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Abstract

BACKGROUND—Cannabis is the most widely used illicit drug, but knowledge of the
neurological consequences of cannabis use is deficient. Two primary components of cannabis are
A-tetrahydrocannabinol (THC) and cannabidiol (CBD), and we established a THC+CBD model
of self-administration and reinstated drug seeking to determine if like other addictive drugs,
cannabis produces enduring synaptic changes in nucleus accumbens core (NAcore) thought to
contribute vulnerability to drug reinstatement.

METHODS—Sprague-Dawley rats were trained to self-administer THC+CBD (n=165) or used as
vehicle self-administering controls (h=24). Reinstatement was initiated by context, cues, drug
priming and stress (yohimbine injection). Enduring neuroadaptations produced by THC+CBD
self-administration were assayed using four measures: dendritic spine morphology, long-term
depression (LTD), AMPA/NMDA ratios and behavioral pharmacology.

RESULTS—We describe a novel rodent model of cannabis relapse involving intravenous THC
+CBD self-administration and drug seeking induced by conditioned context, cues and stress. Cued
reinstatement of THC+CBD seeking depended on a sequence of events implicated in relapse to
other addictive drugs since reinstatement was prevented by daily treatment with N-acetylcysteine,
or acute intra-NAcore pretreatment with an nNOS or MMP-9 inhibitor, all of which normalize
impaired glutamate homeostasis. The capacity to induce NMDA-LTD in NAcore medium spiny
neurons was abolished and dendritic spine density was reduced but AMPA/NMDA ratio was
unaltered in THC+CBD-trained animals akin to opioids, but not psychostimulants.
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CONCLUSIONS—We report enduring consequences of THC+CBD use on critical relapse
circuitry and synaptic physiology in NAcore following rat self-administration and provide the first
report of cue- and stress-induced reinstatement with this model.
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A9-Tetrahyrdocannabinol; cannabidiol; drug abuse; synaptic plasticity; nucleus accumbens;
reinstatement

Introduction

Cannabis is the most widely used illicit drug in the United States with 19.8 million current
users, and is decriminalized or legalized in 26 states plus the District of Columbia. Despite
high recreational usage, understanding of the neurobiological consequences of long-term
cannabis use is lacking. The major psychoactive component of cannabis is A%-
tetrahydrocannabinol (THC), producing its primary effects as a partial agonist at
cannabinoid receptors, CB1 and CB2 (2). Activation of presynaptic CB1 receptors, the main
neuronal subtype, inhibits glutamate and GABA release in nucleus accumbens, a key brain
structure that mediates drug relapse (3, 4). Moreover, CB1 receptors participate in several
forms of short- and long-term synaptic plasticity (5, 6).

We established a reliable and scalable model of rat THC self-administration, extinction and
reinstatement by modifying specific parameters of standard operant self-administration.
Intravenous THC provides a pharmacokinetic time course mirroring inhaled cannabis and
limits between-subject variation in bioavailability (7, 8). In an effort to overcome the low
reinforcing and anxiogenic qualities of THC, we implemented passive THC pre-exposure
before operant self-administration, utilized lower unit doses of THC per infusion than
previously reported (9-11), and combined THC with another cannabis constituent,
cannabidiol (CBD), in a 10:1 ratio reported to alleviate the aversive properties of THC (12—
15). The enduring propensity to relapse is a cardinal feature of drug addiction, and clinical
studies of cannabis use disorder report high rates of relapse akin to other abused drugs (16,
17); although, much lower rates have been reported in some community samples (18). Here
we established a relapse model of reinstated drug seeking following THC+CBD self-
administration via exposure to conditioned context, cues or yohimbine injection (stress-
induced reinstatement). We also examined enduring THC+CBD- dependent adaptations in
nucleus accumbens core (NAcore). Long-lasting synaptic adaptations in NAcore are thought
to contribute vulnerability to relapse for all addictive drugs. Psychostimulants like cocaine
and nicotine potentiate glutamatergic synapses, while opioids like heroin or morphine induce
synaptic depression (19-22). Rats extinguished from THC+CBD self-administration showed
loss of LTD akin to both psychostimulant and opioid drugs, and a heroin-like reduction in
dendritic spine density. Finally, to assess the predictive validity of our model we examined
three pharmacological treatments known to reduce cued reinstatement across all classes of
addictive drug tested. Inhibition of neuronal nitric oxide synthase (nNOS), matrix
metalloprotease-9 (MMP-9) activity or treatment with the antioxidant N-acetylcysteine
(NAC) prevented cue-induced THC+CBD seeking.
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Methods and materials

Animals

Male Sprague—Dawley rats (250-300 g, Charles River Laboratories) were maintained on a
12-12 hr reverse light-dark cycle, and experiments were performed during the dark cycle.
After 1 week of vivarium acclimation, rats were implanted with indwelling jugular catheters
(Supplemental Procedures). Food was restricted to 25 g standard chow before food training
and throughout self-administration. Procedures were approved by the Animal Care and Use
Committee of Medical University of South Carolina and performed in accordance with
National Institutes of Health guidelines.

