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Abstract

Rationale: Initial exposure to cannabinoids, including A-9-tetrahydrocannabinol (THC), often
occurs during adolescence. Considerable neurodevelopmental alterations occur throughout
adolescence, and the environmental insult posed by exogenous cannabinoid exposure may alter
natural developmental trajectories. Multiple studies suggest that long-lasting deficits in cognitive
function occur as a result of adolescent cannabis use, but considerable variability exists in the
magnitude of these effects.

Objectives: We sought to establish a novel procedure for achieving intravenous THC self-
administration in adolescent rats in order to determine if volitional THC intake in adolescence
produced indices of addiction-related behavior, altered working memory performance in
adulthood, or altered the expression of proteins associated with these behaviors across several
brain regions.

Methods: Male and female adolescent rats learned to operantly self-administer escalating doses
of THC intravenously from PD 32-51. Upon reaching adulthood they were tested in abstinence for
cued reinstatement of THC-seeking and working memory performance on a delayed-match-to-
sample task. In a separate cohort, glutamatergic, GABAergic, and cannabinoid receptor protein
expression was measured in multiple brain regions.

Results: Both male and female adolescents self-administered THC and exhibited cue-induced
lever pressing throughout abstinence. THC exposed males exhibited slightly enhanced working
memory performance in adulthood, and better performance positively correlated with total THC
self-administered during adolescence. Adolescent THC-exposed rats exhibited reductions in CB1,
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GABA and glutamate receptor protein, primarily in the prefrontal cortex, dorsal hippocampus, and
ventral tegmental area.

Conclusions: These results suggest that THC exposure at self-administered doses can produce
moderate behavioral and molecular alterations, including sex-dependent effects on working
memory performance in adulthood.
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Introduction

Cannabis is the most widely used illicit substance among adolescents in the United States,
and initiation of cannabis use often occurs during adolescence (SAMHSA 2019; Johnston et
al. 2020). The growing trend toward legalization of cannabis for recreational or medical use,
combined with a reduced perception of harm among adolescents (SAMHSA 2019), presents
a need for greater understanding of the acute and longitudinal effects of cannabinoid
exposure. Adolescence is a time of marked synaptic and neuronal development, and
exposure to multiple drugs of abuse during this period can produce prolonged deficits in
cognitive functioning (Spear 2016; Mooney-Leber and Gould 2018). The endocannabinoid
system is developing during this time, while also contributing to the significant neuroplastic
and neurochemical reorganization occurring in key neurotransmitter systems and brain
regions (Sturman and Moghaddam 2011). Both human and animal studies indicate that the
environmental insult from exposure to psychoactive cannabinoids may cause persistent
changes to the maturation of the endocannabinoid system as well as other brain circuits
involved in cognitive, emotional, and social processing (Broyd et al. 2016; Rubino and
Parolaro 2016). Cannabinoid exposure has been associated with increased risk for
psychiatric diseases (Chadwick et al. 2013), psychotic-like symptoms (Bossong and Niesink
2010), and cognitive deficits that persist into adulthood (Meier et al. 2012). However, due to
variability in populations, dose, length of exposure, and confounds such as exposure to other
substances, the specific long-term effects of cannabinoids are not clear (Ganzer et al. 2016;
Scott et al. 2018).

Animal models provide the opportunity to perform controlled studies of the consequences of
exposure to a specific drug. Multiple animal models of drug delivery have been utilized to
administer behaviorally relevant doses of cannabinoids to adolescent animals. Current
models include vapor/smoke inhalation (both passive and self-administered), oral self-
ingestion, and experimenter-administered injections to provide information about the
cognitive or cellular alterations caused by exposure to synthetic or plant-derived
cannabinoids. These rodent studies have demonstrated long-lasting alterations in salience
processing, deficits in spatial or object recognition memory , depression- and anxiety-like
phenotypes, and increased drug-seeking in adulthood (O’Shea et al. 2004; Ellgren et al.
2007; Rubino et al. 2008; Rubino et al. 2009a; Abush and Akirav 2012; Stopponi et al.
2014; Scherma et al. 2016; Renard et al. 2017; Schoch et al. 2018; Kruse et al. 2019).
Conversely, and similar to human studies, adolescent exposure to cannabis or THC smoke is
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also reported to produce little to no detrimental effects in adulthood (Bruijnzeel et al. 2019).
The behavioral alterations produced by cannabinoid exposure in animal models are
supported by synaptic and neuronal changes in key brain regions that develop during
adolescence such as the prefrontal cortex, hippocampus, and striatum. Adolescent
cannabinoid exposure has been associated with long-lasting modifications to synaptic
plasticity and cell firing patterns in the prefrontal cortex and hippocampus (Rubino et al.
2009b; Raver et al. 2013; Miller et al. 2019), and GABAergic and glutamatergic
transmission throughout the brain (Cass et al. 2014; Zamberletti et al. 2014; Lovelace et al.
2015; Rubino et al. 2015; Renard et al. 2018). In human cannabis users, postmortem
examination of cannabinoid receptors revealed reduced CB1 receptor expression and binding
in the caudate and accumbens (Villares 2007). CBL1 receptors vary in expression throughout
development (Fernandez-Ruiz et al. 2000; Mato et al. 2003) and adolescent exposure by
multiple routes of administration can cause acute (Burston et al. 2010; Silva et al. 2015) and
long-lasting (Kruse et al. 2019) downregulation or desensitization of CB1 receptors.

In studies that include both males and females, sex differences in the effects of adolescent
cannabinoid exposure have also been reported (Rubino and Parolaro 2015). For example
adolescents and adults show sex differences in tolerance to the physiological effects of THC
(Wakley et al. 2014; Nguyen et al. 2020), and cognitive and addiction-associated behavioral
effects of adolescent exposure may emerge only in females (Biscaia et al. 2008; Higuera-
Matas et al. 2008; Rubino et al. 2008; Rubino et al. 2009a), or males (Kruse et al. 2019). On
the biochemical level, fluctuations in transcription factors, protein expression, and synaptic
transmission may also be sex-specific (Rubino et al. 2008; Burston et al. 2010; Castelli et al.
2014; Poulia et al. 2019; Kruse et al. 2019).

The well-characterized exposure models of passive or experimenter-administered
cannabinoids are difficult to adapt to addiction-associated questions such as relapse, that are
better modeled using tests of reinstatement. In adult animals, recent advancements in operant
models of THC and cannabinoid self-administration provide a method for investigating these
questions. Although self-administration of the synthetic cannabinoids WIN 55215-2 or
CP55,940 can be achieved in both adolescent and adult animals (Braida et al. 2001; Fattore
et al. 2001; Lefever et al. 2014; Kirschmann et al. 2017b; Kirschmann et al. 2017a) self-
administration of THC has been notoriously difficult to achieve in rodents (Takahashi and
Singer 1979; Justinova et al. 2005). Recently, novel developments in adult operant vapor
inhalation (Freels et al. 2020) and intravenous self-administration (Wakeford et al. 2017;
Spencer et al. 2018) have achieved exposure to physiologically relevant doses of THC and
resulted in acute and chronic alterations to addiction-associated brain regions and neuronal
plasticity. We have previously shown that intravenous self-administration of synthetic
cannabinoids in adolescents actually results in improved working memory performance in
adulthood, though also induces relapse-like behavior, as well as associated changes in
synaptic development (Kirschmann et al. 2017a; Kirschmann et al. 2017b).

Given the conflicts within the literature concerning the long-term effects of adolescent
cannabinoid exposure, where human studies suggest a moderate effect and animal models
vary based on dose and route of exposure, there is a need to increase researchers ability to
perform studies using THC self-administration models. Self-administration allows the direct
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Methods

Animals

Drugs

Surgery

investigation of behavioral questions that arise from giving control of dose and timing to the
animal, such as questions of individual differences in preferred intake and sex-differences in
protracted response to reinforcing doses of the drug. In this study, we establish a model of
THC self-administration in adolescent male and female Sprague Dawley rats. We investigate
long-term effects on receptor protein expression in multiple addiction-associated brain
regions that are particularly vulnerable to adolescent drug exposure and identify potential
sex-differences in relapse-like behavior and cognitive function measured in adulthood.

Male (n=50) and female (n=53) Sprague Dawley rats (Envigo, Indianapolis, IN) arrived on
postnatal day (PD) 22 and were housed in a temperature and humidity controlled room on a
12:12 h light:dark cycle. All behavioral experiments were conducted during the light cycle.
Rats were pair housed prior to surgery and had access to food and water ad /ibitum unless
otherwise noted. All procedures were approved by the University of Pittsburgh Institutional
Animal Care and Use Committee and were performed in accordance with the National
Institutes of Health Guide for the Care and Use of Laboratory Animals.

