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Abstract

Glutamatergic plasticity in the nucleus accumbens core (NAcore) is a key neuronal process in 

appetitive learning and contributes to pathologies such as drug addiction. Understanding how this 

plasticity factors into cannabis addiction and relapse has been hampered by the lack of a rodent 

model of cannabis self-administration. We used intravenous self-administration of two constituents 

of cannabis, Δ9-tetrahydrocannabinol (THC) and cannabidiol (CBD) to examine how contingent 

cannabis use and cue-induced cannabinoid-seeking alters glutamatergic neurotransmission and 

synaptic plasticity in NAcore. NMDA receptor (NMDAR)–dependent long-term depression (LTD) 

in the NAcore was lost after cannabinoid, but not sucrose self-administration. Surprisingly, when 

rats underwent cue-induced cannabinoid seeking, LTD was restored. Loss of LTD was 

accompanied by desensitization of cannabinoid receptor 1 (CB1R). CB1R are positioned to 

regulate synaptic plasticity by being expressed on glutamatergic terminals and negatively 

regulating presynaptic excitability and glutamate release. Supporting this possibility, LTD was 

restored by promoting CB1R signaling with the CB1 positive allosteric modulator GAT211. These 

data implicate NAcore CB1R as critical regulators of metaplasticity induced by cannabis self-

administration and the cues predicting cannabis availability.
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1 | INTRODUCTION

The nucleus accumbens core (NAcore) is an essential component of the mesocorticolimbic 

system and plays a prominent role in motivation and reward.1 GABAergic medium spiny 

neurons (MSNs) comprise 90% to 95% of all neurons in the striatum and are the sole 

projection neurons in the accumbens.2 Although MSNs are innervated by many 

neurotransmitter systems, the acquisition of drug reward associations depends on the 

convergence of dopamine and glutamate signaling in the NAcore.1 Furthermore, cue-

induced reinstatement of drug-seeking is critically driven by glutamatergic inputs to the 

NAcore from the prelimbic cortex and basolateral amygdala.3–6 Glutamatergic synapses in 

the NAcore are capable of undergoing many different forms of synaptic plasticity, and drugs 

of abuse hijack the plasticity machinery that regulates synaptic transmission and synaptic 

plasticity.7,8

Chronic exposure to drugs of abuse causes neuroadaptations that can alter the strength of 

glutamatergic transmission (ie, synaptic plasticity)9–12 and induce metaplasticity.13 

Metaplasticity is a higher-order plasticity caused by neuronal adaptations that change the 

threshold or the rules to induce synaptic plasticity. These adaptations occur at an earlier 

point in time but their persistence affects the capacity to undergo synaptic plasticity in the 

future.14

Dysfunction in the expression of synaptic plasticity parallels behavioral deficits in many 

murine models of neuropsychiatric diseases, including addiction.15,16 One form of impaired 

plasticity associated with chronic use of different drugs is the loss of NMDAR-dependent 

long-term depression (LTD) induced by a low-frequency pairing protocol in MSNs.17–21 

NMDAR-LTD is abolished after cocaine self-administration (SA),17–19 chronic ethanol 

exposure,20,21 and extinction from heroin SA.22 These studies indicate that, even though 

drugs of abuse induce distinct neuroadaptations in the NAcore, all classes of drugs of abuse 

cause enduring impairments in synaptic plasticity.

Cannabis sativa L. derivatives are used for therapeutic and recreational purposes23 and are 

rapidly becoming decriminalized or legalized across the globe. Δ9-tetrahydrocannabinol 

(THC) is the major psycho-active component of cannabis and produces its primary 

pharmacological effects as a partial agonist at the cannabinoid receptor 1 (CB1R).24 

Presynaptic CB1R are coupled to Gi/o proteins, which upon activation, dissociate into Gαi/o 

and Gβϒ subunits. The Gβϒ subunits activate K+ channels, inhibit voltage-gated calcium 

channels,25 and might also have a direct inhibitory influence on components of the vesicular 

release machinery.26 The Gαi subunits inhibit adenylyl cyclase (AC). Together, these actions 

decrease excitability and reduce activity dependent Ca2+ entry into the presynaptic terminal, 

which decreases the probability of vesicle fusion and transmitter release. Hence, CB1R 

induce several forms of presynaptic short- and long-term depression27 and modulate 

synaptic metaplasticity.28,29 Recently, we found that extinction from SA THC combined 

