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Abstract

Drugs of abuse induce cell type specific adaptations in D1- and D2-medium spiny neurons
(MSNS) in the nucleus accumbens core (NAcore), that can bias signaling towards D1-

MSNs and enhance relapse vulnerability. Whether A%-tetrahydrocannabinol (THC) use initiates
similar neuroadaptations is unknown. D1- and D2-Cre transgenic rats were transfected with
Cre-dependent reporters and trained to self-administer THC+cannabidiol (THC+CBD). After
extinction training spine morphology, glutamate transmission, CB1R function and cFOS
expression were quantified. We found that extinction from THC+CBD induced a loss of large
spine heads in D1- but not D2-MSNs and commensurate reductions in glutamate synaptic
transmission. Also, presynaptic CB1R function was impaired selectively at glutamatergic synapses
on D1-MSNs, which augmented the capacity to potentiate glutamate transmission. Using cFOS
expression as an activity marker, we found no change after extinction but increased cFOS
expression in D1-MSNs after cue-induced drug-seeking. Contrasting D1-MSNs, CB1R function
and glutamate synaptic transmission on D2-MSN synapses were unaffected by THC+CBD use.
However, cFOS expression was decreased in D2-MSNs of THC+CBD-extinguished rats and was
restored after drug-seeking. Thus, CB1R adaptations in D1-MSNs partially predicted neuronal
activity changes, posing pathway specific modulation of eCB signaling in D1-MSNs as a potential
treatment avenue for cannabis use disorder (CUD).
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Introduction

Cannabis is rapidly being legalized around the globe with more than 190 million users 1.
Approximately 30% of chronic users will develop cannabis use disorder (CUD)?, which is
characterized by escalating use, failure to quit, craving, negative affect and high risk for
relapse3.

A-tetrahydrocannabinol (THC) is the major psychoactive component of cannabis and a
partial agonist at the cannabinoid receptor 1 (CB1R)?. The activation of presynaptic CB1R
inhibits neurotransmitter release, and can induce presynaptic long-term depression (LTD)>.
Chronic THC exposure causes functional tolerance of CB1R in the striatum and nucleus
accumbens®-9. Chronic THC also induces adaptations beyond CB1 and the endocannabinoid
system3, including adaptations at glutamatergic synapses in the prefrontal cortex (PFC) 10
and nucleus accumbens (NAc)®11,

The NAc core (NAcore) is an essential component of the mesocorticolimbic system and
important for motivation and reward!2. Accumbens adaptations that disrupt glutamate
homeostasis drive drug seeking after the chronic use of cocaine, nicotine and heroin13.14,
GABAergic D1- and D2-medium spiny neurons (MSNs) together comprise 90-95% of all
neurons in the NAcorel® and express D1 or D2 dopamine receptors, respectively. Studies
using cell type specific expression of activity indicators such as cfos immunoreactivity or
cell selective opto- or chemogenetic stimulation in the NAc demonstrate that D1-MSNs
promote and D2-MSNs inhibit certain reward behaviors'6:17. Distinct MSN-type specific
adaptations after chronic cocaine and morphine have been described that bias towards
D1-MSN signaling after drug exposure’-20, We previously employed an intravenous
self-administration (SA) model of THC in combination with another phytocannabinoid
cannabidiol (CBD) to show that animals reliably self-administer THC+CBD and reinstate
to drug associated cues®11. While only THC is psychoactive, CBD decreases the
anxiogenic effects of THC2! and increases lever discrimination during self-administration?2.
THC+CBD SA caused loss of spine density and desensitization of CB1R that caused

loss of long term synaptic plasticity in NAcore MSNs® 11, Here we investigate whether
these THC+CBD induced NAcore neuroadaptations are cell-type specific and drive changes
in neuronal activity. To address these questions, D1- and D2-Cre transgenic rats were
transfected with Cre-dependent reporters, underwent THC+CBD SA and were evaluated

for changes in D1- and D2-MSN specific morphology, CB1 function, glutamatergic
transmission, glutamatergic plasticity and cFOS expression as a proximate marker of cellular
activity. We discovered a reduction in basal glutamate transmission and desensitization of
CB1R in the NAcore, that was selective for glutamatergic synapses onto D1-MSNs. The
D1-MSN specific neuroadaptations were paralleled by an increased cFOS expression during
cue-induced reinstatement. Despite the lack of significant adaptations on glutamatergic
synapses onto D2-MSNS, our measures of cFOS expression indicated that D2-MSN
hypoactivity 24h after the last extinction session was partially restored during cue-induced
reinstatement. Our results suggest that hypoactivity of D2-MSNs during withdrawal

and hyperactivity of D1-MSNs during reinstatement are biomarkers of withdrawal from
Cannabis use that are shared with other drugs of abuse.
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Methods

Catheter Surgery:

LE-Tg(Drd1a-iCre)30ttc and LE-Tg(Drd2-iCre)10ttc rats (cre recombinase under control

of the dopamine receptor D1 or D2 promoter) were kindly provided by NIDA and previously
validated?3. Males and females rats were bred at our animal facility, kept in a 12—12 hour
reverse light-dark cycle and experiments were performed during the dark cycle and catheter
surgery performed when rats were ~70 days old. Before surgery, animals were anesthetized
with ketamine (100 mg/kg) and xylazine (7 mg/kg), together with ketorolac analgesic
(0.28-0.32 mg/kg) and prophylactic antibiotic (Cefazolin, 200 mg/ml, subcutaneous; West-
Ward Pharmaceuticals, NJ). Over the course of the project, we switched to isoflurane
anesthesia (induction 5%, maintenance 1.5-2.5%). Rats were implanted with indwelling
jugular catheters as described previously1!.