THC vapor, food training and self-administration

Following surgery, 5 days of recovery occurred before involuntary vapor exposure to THC
+CBD (5 mg THC with 0.5 mg CBD per liquid pad) for 10 minutes per day x 5 days. THC
+CBD was delivered to rats in plastic boxes (42x30x15 cm3) using a Volcano vaporizer
(Storz and Bickel). A 1-hour food training session occurred prior to self-administration. No
cues are delivered during food training to avoid confounds during later cue reinstatement
testing. Rats were trained on a fixed-ratio 1 schedule to lever press for intravenous infusion
of THC+CBD or vehicle paired with cue light and tone (78 dB, 4.5 kHz). During extinction,
active lever presses no longer delivered infusions or cues. A dose-response curve was
generated by averaging three consecutive days of self-administration per dose (1.27, 2, 4,
and 12.64 pg/kg) using a random crossover design after self-administration stabilized on
4+0.4 pg/kg THC+CBD. In another study, rimonabant (1,3 or 10 mg/kg, ip) or vehicle was
delivered 30 min prior to THC+CBD self-administration for two consecutive days.
Rimonabant doses were compared in a between-subjects design with a randomized within-
subject crossover with saline for those animals receiving the 10 mg/kg dose.

Discrimination index

We calculated lever discrimination index = (active lever presses — inactive lever presses)/
(active lever presses + inactive lever presses) where 0 equals no discrimination and 1 equals
complete discrimination (23). Using this formula, a 2:1 ratio of active to inactive lever
pressing is signified by a value of 0.33. This level is indicated by a dotted line on all graphs
displaying this measure for illustrative clarity. The formula was chosen over a simple ratio of
active to inactive lever to avoid the mathematically untenable situation when no inactive
lever presses creates a denominator equal to zero. Discrimination index was assessed for
drug seeking during the maintenance phase of self-administration (average of days 6-10).

Reinstatement

Cue-induced reinstatement entailed drug-free reintroduction of drug-paired cues contingent
upon lever pressing. THC-primed reinstatement consisted of monitoring lever presses under
extinction conditions 10 min after noncontingent THC injection (1 mg/kg, ip) or THC+CBD
(1 mg+ 0.1 mg/kg, ip). To control for the effect of ip injection we performed a fully
randomized within subject cross over with Vehicle and THC+CBD injection for this priming
experiment. Saline habituation injections were given for two days prior to reinstatement
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testing and on intervening extinction sessions. Stress-induced reinstatement was elicited

with yohimbine (2.5 mg/kg, ip) 30 min prior to testing under cue-induced reinstatement

conditions.

Antagonism of cue-induced reinstatement

Rats were pretreated with N-acetylcysteine (60 mg/kg, ip X 5 days) 2 hrs before extinction
or reinstatement. Alternatively, rats were pretreated 10 min prior to cued reinstatement with
NPLA (0.1 nmol/side; nNOS K; =57 nM. 3158-fold selectivity over iNOS, 149-fold
specificity over eNOS), or 15 min prior to reinstatement with MMP-9 inhibitor (0.1 nmol/
side) or saline plus 1% DMSO intra-NAcore. These doses of NAC, NPLA and MMP-9-1
were previously shown to reduce cue-induced reinstatement of cocaine seeking without
altering cued sucrose seeking or locomotion (24-26).

Electrophysiology

General methods for patch clamp and extracellular recording are provided in supplemental
materials.

Slice preparation—Rats were anesthetized with ketamine (100 mg/kg), decapitated, and
coronal brain slices (250 pm) made using a vibratome (VT1200S, Leica). Cutting was
performed in ice cold ACSF at 4° C (in mM: 126 NaCl, 1.4 NaH,PQOy4, 25 NaHCO3, 11
glucose, 1.2 MgCly, 2.4 CaCls, 2.5 KCI, 2.0 sodium pyruvate, 0.4 ascorbic acid, 5 kynurenic
acid, 0.05 D-(—)-2-amino-5-phosphonopentanoic acid (D-AP5); bubbled with 95% O, and
5% COy). After cutting, slices were stored for 245 min at 25°C.