with cannabidiol (CBN) impairs NMDA-dependent LTD in the NAcore, akin to the SA of 

other addictive drug classes.30
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To examine the mechanisms of cannabinoid-induced metaplasticity, we trained rats to self-

administer THC + CBD and performed in vitro recordings of MSNs in the NAcore. We 

observed the expected loss of NMDAR-dependent LTD after extinction from cannabinoid 

self-adminstration and found that LTD was reestablished in animals undergoing 30 minutes 

of cue-induced reinstatement of cannabis-seeking. Dose-response curves for the CB1R 

agonist WIN 55,212–2 showed that THC-induced loss of LTD was accompanied by 

desensitization of CB1R. Moreover, we could restore LTD in extinguished rats by promoting 

CB1R signaling with the CB1-positive allosteric modulator GAT211.

2 | METHODS

2.1 | Animals

Male Sprague Dawley rats were obtained from Charles River Laboratories and allowed for 1 

week of vivarium acclimation before surgeries and experiments. All animals were 

maintained on a 12-to-12-hour reverse light–dark cycle, and experiments were performed 

during the dark cycle. Before surgery, animals were anesthetized with ketamine (100 mg/kg) 

and xylazine (7 mg/kg, IP) and given the analgesic ketorolac (0.28–0.32 mg/kg, IP) and 

prophylactic antibiotic (Cefazolin, 200 mg/ml, subcutaneous; West-Ward Pharmaceuticals, 

NJ). Rats were implanted with indwelling jugular catheters as described previously.30 All 

experiments were performed in accordance with the Guide for the Care and Use of 
Laboratory Animals.

2.2 | THC + CBD SA and reinstatement

Rats had 1 week of recovery from surgery before starting behavioral training. The SA 

procedure has been described in detail in our previous publication.30 Briefly, following 5 

days of THC + CBD (NIDA, Bethesda, MD, USA) vapor pre-exposure, male and female rats 

began daily 90-minute SA sessions using a fixed ratio 1 (FR-1) schedule of intravenous THC 

+ CBD delivery in a 10:1 dose ratio (60 μg/infusion infusion on d1–5, 30 μg/infusion on all 

subsequent days), paired with tone and light cues over a 2-week period. THC + CBD were 

dissolved in vehicle containing 0.28% to 0.56% ethanol, an equivalent concentration of 

Tween 80, and saline to volume. Previous studies show that this concentration of intravenous 

(IV) ethanol alone does not support SA.30,31 However, to control for effects attributed to the 

vehicle solution, we used a vehicle control group for all experiments where we directly 

compared control with THC + CBD SA (ie, in Figures 1, 4, and 5). These control animals 

received comparable numbers of infusions as the animals that underwent THC + CBD SA 

(see Figure S2). Only animals that reached an average rate of eight infusions or a 

discrimination index of 0.33 (see Spencer et al30 for further details) for the last 5 days of SA 

were used in this study. Three of the 30 trained to self-administer THC + CBD were 

excluded because they did not reach criterion. Following SA, rats were extinguished daily 

without access to drug or cues for at least 10 days. Tissue was obtained 24 hours after the 

last extinction session or after 30 minutes of cued reinstatement. This time point was chosen 

given that morphological and physiological synaptic changes are transient and peak between 

15 and 45 minutes after initiating cue-induced reinstatement to other drugs of abuse.32
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2.3 | In vitro whole-cell patch-clamp recordings

Fresh coronal NAcore slices (250 μm; VT1200S Leica vibratome) were collected into a vial 

containing aCSF (in mM: 126 NaCl, 1.4 NaH2PO4, 25 NaHCO3, 11 glucose, 1.2 MgCl2, 

2.4 CaCl2, 2.5 KCl, 2.0 sodium pyruvate, 0.4 ascorbic acid, bubbled with 95% O2 and 5% 

CO2). For cutting and storage, a mixture of 5 mM kynurenic acid (abcam) and 50 μM D-

APV (abcam) was added to the aCSF. Slices were kept at 22°C to 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 100 μM 

picrotoxin (abcam). Neurons were visualized with a Zeiss Axioscope 2 FS plus microscope 

with a 40× objective and voltage clamp recordings (Multiclamp 700B, Molecular Devices) 

performed from visualized MSNs in the medial NAcore near the anterior commissure. Glass 

microelectrodes (1.5–2.5 ΩM) 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 MgCl2, 10 NaCl, 2.0 MgATP, and 0.3 NaGTP, 1 QX-314, pH 7.2–

7.3, 290 mOsm). To evoke postsynaptic currents, a bipolar stimulating electrode was placed 

300 μm dorso-medial of the recorded cell. Data was acquired at 10 kHz and filtered at 2 kHz 

using AxographX software (Axograph Scientific).