A total of 82 out of 97 rats entered the study (THC+CBD SA +Extinction N=35, THC+CBD
SA +Extinction+Reinstatement N=25, vehicle SA=22) completed the protocol and were
included in data analysis. Seven animals were excluded from the study due to failing
catheters or sickness during SA, eight animals were excluded during or after extinction
training because of sickness or missed virus placement. Tissue of animals was shared
between different patch-clamp experiments, spine morphology and cFOS quantification, (eg,
different slices from the same animal were used for WIN-55,212—-22 and LFS-plasticity
experiment). The number of drug infusions was also similar for the different experiments
performed in this study (Figure S1).

Virus injections:

During catheter surgery, AAV2.EF1a.DIO.eYFP.WPRE.hGH (Addgene27056, for patch-
clamp experiments) or pAAV.CAG.Flex.Ruby2sm-Flag.WPRE.SV40 (Addgene 98928, for
spine analysis) was infused bilaterally into the NAcore (AP +1.5mm, ML £1.7mm,
V-7.2mm) with a rate of (0.75ul of, 0.15 pl/min to induce Cre-dependent expression of

the reporter eYFP).

THC+CBD SA, extinction and reinstatement:

Rats had one week of recovery from surgery before starting behavioral training. The SA
procedure has been described in detail elsewherell. Briefly, following 5 days of THC+CBD
vapor pre-exposure, animals were food deprived for 24 h, then underwent a 2-hour food
training session for 2 days in which presses on the active lever resulted in the delivery of

a single food pellet (45 mg, Noyes) on a fixed-ratio 1 (FR1) schedule of reinforcement.
Following food training, animals remained food restricted throughout SA. Rats began daily
90 min SA sessions with fixed ratio 1 delivery of intravenous THC+CBD in a 10:1 dose
ratio (THC/infusion=60 pug on days 1-5, and THC/infusion=30 g on all subsequent days),
paired with tone and light cues over a 2-week period. THC+CBD (NIDA, Bethesda, MD,
USA) was dissolved in vehicle containing 0.28% ethanol, an equivalent concentration of
Tween 80, and saline to volume. The vehicle solution for the vehicle control group was
made up identically but without THC+CBD. Vehicle rats were exposed to 5 days of vehicle
vapor, were food deprived and food trained as described above for the THC+CBD treatment
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groups. The rats were then allowed to self-administer the vehicle using the same protocol as
the THC+CBD self-administration groups. Following self-administration, the rats underwent
extinction training in which lever presses were recorded but did not result in drug infusion
or presentation of the drug-paired cues. Tissue was obtained 24hr after the last extinction
session or after 30-60 min of cued reinstatement (Figure 1A). The 30 minutes time point
was chosen for whole cell patch clamp and spine imaging as it has been previously shown
that morphological and physiological synaptic changes are transient and peak at 15-45 min
after initiating cocaine reinstatement24. The 60 minutes time point was chosen because the
cFOS protein expression peaks at this time point2>,

Discrimination between the active and inactive levers was calculated as the discrimination
index [(active lever presses — inactive lever presses)/(active lever presses + inactive lever
presses) where 0 equals no discrimination and 1 equals complete discrimination].

In vitro whole cell patch clamp recordings:

Fresh NAc slices (250um; VT1200S Leica vibratome) were collected into a vial containing
aCSF as follows (in mM: 126 NaCl, 1.4 NaH2PO4, 25 NaHCO3, 11 glucose, 1.2 MgCl2,
2.4 CaCl2, 2.5 KClI, 2.0 sodium pyruvate, 0.4 ascorbic acid, bubbled with 95% O2 and 5%
C02) and a mixture of 5 mM kynurenic acid and 50 UM D-APV. Slices were kept at 22°C—
24°C until they were used for recordings, and were constantly perfused with oxygenated
aCSF heated to 32°C (TC-344B, Warner Instruments). GABAA synaptic transmission was
blocked with 50uM picrotoxin (Tocris). Neurons were visualized with a Zeiss Axioscope

2 FS plus microscope with a 40x objective and voltage clamp recordings (Multiclamp
700B, Molecular Devices) performed from visualized MSNSs in the medial NAc core

near the anterior commissure. Glass microelectrodes (1.5-2.5 QM) were prepared using

a PC-10 vertical puller (Narishige) and filled with internal solution as follows (in mM: 124
cesium methanesulfonate, 10 HEPES potassium, 1 EGTA, 1 MgClI2, 10 NaCl, 2.0 MgATP,
and 0.3 NaGTP, 1 QX-314, pH 7.2-7.3, 280 mOsm). To evoke postsynaptic currents, a
bipolar stimulating electrode was placed 300um dorso-medial of the recorded cell. Data was
acquired at 10 kHz and filtered at 2 kHz using AxographX software (Axograph Scientific).
The stimulation intensity chosen to evoke ~75-50% of maximal AMPA current.