A-9-Tetrahydrocannabinol (THC) was provided by the National Institute on Drug Abuse’s
Drug Supply program. Stock solutions were prepared by adding 100-200p1 Tween 80 to an
aliquot of THC solution before the ethanol was evaporated off using a steady stream of
nitrogen gas. The stock solution was then brought to a volume of 1mL with sterile 0.9%
saline. Working solutions were prepared immediately prior to each self-administration
session by diluting the stock solutions with additional saline to reach the desired
concentration of THC, with a final concentration of Tween 80 between 0.05-0.1%. \ehicle
solutions were made from Tween 80 with an equivalent volume of ethanol evaporated, and
dilution in saline.

All rats were implanted with intravenous jugular catheters as described previously (Rich et
al. 2016). Rats (PD 25-26) were anesthetized with ketamine (87.5mg/kg) and xylazine
(5mg/kg) and given Rimadyl (5mg/kg, Carprofen; Zoetis, Kalamazoo, M) as an analgesic.
All rats were single housed and given 6-7 days to recover from surgery before behavioral
testing. Gentamicin (5mg/ml) and heparin (30USP/ml) in sterile saline were infused daily to
maintain catheter patency.

Intravenous THC Self-Administration, Lever Extinction, and Reinstatement

During self-administration, adolescent rats (PD 32-51) were food restricted to 13-18g rat
chow per day. Rats were trained to lever press for THC in standard operant conditioning
chambers (Med Associates, St Albans, VT) during daily 2-hour sessions. Each chamber
contained two retractable levers with stimulus lights directly above each lever, house light,
food magazine, tone generator, and fan. Rats acquired THC self-administration by lever
pressing for escalating doses of the drug on a fixed ratio (FR) 1 schedule of reinforcement
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over the course of 9 days, before maintaining the final concentration of drug for 11 days. All
rats in THC groups initially self-administered a dose of 3 pg/kg/infusion for days 1-3,
before escalating to 10 pg/kg/infusion for days 4-6, and 30 pg/kg/infusion for days 7-9. One
cohort of animals remained at the 30 ug/kg dose for the remainder of self-administration
(days 10-20) while a separate cohort escalated to 100 pg/kg/infusion for these days. Rats
were randomly assigned to an active lever, and responses on the active lever resulted in an
infusion of THC or an equivalent volume of vehicle paired with presentation of a 10 s light
and tone compound conditioned stimulus followed by a 10 s timeout. Responses on the
inactive lever were recorded but had no programmed consequences.

After self-administration, rats completed 9 days of 1-hour lever extinction sessions (PD 52—
60). Nine days of extinction was chosen to allow sufficient time for drug washout
(Gunasekaran et al. 2009). Rats were placed in the self-administration chamber where active
and inactive levers were available, but lever pressing did not result in drug delivery or cue
presentation. Extinction criteria were set at fewer than 20 active or inactive lever presses by
the final day of extinction. On abstinence days 10 and 30 (PD 61 and 81), rats completed a
30 min cued reinstatement session. Rats were again placed into the self-administration
chamber and pressing on the active lever resulted in a 5 s presentation of the conditioned
stimulus without drug or vehicle infusion.

Hot Water Tail Withdrawal

On days 19 or 20 of self-administration, a subset of THC and vehicle animals were tested for
antinociception using the hot water tail withdrawal assay. Immediately prior to the self-
administration session and immediately after, each rat was held by the experimenter and 4
inches of the tail was submerged into a 50°C water bath. The time required to remove the
tail from the bath was recorded.

Delayed-Match-to-Sample Working Memory Task

At PD 63, rats that had previously completed self-administration and lever extinction began
training on the delayed-match-to-sample working memory task (as previously described,
Kirschmann et al., 2017) during daily 1-hour sessions. Rats were trained in operant
chambers (Med Associates) equipped with a panel containing 5 illuminated nose poke
apertures and a magazine, sucrose pellet dispenser, and house light on the opposite wall.
Rats were initially trained to respond into any illuminated aperture on a FR1 schedule to
receive a sucrose pellet reward. Next, animals were trained to respond in a specific
illuminated aperture. After completing this phase of training, animals were then introduced
to increasingly difficult delay periods ranging from 0.5 — 24 s. Rats learned to respond in a
specific illuminated aperture during a sample phase which was followed by a 0.5 s delay
before initiation of the choice phase, where the originally sampled aperture was illuminated
along with 2 directly adjacent apertures. For example, if the sample aperture was in the
center of the panel, the apertures to the left and right would be illuminated. If the sample
aperture was on the edge of the panel the two apertures to the left or right would be
illuminated. The animal had to choose the originally sampled aperture to receive a sucrose
pellet reward. Once rats learned to respond correctly (80% correct trials), increasingly
difficult delays were introduced. Rats responded for sucrose pellet reinforcers in blocks of
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trials where 7 delays (ranging from 0.5 — 6 s) would elapse between sample and choice
phases. Each delay was presented in a random order, and all delays would occur in a block
before repeating. After maintaining 80% correct trials at the 0.5 s delay, rats advanced to a
longer range of delay periods (0.5 - 12 s). A final test session was conducted during the first
day of training on a 0.5 — 24 s delay set. The number of correct and incorrect trials at each
delay were recorded for each session.

Western Immunoblot

A separate group of adolescent male and female rats were trained to self-administer vehicle
or THC using the procedure described above and reached a maximum dose of 100 pg/kg/
infusion. These animals then remained in the home cage until PD 90, corresponding to the
approximate age of working memory testing, and were euthanized by rapid decapitation.
Brains were flash-frozen in isopentane on dry ice and stored at —80°C until further
processing. Brains were sliced into Imm coronal sections and the prelimbic (PrL) and
infralimbic (IL) cortices, nucleus accumbens (NAc), basolateral amygdala (BLA), dorsal
hippocampus (DH) and ventral tegmental area (VTA) were dissected using a 1mm tissue
punch. Regions of interest were fractionated into soluble and membrane bound components
(Bafiuelos et al. 2014; Kirschmann et al. 2017b). Protein concentration was determined
using a bicinchoninic acid assay (BCA Protein Assay, Thermo-Scientific Pierce, Waltham,
MA). Tissue samples were then reduced in Laemmli sample buffer (Bio-Rad, Hercules, CA)
and boiled at 90°C for 5 minutes. 20ug protein was loaded onto 4-20% Tris-glycine gels
(Invitrogen, Carlsbad, CA) and separated by SDS-PAGE. Separated proteins were then
transferred to polyvinylidene fluoride (PVVDF) membranes and incubated at room
temperature for 1 hour in blocking solution (5% non-fat dry milk in PBS containing 0.1%
Tween 20). Membranes were then incubated overnight at 4°C in primary antibodies against
proteins of interest: GABA receptor subunits GABApR1,, (1:10000; Abcam, Cambridge,
UK) and GABAgR?2 (1:1000; Cell Signaling, Danvers, MA); GluR2/3 (1:1000;
MilliporeSigma), CB1 (1:500; Alomone Labs, Jerusalem, Israel) and GAPDH loading
control (1:1000; MilliporeSigma). Membranes were then incubated with secondary
fluorescent antibodies (IRDye 800 CW anti-rabbit, 1:5000; IRDye 680 CW anti-mouse,
1:5000) at room temperature. All antibodies were diluted in 1:1 Li-COR Odyssey blocking
buffer (Li-COR, Lincoln, NE) and PBS. Membranes were imaged using a Li-COR Odyssey
imaging system and analyzed with Li-COR Image Studio software. Each protein sample was
normalized to its respective GAPDH loading control and normalized to within gel vehicle
controls.