2.4 | LTD protocol

MSNs 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 3× with 

intermittent 5-minute baseline recordings at −80 mV.17,18,33

2.5 | Dose/response curves

For extracellular field recordings, the recording pipette was filled with ACSF. After stable 

baseline recordings of electrically evoked field excitatory postsynaptic potentials (fEPSPs), 

CB1R agonist WIN55,212–2 (Tocris, 0.01–5 μM) was bath applied for 30 minutes. The 

glutamatergic nature of the extracellular fEPSP was confirmed via application of the non-

NMDA ionotropic glutamate receptor antagonist CNQX (10 μM), which completely blocked 

the synaptic N2 component without altering the nonsynaptic N1 component (not shown).34 

The fEPSP amplitude was measured, and dose/response curves were computed based on 

changes from baseline after 20 minutes of drug application.

2.6 | Reagents

Reagents for in vitro experiments included SR141716A (Rimonabant hydrochloride, 5 μM, 

Sigma), WIN55,212–2 (Tocris), GAT211 (5 μM, Sigma) were dissolved in 0.5% DMSO.

2.7 | Statistics

All data were analyzed using Prism, version 7.0 (GraphPad Software, La Jolla, CA, USA), 

and outliers were removed using the ROUT module of Prism using a maximum false 

discovery rate of 2% (Q-value). Using this criterion, we removed one outlier from the 

dataset in Figure 3A,B. Behavioral data were analyzed using 2-way and 1-way ANOVAs, as 

specified. Electrophysiological data were analyzed using cell values as the determinant 
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population. Two-way and 1-way ANOVAs were used to test for differences between 

treatment groups. For multiple comparisons, P values were adjusted using the Holm-Sidak 

post hoc test. One-sample t test was used to test for long-term plasticity. All values are given 

as mean ± standard error, n/N values represent individual cells/animals, and statistical 

significance was set at P < .05.

3 | RESULTS

3.1 | THC + CBD SA and extinction

Figure 1A illustrates the treatment groups employed throughout the study: vehicle + 

extinction (Ctrl), THC + CBD + extinction (Ext), and THC + CBD + extinction + cued 

reinstatement (Rst). Figure 1B summarizesTHC + CBD acquisition. A 2-way ANOVA 

revealed effects of lever (F (1,52) = 26.28, P < .001), days (F (19,988) = 2.88, P < .001), and 

interaction (F (19,988) = 2.532, P < 0.001). The average rate of total infusions was 

equivalent between treatment groups (Figure S1). The bar graph in Figure 1C illustrates 

lever presses for animals that underwent 30 minutes of cue-induced reinstatement. Cued 

reinstatement did not occur in all rats. Thus, animals were divided according to whether they 

reached criterion for reinstatement (Rst) or did not reach criterion (non-Rst). The criterion of 

RST was greater than 10 active lever presses during the 30-minute reinstatement session. 

The Rst group showed lever discrimination and greater reinstated active lever pressing 

compared with the non-Rst group (F (3,34) = 24.75, P < .001, one-way ANOVA; post-hoc: 

Rst-active vs Rst-inactive P < .001, non-Rst-active vs non-Rst-inactive P = .71, Rst-active vs 

non-Rst-active P < .001).

3.2 | THC + CBD-induced metaplasticity

Whole-cell patch-clamp recordings of MSNs revealed that THC + CBD exposure induced 

metaplasticity that was highly dependent on treatment group (Figure 1D: two-way ANOVA 

revealed effects of time F (27, 1917) = 11.66, P < .001, and treatment group F (7, 71) = 9.18, 

P < .001; Holm-Sidak post hoc: Ctrl vs Ext P < .001, Ext vs Rst + non-Rst P = .0143; see 

Table S3 for detailed statistics of post hoc comparisons between all the eight treatment 

groups used in Figures 1–4). In control slices, the induction protocol produced robust LTD 

that was abolished in slices from THC + CBD-extinguished animals (Figure 1e: t(6) = 4.81, 

P = .003 vs t(13) = 1.58, P = .138; one-sample t test comparing 100% baseline response vs 