LTD-Protocol:

MSNSs were voltage clamped at —80 mV and a stable AMPA baseline response was recorded
for at least 10 minutes. For LTD induction, cells were clamped to =50 mV for 3 minutes
during which afferents were stimulated at 5 Hz. This sequence was repeated 3X with
intermittent 5 min baseline recordings at =80 m\/9:26:27,

Perfusion and tissue preparation:

24hr after the last extinction session or immediately after the 30-60 min reinstatement
session, the rats were anesthetized and perfused transcardially. Brains were removed,
incubated for 2hr in 4% PFA and coronally sectioned at 100um on a vibrating-blade
microtome (Leica).
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Immunohistochemistry and Dendritic Spine Morphology:

We delivered pAAV.CAG.Flex.Ruby2sm-Flag. WPRE.SV40 during catheter surgery to
induce Cre-dependent expression of the epitope tag Ruby2sm-Flag, in either D1- or D2-
MSNSs. Slices were incubated in 3% BSA and 0.03% Triton in PBS for 1hr and incubated

in primary antibody 1:500 (rabbit anti-flag, Sigma) diluted in blocking solution overnight at
4°C. Sections were be rinsed and incubated with secondary antibody 1:1000 (goat anti-rabbit
Alexa 488, Life Technology), for 3hr at room temperature. After rinsing with 0.1% Triton,
tissue was mounted onto glass slides and coverslipped with ProLong Gold antifade (Thermo
Fisher)28. Labeled sections in the NAcore were imaged using a confocal microscope (Leica
SP5, Wetzlar, Germany) (Figure S3A). Images of labeled dendritic segments were acquired
via optical sectioning using a 63X oil immersion objective with a numerical aperture of 1.4
using a 3.5x digital zoom. Acquisition settings were as follows: 1024x256 frame size, frame
average of 4, and a 0.21 pm z step size. Following acquisition, Z-stacks were exported to
BitPlane Autoquant (Media Cybernetics, Rockville, MD) for deconvolution. Only spines on
dendrites beginning at >75 pm and ending at < 200 um distal to the soma and after the first
branch point were quantified (Figure S3B). Individual spines were analyzed using the Imaris
software version 8 (Bitplane Inc, Concord, MA) filament module (Figure S3). At least four
dendritic segments were analyzed per animal. Spine head diameter was calculated, with the
minimum diameter for identification at 0.14 pm. Spine density was normalized to the length
of each segment. Treatment groups were unknown to the experimenter.

Immunohistochemistry and cFOS count:

Statistics:

For cFOS experiments the IHC for Flag was combined with IHC for cFOS. Free-floating
sections were rinsed in PBS-Triton (0.25%) and incubated in normal goat serum and
primary antibodies (mouse anti-flag, Sigma, 1:500, rabbit anti-phospho-cFos, Cell Signaling
Technology, 1:1000, MA, USA) overnight at 4°C. After multiple PBS-Triton rinses, sections
were incubated in Alexa-Fluor conjugated secondary antibodies (goat anti-mouse Alexa 488
for FLAG, goat anti-rabbit cFOS, Life Technologies, 1:1000) over night. Labeled sections
in the NAcore were imaged using a confocal microscope (Zeiss) (Figure 5A+B) with 20x
magnification. Acquisition settings were as follows: 299x299 frame size, frame average of
4, and a 0.15 pm z step size. Following acquisition, 15 um thick Z-stacks were exported

to BitPlane Autoquant (Media Cybernetics, Rockville, MD) for deconvolution. The number
of cFOS+ cells, Flag+ cells and overlap between cFOS and Flag were quantified using the
Imaris software version 8 (Bitplane Inc, Concord, MA) software by an observer blinded

to the group allocations to avoid any biasing effects. Only images with more than 50 Flag
positive cells were used for analysis. 4 Images had to be discarded for that reason. 2-5
images were analyzed per animal in the medial NAc Core, sampling Bregma 2.52 to 1.68
(see Figure S5)

All data were analyzed using Prism, version 8.0 (GraphPad Software, La Jolla, CA, USA).
A Saphiro-Wilk test for Normality was performed and the subsequent statistical tests were
chosen accordingly. T-tests, 1-way, 2-way, 3-way and nested ANOVAs + Holm Sidak’s
multiple comparisons tests were used for normally distributed data sets. Mann-Whitney test
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and Kruskal-Wallis test with Dunn’s post-hoc test were used for not normally distributed
data sets.

Results

D1 and D2 BAC-transgenic rats display similar THC+CBD SA behavior.

D1 and D2-Cre rats were trained to self-administer THC+CBD and then extinguished.
Figure 1A shows the treatment groups used: Vehicle + extinction (Ctrl), THC+CBD +
extinction (Ext), THC+CBD + extinction + cued reinstatement (Rst). Figure 1B summarizes
the comparable lever presses during THC+CBD acquisition and extinction behavior
separated by transgenic lines. 2-way ANOVA revealed significant difference in active vs
inactive lever presses during SA and extinction in D1-cre (interaction: F(19 1253)=2.88,
p<0.001, time: F(1 48 97.66)=4.57, p=0.02, levers: F(1 g6)=24.15, p<0.001) and D2-cre rats
(interaction: F(19948)=2.73, p<0.001, time: Fg 74 336.7)=4.56, p<0.001, levers: F; 50)=14.98,
p<0.001). There were no differences in average daily infusion rate between D1 vs D2-cre
rats (Figure 1C, p=0.633 Mann Whitney test). D1 vs D2 Cre rats showed both similar
cue-induced reinstatement (Figure 1D; rat strain x test phase F(; gp) =0.025, p=0.875; rat
strain x lever F(1,92)=1.163, p=0.284, test phase x lever F(1,92) = 8.814, p=0.005; rat strain
X test phase x lever F(1 g7y =0.009, p=0.927; 3-way ANOVA, D1 Rst active vs inactive

lever p=0.006, D1 Rst active vs Ext active lever p=0.002; D2 Rst active vs inactive lever
p=0.09, D2 Rst active vs Ext active p=0.0004, Holm Sidak’s multiple comparisons test). We
furthermore found no differences in SA behavior or reinstatement between male and female
rats (see Figure S1A-D).