LTD—NMDAR-dependent LTD in MSNs was induced after =10 minutes of stable baseline
recording using a pairing protocol consisting of three trains of stimulus at 5 Hz (train
duration: 3 min, 5 minutes apart) while holding the cells at -50mV. The magnitude of
NMDAR-LTD was estimated from EPSC recorded after 20-30 minutes LTD induction as
percentage of baseline EPSC amplitudes. The glutamatergic nature of the fEPSP was
confirmed by blocking with AMPA receptor antagonist DNQX (20 pM).

Dendritic spine quantification

Statistics

Dendritic spine labeling procedures were based on Seabold et al. (27)(see Supplemental
Procedures). Dil-labeled neurons and dendrites were imaged via optical sectioning by a 63%
oil-immersion objective (numerical aperture=1.4) on a confocal microscope (Leica) using
the Helium/Neon 543-nm laser line. Spines on dendrites beginning at >75 um and ending at
<200 pm distal to the soma and after the first branch point were quantified from NAcore
MSNs using Imaris (Bitplane, Concord, MA). Seven to nine segments (45-55 um each)
were analyzed per animal. Minimum spine head diameter was set at =0.143 um to reflect the
microscope’s Nyquist frequency resolution limits.

Statistics were performed using Prism (GraphPad Software, La Jolla, CA) or SPSS (IBM,
Armonk, NY). Self-administration data were analyzed by one- or two-way ANOVA
followed by Sidak’s multiple comparisons. Reinstatement was analyzed by two- or three-
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way repeated measures ANOVA. When only two groups were compared, statistical
significance (p < 0.05) was determined by Student’s ftest. Electrophysiological data were
analyzed by cell using a one-way ANOVA with Dunnett’s post-hoc tests. Significance was
set at p < 0.05, and all data are presented as mean + SEM.

Self-administration and reinstatement of THC+CBD in rats

Historically, THC failed to sustain intravenous self-administration in rodents (10, 11),
although there are a few reports of intracranial and intravenous self-administration in rats
(28-31). To facilitate acquisition of THC use, we incorporated three protocol modifications
(Fig. 1A). 1) Rats were passively pre-exposed to THC+CBD vapor (5+0.5 mg/day x 5 days
over 10 minutes) because THC pre-exposure facilitates conditioned preference (CPP) in
mice (32), and neutralizes aversion in rats (33). 2) Cannabidiol was combined with THC
(1:10) because this combination neutralizes THC place aversion without altering reward
(15). 3) Low unit doses were delivered compared to early investigations (10, 11). Vapor and
intravenous THC+CBD produced hypothermia, indicative of a pharmacological effect (Fig
S1A). Also, it is noteworthy that the number of infusions of THC+CBD during self-
administration correlated with the plasma levels of THC and metabolites (Fig S1B), and that
these levels (Fig S1C) are comparable to levels reported in human users (2, 8).

Lever press and infusion data during self-administration and extinction for rats receiving
THC +CBD or vehicle infusions is shown in Fig 1B. The vehicle self-administration group
was run to control for ethanol diluent in THC solution (0.25-0.5%). Discrimination between
active and inactive levers occurred throughout THC+CBD self-administration, and was
gradually lost during extinction (Fig. 1B: two-way ANOVA revealed main effects of lever
F(1,609)=132.3, p<0.001, day F(19,1311)=3.00, p<0.001, and interaction F(19 1311)=6.69
p<0.001). Noticeably, overall lever pressing was higher in vehicle self-administering rats,
but in contrast with THC+CBD, lever discrimination was lost by day 5 of self-administration
consistent with lack of vehicle-maintained reinforcement. Of note, substantial individual
differences were present in the levels of THC+CBD self-administration (see Fig S2 heat map
of pooled THC+CBD data from Figs 1B,F). The discrimination index over the last 5 days of
self-administration was higher in THC+CBD compared to vehicle controls (t(123)=3.24,
p=0.002) (Fig 1C). Food responding before self-administration did not differ between
groups (vehicle: active/inactive 61.3+£11.6/27.9+3.8; THC+CBD: active/inactive
66.9+7.1/34.1+7.2). We also examined the contribution of CBD, vapor pre-exposure and
food training on the self-administration discrimination index. Eliminating any single
component from the protocol produced a discrimination index intermediate between vehicle
and THC+CBD (Fig. S3). Dose-response analysis of self-administered THC+CBD revealed
a shallow biphasic response with maximum active lever pressing at 2 and 4 ug/kg and lesser
responding at 1.3 and 12.6 ug/kg (main effect of lever F(; 5=30.34, p=0.002) (Fig. 1D).
Akin to other addictive drugs, maximum THC+CBD use occurred in a loading period during
the first 10 min of self-administration (Fg 414)=19.61, p<0.001) (Fig. 1E).