15–25 minutes after LTD induction). To examine whether cue-induced reinstatement 

affected THC + CBD-induced metaplasticity and the induction of LTD, slices containing the 

NAcore were prepared after 30 minutes of cue-induced reinstatement session. LTD was not 

restored in rats exposed to THC + CBD-associated cues (t(17)=1.28, P = .2176). However, 

when we divided rats according to the reinstatement criterion (Figure 1C), we found a 

significant difference between the two groups (Figure 1F; Holm-Sidak post hoc: Rst vs non-

Rst, P = .043; see Table S3). Animals showing reinstatement demonstrated a robust 

restoration of LTD, while those that did not reach criterion showed loss of LTD akin to Ext 

rats (Figure 1G; t(8) = 3.351, P = .010 vs t(8) = 0.9879, P = .3521; one-sample t test 

comparing 100% baseline response vs 15–25 minutes after LTD induction).
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The failure to induce LTD after extinction training may be due either to impaired LTD 

induction or the occlusion of LTD expression. Alternatively, if cues potentiated 

glutamatergic synapses, this could facilitate the depotentiation of synapses in reinstated 

animals. To distinguish between these two scenarios, we quantified basal levels of paired-

pulse ratio (PP-Ratio), spontaneous inter-event intervals (sEPSC), and amplitude (Figure 

S4). No differences in basal glutamatergic transmission were found between the treatment 

groups, indicating that no preexisting potentiation or depotentiation influenced the loss of 

LTD during extinction or the restoration of LTD after cue-induced reinstatement.

3.3 | Lack of sucrose-induced metaplasticity

To determine if the loss of LTD was related to the operant procedure, rats were trained to 

self-administer the natural reward sucrose, then extinguished using the same procedure as 

for THC + CBD SA (Figure 2A). Rats that underwent sucrose SA and extinction expressed 

LTD that was not different from LTD in control animals (Holm-Sidak post hoc: Ctrl vs Suc 

P > .809; see Table S3 for detailed statistics), demonstrating that loss of LTD is specific to a 

history of voluntary THC + CBD SA and extinction and not the result of operant reward 

learning and extinction (Figure 2B,C).

3.4 | CB1R dependence of metaplasticity

Endocannabinoids can induce a canonical form of presynaptic LTD in NAcore29 and can 

also modulate other forms of synaptic plasticity28 via presynaptic CB1R activation. The fact 

that chronic noncontigent THC exposure causes functional tolerance of CB1R in the 

striatum34–36 could explain THC-induced loss of LTD. Accordingly, we probed the 

neccessity of CB1R function for the induction of LTD. The CB1R antagonist rimonabant 

blocked the induction of LTD in drug naïve rats (Figure 3A: two-way ANOVA revealed 

effects of interaction F (27,405) = 1.924, P = .004, time F (27,405) = 1.994, P = .003, and 

treatment group F (1,15) = 19.48, P < .001; Figure 3B: one-sample t test comparing 100% 

baseline response vs 15–25 minutes after LTD induction Ctrl: t(7) = 4.633, P = .002; Rimo: 

t(8) = 2.127, P = .066). Given the presynaptic action of CB1R37,38 and the postsynaptic 

expression of NMDAR-LTD,15,33 this result is surprising. We investigated the locus of the 

LTD by quantifying changes in PP-Ratio, inter-event intervals (IEI), and amplitude of 

sEPSC 15 to 25 minutes after induction of LTD. The significant decrease of sEPSC 

amplitude (t(7) = 4.857 P = .001) without any change in sEPSC IEI (t(7) = 0.09443 P 
= .9275) or PP-Ratio (t(7) = 0.7901 P = .4554) confirmed the postsynaptic locus of LTD in 

drug naïve animals (left bar chart in Figure 3B). The loss of LTD in slices incubated with 

rimonabant was accompanied by a decrease in sEPSC IEI (ie, higher spontaneous events; 

t(6) = 4.562, P = .004), indicating the LTD protocol induced an increase in glutamate release 

probability when CB1 receptors were blocked. sEPSC amplitude and PP-Ratio remained 

unchanged (t(6) = 0.4719, P = .454 and t(7) = 0.004, P = .997; right bar chart in Figure 3B). 