In accordance with previous studies!:29, although THC+CBD and vehicle elicited
comparable lever pressing and number of average infusions (22.72 vs 20.81 infusions;
Figure S1E, F), However, the significantly lower discrimination index in vehicle controls
as compared to animals administering THC+CBD indicates a better discrimination between
active and inactive lever for drug self-administering animals (Figure S1G).

The loss of large spine heads and decrease in basal spontaneous glutamate transmission
indicated pruning of D1-MSNs, but not D2-MSN synapses after THC+CBD

Previous reports show that chronic THC leads to a loss of spines in the PFC10 and

NAc!L. To test whether THC+CBD SA differentially affected synapses onto D1- versus
D2-MSNs, we made three-dimensional (3D) renderings of confocal images from identified
D1-MSNs and D2-MSNs in the NAcore that were Alexa-488 labeled with the epitope

tag Ruby2sm-Flag?8. Figure 2A shows representative D1-MSN dendrite segments for the

3 treatment groups. The average spine head diameter (dh) was decreased in THC+CBD
extinguished but not cue-reinstated rats compared to vehicle controls (Figures 2B left panel,
(F(2,12)=4.56, p=0.034; Ctrl vs. Ext p=0.026, Ctrl vs. Rst p=0.13; Nested one-way ANOVA
with Holm Sidak’s multiple comparisons test). The average spine density was not different
between treatment groups (Figures 2B right panel, (F(2,12)=1.20, p=0.33; Nested one-way
ANOVA). The dh frequency distribution in Figure 2C demonstrates a shift from bigger

to smaller spines after extinction from THC+CBD SA with intermediate changes after
cue-induced reinstatement (interaction F 16 520)=6.34, p<0.01, frequency F(2.304,149.8)=323.9

Ad(dict Biol. Author manuscript; available in PMC 2024 March 09.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Garcia-Keller et al.

Page 7

p<0.01, treatment F(; g5)=1.12 p=0.33; 2-way ANOVA with repeated measures over spine
head diameter and Holm Sidak’s multiple comparisons test).

To determine whether the THC+CBD induced loss of large dendritic spines in D1-MSNs
was accompanied by a reduction of functional synapses, slices containing the NAcore were
prepared after completing the behavioral procedures and whole-cell patch-clamp recordings
made in visualized D1-MSNs. Figure 2D shows representative traces of spontaneous
excitatory postsynaptic currents (SEPSCs) D1-MSNs for each treatment group. We found
no difference in the average amplitude of spontaneous events (Figure 2E, p=0.858, Kruskal-
Wallis test). However, the average inter-event-interval in THC+CBD extinguished rats was
significantly increased, and this increase remained after cue-induced reinstatement (Figure
2F, p=0.01, Kruskal-Wallis test, Ctrl vs Ext p=0.03, Ctrl vs RST p=0.02, Dunn’s multiple
comparison). The paired-pulse ratio (measured using a 50 ms interstimulus interval) was
not different between Ctrl (1.12+0.08), THC+CBD extinguished (1.18+0.11) and reinstated
(1.06+0.04) rats (p=0.829, Kruskal-Wallis test), supporting that the reduced spontaneous
activity is more likely due to a loss of AMPAR containing synapses rather than a decrease in
release probability.

Equivalent to Figure 2, we quantified the spine morphology and basal AMPAR transmission
in D2-MSNs in Figure 3. Figure 3A shows representative D2-MSN dendrite segments for
the 3 treatment groups. The average spine dh and average spine density were not different
across the three treatment groups (Figures 3B, spine head: F(, g) =0.639, p=0.553; spine
density: F(2 g) =1.433, p=0.294). However, while the dh frequency distribution (Figure

3C) was not different between Ctrl and Ext animals there was a shift from larger to

smaller spines in rats that underwent cued reinstatement (interaction F16 424)=2.09, p<0.01,
frequency F(2.710,143.6)=176.7 p<0.01, treatment F (7 53=2.13 p=0.13; 2-way ANOVA with
repeated measures over spine head diameter). Figure 3D shows representative traces of
spontaneous activity from NAcore D2-MSNs for each treatment group. The shift from larger
to smaller dendritic spines in reinstated animals was not reflected in changes in SEPSC
amplitude (Figure 3E; F(2,36)=0.013, p=0.99; 1-way ANOVA) or frequency (Figure 3F;
(F(2,36)=0.95, p=0.30; 1-way ANOVA).