We noted that Day 1 extinction lever pressing measured 24 hr after the last self-
administration was relatively low (Fig 1B). This may have resulted from residual circulating
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THC or active metabolites measured in plasma 24 hr after the last self-administration
session diminishing the motivation to press for THC+CBD (8, 34). In support of this
possibility, we found measureable plasma levels of THC and its metabolites up to 5 days
after discontinuing self-administration (Fig S1C). Accordingly, we established a separate
group of rats trained to self-administer THC+CBD that underwent day 1 extinction after 7—
10 days of homecage abstinence (Fig. 1F: two-way ANOVA revealed main effects of lever
F(1,20=113.6, p<0.001, day F(g261)=5.54, p<0.001, and interaction F(g 61)=4,23, p<0.001).
During extinction pressing the active lever either delivered vehicle (+Veh) or was without
consequence (—Veh). Active lever pressing during extinction training with or without vehicle
delivery was statistically equivalent (Fig 1G: F(1 28=0.072, p=0.791), indicating that rats
receiving vehicle detect the changing reinforcement conditions and that vehicle did not
maintain responding. Introducing an abstinence period of 7-10 days potentiated day 1
extinction active lever pressing compared to rats entering extinction training immediately
(e.g. compare day 1 THC+CBD extinction between Figs 1B and 1G; Table S1; two-way
ANOVA for day 1 extinction: interaction F(, 196)=0.38, p=0.68; lever F(1 196)=16.32,
p<0.001; abstinence vs. no abstinence F (2 196)=5.96, p=0.003). In all groups, main effect of
lever was lost by day 10 extinction (interaction F(2 196)=2.85, p=0.06; lever F(; 195)=0.602,
p=0.44; condition F(; 196=1.57, p=0.21). Of note, an alternative interpretation to the
increased active lever pressing on day 1 extinction after abstinence is that, akin to cocaine,
responding may ‘incubate’ and increase with abstinence duration (35).

Conditioned cues and stress reinstated lever pressing following THC+CBD self-
administration

After extinction, lever pressing was reinstated by conditioned cues (restoring contingent
light and tone cues), a noncontingent injection of THC (1 mg/kg, ip) or THC+CBD (1 mg

+ 0.1 mg/kg, ip), or a noncontingent injection of yohimbine (2.5 mg/kg, ip) to model stress-
induced reinstatement. Each rat underwent 2-3 reinstatement modalities separated by a
minimum 2 days of extinction. Robust reinstatement was elicited by conditioned cues (Fig
2A, left; two-way repeated measures ANOVA: interaction F(; 24)=28.02, p<0.001; ext vs.
cue F(1,24)=18.94, p<0.002; lever F(; 24)=19.95, p<0.002) and yohimbine (Fig 2A, middle;
two-way repeated measures ANOVA! interaction F(; 77=11.32, p=0.010; ext vs. cue
F(1,7)=14.66, p=0.007; lever F(; 7)=17.54, p=0.004) in THC+CBD-trained rats. However,
THC priming did not reinstate lever pressing (Fig 2A, right). We hypothesized that this
might be due to differences in the interoceptive experience between THC alone in the prime
compared to THC+CBD experienced throughout self-administration. However, when THC
+CBD was crossed over with vehicle priming injections neither THC+CBD injection nor
vehicle elicited reinstatement (Fig 2C). Moreover, rats trained on vehicle self-administration
did not reinstate to cues, yohimbine, or THC prime (Fig 2B). However, active lever pressing
was significantly higher than inactive pressing for vehicle animals during cue reinstatement
suggesting, as has been shown previously, that cues alone possess some rewarding value
(36). For this reason, we compared cue reinstatement between vehicle and THC+CBD self-
administering animals and report that cued reinstatement was greater in THC+CBD- than
vehicle-trained rats (main effects of lever F; 60)=11.98, p=0.001 and treatment F; g0)=7.33,
p=0.009, but no interaction F(; 0)=2.06, p=0.157). Full statistics for figure 2 are provided in
Table S2. Additional self-administration, extinction and reinstatement experiments were
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conducted using other doses of THC+CBD self-administration (summarized in
Supplemental Fig. S4 and Table S3).