Blocking CB1R in slices from rats that underwent cue-induced reinstatement (16 ± 4 active 

lever presses; all animals reached the ≥10 active press reinstatement criterion) converted 

LTD to long-term potentiation (LTP) (Figure 3C: for 2-way ANOVA, see Table S3; Figure 

3B: Rst: t(8) = 3.351, P < .001; Rst-Rimo: t(5) = 6.419, P < .001; one-sample t test 

comparing 100% baseline response vs 15–25 minutes after LTD induction). This LTP was 

accompanied by a significant decrease in PP-Ratio and sEPSC IEIs (ie, more spontaneous 

Neuhofer et al. Page 6

Addict Biol. Author manuscript; available in PMC 2021 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



events) (t(5) = 3.238, P = .0230 and t(5) = 3.424, P = .0188) with no change in sEPSC 

amplitude (t(5) = 3.238, P = .4049), indicating a presynaptic locus of potentiation (Figure 

3D).

Given the CB1R dependence of LTD in drug-naïve and reinstated rats (Figure 3), the loss of 

LTD after extinction from THC + CBD SA could be explained by deficient CB1R signaling. 

Therefore, CB1R function was examined by measuring dose response curves for the CB1R 

agonist WIN55,212–22 (Figure 4A,B). Consistent with previous studies examining early 

withdrawal from daily noncontingent THC administration,34,35 we found that the maximum 

ability of WIN55,212–22 to inhibit glutamatergic transmission was reduced in NAcore slices 

from THC + CBD-extinguished animals and reinstated animals compared with drug naïve 

animals (Figure 4A: two-way ANOVA revealed effects of interaction, F (40, 320) = 3.755, P 
< .001; time F (20,320) = 60.53, P < .001; and treatment group F (2,16) = 4.009, P = 0.039; 

Holm-Sidak post hoc: Ctrl vs Ext, P = 0.047; Ctrl vs Rst, P = .047). Figure 4B further 

illustrates the significant reduction in response to 5 μM but not lower doses of WIN55,212–

22 (two-way ANOVA revealed effects of dose, F (3,33) = 6.312, P = .002 and treatment group 

F (1,33) = 4.584, P = .04; Holm-Sidak post hoc test P = .007 for 5 μM).

We next tested whether the loss of LTD in THC + CBD-extinguished animals resulted from 

functional tolerance of CB1R. CB1R signaling was up-regulated by administering the 

positive allosteric modulator GAT211 (5 μM).39 GAT211 augmented the inhibition of 

glutamate transmission produced by WIN-55–212 (Figure S6). Incubation with GAT211 

rescued LTD in slices from THC + CBD-extinguished animals (Figure 4C: for 2-way 

ANOVA, see Table S3; t(8) = 2.61, P < .031; one-sample t test comparing 100% baseline 

response vs 15–25 minutes after LTD induction). Similar to control animals, this LTD was 

accompanied by stable PP-ratio and sEPSC IEI but a significant decrease in sEPSC 

amplitude after LTD induction, indicating a postsynaptic locus of expression (Figure 4D, 

t(8) = 0.896, P = .3964, t(7) = 0.7429, P = .4817, t(7) = 2.744, P = .0289). GAT211 had no 

effect on baseline transmission (Figure 4E, t(11) = 0.2119, P = .8360).

CB1R activation could limit the amount of glutamate release during the 5-Hz induction 

protocol. A dysfunction of CB1R signaling after THC + CBD could therefore lead to excess 

release of glutamate during plasticity induction and change the plasticity rules. To test this 

hypothesis, we examined whether a CB1R-dependent short-term depression modulated the 

magnitude of postsynaptic responses during the 5-Hz induction protocol. Figure 5A shows 

representative examples of postsynaptic responses during the first and 160th second of the 5-

Hz stimulation of drug-naïve (Ctrl, upper traces) and THC + CBD-extinguished (Ext, lower 

traces) rats. Figure 5B illustrates the average time course of EPSCs during the course of the 

3-minute 5-Hz induction protocol. Short-term depression was significantly reduced in THC 

+ CBD-extinguished animals. Figure 5C shows that the extent of average reduction of 

postsynaptic responses for pulses 400 to 900 depended on the treatment group (F (3,31) = 

3.351, P = .0315, one-way ANOVA). Although GAT211 rescued LTD in THC + CBD-

extinguished animals (Figure 4), it did not rescue short-term depression during the 5-Hz 

induction (GAT211 vs Ext; P = .8304, Holm Sidak post hoc comparison). These results 

indicate that the short-term depression during stimulus induction is not necessary for the 

expression of LTD.
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4 | DISCUSSION