THC+CBD SA decreases CB1R function and is accompanied by potentiation of D1-MSNs
after a low-frequency-pairing protocol

The desensitization of CB1R by chronic THC is region and activity dependen®. Hence, we
probed if THC+CBD intake induced changes in CB1R function of glutamatergic synapses
onto D1-MSN and D2-MSNs. To this goal, whole cell patch-clamp recordings of visualized
D1-MSNs from THC+CBD extinguished and vehicle control animals were performed and
the inhibition of glutamate transmission after CB1R activation measured. We found that the
capacity of the CB1R agonist WIN55,212-22 (5 uM dissolved in 0.5% DMSO and ACSF,
Sigma) to inhibit glutamatergic transmission was reduced in NAcore slices from THC

+ CBD-extinguished animals. (Figure 4A, left graph: time F(; 486, 29,84)=34.51, p<0.01;
treatment F(1,12)=3.994, p=0.07, interaction F (19, 228)=2.52, p<0.01; p=0.07; 2-way ANOVA
for time course of current response after WIN55,212-22 application, right graph: p=0.026,
Mann-Whitney test).
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We recently demonstrated that chronic THC+CBD induced a loss of CB1R function

that also resulted in a loss of NMDAR dependent long-term depression (LTD)®. Here

we examined THC+CBD induced metaplasticity on D1-MSNSs synapses using a low-
frequency pairing protocol. Although we did not observe NMDAR-LTD in vehicle
controls, which might be due to the different rat strains used (see discussion), we

found significant differences between the 3 treatment groups. D1-MSNs in slices from
THC+CBD extinguished rats exhibited significant long-term potentiation (LTP) (Figure
4B; left graph: reinstatement interaction F(3p 508)=0.35, p<0.99; time, F(3 gs59,128.5=12.31,
p<0.01; treatment F5 33y=4.12, p=0.02; 2-way ANOVA for time course of current response
after plasticity induction; right graph: (F(2,31)=5.122, p=0.01 one-way ANOVA, Ctrl vs
Ext p=0.01, Ctrl vs Rst=0.626, Holm Sidak’s multiple comparison test). Measurements
of changes in SEPSC event number indicate a presynaptic locus of the LTP (Figure

S4). Surprisingly, D1-MSNs from reinstated animals showed a reversal of the extinction
associated LTP and responded similarly to vehicle control animals.

Next we probed the CB1R function of glutamatergic synapses onto D2-MSNs by measuring
the inhibition of glutamate transmission with the CB1R agonist WIN55,212-22 (Figure 4C).
Contrary to D1-MSN glutamatergic synapses, we found that the ability of WIN55,212-22

to inhibit glutamatergic transmission was not different between THC+CBD extinguished
animals and vehicle controls (Figure C, left graph: time F(; go5, 21.94)=31.8, p<0.01;
treatment F(1,11)=0.25, p=0.63; interaction F(1g, 198=1.36, p=0.15; 2-way ANOVA for time
course of current response after WIN55,212-22 application; right graph: t(11)=0.40; p=0.69;
unpaired t-test) ). Also, in contrast to D1-MSNs, the low frequency pairing protocol did not
induce any plasticity in D2-MSNs (Figure 4D; left graph: interaction F (3 368)=0.51, p<0.99,
time F2.219, 51.04)=2.46, p=0.09; treatment F(, »3)=0.002, p=0.99; 2-way ANOVA for time
course of current response after plasticity induction; right graph: t7=2.92, p<0.05, student’s
t-test).

cFOS in D2-MSNs was decreased 24h after extinction from THC+CBD and cFOS in D1-
MSNs was increased after 1 hour of cue-induced reinstatement.

Next we wanted to test whether the identified D1-MSN specific neuroadaptations were
associated with cell type specific changes in neuronal activity by quantifying the expression
of cFOS, an immediate early gene used as a marker of neuronal activation (Figure 5A,B)30.
Counting the total number of cFOS expressing cells in tissue sections of the NAcore, we
found an increase of cFOS expression after 30 minutes of cue-induced reinstatement that
was further increased after 60 minutes cue-induced reinstatement (Figure 5C, p<0.001,
Kruskal Wallis test; Veh vs. Rst 60 mins p<0.0001, Ext vs. Rst 30 mins p=0.019, Ext vs. Rst
60 mins p=0.005; Dunn’s post-hoc test). Next we looked at the overlap of cells expressing
the cre-dependent marker with cells that expressed cFOS. Figures 5D+E summarize the
percentage of Flag positive cells that also express cFOS. In contrast to the adaptations

that we found in glutamate transmission for this cell population after extinction from
THC+CBD, the percentage of D1-MSNs neurons expressing cFos was not altered by
extinction from THC+CBD. After 30 minutes of cue-induced reinstatement the overlap
was still indistinguishable from the vehicle and extinguished group, although there was a
trend towards an increase in cFos expression in D1-MSNs after 60 minutes reinstatement
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(Figure 5D; F(3,13)=3.44, p=0.05, Nested one-way ANOVA, Veh vs Ext p=0.4494, Veh vs
Rst 60 min p=0.084, Ext vs Rst 60 min, p=0.058, Holm-Sidak’s multi-comparison test).
Interestingly, the percentage of D2-MSNs expressing cFOS was significantly decreased
after extinction from THC+CBD and this change in activity was partly restored by 30 and
60 minutes cue-induced reinstatement (Figure 5E, F(3 10)=3.61, p=0.05, Nested one-way
ANOVA,; Veh vs. Ext p=0.02, Veh vs Rst 60 min p=0.331, Ext vs Rst 60 min, p=0.331,
Holm-Sidak’s multi-comparisons test). Also, correlations in cFos expression in D1-MSNs
after 30 and 60 minutes Rst were run (Table S2 and S3) but not significant correlations were
observed.