Statistical Analysis

Statistical analyses were conducted using GraphPad Prism version 8.2 (GraphPad, San
Diego, CA) and STATISTICA (TIBCO, Palo Alto, CA). Lever presses, infusions,
discrimination indices, tail withdrawal latencies, and accuracy on the working memory task
were analyzed by 2- or 3-way repeated measures ANOVA (a=0.05) followed by Bonferroni
post-hoc comparisons when appropriate. Mean differences during self-administration were
analyzed by paired t-test. Discrimination indices during self-administration were calculated
using the formula [(Active Lever- Inactive Lever) / Total Lever Presses]. Protein expression
from Western blots were analyzed by unpaired t-tests.
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Adolescent rats self-administer escalating doses of THC

Adolescent male and female rats were trained to self-administer escalating doses of THC or
Vehicle (n=12-22 per group) throughout 20 days of adolescence (PD 32-51, Fig 1b—d). A 3-
way repeated measures ANOVA with day of self-administration as a within subjects factor
and sex and THC dose [0 (vehicle), 30, 100 ug/kg/infusion] as between-subject factors
revealed a significant main effect of dose on active lever pressing [F(7 g9) = 6.44, p<0.01], a
main effect of day [F(19 1881) = 4.3, p<0.001], and a significant day x dose interaction
[F(38,1881) = 2.32, p<0.001]. Analysis of this interaction indicated that rats in the vehicle
group pressed more than rats in the 100 pg/kg/infusion group on days 10-20, and more than
the 30 pg/kg/infusion group on day 14, while the two THC groups only differed on days 16
and 20. No significant main effects of sex or interactions emerged for active lever pressing.
Similarly, there were main effects of dose [F(2 99) = 3.96, p<0.05] and day [F(19 1881) = 3.79,
p<0.001] for inactive lever presses, as well as a significant day x dose interaction [F(3g 1881)
= 3.04, p<0.001] with vehicle animals pressing the inactive lever more than animals in the
100 pg/kg/infusion group on days 11-12, and 16—20 and animals in the 30 pg/kg/infusion
group pressing significantly more than the 100 pg/kg/infusion group on days 11 and 20.
There was no significant difference in inactive lever pressing due to sex or any additional
interactions (p>0.05 for all analyses). Analysis of infusions yielded main effects of day
[F(19,1881) = 8.34, p<0.001], and dose [F(2 99y = 7.64, p<0.001] and a day x dose interaction
[F(38,1881) = 3.52, p<0.001]. Again, animals in the vehicle group received more infusions
than rats in the 100 pg/kg/infusion group on days 10-20, and more infusions than the 30
pg/kg/infusion group on days 14,16, and 17, while the 30 pg/kg/infusion group received
more infusions than the 100 ug/kg/infusion group on days 16 and 20. Thus, the greatest
differences in lever pressing emerged between the vehicle and high dose groups toward the
end of self-administration, when animals in the high dose group reduced their lever pressing
and the number of infusions received once escalating to the highest dose available.

To investigate whether animals adjusted their intake upon escalating to the highest unit dose
available, we compared the average number of infusions received on days 7-9 of training to
the average number of infusions received on days 10-12 of training for all groups (Fig 1e).
Both male and female rats reduced the number of infusions they chose to receive upon
escalating to the 100 pg/kg/infusion dose of THC (male ty1=2.74, p<0.05, female ty1=2.23,
p<0.05). In groups where there was no change in the unit dose available, males in the 30
ug/kg/infusion group increased their taking (t11=3.17, p<0.01) and females did not change
(t13=0.78, p>0.1) over the same time period. Similarly, females in the vehicle group
increased their intake (t1=2.77, p<0.05) while males did not show a significant increase
(t15=1.89, p=0.078). Thus, only animals that escalated to the highest dose available showed
expected titration of their intake to reflect the change in THC concentration.

To determine the total amount of THC intake, we analyzed the average daily intake for all
males and females self-administering and if animals escalated intake over time (Fig 1f). A 3-
way ANOVA with day of self-administration as a within subjects’ factor and sex and THC
dose (30 or 100 ug/kg/infusion) as between subjects’ factors found a main effect of day
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[F(19,1038) = 51.68, p<0.0001], a main effect of dose [F(1, 57) = 30.63, p<0.0001] and a day x
dose interaction [F(19, 1083) = 15.16, p<0.0001] where intake in the 100 ug/kg/infusion group
was higher than the 30 pg/kg/infusion group from days 10-20. There were no statistically
significant effects of sex on intake. Of rats in the 100 ug/kg/infusion group, males took a
mean of 1.09 + 0.037 mg/kg and females took 1.13 £ 0.032 mg/kg. In the 30 ug/kg/infusion
group, males took 0.41 + 0.013 mg/kg and females took 0.45 + 0.022 mg/kg.

We next evaluated the extent to which animals differentiated between active and inactive
levers by computing a discrimination index for each day of self-administration. We found
that male and female animals in the 30 pg/kg/infusion group increased their preference for
the active lever throughout the course of self-administration (Fig 2a) with a main effect of
day [F(19,456) = 1.93, p<0.05] but no main effect of group or group x day interaction
(p>0.05). Similarly, for animals in the 100 pg/kg/infusion group (Fig 2b) there was a trend
toward a main effect of day [F(19, 798) = 1.71, p=0.083] but no main effect of group or group
by day interaction (p>0.05). No main effects or interactions emerged for animals self-
administering vehicle (Fig 2c, p>0.05 for all analyses). To further evaluate differentiation
between active and inactive levers once the animals had reached their final training dose of
THC, the discrimination index was also calculated for the last 10 days of self-administration
(Fig 2d). We assessed the extent to which each group pressed the active lever more than the
inactive lever by computing difference scores during this period. A 2-way ANOVA with sex
and dose as between subjects’ factors yielded a main effect of sex [F(1, 54) = 7.07, p<0.01]
and a sex x dose interaction [F(,, 54) = 4.62, p<0.05]. There was no difference in scores
within females, but within males the vehicle group had a significantly lower difference score
than the 30 pg/kg group and trended toward a lower difference score than the 100 pg/kg
group (p=0.059). Within the vehicle group, males had a significantly lower difference score
than females suggesting they differentiated between the active and inactive lever less than
female animals.

Adolescent THC self-administration produces antinociceptive effects

Immediately prior to and after the 2-hour self-administration session on days 19 or 20, a
subset of animals in the vehicle (n=7 male, n=7 female) or 100 ug/kg (n=9 male, n=13
female) groups underwent a tail-flick latency test for antinociception (Fig 2e). A main effect
of timepoint (F(y, 32) = 13.84, p<0.001) and a timepoint x group interaction emerged [F(3, 37)
= 9.06, p<0.001]. Post hoc comparisons indicate that both male and female rats that self-
administered THC increased latency to remove their tails from the water, while animals in
the vehicle group did not change.

Young adult rats will extinguish lever pressing and show cued reinstatement after THC
self-administration

After self-administration, male (vehicle n=11, 30 pug/kg n=12, 100 ug/kg n=13) and female
(n=12 per group) rats underwent 9 days of lever extinction (PD 52-60). All rats significantly
reduced lever pressing throughout extinction training (Fig 3a—b). Analysis of active and
inactive lever pressing revealed a main effect of day [F(g 536) = 5.11, p<0.001], [F(g 536) =
5.81, p<0.001] respectively, but no other significant effects or interactions emerged.

Psychopharmacology (Berl). Author manuscript; available in PMC 2022 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Stringfield and Torregrossa Page 9

On days 10 and 30 of abstinence (PD 61 and 81) rats underwent a test for cued reinstatement
of drug-seeking (Fig 3c,f). Presses per minute were analyzed due to the difference in
reinstatement and extinction session length. A sex x group x day 3-way ANOVA revealed
that all groups of animals reinstated active and inactive lever pressing compared to
responding during lever extinction as demonstrated by a main effect of day [active pressing:
F(2,134) = 88.79, p<0.001; inactive pressing: F(2 134) = 25.85, p<0.001]. A main effect of sex
also emerged only for active lever responding, [F(1 67) = 5.11, p<0.05], where females
generally increased lever pressing compared to males. Separate analyses indicate that
animals in the vehicle group increased pressing over time, but there was no difference in
reinstatement based on sex. To further investigate this interesting effect of sex that occurred
only in the THC exposure group, a separate 3-way analysis was conducted to compare sex x
THC dose x day. This analysis yielded a sex x day interaction for active [F(, g0y = 3.22,
p<0.05] and inactive [F7, o) = 4.43, p<0.05] levers, where females pressed more than males
on abstinence day 30 regardless of THC dose.

Each 30 min reinstatement test session was then divided into 10-minute bins to compare
lever pressing over time between groups by sex x group x time 3-way ANOVA (Fig 3d-h).
Analysis of active lever pressing during the first reinstatement test session (Fig 3d), yielded
main effects of sex [F(y g8) = 4.94, p<0.05] and time bin [F(, 136) = 81.46, p<0.001] but no
sex x time interaction, suggesting that the increase in lever pressing exhibited by females
was not specific to initial responding at the beginning of the session. This effect was also
present in the second reinstatement test session (Fig 3e), where a main effect of sex [F(; gg) =
6.25, p<0.05] and time bin [F(, 135) =97.64, p<0.001] emerged. Responding on the inactive
lever during the first reinstatement session (Fig 3g) also decreased over time as evident by an
effect of time bin [F(; 136) = 44.43, p<0.001] but there was no difference between sexes. A
main effect of sex was present on the second test of reinstatement (Fig 3h) [F(q 6g) = 4.37,
p<0.05] as well as a main effect of time bin [F(,,136) = 44.59, p<0.001].

Male rats that self-administered high doses of THC in adolescence show better working
memory performance.