Behavioral flexibility is required to control reward-seeking behaviors, and the loss of this 

control is a core symptom of addiction.40 Deficits in synaptic plasticity and metaplasticity 

might prevent the reward circuitry from updating to changed environmental contingencies 

and thereby contribute to perseverative drug-seeking and relapse. One form of impaired 

plasticity associated with chronic drug use is loss of NMDA-dependent LTD induced by a 

low-frequency pairing in NAcore MSN. In vivo and in vitro LTD is abolished after 

withdrawal or extinction from cocaine SA17–19 and in vivo after extinction from heroin SA.
22 Here, we confirm that cannabis can be added to the list of drugs causing a loss of 

NMDAR-dependent LTD in NAcore MSNs30 and demonstrate that cue-induced 

reinstatement rectified this loss of plasticity. We furthermore identified CB1R as a key 

regulator of cannabinoid-induced metaplasticity.

4.1 | CB1Rs regulate drug-induced metaplasticity

Drug-induced metaplasticity can be caused by many different adaptations at glutamatergic 

synapses that affect the induction and expression of synaptic plasticity. Two prominent 

examples are drug-induced increases in the expression of GluN2B-containing NMDARs and 

calcium-permeable AMPARs (GluA2 lacking AMPAR), both of which can modify plasticity 

threshold and induction.13 Although postsynaptic adaptations have to date been the focus in 

addiction research, drug-induced presynaptic adaptations can also affect both presynaptic 

and postsynaptic plasticity. Previous studies indicate that repeated noncontingent THC 

injections cause CB1R internalization and uncoupling of CB1R from Gi/o proteins.41–43 

Here, we demonstrate for the first time that the loss of NMDAR-LTD is accompanied by 

functional tolerance of CB1R in rats that underwent cannabinoid SA and extinction. 

Surprisingly, we also observed that CB1R signaling is necessary for the induction of a form 

of LTD that is expressed at the postsynapse. Furthermore, GAT211, a novel positive 

allosteric modulator (PAM) for CB1R,39,44 rescued LTD in slices from THC + CBD-

extinguished animals. This indicates that deficient CB1R signaling plays a central role in 

THC + CBD-induced metaplasticity and corroborates a functional role for CB1R as 

regulators of metaplasticity.28

4.2 | How can predominantly presynaptic CB1R regulate postsynaptic LTD?

Low-frequency pairing protocols induce an NMDAR-dependent LTD in the nucleus 

accumbens.45 The expression of this NMDAR-dependent LTD is calcium-dependent45 and 

expressed via clathrin-dependent AMPAR endocytosis.15 We confirmed the NMDAR-

dependence (Figure S5) and postsynaptic locus (Figure 3B) of LTD induced in this study. 

Given its presynaptic action,37,38 the involvement CB1R in the induction of NMDAR-LTD 

is surprising. Since the direction of plasticity often depends on the amplitude of postsynaptic 

calcium signaling,46 CB1R could regulate postsynaptic LTD via modulating glutamate 

release during LTD induction. Indeed, we demonstrated that a history of THC + CBD use 

affects postsynaptic activation in response to a 5-Hz LTD induction protocol, resulting in a 

more sustained response in THC + CBD-extinguished rats as compared with drug-naïve 

animals. However, although the CB1R PAM GAT211 restored postsynaptic LTD, it did not 

reverse the deficits in short-term depression during the 5-Hz induction. This result indicates 
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that a more sustained postsynaptic response during LTD induction does not account for the 

loss of LTD. As demonstrated in Figure 3, animals with a history of THC + CBD SA were 

more prone to presynaptic LTP, which may be overriding postsynaptic LTD. Given the role 

of CB1R as regulators of the cannabinoid-induced metaplasticity found here, it will be 

important in future studies to investigate whether adaptations in the eCB system after 

chronic use of other drugs result in similar changes.

4.3 | CB1R-dependent metaplasticity and behavior

Another important result in the present study is the restoration of LTD after cue-induced 

reinstatement. We showed that endocannabinoid mechanisms were involved since bath-

applied CB1R antagonist prevented the induction of LTD in both the CTRL or RST group. 