Discussion

Using THC+CBD SA we evaluated how daily exposure to two of the main constituents

of cannabis affects glutamatergic transmission onto D1- and D2-MSNs in the NAcore.
We found that the adaptations caused by THC+CBD were specific for D1 MSNSs, distinct
from adaptations described after heroin and cocaine use and only partially predicted the
overall activity levels of these two cell types of MSNs in vehicle control, extinguished and
reinstated animals.

Synaptic pruning decreased basal glutamate transmission in D1-MSNs but not D2-MSNs

Changes in spine morphology are a hallmark of drug-induced adaptations, with
morphological potentiation produced following cocaine or nicotine self-administration31-33,
and depotentiation induced by opioids and THC11:19.34 pyt see35, Similar to morphinel?, we
expected a loss of dendritic spines selectively on D2-MSNs. Strikingly, we did not find that
THC+CBD led to significant changes in overall spine density for neither cell type. However,
the proportion of larger spines (0.45-0.60 pm head diameter) were reduced and spines with
a head diameter smaller than 0.15 um were increased in D1- but not on D2-MSNSs. Since the
density of AMPA receptors in the postsynapse is generally correlated with spine geometry,
and small spines and filopodia only sparsely expressing AMPAR 36, Thus, the increased
number of small D1-MSN spines might not significantly contribute to AMPAR transmission.
Indeed, the shift from large to small spines was accompanied by a loss of spontaneous
events, hence we conclude that THC+CBD induced pruning of functional glutamatergic
synapses onto D1-MSNs (Figure 2).

In D2-MSNs we found no spine changes after extinction from THC+CBD, but a small shift
from larger to smaller spines after reinstatement, that was not reflected by changes in SEPSC
amplitude or inter-event interval. This could indicate that the morphological depotentiation
had no consequence for the basal glutamate transmission or that the recording of SEPSCs
was not sufficiently sensitive to detect a change in a subset of synapses.

Specific desensitization of CB1R on glutamatergic synapses with D1-MSNs did not affect
basal glutamate transmission but was paralleled by potentiated stimulated glutamate
transmission.

We found reduced presynaptic inhibition of glutamate transmission after CB1R activation
in brain tissue from animals that underwent extinction from THC+CBD SA as compared
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to vehicle treated rats. This loss of CB1R function occurred specifically on glutamatergic
afferents to NAc D1-MSNSs. Since we did not detect a change in Paired-Pulse ratios, we
conclude that this adaptation only affects glutamate transmission during increased network
activity, as it might occur during cue-induced reinstatement. It would be interesting to test in
future experiments whether positive allosteric modulators, which are able to partially rescue
CB1R function?® would inhibit cue-induced THC+CBD seeking.

CB1R dysfunction after THC+CBD was paralleled by LTP selectively in D1-MSNs after
low frequency pairing stimulation, which could indicate that the CB1-dependent control of
glutamate transmission is activity dependent. Akin to our previous publication we found
that cue-induced reinstatement rectified D1-MSN associated metaplasticity after extinction
from THC+CBD?. Cue-induced reinstatement causes a transient molecular reorganization
at glutamatergic synapses in the NAc as well as associated astrocytes3’, hence many
different molecular mechanisms, as for example changes in glutamate uptake, AMPAR
subunit composition or changes in endocannabinoid signaling could be responsible for the
rectification of plasticity. Future studies will investigate which of these changes will affect
THC cue induced metaplasticity.

Change in cell type specific cFOS expression was only partially predicted by THC+CBD
induced neuroadaptations

Neuroadaptations found during withdrawal from drugs of abuse often seem to counteract the
acute drug effect and are often interpreted as homeostatic adaptations to balance acute drug-
induced network perturbation38. However, a direct connection between cellular adaptations
and changes in cellular activity has not often been established, leaving it unclear whether
distinct neuroadaptations are homeostatic or driving drug induced activity changes that could
contribute to relapse vulnerability. Here we compared the neuroadaptations identified after
10 days of chronic THC self-administration and changes in cFOS expression in D1 vs D2
MSNs. cFOS protein synthesis requires consistent high levels of Ca2* influx, and therefore
is commonly used as a proxy for neuronal activity3?. We predicted that the loss of basal
glutamate transmission in D1-MSNs after extinction from THC+CBD (Figure 2) would lead
to decreased baseline activity but found that the percentage of D1 MSNs expressing cFOS
remained unchanged 24h after the last extinction session. We conclude that the D1-MSN
specific loss of functional synapses is not driving D1-MSN activity levels but is rather an
allostatic response to acute THC+CBD induced network perturbations. Cue-induced cocaine
seeking increases cFOS expression in D1-MSNs*C and we also found a strong trend towards
increased D1-MSN specific cFOS activity after 1h THC+CBD cue-induced reinstatement.