Beginning at PD 63, rats that had completed self-administration and lever extinction were
trained on the delayed-match-to-sample task and tested for working memory performance on
delays ranging from 0.5-24s (Fig 4). Performance on each of the seven delays presented was
expressed as a proportion of correct trials and binned to represent short (0.5-4s), medium
(8-12s), and long (16-24s) delays (Fig 4a). These bins were chosen to compare performance
on delays where animals reliably perform well (short delays, approximately 80% correct
trials) to longer delays where accuracy approaches chance (33% correct trials). This method
also facilitates correlations between task accuracy and THC intake during self-
administration. Repeated measures analysis comparing all groups yielded a main effect of
delay [F(2,134) = 193.99, p<0.001], as all animals decreased in accuracy at longer delays.
Additionally, there was a delay x sex interaction [F(z 134) = 3.20, p<0.05] where males
performed better than females at the shorter delays. There was a trend toward a sex x dose
interaction [F(; g7) = 2.51, p=0.088] where male rats in the 100 pg/kg group performed
better than female rats who self-administered the same dose. Further within-sex analysis of
performance indicated that male animals in the 100 ug/kg group performed better than those
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in the vehicle and 30 pg/kg groups at moderate length delays, but not at short or long delay
periods [delay x group interaction, F(4 gs) = 2.53, p<0.05]. Females showed no difference in
performance based on THC exposure (p>0.05 for all analyses). We next correlated accuracy
at each delay period with average THC intake over the last 11 days of self-administration. In
male rats (Fig 4b—d), THC intake was positively correlated with increased performance at
moderate delays (R? = 0.19, p<0.05) and long delays (R2 = 0.29, p<0.01) but not short
delays (R2 = 0.057, p>0.05). Female rats (Fig 4e—g) exhibited an opposite trend toward a
decrease in accuracy with increasing THC intake. On moderate delays there was a trend
toward decreased performance (R? = 0.16, p=0.052) but no significant correlations emerged
at other delay periods.

Adolescent THC self-administration causes long-lasting alterations in receptor protein

expression

A subset of male and female rats that completed self-administration of the high dose of THC
(100 pg/kg/infusion, n=10-12) or vehicle (n=8-10) remained in the home cage after self-
administration and was euthanized in adulthood at PD 90. Protein expression was analyzed
by Western blot to determine if THC self-administration caused a protracted change in
protein expression that persisted until adulthood (Fig 5). Male and female tissue was
analyzed separately and then collapsed across sex when no sex differences were found. CB1
receptors (Fig 5¢) were found to be reduced in the PrL, (o= 2.67, p<0.05), VTA (t19=2.33,
p<0.05), and IL (t;9=2.28, p<0.05) but no other regions. Additionally, GABAAR1,, protein
(Fig 5d) was found to be reduced in the DH (t;9=4.31, p<0.001) and trended toward a
reduction in the PrL (t,p=2.04, p=0.055), while GABAyR?2 (Fig 5e) was reduced only in the
PrL (t19=2.31, p<0.05). GluR2/3 protein (Fig 5f) was also reduced solely in the PrL
(t20=2.15, p<0.05). We saw no significant changes in the measured receptor proteins in the
NAc or BLA.

Discussion

Here, we demonstrate that volitional self-administration of THC can be achieved in male
and female adolescent rats. This self-administration results in physiologically and
behaviorally relevant exposure to the drug as indicated by acute antinociceptive effects. We
identified the emergence of potential sex-specific effects in adulthood, where males
exhibited enhanced working memory performance compared to females, and the greatest
discrepancy in working memory performance occurred in males and females that self-
administered the most drug during adolescence. Adult rats that self-administered THC in
adolescence also showed reductions in multiple proteins involved in synaptic transmission,
as well as cannabinoid receptors in regions of the brain that undergo developmental changes
during adolescence.

This model of intravenous THC self-administration takes advantage of an escalating dose
procedure, similar to those that have been used in some experimenter-administration
protocols (Rubino et al. 2008), to model escalation of intake as animals develop tolerance to
the effects of the drug. While intravenous self-administration of synthetic cannabinoids has
been achieved in both adolescent and adult rodents at similar unit doses (Fattore et al. 2001;
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Lefever et al. 2014; Kirschmann et al. 2017b; Kirschmann et al. 2017a), THC self-
administration in adults has only been achieved at lower doses than were reached in this
study (Takahashi and Singer 1979; Wakeford et al. 2017; Spencer et al. 2018). Adolescent
animals are less sensitive to the aversive effects of THC (Quinn et al. 2008), which may
explain the sustained intake at higher doses than has been observed with adult self-
administration. The observed differences in intake could be related to the design of the self-
administration period, as the procedure used here differs from the recently published
investigations of intravenous THC self-administration in adults (Wakeford et al. 2017;
Spencer et al. 2018). The training period in the present study was twice as long as one study
of adult self-administration (Spencer et al. 2018), and animals escalated to increasing doses
instead of decreasing concentrations of THC. The escalation period used here is similar to
that of another recently published study (Wakeford et al. 2017), but all rats in the present
study were given daily access to THC without any days off between doses for drug washout.
Additionally, we saw higher inactive lever pressing and less differentiation between active
and inactive levers than has been shown during adult THC (Spencer et al. 2018) or
adolescent WIN 55,212-2 self-administration (Kirschmann et al. 2017b; Kirschmann et al.
2017a). Importantly, the decrease in lever pressing upon escalation to the highest dose
suggests that the THC group adjusted the amount of drug they chose to receive and had
learned the association between the active lever and drug delivery.

Interestingly, we report that adolescent male and female rats in the vehicle group exhibited
significant lever pressing and differentiation between the active and inactive levers. These
animals also increased their lever pressing during cued reinstatement sessions.
Reinstatement of THC-seeking without reinstatement of vehicle-seeking has been
demonstrated in abstinent adults, primarily in animals that were exposed to both THC and
cannabidiol (Spencer et al. 2018; Freels et al. 2020). The presence of cannabidiol during
self-administration may account for the robust reinstatement seen in these studies. Spencer
et al (2018) also reported high rates of responding for vehicle in adults which decreased over
the course of training, whereas adolescents in the present study responded consistently over
the course of the training period. All groups of animals in this study successfully
extinguished lever pressing when neither the drug nor cue were available, and the lack of an
extinction burst on the first day of extinction may be due to residual levels of circulating
THC (Spencer et al. 2018). Females exhibited a particularly robust amount of responding for
vehicle during self-administration and reinstatement, though both sexes increased
responding compared to extinction levels during reinstatement testing. The vehicle solution
used in this study has been shown to be non-reinforcing in adult animals compared to
synthetic cannabinoids (Fattore et al. 2001; Lefever et al. 2014), suggesting that these
adolescent animals were responding primarily for the audiovisual cue and that this cue-
seeking behavior was more prominent in females. It may be that THC self-administration is
closer to nicotine self-administration, another drug of abuse where rodent self-administration
is difficult to achieve despite the reinforcing effects seen in humans. Cue presentations are
an integral part of achieving sustainable nicotine self-administration, and rodents will
perform operant responses for presentation of a visual stimulus paired with saline alone
(Donny et al. 2003). The fact that adolescent animals in this study respond for the cue should
not take away from the usefulness of this method to model the impact of THC delivered at
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self-administered doses, which are presumably not aversive, and which we found to have
physiologically relevant effects.

While this model of self-administration does not produce high amounts of infusions similar
to those seen with stimulants or opiates, it does produce self-administration of
antinociceptive doses of THC in a range consistent with those that produce reinforcing
effects in conditioned place preference and intracranial self-stimulation studies (Gardner et
al. 1988; Valjent and Maldonado 2000; Braida et al. 2004; Katsidoni et al. 2013). Notably,
the self-administered doses (from 0.4 mg/kg to 1.4 mg/kg THC) are lower than those used in
several studies of experimenter administration that have THC-induced cognitive deficits
(Cha et al. 2006; Rubino et al. 2008; Renard et al. 2017). As we do not have data on the
serum or brain concentrations of THC throughout the study, our ability to draw conclusions
based on intake is limited. A future serum analysis of acute and residual THC levels will
allow for direct comparison with intravenous THC self-administration in adults (Spencer et
al. 2018), and studies conducted with vapor or smoke self-administration models (Freels et
al. 2020). Given the discrepancies in the reinforcing versus aversive properties of
cannabinoids including THC, the presence of this self-administration procedure will allow
further differentiation and exploration of individual differences found in animals that may be
more resistant to the aversive effects of THC exposure, or who may show a preference for
lower doses.