Pharmacological assessment of THC self-administration and reinstatement

To examine the role of CB1 receptors in sustaining THC+CBD self-administration, rats were
treated with CB1 receptor antagonist rimonabant (1, 3, or 10 mg/kg, ip) 30 min prior to self-
administration. Rimonabant suppressed THC+CBD self-administration compared to vehicle
pre-treatment (Fig. 3A,B; one-way ANOVA F (3 24)=7.60, p=0.001). Supporting a specific
effect on self-administration, and confirming previous reports for doses ranging from 0.3-10
mg/kg, neither 3 nor 10 mg/kg rimonabant suppressed locomotion (Fig. S5)(37, 38). It
should be noted that we did not test effects of rimonabant on locomotor activity or other
behaviors in the presence of THC, and rimonabant could impact factors such as arousal in
the presence of THC+CBD. For example, CB1 antagonist pre-treatment blocks both the
acute psychological (high feeling) and physiological (heart rate) effects of smoked cannabis
in a community sample of cannabis users (39).

Reinstatement in rodents trained to self-administer different classes of addictive drug share a
common mechanism in NAcore relative to animals trained to self-administer sucrose (40).
For example, restoration of glutamate transport with N-acetylcysteine (NAC) reduces
reinstated nicotine, heroin and cocaine seeking (41-43), and inhibiting nNOS or MMP-9
prevents cocaine and heroin reinstatement (25, 26). Likewise, cue-induced reinstatement of
THC+CBD was inhibited by pretreatment with NAC, the nNOS inhibitor NPLA and an
MMP-9 inhibitor, implicating involvement of mechanisms similar to other addictive drugs
(Fig. 3C; two-way ANOVA for active lever revealed main effects of treatment F (3 57)=3.94,
p=0.013 and interaction F(3 52)=5.14, p=0.004; no significant effects for inactive lever
pressing). Although we did not determine effects of NAC, NPLA or MMP-9i in vehicle
trained rats, previous studies show that NPLA and MMP-9i are without effect in sucrose-
trained animals (25, 44), minimizing the possibility that they are producing nonspecific
effects on reinstated behavior. However one study found that NAC treatment reduces
reinstated food seeking (42).

Extinction from THC+CBD self-administration abolished NMDA-dependent LTD without
altering AMPA/NMDA ratio

LTD is abolished /n vitroin accumbens after withdrawal from cocaine self-administration
(45, 46), after extinction from cocaine or heroin self-administration /in vivo (20, 22), and in
ethanol-dependent rats (47). We generated NMDA-dependent LTD using low frequency
pairing in vehicle animals (1-5 Hz afferent stimulation in postsynaptic cells held at =50 mV)
(46, 48). Extinction from THC+CBD self-administration abolished this form of LTD (Fig.
4A; treatment F(; 391)=161.10, p<0.001, time F(30,391)=1.84, p=0.005, interaction
F(30,391)=3.14, p<0.001; Fig. 3B t;3=4.17, p=0.001). Supporting a postsynaptic mechanism
for the LTD loss, SEPSC amplitude was reduced after inducing LTD in vehicle rats, with no
change measured in the THC+CBD group (Fig. 4C, t5=3.29, p=0.017). In contrast, two
estimates of presynaptic changes, PPR and sEPSC inter-event interval (IEI) were unaltered
by LTD induction in either group (Fig. 4C). Following extinction training we observed no
difference in AMPA/NMDA between THC+CBD and vehicle groups (Fig S6A) (t;1= 0.47,
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p= 0.650). A double exponential fit of decay revealed no effect of THC+CBD on fast, slow
or dual decay times of isolated NMDA currents (Fig. S6B). Finally, neither amplitude nor
frequency of spontaneous events differed between vehicle- and THC+CBD-extinguished
animals (Figure S6C,D).