The percentage of D2 MSNS expressing cFOS was decreased 24h after the last extinction
session which was partially restored after cue-induced reinstatement. Given that we could
not find any adaptations in glutamate transmission that were associated with this D2-MSN
hypoactivity or its rectification after reinstatement, we assume that the activity change is
driven by changes upstream in the circuit or by changes in intrinsic excitability that we did
not investigate in this study.
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Limitations of this study and future directions:

Drug-induced vs. extinction-induced adaptations?—The animals in this study
underwent extinction training in which they learn to dissociate drug context from drug
availability. While this mode of drug withdrawal is a continuation of our previous studies
and allows for isolation of the neurobiological effects of discrete drug-conditioned cues?2:29,
it does not allow us to determine whether neuronal changes were caused by the chronic
exposure to the drug, drug withdrawal, extinction training or a combination of all thereof.
To distinguish between these possibilities, future studies need to compare adaptations at
additional time points (for example 1day and 10 days after the last SA session) and
abstinence (animals withdrawn outside of the drug-associated context). Lack of plasticity in
control animals. Similar to our previous study in Sprague-Dawley rats we found differences
in THC+CBD associated synaptic plasticity in the transgenic Long-Evans rats®. However,
neither D1-MSNs nor D2-MSNs from drug naive Cre rats expressed NMDAR-LTD, which
is typically induced using this stimulus protocol. To test whether the lack of NMDAR-LTD
was caused by the transgenes or reflects differences between the Sprague Dawley rats (used
in previous publication) and Long Evans rats (background strain for D1- and D2-Cre rats),
we conducted control experiments on untreated animals of both strains. Long Evans rats did
not express LTD as compared to untreated Sprague-Dawley rats (Figure S6). Future studies
will investigate whether strain-dependent differences in cannabinoid signaling caused these
differences in plasticity thresholds between Long-Evans and Sprague-Dawley rats.

THC intravenous THC+CBD SA in comparison with other models of drug
administration: The last decade has brought a diversification in murine models of drug
abuse that aim to more accurately reflect different aspects of the abuse cycle2”4142, Along
with these innovations came a lot of polarization over which of these models have higher
translational relevance. Non-contingent models of drug administration have provided most
of the knowledge we have today about THC-induced neuronal adaptations®4344 and will
continue to be important. The availability of contingent THC SA models224°, now allows

us to investigate i) neuroadaptations that depend on the behavioral contingency of drug
delivery#®47 and ii) neuroadaptations that arise during drug-seeking behavior#2. The latter is
particularly important because studies have shown that individuals recovering from cannabis
use disorder have high relapse rates akin to other abused drugs*8. Nevertheless, these SA
models also have caveats: Training the animals is time-consuming and expensive, behavioral
responses and thereby drug intake variable and the rewarding properties of THC+CBD lower
as compared to other drugs of abuse. And while vapor self-administration models might
more accurately reflect traditional routes of THC administration®®, the intravenous models
allow to more precisely control drug intake and titrate drug concentrations. In summary we
think that we will continue to need all of these models to advance our understanding of THC
induced neuronal adaptations as well as the addictive potential of this drug.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Treatment groupsand THC+CBD SA behavior.

A) Timeline. 3 different treatment groups, vehicle control (Ctrl), extinguished (Ext),

Page 15

reinstated (Rst) were tested. B) Comparable THC+CBD SA and extinction of D1 vs D2 Cre
lines (left panel) and female vs male (right panel). 2-way ANOVA revealed no significant
difference in active lever presses between strains or sex. C) The average daily infusion rates
over the last 5 days of SA revealed no difference in intake between D1 vs D2 Cre rats D)
Active and inactive lever pressing during 30 min of cued-reinstatement compared to average
lever pressing of the last 3 days of extinction training. *p<0.05 (comparison Rst vs Ext),

#p<0.05 (comparison active vs inactive).
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Figure 2. Extinction from THC+CBD SA induces a loss of large spines and reduces spontaneous
glutamatergic transmission in D1 Medium Spiny Neurons.

A) Representative dendritic segment from NAcore D1-MSNs for each treatment group.
Bar=5 um. B) left bar chart: Significant reduction dendritic spine head diameter between
vehicle (Meh) and THC+CBD extinguished rats. Right bar chart: No significant change

in overall spine density between treatment groups. C) Frequency distribution of Spine

head sizes reveals significant changes in spine density between treatment groups that are
dependent on spine head diameter. *p<0.05 comparing Ctrl vs. Ext; *p=<0.05 comparing
Ctrl. Vs. Rst D) Representative traces of spontaneous activity from NAcore D1-MSNs

for each treatment group. Scale bar shows 50pA vs 2 sec. E) Cumulative probability and
mean values of amplitude for SEPSCs indicate no difference between treatment groups.

F) Cumulative probability and mean values of SEPSC interevent-intervals from D1-MSNs
show a reduction in spontaneous glutamate transmission in THC+CBD extinguished and
cue-reinstated rats. (p=0.04, Kruskal-Wallis test with Dunn’s multiple comparison). All data
are shown as mean + SEM; *p<0.05. A-C) N is shown as number of neurons quantified
over number of animals in each condition (neurons/animals): vehicle N=21/5; THC+CBD
extinguished N=24/5; reinstated N=23/5. D-F) N is shown as number of neurons quantified
over number of animals in each condition (cells/animals): vehicle N=9/5; THC+CBD
extinguished N=10/6; THC+CBD reinstated N=14/7).
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Figure 3. Cued-Reinstatement induces a pruning of large spines but does not affect spontaneous
glutamatergic transmission in D2 Medium Spiny Neurons.