In the present study adolescent self-administration of THC did not produce cognitive
deficits. In fact, working memory performance in males was similar to performance after
adolescent self-administration of the synthetic cannabinoid WIN 55212-2 (Kirschmann et
al. 2017b), and is similar to improvements in recognition memory or working memory
reported after cannabis smoke exposure (Blaes et al. 2019; Bruijnzeel et al. 2019). The
analysis in this study was designed to compare behavior in animals that self-administered
both low and high doses of THC. As high-dose exposure may produce behaviorally relevant
effects similar to those seen in humans, future studies can focus specifically on animals that
self-administered the greatest amount of THC. While we saw no sex differences in receptor
protein expression, a sex-difference may exist in the desensitization or binding of CB1
receptors that contributes the efficiency of cannabinoid receptors during memory processing.
Low doses of cannabinoids can stimulate object recognition and working memory
performance in aged rodent populations (Marchalant et al. 2008; Sarne et al. 2018), and it
may be that the doses produced in this study interact with the developing adolescent
endocannabinoid system to ultimately promote cognitive performance in adult males. Given
the requirement for activity within the mPFC for working memory performance (Horst and
Laubach 2009; Kirschmann et al. 2017b), the reduction of CB1 receptors in this region
represents a clear area for further study.

Analysis of protein expression by Western blot returned no significant effects of sex, but
uncovered reductions in key receptor proteins in the mesocorticolimbic system. CB1
receptor reductions, desensitization, or downregulation are a common effect of adolescent
THC exposure at higher experimenter administered doses (Burston et al. 2010; Weed et al.
2016), and we report a similar effect in this study. Disruptions in GABA transmission have
been reported after adolescent cannabinoid exposure (Cass et al. 2014; Renard et al. 2017) as
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well as the potential for a female specific sex-difference (Zamberletti et al. 2014). The
effects seen in the current study concur with others describing altered and depressed
functioning of the GABAergic, glutamatergic, and endocannabinoid systems after chronic
adolescent exposure (Ellgren et al. 2008; Renard et al. 2018) and further support the ability
of self-administration to produce long-term physiological effects in key brain regions
associated with cognitive processing and addiction-related behaviors.

This study was designed to facilitate comparisons between adolescent THC self-
administration relative to our previous work with adolescent WIN self-administration
(Kirschmann et al. 2017b; Kirschmann et al. 2017a). One limitation of this approach is that
behavioral experiments were performed during the light phase. As rodents are more active
during the dark cycle, the timing of behavioral testing could contribute to the measured
differences in performance. Future studies can be conducted during the dark phase to
question if time of day contributes to THC self-administration and behavioral correlates. The
animals in this study were also individually housed after surgery to protect the integrity of
the indwelling catheters. Social isolation may contribute to the degree of drug-seeking, and
future studies can also investigate if this isolation contributed to increased cue-seeking,
particularly in the vehicle group. Our ability to discuss the cause of the observed sex-
differences is limited as we did not measure estrous cycle during this study. However, in our
previous study of WIN self-administration, we found that estrous cycle did not influence
lever pressing during self-administration or working memory performance in adulthood
(Kirschmann et al. 2017a). Similarly, a recent study in THC-exposed adult females reports
that estrous cycle does not influence working memory performance on a comparable
operant-based and PFC-dependent task that measures performance at the same delays tested
here (Blaes et al. 2019). As estradiol has been shown to contribute to CB1 receptor
expression and activity (Riebe et al. 2010; Winsauer et al. 2011; Castelli et al. 2014), future
studies can be designed to specifically measure not only estrous cycle, but estradiol and
other sex hormones to truly uncover how THC and circulating hormones may interact to
alter receptor-level changes and behavioral performance.

Conclusions

In conclusion, we present a rodent model for adolescent intravenous self-administration of
THC and the extent of some behavioral and molecular alterations that accompany exposure
to self-administered doses of the drug. Human literature reporting the effects of cannabinoid
exposure during adolescence has been varied, suggesting that the magnitude of differences
depends on age of onset, dose, and length of exposure (Stringfield and Torregrossa 2021).
Our data suggest that self-administered doses of THC may provide similar results based on
timing of exposure and dose used, and that this exposure may produce long-lasting
behavioral and neuronal alterations. Future experiments can take advantage of novel models
that allow for volitional control of THC exposure, to further characterize the effects of
cannabinoid exposure at key developmental timepoints and produce translationally relevant
comparisons.

Psychopharmacology (Berl). Author manuscript; available in PMC 2022 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Stringfield and Torregrossa Page 14

Acknowledgements:

The authors would like to thank Erin Kirschmann, Megan Bertholomey, Brooke Bender, and Dana Smith for
outstanding technical help, as well as the NIH drug supply program.

Funding: Research was supported by National Institute of Health grants F32DA047029 (SJS), RO1DA042029
(MMT), R21DA041563 (MMT)

References

Abush H, Akirav | (2012) Short- and long-term cognitive effects of chronic cannabinoids
administration in late-adolescence rats. PLoS One 7:1-12. 10.1371/journal.pone.0031731

Bariuelos C, Sofia Beas B, McQuail JA, Gilbert RJ, Frazier CJ, Setlow B, Bizon JL (2014) Prefrontal
cortical GABAergic dysfunction contributes to age-related working memory impairment. J Neurosci
34:3457-3466. 10.1523/JNEUROSCI.5192-13.2014 [PubMed: 24599447]

Biscaia M, Fernandez B, Higuera-Matas A, Miguéns M, Viveros MP, Garcia-Lecumberri C, Ambrosio
E (2008) Sex-dependent effects of periadolescent exposure to the cannabinoid agonist CP-55,940 on
morphine self-administration behaviour and the endogenous opioid system. Neuropharmacology
54:863-873. 10.1016/j.neuropharm.2008.01.006 [PubMed: 18329053]

Blaes SL, Orsini CA, Holik HM, Stubbs TD, Ferguson SN, Heshmati SC, Bruner MM, Wall SC, Febo
M, Bruijnzeel AW, Bizon JL, Setlow B (2019) Enhancing effects of acute exposure to cannabis
smoke on working memory performance. Neurobiol Learn Mem 157:151-162. 10.1016/
j.nIm.2018.12.001 [PubMed: 30521850]

Bossong MG, Niesink RJM (2010) Adolescent brain maturation, the endogenous cannabinoid system
and the neurobiology of cannabis-induced schizophrenia. Prog Neurobiol 92:370-385. 10.1016/
j.pneurobio.2010.06.010 [PubMed: 20624444]

Braida D, losué S, Pegorini S, Sala M (2004) A9-Tetrahydrocannabinol-induced conditioned place
preference and intracerebroventricular self-administration in rats. Eur J Pharmacol 506:63-69.
10.1016/j.ejphar.2004.10.043 [PubMed: 15588625]

Braida D, Pozzi M, Parolaro D, Sala M (2001) Intracerebral self-administration of the cannabinoid
receptor agonist CP 55,940 in the rat: Interaction with the opioid system. Eur J Pharmacol 413:227—
234.10.1016/S0014-2999(01)00766-X [PubMed: 11226397]

Broyd SJ, Van Hell HH, Beale C, Yiicel M, Solowij N (2016) Acute and chronic effects of
cannabinoids on human cognition - A systematic review. Biol Psychiatry 79:557-567. 10.1016/
j.biopsych.2015.12.002 [PubMed: 26858214]

Bruijnzeel AW, Knight P, Panunzio S, Xue S, Bruner MM, Wall SC, Pompilus M, Febo M, Setlow B
(2019) Effects in rats of adolescent exposure to cannabis smoke or THC on emotional behavior and
cognitive function in adulthood. Psychopharmacology (Berl) 236:2773-2784. 10.1007/
s00213-019-05255-7 [PubMed: 31044291]

Burston JJ, Wiley JL, Craig AA, Selley DE, Sim-Selley LJ (2010) Regional enhancement of
cannabinoid CBL1 receptor desensitization in female adolescent rats following repeated A9-
tetrahydrocannabinol exposure. Br J Pharmacol 161:103-112. 10.1111/j.1476-5381.2010.00870.x
[PubMed: 20718743]

Cass DK, Flores-Barrera E, Thomases DR, Vital WF, Caballero A, Tseng KY (2014) CB1 cannabinoid
receptor stimulation during adolescence impairs the maturation of GABA function in the adult rat
prefrontal cortex. Mol Psychiatry 19:536-543. 10.1038/mp.2014.14 [PubMed: 24589887]

Castelli M, Fadda P, Casu A, Spano M, Casti A, Fratta W, Fattore L (2014) Male and Female Rats
Differ in Brain Cannabinoid CB1 Receptor Density and Function and in Behavioural Traits
Predisposing to Drug Addiction: Effect of Ovarian Hormones. Curr Pharm Des 20:2100-2113.
10.2174/13816128113199990430 [PubMed: 23829370]