However, the mechanism of CB1R involvement remains unstudied. Since extinguished and 

reinstated animals showed similar functional tolerance of CB1R, the transient restoration of 

CB1R cannot explain the restoration of LTD. However, it is possible that cue-induced 

changes in eCB synthesis or catabolism could contribute to restoring LTD in reinstated 

animals. Importantly, LTD was restored only in rats that reinstated lever pressing while rats 

not achieving the behavioral reinstatement criterion continued to show loss of LTD. The lack 

of effect in rats not responding to the THC + CBD-associated cue points towards the 

involvement of this form of metaplasticity in cue-induced drug-seeking. Future studies may 

identify multiple underlying mechanisms in addition to the down-regulated CB1R function 

identified in this study.

4.4 | Cell-type specificity of metaplasticity?

Ninety percent to ninety-five percent of all neurons in the NAcore are GABAergic MSNs, 

which can be divided into two subpopulations that express Dopamine1- (D1-MSNs) or 

Dopamine2- (D2-MSNs) receptors. Furthermore, distinct MSN-type specific adaptations 

after chronic cocaine and morphine produce the same net shift of the balance between 

excitatory inputs to D1- and D2-type MSNs.47 Therefore, distinct cell-type-specific 

adaptations at glutamatergic synapses and metaplasticity after chronic THC could explain 

the variability in our datasets (eg, extinction group in Figure 1E). Many studies using cell-

type-specific expression of activity regulators (optogenetics and chemogenetics) reveal that 

D1-MSNs promote, whereas D2-MSNs negatively modulate reward seeking behavior.48–50 

Cell-type-specific neuroadaptations could therefore promote drug-seeking by selectively 

shifting the balance of activity in favor of D1- over D2-MSN projections. In the future, it 

will be important to employ transgenic animals to examine the TH + CBD-induced 

neuroadaptations described in this study.

5 | CONCLUSION

This study showed that metaplasticity induced by cannabinoid SA can be restored by 

promoting CB1R signaling and by cue-induced reinstatement. These results are important 

for three reasons. First, they show that THC + CBD SA impairs synaptic plasticity akin to 

other addictive drugs, suggesting these impairments may be a generalizable mechanism in 

drug addiction. Second, they demonstrate that the loss of LTD is restored by presenting cues 

previously associated with drug use, a novel finding revealing involvement of transient 
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metaplasticity in drug-seeking behavior. Third, NMDAR-LTD induction is CB1R dependent, 

indicating that metaplasticity could be caused by the desensitization of CB1R, pointing 

towards a previously undetected role of CB1R signaling in drug-induced metaplasticity.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1. 
THC + CBD self-administration and cue-induced reinstatement induces a loss and 

restoration of LTD, respectively. A, The three treatment groups used throughout the study: 

vehicle-extinguished (Ctrl), THC + CBD-extinguished (Ext), THC + CBD-reinstated (Rst). 

B, SA of THC + CBD followed by extinction training. Note that the discrimination between 

active and inactive levers during SA is no longer apparent by day 4 of extinction (except for 

day 8 + 9) *P < .05, comparing active and inactive lever, N = 27. C, Active and inactive lever 

pressing during 30 minutes of cued-reinstatement. Dashed line indicates reinstatement 

criterion of greater than10 active lever presses. *P < .05, comparing Rst and non-Rst; #P 
< .05, comparing active and inactive lever presses. D, Time-course of synaptic response 

before and after LTD induction (arrows). Inset above: representative average pre- and post-
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traces for the three treatment groups; scale 200 pA and 20 ms. NAcore MSNs showed robust 

LTD in Ctrl (N = 7 cells/6 rats). Extinction of THC + CBD-induced metaplasticity (14 

cells/8 rats) that was partly rectified by 30 minutes of cue-induced reinstatement (18 cells/14 

rats). *P < .05, 2-way ANOVA, main effect of time and treatment groups. E, Bar graph 

summarizing the average response 15 to 25 minutes after LTD induction. *P < .05, 

comparing baseline response to 15 to 25 postinduction. F, Time course of synaptic response 

before and after LTD induction for animals grouped into nonreinstaters (non-RST; N = 9 

cells/7 animals) and reinstaters (RST; N = 9 cells/7 animals) according to criterion in Figure 

1C. *P < .05, 2-way ANOVA, main effect of time and treatment groups. G, Bar graph 

illustrating significant LTD expression in Rst but not non-RST. *P < .05, comparing baseline 

response to response 15 to 25 postinduction
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FIGURE 2. 
Sucrose SA and extinction training did not alter the capacity to induce LTD. A, Sucrose SA 

and extinction behavior, N = 5. B, Time course of synaptic response to LTD induction. Black 

line corresponds to the mean response to the LTD protocol in vehicle controls (Ctrl) from 