A) Representative dendrites from NAcore D2-MSNs for each treatment group. Bar=5

pum. B) There was no significant change in spine head diameter (left bar chart) or spine
density (right bar chart) C) Frequency distribution reveals spine head dependent changes
in spine density between treatment groups. *p<0.05 comparing Ctrl vs. Ext; ¥p=<0.05
comparing Ctrl. Vs. Rst. D) Representative traces of spontaneous activity from NAcore
D2-MSNs for each treatment group. Scale bar shows 50 pA vs 2 sec. E) Cumulative
probability and mean values of amplitude for SEPSCs recordings from D2-MSNs show no
difference between treatment groups. F) Cumulative probability and mean values of SEPSC
Inter-Event-Intervals show no difference between treatment groups. All data are shown as
mean £ SEM. *p<0.05. A-C) N is shown as humber of neurons quantified over number
of animals in each condition (neurons/animals): vehicle N=22/4; THC+CBD extinguished
N=23/4; THC+CBD reinstated N:15/3. D-F) N is shown as number of neurons quantified
over number of animals in each condition (neurons/animals): vehicle N=13/8; THC+CBD
extinguished N=15/7; Reinstated N=11/5.
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Figure 4. Extinction from THC+CBD SA impedes CB1R function and induceslong-term
potentiation of glutamate transmission in D1 but not D2 Medium Spiny Neurons.

A) (Top) Representative D1 MSN current traces pre and post WIN55,212-2 application
from a vehicle and a THC+CBD extinguished rat. Scale bar: 550 pA vs 25 ms. Left:
Averaged EPSC shows that WIN55,212-2 (5 uM) reduced EPSC amplitude to a larger
extend in vehicle rats that in D1 MSNs of THC-CBD extinguished. Right: Bar graph
summarizing the average response 15 to 25 minutes into WIN55,2121-2 application. N

is shown as number of cells quantified over number of animals in each condition (cells/
animals): vehicle N=7/4; THC+CBD extinguished N=7/6. *p<0.05 comparing baseline
response to 10-20 min after WIN application. B) (Top) Representative D1 MSN current
traces pre and post plasticity induction. Left: Time course of D1 MSNs synaptic response to
the induction protocol. Extinction of THC + CBD induced metaplasticity that was rectified
by 30 minutes of cue-induced. Right: Bar graph summarizing the average response 15

to 25 minutes after LTD induction. D1-MSNs in slices of THC extinguished animals
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exhibited significant LTP but not reinstated or control animals exhibited significant LTP.
*p<0.05 comparing baseline response to 15 to 25 post-induction. N is shown as number of
cells quantified over number of animals in each condition (cells/animals): vehicle N=11/7;
THC+CBD extinguished N=9/5; THC+CBD reinstated N=14/6). C) (Top) Sample D2 MSN
current traces pre and post WIN55,212-2 application from the three treatment groups. Scale
bar: 550pA vs 25 ms. Left: Average time course of CB1 agonist WIN55,212-2 dependent
inhibition of EPSPs revealed no difference between treatment groups. Right: Bar graph
summarizing the average response 15 to 25 minutes into WIN55,2121-2. N is shown as
number of cells quantified over number of animals in each condition (cells/animals): vehicle
N=6/3; THC+CBD extinguished N=6/6. D) (Top) Representative current traces pre and post
plasticity induction. Left: Time course of D2-MSNs synaptic response to plasticity induction
protocol revealed no difference between treatment groups. Right: Bar graph show averaged
responses, comparing baseline to the average of 15-25 min after LTD induction protocol.

N is shown as number of cells quantified over number of animals in each condition (cells/
animals): vehicle N=8/5; THC+CBD extinguished N=11/8; THC+CBD reinstated N=9/4).
*p<0.05, *comparing treatment groups.
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Figure5. Cell type specific effects of Extinction from THC+CBD and cue-induced reinstatement
on cFOS expression.

A) Representative images of cFOS (red) and D1 MSNs (green) labeling in the nucleus
accumbens core in a vehicle (D1 Veh), THC+CBD extinduished (D1 Ext) and cue-
reinstated (D1 Rst) rat. Scale bar = 20um. B) Representative images of cFOS (red)

and D2 MSNs (green) labeling in the nucleus accumbens core in a vehicle (D2 Veh),
THC+CBD extinduished (D2 Ext) and cue-reinstated (D2 Rst). C) Scatter dot plot
illustrating the significant increase in cFOS expression after cue-induced reinstatement to
THC. D) The percentage of D1 expressing c-FOS cells was significantly modulated by
the behavioral state. #p<0.05 Nested-One way ANOVA but no significant Holm-Sidak’s
multiple comparisons post hoc. N is shown as number of pictures quantified over number
of animals in each condition (pictures/animals): vehicle N=24/6; THC+CBD extinguished
N=14/3; THC+CBD 30 min reinstated N=20/5; THC+CBD 60 min reinstated N=13/3). E)
Extinction from THC+CBD decreased the overall activity of D2 MSNS which was rectified
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after cue-induced reinstatement. N is shown as number of pics quantified over number
of animals in each condition (pictures/animals): vehicle N=18/4; THC+CBD extinguished
N=18/4; THC+CBD 30 min reinstated N=13/3; THC+CBD 60 min reinstated N=14/3).
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