Cha YM, White AM, Kuhn CM, Wilson WA, Swartzwelder HS (2006) Differential effects of delta9-
THC on learning in adolescent and adult rats. Pharmacol Biochem Behav 83:448-455. 10.1016/
j.pbb.2006.03.006 [PubMed: 16631921]

Psychopharmacology (Berl). Author manuscript; available in PMC 2022 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Stringfield and Torregrossa Page 15

Chadwick B, Miller ML, Hurd YL (2013) Cannabis Use during Adolescent Development:
Susceptibility to Psychiatric IlIness. Front Psychiatry 4:1-8. 10.3389/fpsyt.2013.00129 [PubMed:
23346060]

Donny EC, Chaudhri N, Caggiula AR, Evans-Martin FF, Booth S, Gharib MA, Clements LA, Sved AF
(2003) Operant responding for a visual reinforcer in rats is enhanced by noncontingent nicotine:
implications for nicotine self-administration and reinforcement. Psychopharmacology (Berl)
169:68-76. 10.1007/s00213-003-1473-3 [PubMed: 12774186]

Ellgren M, Artmann A, Tkalych O, Gupta A, Hansen HS, Hansen SH, Devi LA, Hurd YL (2008)
Dynamic changes of the endogenous cannabinoid and opioid mesocorticolimbic systems during
adolescence: THC effects. Eur Neuropsychopharmacol 18:826-34. 10.1016/
j.euroneuro.2008.06.009 [PubMed: 18674887]

Ellgren M, Spano SM, Hurd YL (2007) Adolescent Cannabis Exposure Alters Opiate Intake and
Opioid Limbic Neuronal Populations in Adult Rats. Neuropsychopharmacology 32:607-615.
10.1038/sj.npp.1301127 [PubMed: 16823391]

Fattore L, Cossu G, Martellotta CM, Fratta W (2001) Intravenous self-administration of the
cannabinoid CBL1 receptor agonist WIN 55,212-2 in rats. Psychopharmacology (Berl) 156:410-
416. 10.1007/s002130100734 [PubMed: 11498718]

Fernandez-Ruiz J, Berrendero F, Hernandez ML, Ramos JA (2000) The endogenous cannabinoid
system and brain development. Trends Neurosci 23:14-20. 10.1016/S0166-2236(99)01491-5
[PubMed: 10631784]

Freels TG, Baxter-Potter LN, Lugo JM, Glodosky NC, Wright HR, Baglot SL, Petrie GN, Yu Z,
Clowers BH, Cuttler C, Fuchs RA, Hill MN, McLaughlin RJ (2020) Vaporized Cannabis Extracts
Have Reinforcing Properties and Support Conditioned Drug-Seeking Behavior in Rats. J Neurosci
40:1897-1908. 10.1523/JNEUROSCI.2416-19.2020 [PubMed: 31953372]

Ganzer F, Broning S, Kraft S, Sack PM, Thomasius R (2016) Weighing the Evidence: A Systematic
Review on Long-Term Neurocognitive Effects of Cannabis Use in Abstinent Adolescents and
Adults. Neuropsychol Rev 26:186-222. 10.1007/s11065-016-9316-2 [PubMed: 27125202]

Gardner EL, Paredes W, Smith D, Donner A, Milling C, Cohen D, Morrison D (1988) Facilitation of
brain stimulation reward by A9-tetrahydrocannabinol. Psychopharmacology (Berl) 96:142-144.
10.1007/BF02431546 [PubMed: 2852376]

Gunasekaran N, Long LE, Dawson BL, Hansen GH, Richardson DP, Li KM, Arnold JC, McGregor IS
(2009) Reintoxication: The release of fat-stored A 9-tetrahydrocannabinol (THC) into blood is
enhanced by food deprivation or ACTH exposure. Br J Pharmacol 158:1330-1337. 10.1111/
j.1476-5381.2009.00399.x [PubMed: 19681888]

Higuera-Matas A, Luisa Soto-Montenegro M, Del Olmo N, Miguéns M, Torres I, José Vaquero J,
Sanchez J, Garcia-Lecumberri C, Desco M, Ambrosio E (2008) Augmented acquisition of cocaine
self-administration and altered brain glucose metabolism in adult female but not male rats exposed
to a cannabinoid agonist during adolescence. Neuropsychopharmacology 33:806-813. 10.1038/
sj.npp.1301467 [PubMed: 17551541]

Horst NK, Laubach M (2009) The role of rat dorsomedial prefrontal cortex in spatial working memory.
Neuroscience 164:444-456. 10.1016/j.neuroscience.2009.08.004 [PubMed: 19665526]

Johnston LD, Miech RA, O’Malley PM, Bachman JG, Schulenberg JE, Patrick ME (2020) Monitoring
the Future national survey results on drug use 1975-2019: Overview, key findings on adolescent
drug use. Inst Soc Res Univ Michigan, Ann Arbor

Justinova Z, Goldberg SR, Heishman SJ, Tanda G (2005) Self-administration of cannabinoids by
experimental animals and human marijuana smokers. Pharmacol Biochem Behav 81:285-299.
10.1016/j.pbb.2005.01.026 [PubMed: 15932767]

Katsidoni V, Kastellakis A, Panagis G (2013) Biphasic effects of A9-tetrahydrocannabinol on brain
stimulation reward and motor activity. Int J Neuropsychopharmacol 16:2273-2284. 10.1017/
$1461145713000709 [PubMed: 23830148]

Kirschmann EK, McCalley DM, Edwards CM, Torregrossa MM (2017a) Consequences of Adolescent
Exposure to the Cannabinoid Receptor Agonist WIN55,212-2 on Working Memory in Female
Rats. Front Behav Neurosci 11:1-12. 10.3389/fnbeh.2017.00137 [PubMed: 28174525]

Psychopharmacology (Berl). Author manuscript; available in PMC 2022 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Stringfield and Torregrossa Page 16

Kirschmann EK, Pollock MW, Nagarajan V, Torregrossa MM (2017b) Effects of Adolescent
Cannabinoid Self-Administration in Rats on Addiction-Related Behaviors and Working Memory.
Neuropsychopharmacology 42:989-1000. 10.1038/npp.2016.178 [PubMed: 27582345]

Kruse LC, Cao JK, Viray K, Stella N, Clark JJ (2019) Voluntary oral consumption of A9-
tetrahydrocannabinol by adolescent rats impairs reward-predictive cue behaviors in adulthood.
Neuropsychopharmacology 44:1406-1414. 10.1038/s41386-019-0387-7 [PubMed: 30965351]

Lefever TW, Marusich JA, Antonazzo KR, Wiley JL (2014) Evaluation of WIN 55,212-2 self-
administration in rats as a potential cannabinoid abuse liability model. Pharmacol Biochem Behav
118:30-35. 10.1016/j.pbb.2014.01.002 [PubMed: 24412835]

Lovelace JW, Corches A, Vieira PA, Hiroto AS, Mackie K, Korzus E (2015) An animal model of
female adolescent cannabinoid exposure elicits a long-lasting deficit in presynaptic long-term
plasticity. Neuropharmacology 99:242-255. 10.1016/j.neuropharm.2015.04.034 [PubMed:
25979486]

Marchalant Y, Cerbai F, Brothers HM, Wenk GL (2008) Cannabinoid receptor stimulation is anti-
inflammatory and improves memory in old rats. Neurobiol Aging 29:1894-901. 10.1016/
j.neurobiolaging.2007.04.028 [PubMed: 17561311]

Mato S, Del Olmo E, Pazos A (2003) Ontogenetic development of cannabinoid receptor expression
and signal transduction functionality in the human brain. Eur J Neurosci 17:1747-1754. 10.1046/
j.1460-9568.2003.02599.x [PubMed: 12752773]

Meier MH, Caspi A, Ambler A, Harrington HL, Houts R, Keefe RSE, McDonald K, Ward A, Poulton
R, Moffitt TE (2012) Persistent cannabis users show neuropsychological decline from childhood to
midlife. Proc Natl Acad Sci U S A 109:. 10.1073/pnas.1206820109

Miller ML, Chadwick B, Dickstein DL, Purushothaman I, Egervari G, Rahman T, Tessereau C, Hof
PR, Roussos P, Shen L, Baxter MG, Hurd YL (2019) Adolescent exposure to A9-
tetrahydrocannabinol alters the transcriptional trajectory and dendritic architecture of prefrontal
pyramidal neurons. Mol Psychiatry 24:588-600. 10.1038/s41380-018-0243-x [PubMed:
30283037]

Mooney-Leber SM, Gould TJ (2018) The long-term cognitive consequences of adolescent exposure to
recreational drugs of abuse. Learn Mem 25:481-491. 10.1101/Im.046672.117 [PubMed:
30115770]