Figure 1D. Inset above: sample average pre- and post-traces for LTD experiment in a cell 

from a sucrose-treated animal. NAcore MSNs showed robust LTD in sucrose-extinguished 

animals which was comparable with Ctrl (Holm-Sidak post hoc: Ctrl vs Suc, P = .809; see 

Table S3). C, Bar graph illustrating significant LTD expression in the Sucrose group 

(average LTD in control group indicated as dashed line) *P < .05, t(6) = 4.331 comparing 

baseline response with 15 to 25 minutes after LTD induction protocol
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FIGURE 3. 
LTD in control and reinstated animals depends on CB1R. A, (left) Average time course of 

synaptic response before and after LTD induction for slices from drug-naïve animals with 

and without Rimonabant (5 μM). Inset above: sample average pre- and post-traces for the 

two treatment groups. *P < .05, 2-way ANOVA, main effect of time and treatment groups. 

Note that these animals did not receive vehicle treatment but expressed similar LTD 

amplitudes as compared with the vehicle controls in Figure 1D, indicating that intensive 

handling of the rats is not necessary for LTD expression. (right) Bar graph summarizes the 

average response 15 to 25 minutes after LTD induction. MSNs showed robust LTD in 

untreated slices that was blocked by Rimonabant. *P < .05, comparing baseline response 

with response 15 to 25 postinduction. B, Bar graph summarizing changes of PP-ratio, sEPSP 

IEI, and amplitude 15 to 25 minutes after LTD induction. LTD in untreated slices was 

accompanied by a significant decrease in sEPSC amplitude (white). Incubation in 

Rimonabant decreased in sEPSC IEI (orange). *P < .05, comparing baseline response with 

response 15 to 25 postinduction. C, (left) Average time course of synaptic response before 

and after LTD induction for slices from animals that underwent cue-induced reinstatement 

with and without incubation in Rimonabant. *P < .05, 2-way ANOVA, main effect of time 

and treatment groups. Inset above: sample average pre- and post-traces for the two treatment 
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groups. (right) Bar graph summarizing the average response 15 to 25 minutes after LTD 

induction. MSNs showed robust LTD in untreated slices but LTD was blocked by incubation 

with the CB1R antagonist Rimonabant. *P < .05, comparing baseline response with 

response 15 to 25 postinduction. D, Bar graph summarizing changes of PP-Ratio, sEPSP 

IEI, and amplitude 15 to 25 minutes after LTD induction. LTP in slices incubated with 

Rimonabant was accompanied by a significant decrease in PP-Ratio and sEPSC IEI 

(orange). *P < .05, comparing baseline response with response 15 to 25 postinduction N 

shown as cells/animals recorded
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FIGURE 4. 
THC + CBD-induced metaplasticity can be reversed by CB1R PAM GAT-211. A, Average 

time course of CB1 agonist WIN55,212–2-dependent inhibition of fEPSPs in Ctrl, Ext, and 

Rst groups. *P < .05, 2-way ANOVA, main effect of time and treatment groups. B, Dose-

response curves for WIN55,212–2. The inhibition induced by the 5-μM dose was 

significantly stronger for control as compared with Ext and RST rats. Four to seven slices 

were used to generate each point. *P < .05, multiple t tests with Holm-Sidak post hoc. C, 

GAT211, a positive allosteric Modulator of CB1, rescues LTD after THC + CBD self-

administration. Green, open symbols represent average response for extinguished animals 
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from Figure 1D as comparison. D, Bar graph illustrating change in PP-Ratio, sEPSC IEI, 

and amplitude as compared with baseline. Significant reduction in sEPSC amplitude 

indicates postsynaptic locus of LTD. #P = .029, Student’s t test. E, GAT211 had no effect on 

baseline synaptic transmission N = 12/4
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FIGURE 5. 
Deficient THC-induced short-term depression during 5 Hz LTD induction is not reversed by 

GAT-211. A, Representative traces of postsynaptic responses of the first and 160st second of 

the 5-Hz stimulation (eg, LTD induction protocol). Upper trace Ctrl, lower trace Ext animal. 

B, Average temporal dynamic of postsynaptic activation during the 5-Hz LTD induction for 

ctrl and ext. C, Bar graph summarizing the average response to pulses 400 to 900 of LTD 

induction. N = shown as cells/animals recorded. *P < .05 comparing treatment groups
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