Extinction from THC+CBD self-administration decreased dendritic spine density

Dendritic spine density and spine head diameter in accumbens MSNs are synaptic
adaptations that vary between addictive drugs, with potentiation produced following cocaine
or nicotine self-administration, and heroin inducing morphological depotentiation (21, 49).
Reconstructed confocal images of Dil labeled MSNs revealed no difference in spine
diameter between THC+CBD extinguished rats and controls (Fig. 5A,B,C). However,
dendritic spine density was decreased after extinction from THC+CBD self-administration.
The reduction was apparent when data were analyzed as mean difference between neuron
populations (Fig. 5A,D; t(gg)=2.82, p=0.006), and by the left-shifted cumulative distribution
of spine density (Fig. 5E) in the THC+CBD extinguished group (comparing elevations
F(1,31)=20.38, p<0.001). The difference in spine number was attributed to a decrease in
number of thin spines (< 0.25 um)(Fig 5F; treatment F(; 63)=5.90, p=0.018; size bin
F(6,63)=172.3, p<0.001; interaction Fg g3)=2.41, p=0.037).

Discussion

We describe a novel rodent model of self-administration and relapse to the active ingredient
of cannabis, THC. The self-administration behavior described here is reliable and
reproducible across cohorts, but the relatively poor reinforcing properties of THC compared
to other abused substances are apparent. A shallow biphasic dose-response curve indicates a
limited reinforcing range with higher doses decreasing the number of infusions taken per
session and a minimum reinforcing dose of THC+CBD below 0.5+0.05 pg/infusion (Fig.
S4A). Literature-based strategies were implemented to maximize THC self-administration
including passive vapor exposure before self-administration, combining THC with CBD in a
10:1 ratio, and food training prior to self-administration (15, 32, 50). The relative
importance of each component was assessed, and if CBD, vapor treatment or food training
was omitted the discrimination index was intermediate between vehicle and the complete
THC+CBD protocol (Fig. S3). CBD inclusion was designed to counteract the aversive
effects of THC. It was recently reported that CBD pre-treatment had no effect on THC self-
administration in rats (30), but this experiment was performed in a small number of rats
assessing only the effect of CBD on pre-established THC self-administration. Given the
variability in THC and CBD content in different cannabis strains and the distinct effects of
specific combinations in human populations (51), it is important to further examine
additional doses and ratio combinations of THC+CBD. Although the ethanol vehicle did not
sustain self-administration or result in cue or yohimbine-induced drug seeking, an additional
caveat in the present study is that the co-delivery of THC/CBD plus ethanol may interact to
produce effects distinct from either drug alone. While we did not set out to create a model of
co-morbid cannabis and ethanol use, potential ethanol influences cannot be fully excluded.
Given the high comorbidity between alcohol and cannabis use disorders it is important for
future studies to systematically evaluate a co-administration model (52).
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Relative Reinforcing Qualities of THC+CBD

Both VEH and THC+CBD animals were food trained at similar levels, but clear differences
in maintenance responding emerged such that THC+CBD animals displayed greater lever
discrimination ratios during self-administration maintenance, thereby mitigating lasting
contributions of food training that were extinguished in VEH rats (Fig. 1F). Despite
achieving discrimination ratios >2:1 THC+CBD trained rats displayed relatively high
inactive lever pressing throughout self-administration compared to other abused drugs.
These findings are in line with other reports showing similar deficits in response bias using a
cannabinoid e-cigarette vapor inhalation model (53). Also, human studies show that THC
impairs the ability to inhibit ongoing responses in the Stop task (54), as well as modulates
brain activity in regions known to mediate response inhibition (e.g. inferior frontal gyrus,
insula, and medial frontal cortex) (55).

With other addictive drugs, drug seeking can be initiated after a period of abstinence by
returning animals to the drug-paired context or by presenting drug-conditioned discrete cues
or stress exposure after extinguishing the drug-context association. THC+CBD use
recapitulated vulnerability to relapse with these modalities. However, a noncontingent
injection of THC or THC+CBD failed to reinstate THC+CBD seeking, consistent with the
poor rewarding qualities of noncontingent THC injection in the CPP paradigm (15, 56, 57).
Of note, reinstatement induced by noncontingent drug administration occurs with some
addictive drugs (e.g. heroin and cocaine), but is less robust with others such as nicotine and
alcohol (20, 58).