Nguyen JD, Creehan KM, Kerr TM, Taffe MA (2020) Lasting effects of repeated A9-
tetrahydrocannabinol vapour inhalation during adolescence in male and female rats. Br J
Pharmacol 177:188-203. 10.1111/bph.14856 [PubMed: 31478558]

O’Shea M, Singh ME, McGregor IS, Mallet PE (2004) Chronic cannabinoid exposure produces lasting
memory impairment and increased anxiety in adolescent but not adult rats. J Psychopharmacol
18:502-508. 10.1177/0269881104047277 [PubMed: 15582916]

Poulia N, Delis F, Brakatselos C, Lekkas P, Kokras N, Dalla C, Antoniou K (2019) Escalating low-
dose A9-tetrahydrocannabinol exposure during adolescence induces differential behavioral and
neurochemical effects in male and female adult rats. Eur J Neurosci 1-13. 10.1111/ejn.14598
[PubMed: 30447119]

Quinn HR, Matsumoto I, Callaghan PD, Long LE, Arnold JC, Gunasekaran N, Thompson MR,
Dawson B, Mallet PE, Kashem MA, Matsuda-Matsumoto H, lwazaki T, McGregor IS (2008)
Adolescent Rats Find Repeated A9-THC Less Aversive Than Adult Rats but Display Greater
Residual Cognitive Deficits and Changes in Hippocampal Protein Expression Following Exposure.
Neuropsychopharmacology 33:1113-1126. 10.1038/sj.npp.1301475 [PubMed: 17581536]

Raver SM, Haughwout SP, Keller A (2013) Adolescent Cannabinoid Exposure Permanently
Suppresses Cortical Oscillations in Adult Mice. Neuropsychopharmacology 38:2338-2347.
10.1038/npp.2013.164 [PubMed: 23822952]

Renard J, Rushlow WJ, Laviolette SR (2018) Effects of Adolescent THC Exposure on the Prefrontal
GABAergic System: Implications for Schizophrenia-Related Psychopathology. Front Psychiatry
9:281 10.3389/fpsyt.2018.00281 [PubMed: 30013490]

Renard J, Szkudlarek HJ, Kramar CP, Jobson CEL, Moura K, Rushlow WJ, Laviolette SR (2017)
Adolescent THC Exposure Causes Enduring Prefrontal Cortical Disruption of GABAergic
Inhibition and Dysregulation of Sub-Cortical Dopamine Function. Sci Rep 7:1-14. 10.1038/
s41598-017-11645-8 [PubMed: 28127051]

Psychopharmacology (Berl). Author manuscript; available in PMC 2022 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Stringfield and Torregrossa Page 17

Rich MT, Abbott TB, Chung L, Gulcicek EE, Stone KL, Colangelo CM, Lam TT, Nairn AC, Taylor
JR, Torregrossa MM (2016) Phosphoproteomic Analysis Reveals a Novel Mechanism of
CaMKIlla Regulation Inversely Induced by Cocaine Memory Extinction versus Reconsolidation. J
Neurosci 36:7613-27. 10.1523/JNEUROSCI.1108-16.2016 [PubMed: 27445140]

Riebe CJN, Hill MN, Lee TTY, Hillard CJ, Gorzalka BB (2010) Estrogenic regulation of limbic
cannabinoid receptor binding. Psychoneuroendocrinology 35:1265-1269. 10.1016/
j.psyneuen.2010.02.008 [PubMed: 20207489]

Rubino T, Parolaro D (2016) The impact of exposure to cannabinoids in adolescence: Insights from
animal models. Biol Psychiatry 79:578-585. 10.1016/j.biopsych.2015.07.024 [PubMed:
26344755]

Rubino T, Parolaro D (2015) Sex-dependent vulnerability to Cannabis abuse in adolescence. Front
Psychiatry 6:1-5. 10.3389/fpsyt.2015.00056 [PubMed: 25653621]

Rubino T, Prini P, Piscitelli F, Zamberletti E, Trusel M, Melis M, Sagheddu C, Ligresti A, Tonini R, Di
Marzo V, Parolaro D (2015) Adolescent exposure to THC in female rats disrupts developmental
changes in the prefrontal cortex. Neurobiol Dis 73:60-69. 10.1016/j.nbd.2014.09.015 [PubMed:
25281318]

Rubino T, Realini N, Braida D, Alberio T, Capurro V, Vigano D, Guidali C, Sala M, Fasano M,
Parolaro D (2009a) The Depressive Phenotype Induced in Adult Female Rats by Adolescent
Exposure to THC is Associated with Cognitive Impairment and Altered Neuroplasticity in the
Prefrontal Cortex. Neurotox Res 15:291-302. 10.1007/s12640-009-9031-3 [PubMed: 19384563]

Rubino T, Realini N, Braida D, Guidi S, Capurro V, Vigano D, Guidali C, Pinter M, Sala M,
Bartesaghi R, Parolaro D (2009b) Changes in hippocampal morphology and neuroplasticity
induced by adolescent THC treatment are associated with cognitive impairment in adulthood.
Hippocampus 19:763-772. 10.1002/hip0.20554 [PubMed: 19156848]

Rubino T, Vigano’ D, Realini N, Guidali C, Braida D, Capurro V, Castiglioni C, Cherubino F,
Romualdi P, Candeletti S, Sala M, Parolaro D (2008) Chronic delta- 9-tetrahydrocannabinol during
adolescence provokes sex-dependent changes in the emotional profile in adult rats: Behavioral and
biochemical correlates. Neuropsychopharmacology 33:2760-2771. 10.1038/sj.npp.1301664
[PubMed: 18172430]

Sarne Y, Toledano R, Rachmany L, Sasson E, Doron R (2018) Reversal of age-related cognitive
impairments in mice by an extremely low dose of tetrahydrocannabinol. Neurobiol Aging 61:177—
186. 10.1016/j.neurobiolaging.2017.09.025 [PubMed: 29107185]

Scherma M, Dessi C, Muntoni AL, Lecca S, Satta V, Luchicchi A, Pistis M, Panlilio LV., Fattore L,
Goldberg SR, Fratta W, Fadda P (2016) Adolescent A 9-Tetrahydrocannabinol Exposure Alters
WIN55,212-2 Self-Administration in Adult Rats. Neuropsychopharmacology 41:1416-1426.
10.1038/npp.2015.295 [PubMed: 26388146]

Schoch H, Huerta MY, Ruiz CM, Farrell MR, Jung KM, Huang JJ, Campbell RR, Piomelli D, Mahler
SV. (2018) Adolescent cannabinoid exposure effects on natural reward seeking and learning in
rats. Psychopharmacology (Berl) 235:121-134. 10.1007/s00213-017-4749-8 [PubMed: 29022083]

Scott JC, Slomiak ST, Jones JD, Rosen AFG, Moore TM, Gur RC (2018) Association of Cannabis
With Cognitive Functioning in Adolescents and Young Adults. JAMA Psychiatry 19104:. 10.1001/
jamapsychiatry.2018.0335

Silva L, Harte-Hargrove L, l1zenwasser S, Frank A, Wade D, Dow-Edwards D (2015) Sex-specific
alterations in hippocampal cannabinoid 1 receptor expression following adolescent delta-9-
tetrahydrocannabinol treatment in the rat. Neurosci Lett 602:89-94. 10.1016/j.neulet.2015.06.033
[PubMed: 26118897]

Spear LP (2016) Consequences of adolescent use of alcohol and other drugs: Studies using rodent
models. Neurosci Biobehav Rev 70:228-243. 10.1016/j.neubiorev.2016.07.026 [PubMed:
27484868]

Spencer S, Neuhofer D, Chioma VC, Garcia-Keller C, Schwartz DJ, Allen N, Scofield MD, Ortiz-
Ithier T, Kalivas PW (2018) A Model of A 9 -Tetrahydrocannabinol Self-administration and
Reinstatement That Alters Synaptic Plasticity in Nucleus Accumbens. Biol Psychiatry 1-10.
10.1016/j.biopsych.2018.04.016

Stopponi S, Soverchia L, Ubaldi M, Cippitelli A, Serpelloni G, Ciccocioppo R (2014) Chronic THC
during adolescence increases the vulnerability to stress-induced relapse to heroin seeking in adult

Psychopharmacology (Berl). Author manuscript; available in PMC 2022 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Stringfield and Torregrossa Page 18

rats. Eur Neuropsychopharmacol 24:1037-1045. 10.1016/j.euroneuro.2013.12.012 [PubMed:
24412506]

Stringfield SJ, Torregrossa MM (2021) Disentangling the lasting effects of adolescent cannabinoid
exposure. Prog Neuro-Psychopharmacology Biol Psychiatry 104:110067 10.1016/
j.pnpbp.2020.110067

