Measures of anxiety-like behavior and motivation in adult rats after repeated clean air,

placebo, or cannabis smoke exposure during adolescence. (a) Open field arena. There were
no group differences in the duration spent in each zone. (b) Elevated plus maze. There were
no group differences in the time spent in each arm. (c) Progressive ratio. There were no
group differences in breakpoint (expressed as the number of food pellets earned). In all
figure panels, open bars and black lines represent the clean air control group, filled grey bars
and lines represent the placebo smoke group, and filled green bars and lines represent the
cannabis smoke group (/=12 rats/group for all measures). Error bars represent standard error
of the mean (SEM).
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Figure 3.
Measures of executive function in adult rats after repeated clean air, placebo, or cannabis

smoke exposure during adolescence. (a) Delayed response task (working memory). The
cannabis smoke group (/7=12) performed significantly better than the clean air control
(r7=11), but not better than the placebo smoke group (/=12). (b) Set-shifting task (cognitive
flexibility). There were no group differences in trials to criterion on either the initial
discrimination or the set shift (air control, 7=11; placebo smoke, 7=11; cannabis smoke,
=10). (c)Probabilistic reversal learning (cognitive flexibility). There were no group
differences in the number of reversals performed (air control, 7=11; placebo smoke, 7=12;
cannabis smoke, 7=10). (d) Intertemporal choice task (decision making). There were no
group differences in preference for the large, delayed over the small, immediate reward
(n=12/group). In all figure panels, open circles/bars and black lines represent the clean air
control group, filled grey circles/bars and lines represent the placebo smoke group, and filled
green circles/bars and lines represent the cannabis smoke group. Error bars represent
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standard error of the mean (SEM). No significant difference is indicated by “ns” and
**<0.01 for main effects of group.
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Effects of adolescent cannabis smoke exposure on open field arena measures.

Open field zone entry latency

Group Zone Mean  Standard error
Air Outer 2.294 1.19
Middle  8.745 2.778
Center  44.781 19.854
Placebo Outer 3.971 1.304
Middle  8.041 3.044
Center  64.698 21.749
Cannabis  Outer 2.169 1.19
Middle  6.076 2.778
Center  61.367 19.854
Open field zone entry frequency
Air Outer 14.917 1.432
Middle 18.833 1.422
Center  5.167 0.785
Placebo Outer 13.667 1.432
Middle  14.417 1.422
Center  4.833 0.785
Cannabis  Outer 13.917 1.432
Middle 16.167 1.422
Center 4917 0.785
Total distance
Mean  Standard error
Air 3717.9 158.6
Placebo 3523.1 162.7
Cannabis 3811.1 131.8
Total time
Air 298.4 0.9
Placebo 294.8 1.7
Cannabis 296.7 1.2

Table 1.
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There were no group effects on zone entry latencies, entry frequencies, total distance traveled, or total time spent in arena. See text for statistical

details.
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Effects of adolescent cannabis smoke exposure on elevated plus maze measures.

Closed arm entry latency

Mean  Standard error
Air 45.09 11.85
Placebo 78.84 11.67
Cannabis 66.47 11.75
Arm entry frequency
Group
Air Open 9.25 1.44
Closed 12.42 121
Placebo Open 9.00 1.44
Closed 11.25 1.21
Cannabis  Open 9.08 1.44
Closed 11.42 1.21
Total distancetraveled
Air 1460.69 85.62
Placebo 1336.44 51.71
Cannabis 1475.64 60.11
Total time spent on maze
Air 296.84 1.86
Placebo 295.74 0.95
Cannabis 295.16 1.52
Mean velocity
Air 4.95 0.29
Placebo 4.55 0.18
Cannabis 5.02 0.21
Max velocity
Air 49.28 3.21
Placebo 42.66 1.83
Cannabis 48.66 3.27

Table 2.

Page 32

There were no group effects on closed arm entry latencies, arm entry frequencies, total distance traveled, or mean or maximum velocities. See text

for statistical details.
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Set-shifting errors by type.

Set shift errorsby type

Group Mean Standard error

Air Previously reinforced  20.091 3.491
Never reinforced 5.273 1.028

Placebo Previously reinforced  24.182 3.491
Never reinforced 4.455 1.028

Cannabis  Previously reinforced  18.800 3.662
Never reinforced 3.500 1.079

There were no group differences in errors on the set-shifting task. See text for statistical details.
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