Pharmacological Regulation of THC+CBD Seeking

We show similarities with other addictive drugs in self-administration and reinstatement, and
also found that compounds known to inhibit reinstated behavior in rats trained to self-
administer other addictive drugs were effective at inhibiting cued reinstatement to THC
+CBD. A series of studies show that cued reinstatement to addictive drugs depends on
spillover of synaptic glutamate in accumbens that stimulates nNOS production of nitric
oxide and S-nitrosylates MMPs in the nucleus accumbens during transient synaptic
potentiation underlying cued drug seeking (26, 40). Similarly, cue-induced reinstatement of
THC+CBD was prevented by pretreatment with daily injections of NAC, previously shown
to restore glutamate transport and limit synaptic glutamate spillover, as well as
pharmacological inhibition of NNOS and MMP-9. NAC is well-established in the
reinstatement model of relapse to inhibit cue-induced reinstatement to many addictive drugs,
and a clinical trial found that NAC reduces adolescent cannabis use (59).

Neurobiological Adaptations Produced by THC+CBD Self-administration

We endeavored to link THC+CBD to other addictive drugs through shared, enduring
changes in NAcore MSN morphology and synaptic physiology. Cocaine (41, 45, 46), heroin
(60) and alcohol (47) produce long-lasting impairments in the capacity to induce LTD at
excitatory synapses on accumbens MSNSs. Loss of LTD in the cortico-accumbens circuit is
associated with compulsive drug seeking in addiction-vulnerable subpopulations (45). Rats
extinguished from THC+CBD self-administration showed complete loss of LTD. THC
presynaptically reduces glutamate synaptic transmission, and can alter the expression and
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function of glutamate receptors and transporters (61). Given the well-established mediation
of reinstated drug seeking by cortico-accumbens synapses and the strong association
between activating this pathway and drug craving in human imaging studies (62, 63), it
seems probable that the enduring changes in cortico-accumbens signaling produced by
addictive drugs, now including THC+CBD, contribute to loss of LTD. It is known that
noncontingent THC can produce morphological and physiological adaptations in the
accumbens (64, 65), and it is important to note that our study was not designed to discern
contingent from noncontingent THC+CBD administration. However, the present study sets
the stage for future studies to understand how conditioned cues can induce neurobiological
changes that mediate reinstated THC+CBD, akin to what has been found with other drugs of
abuse (40, 66).

THC+CBD also reduced dendritic spine density. This morphological evidence of enduring
synaptic depotentiation after THC+CBD poses occlusion as a mechanism for impairment of
LTD. The dendritic spine loss more closely resembles enduring adaptations produced by
opioids since psychostimulants like cocaine or nicotine increase accumbens MSN dendritic
spine density and/or spine head diameter (49). Also, similar to THC+CBD, heroin produces
no change or reduces AMPA/NMDA in NAcore (22), while cocaine and nicotine withdrawal
is associated with elevated AMPA/NMDA (19, 20). The similarity between THC+CBD and
heroin is consistent with substantial neuroanatomical overlap between brain structures
expressing high levels of Gj/,-coupled cannabinoid and opiate receptors (67) and functional
heteromerization between CB1 and mu or delta opioid receptors (68).

Conclusions

Establishing an efficient, scalable rat model of THC+CBD self-administration and relapse is
an important first step in identifying the neurological consequences of chronic cannabis use.
We clearly show that THC+CBD self-administration elicited long-term changes in the
cortico-accumbens circuit resembling impairments produced by better-studied addictive
drugs, and in particular, most closely resembling the profile of long-term adaptations
produced by heroin. Reversing drug-induced neuroadaptations in cortico-accumbens
synapses reduces cocaine and heroin seeking in animal models (69-71), and we have
demonstrated that these compounds have utility in this model. Thus, biological rationales for
pharmacotherapies being developed for treating addiction to other drugs may apply to THC
+CBD, and thereby facilitate developing cannabis addiction treatment protocols.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. THC+CBD self-administration rats
A) Time line of experimental protocol. Arrow indicates when tissue was harvested for in

vitro measurements (24 hrs after the final extinction session). Note that in some experiments
7-10 days of withdrawal without extinction training was inserted between the last day of
self-administration and the first day of extinction. B) Active and inactive lever pressing,
during self-administration and extinction for THC+CBD and vehicle rats that proceeded
directly to extinction following self-administration. Doses shown as THC pg/infusion, which
was paired with CBD in a 10:1 ratio or % ethanol for vehicle self-administration. C) Lever
discrimination ratios of the vehicle versus THC+CBD self-administering animals during the
self-administration maintenance phase (mean+/— SEM of days 6-10). D) Dose-response
function of lever pressing for various doses of THC+CBD (ug=THC/infusion). E) Infusions
over 10 min bins from day 6 of self-administration in panel B showing most infusions occur
during first 10 min of session. F) Active and inactive lever pressing, and infusions during
THC+CBD self-administration for rats that proceeded into 7-10 days of homecage
abstinence. G) Active and inactive lever responding for rats in panel F that were placed in 7—-
10 days of abstinence prior to extinction without (—\Veh) or with (+Veh) availability of
vehicle infusions upon active lever pressing.