Sturman DA, Moghaddam B (2011) The neurobiology of adolescence: Changes in brain architecture,
functional dynamics, and behavioral tendencies. Neurosci Biobehav Rev 35:1704-1712. 10.1016/
j.neubiorev.2011.04.003 [PubMed: 21527288]

Substance Abuse and Mental Health Services Administration (2019) Key substance use and mental
health indicators in the United States: Results from the 2018 National Survey on Drug Use and
Health. HHS Publ No PEP19-5068, NSDUH Ser H-54 170:51-58. 10.1016/
j.drugalcdep.2016.10.042

Takahashi RN, Singer G (1979) Self-administration of delta-9-tetrahydrocannabinol by rats. Pharmacol
Biochem Behav 11:737-740. 10.1016/0091-3057(79)90274-0 [PubMed: 231789]

Valjent E, Maldonado R (2000) A behavioural model to reveal place preference to delta 9-
tetrahydrocannabinol in mice. Psychopharmacology (Berl) 147:436-8. 10.1007/s002130050013
[PubMed: 10672638]

Villares J (2007) Chronic use of marijuana decreases cannabinoid receptor binding and mRNA
expression in the human brain. Neuroscience 145:323-334. 10.1016/
J.NEUROSCIENCE.2006.11.012 [PubMed: 17222515]

Wakeford AGP, Wetzell BB, Pomfrey RL, Clasen MM, Taylor WW, Hempel BJ, Riley AL (2017) The
effects of cannabidiol (CBD) on Ag-tetrahydrocannabinol (THC) self-administration in male and
female Long-Evans rats. Exp Clin Psychopharmacol 25:242-248. 10.1037/pha0000135 [PubMed:
28682102]

Wakley AA, Wiley JL, Craft RM (2014) Sex differences in antinociceptive tolerance to delta-9-
tetrahydrocannabinol in the rat. Drug Alcohol Depend 143:22-28. 10.1016/
J.DRUGALCDEP.2014.07.029 [PubMed: 25131716]

Weed PF, Filipeanu CM, Ketchum MJ, Winsauer PJ (2016) Chronic A9-tetrahydrocannabinol during
adolescence differentially modulates striatal CB1 receptor expression and the acute and chronic
effects on learning in adult rats. J Pharmacol Exp Ther 356:20-31. 10.1124/jpet.115.227181
[PubMed: 26462539]

Winsauer PJ, Daniel JM, Filipeanu CM, Leonard ST, Hulst JL, Rodgers SP, Lassen-Greene CL, Sutton
JL (2011) Long-term behavioral and pharmacodynamic effects of delta-9-tetrahydrocannabinol in
female rats depend on ovarian hormone status. Addict Biol 16:64-81. 10.1111/
j.1369-1600.2010.00227.x [PubMed: 21158010]

Zamberletti E, Beggiato S, Steardo L, Prini P, Antonelli T, Ferraro L, Rubino T, Parolaro D (2014)
Alterations of prefrontal cortex GABAergic transmission in the complex psychotic-like phenotype
induced by adolescent delta-9-tetrahydrocannabinol exposure in rats. Neurobiol Dis 63:35-47.
10.1016/j.nbd.2013.10.028 [PubMed: 24200867]

Psychopharmacology (Berl). Author manuscript; available in PMC 2022 January 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Stringfield and Torregrossa

a

Lever Presses or Infusions Lever Pressas or Infusions

Lever Presses or Infusions

Difference in Infusions

Page 19

Self- Lever
Administration)| Extinction

Reinstatement

I

Working Memory][Reins‘tatement] [Working Memory

Abst 10 Training Abst 30 Test
_
PD:32-51 52-60 61 63+ 81 85-95
4 Female Active & Male Actlve
-0~ Female Inactlve < Male Inactive
¥ Female Infuslons -+ Male Infuslons
60
3ugka  10pg/ki 30pg/kg 3ug/k 100k 30ua/kg
— — | I |
20- iij%ﬁi w
0 R e e e S S LI B S S e o e S S I S e s e e S S e SR
¢0 12 3 4 56 7 8 91011213141561617181920 1 2 3 4 5 6 7 8 9 1011121314151617 1819 20
31.Lglkg ‘I[)u.g/kg ISIOLLQJ“RP ; 100ug/kg ' I3|.|.g;'kg| ‘IOLu;.fkf ?Ougikq . 1000g/kg :
I 1 T 1 ] 1 T 1 I 1 ]
40..
204
O T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
60-1 234 567 8 91M1121314151617181920 1 2 3 4 5 6 7 8 9 1011121314151617 1819 20

o
[=]
1

[
=]
1

Vehicle

Vehicle

- -

23465678 91011121314151617 181920

123465678 91011121314151617 1819 20

Day of Self-Administration

6_
4- % # x
2P /T
N 7
N
* *

-4 T T T T T T

Veh 30pg 100pg Veh 30pg 100pg

Female

Fig. 1.

Male

f 2.0

ma/kg THC
s o

Lt
w
1

| M Female 100pg

&
=
1

@ Male 100png

<O Male 30pg
1} Female 30pug

12345678 91011121314151617181920
Day of Self-Administration

THC self-administration in adolescent male and female rats. (a) Timeline of behavioral
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administration, separated by sex to facilitate visualization. (b) Self-administration by
adolescent rats taking the 30 pg/kg/infusion dose of THC, female (left, n=14) or male (right,
n=12). (c) Adolescent rats self-administering the 100 ug/kg/infusion dose, (n=22 female,
n=22 male). (d) Adolescent rats self-administering vehicle (n=17 female, n=16 male). (e)
Male and female adolescent rats reduced the number of infusions received upon escalating
to the 100 pg/kg/infusion dose of THC while all other groups increased or did not change,
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difference between self-administration days 7-9 and days 10-12 * p<0.05, # p<0.1. (f) Daily
intake in males and females self-administering the 30 pg/kg or 100 ug/kg doses of THC, *
main effect of dose, p<0.05
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Fig. 2.
Changes in lever discrimination and antinociception throughout adolescent self-

administration. (a-c) Discrimination index comparing differentiation between the active and
inactive lever in all groups over 20 days of self-administration, *main effect of day, p<0.05.
(d) Discrimination index comparing active and inactive lever pressing in each group from
days 10-20 of self-administration, * p<0.05, # p<0.1. (¢) Antinociception on the hot water
tail withdrawal task in rats taking 100 pg/kg or vehicle, comparing latencies to remove the
tail prior to self-administration and immediately after, *difference from baseline, p<0.05
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Fig. 3.

Le?ver extinction and cued reinstatement in rats that self-administered THC or vehicle during
adolescence. (a) Lever extinction in female and (b) male rats. * main effect of day, p<0.05.
(c) Active or (f) inactive lever presses per minute on the last day of extinction and abstinence
days 10 and 30. * main effect of abstinence day, p<0.05, # difference between males and
females, p<0.05. (d-e) Active and (g-h) inactive lever presses during the cued reinstatement
sessions binned into 10 minute intervals, on (d,g) abstinence day 10 and (e,h) abstinence day
30, **p<0.01
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Fig. 4.
Working memory performance in adult rats that self-administered THC or vehicle during

adolescence. (a) Proportion of correct trials performed during the working memory task by
female (left) and male (right) rats on short (0—4s) moderate (8-12s) and long (16-24s)
delays. * main effect of delay, p<0.05, # trend toward a difference in performance within rats
that self-administered 100 pg/kg THC, p<0.1, T difference between males and females,
p<0.05, f difference between males in the 100 pg/kg group and males in the 30 pg/kg and
vehicle groups, p<0.05. (b-g) Correlation between intake during the last 10 days of self-
administration and the proportion of correct trials on the working memory task at the 0-4 s
delays in (b) males and (e) females, the 8-12 s delays in (c) males and (f) females, and the
16-24s delay in (d) males and (g) females
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Fig. 5.

Pr%tein expression measured in adulthood after adolescent THC or vehicle self-
administration. (a) timeline of behavior and tissue collection. (b) Representative bands from
THC and vehicle exposed rat tissue from the prelimbic cortex (PrL) infralimbic cortex (IL)
dorsal hippocampus (DH) ventral tegmental area (VTA) nucleus accumbens (NAc) and
basolateral amygdala (BLA). (Rows c-f) Protein expression shown as a proportion of
immunoreactivity in the vehicle group from each of the above brain regions (n=10-12 THC
samples per region, n=8-10 vehicle samples per region), females represented as open circles
males represented as filled circles (c) CB1, (d) GABAAR1,, (e) GABAgRZ2, (f) GIuR2/3. *
Change from vehicle, p<0.05
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