*p< 0.05, comparing active and inactive lever pressing using a Sidak’s multiple comparisons
analysis (panels B and G), or p<0.05, comparing 10 min with all other times using a
Dunnett’s test (panel F).
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Figure 2. Reinstatement following THC+CBD or Vehicle self-administration
A) Cue- (left) and yohimbine-induced (2.5 mg/kg, ip) reinstatement in rats trained to self-

administer THC+CBD +p<0.05, comparing active and inactive lever pressing. *p<0.05,
comparing active lever pressing between reinstatement and extinction. THC-prime (right, 1
mg/kg, ip) did not reinstate lever pressing. B) Lack of cue-, yohimbine, and THC-primed
reinstatement compared to extinction lever pressing in vehicle self-administering rats.
+p<0.05, comparing active and inactive lever pressing. C) THC+CBD prime (1 + 0.1 mg/kg,
ip) and vehicle did not reinstate lever pressing in THC+CBD extinguished rats here
performed using within subject crossover of vehicle prime. N is shown over or within the
bars. (See Table S2 for complete statistics).
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Figure 3. Pharmacological assessment of THC self-administration and cue-induced
reinstatement

A) Pretreatment with the CB1 receptor antagonist rimonabant (Rim; 10, 3 or 1 mg/kg, ip)
suppressed THC+CBD self-administration. Two-way ANOVA reveals main effect of day
(F(1,478)=101.6, p<0.001) and lever (F(1 47g)=7.308, p<0.001) but no interaction. *p< 0.05,
comparing active and inactive lever pressing using a Sidak’s multiple comparisons analysis
B) The rimonabant treatment separated by dose reveals significant suppression of active
lever pressing during THC+CBD self-administration over a dose range of 1 to 10 mg/kg, ip.
Data are shown as average of the first 30 min of self-administration. C) NAC, NPLA and
MMP-9 inhibition (MMP-9-1) inhibit cue-induced reinstatement of THC+CBD seeking in
independent experiments. Five daily injections of NAC were administered prior to the cued
reinstatement session. NPLA and MMP-9-1 were administered into the NAcore 10 or 15
min, respectively, prior to beginning the 90-minute reinstatement session. Vehicle data
contains 7 rats that were controls for systemic NAC and received saline, ip, daily for 5 days
prior to reinstatement, plus 7 rats microinjected with intracranial NAcore vehicle, saline plus
1% DMSO 15 min prior to reinstatement. The data were not significantly different in these
two vehicle control groups and were pooled for presentation and statistical analysis. Data are
shown as meanxsem and N is shown in bars. Each animal was reinstated once. *p< 0.05
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comparing vehicle active lever pressing to the other treatments using a Sidak’s multiple
comparison, +p< 0.05 comparing extinction active lever pressing to reinstated active lever
pressing within each treatment group.
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Figure 4. Extinction from THC+CBD self-administration abolishes NMDA-dependent LTD
A) Sample pre and post current traces from the two treatment groups. Averaged data traces

summarizing time course of synaptic response before, during, and after LTD induction
protocol. *p<0.05, comparing vehicle (\eh) with THC+CBD trained. B) Boxplots show
averaged responses, comparing baseline to the average of 21-30 min after LTD induction
protocol. N is shown as cells recorded/animals. *p<0.05, comparing pre- to post-stimulation.
C) Vehicle animals exhibit decreased SEPSC amplitude. *p<0.05, comparing pre- to post-

stimulation.
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Figure 5. Extinction from THC+CBD self-administration decreases dendritic spine density
A) Representative diolistically-labeled segments from NAcore. Bar=5 um. B) There was no

difference in dendritic spine head diameter between vehicle (\Veh) and THC+CBD (THC)
extinguished rats. Numbers of neurons quantified over number of animals shown in each bar.
C) Cumulative distribution plot of data shown in panel B. D) Dendritic spine density was
decreased in THC+CBD-extinguished compared to vehicle rats (p<0.05). E) Cumulative
distribution plot of data shown in panel D reveals shift to the left in THC+CBD group. F)
Frequency plot of dendritic spines binned according to spine head size. *p<0.05 comparing
Veh to THC at diameter bin using a Sidak’s post hoc.
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