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Restoring glutamate homeostasis in the nucleus accumbens via
endocannabinoid-mimetic drug prevents relapse to cocaine
seeking behavior in rats
Lan-Yuan Zhang1,2,3, Yue-Qing Zhou1,2, Zhi-Peng Yu4,5, Xiao-Qin Zhang4,5, Jie Shi 2 and Hao-Wei Shen 4,5

Impaired glutamate homeostasis is a key characteristic of the neurobiology of drug addiction in rodent models and contributes to
the vulnerability to relapse to drug seeking. Although disrupted astrocytic and presynaptic regulation of glutamate release has
been considered to constitute with impaired glutamate homeostasis in rodent model of drug relapse, the involvement of
endocannabinoids (eCBs) in this neurobiological process has remained largely unknown. Here, using cocaine self-administration in
rats, we investigated the role of endocannabinoids in impaired glutamate homeostasis in the core of nucleus accumbens (NAcore),
which was indicated by augmentation of spontaneous synaptic glutamate release, downregulation of metabotropic glutamate
receptor 2/3 (mGluR2/3), and mGluR5-mediated astrocytic glutamate release. We found that the endocannabinoid, anandamide
(AEA), rather than 2-arachidonoylglycerol elicited glutamate release through presynaptic transient receptor potential vanilloid 1
(TRPV1) and astrocytic cannabinoid type-1 receptors (CB1Rs) in the NAcore of saline-yoked rats. In rats with a history of cocaine self-
administration and extinction training, AEA failed to alter synaptic glutamate release in the NAcore, whereas CB1R-mediated
astrocytic glutamate release by AEA remained functional. In order to induce increased astrocytic glutamate release via exogenous
AEA, (R)-methanandamide (methAEA, a metabolically stable form of AEA) was chronically infused in the NAcore via osmotic pumps
during extinction training. Restoration of mGluR2/3 function and mGluR5-mediated astrocytic glutamate release was observed after
chronic methAEA infusion. Additionally, priming or cue-induced reinstatement of cocaine seeking was inhibited in methAEA-
infused rats. These results demonstrate that enhancing endocannabinoid signaling is a potential pathway to restore glutamate
homeostasis and may represent a promising therapeutic strategy for preventing cocaine relapse.

Neuropsychopharmacology (2021) 46:970–981; https://doi.org/10.1038/s41386-021-00955-1

INTRODUCTION
Glutamate homeostasis represents the balance between gluta-
mate release and elimination and depends on neuron-glia
interactions. Impaired glutamate homeostasis in the core of
nucleus accumbens (NAcore) contributes to neurobiological
processes in drug self-administration and underlies biological
vulnerability to drug relapse in rodent models [1, 2]. Depletion of
extrasynaptic glutamate and downregulated group-II metabotro-
pic glutamate receptor 2/3 (mGluR2/3) have been observed after
chronic cocaine administration [3]. Also, heroin self-administration
produces long-lasting downregulation of glutamate reuptake and
surface expression of glutamate transporter 1 (GLT-1) [4], which is
associated with enhancing spillover of synaptic glutamate to
stimulate extrasynaptic N-methyl-D-aspartate receptors (NMDARs)
within the NAcore [4]. Alteration in prefrontal-cortex (PFc)
glutamatergic top-down projections to the NAc has been
demonstrated to be crucial for reinstatement of drug-seeking
behavior [5, 6]. Withdrawal from cocaine downregulates pre-
synaptic mGluR2/3 autoreceptors [1], which is followed by a

concomitant increase in PFc-to-NAc glutamatergic synapse release
probability [7]. Depletion of extrasynaptic glutamate in the NAc
may further increase the signal-to-noise ratio of spillover synaptic
glutamate. In consequence, robust transient synaptic glutamate
release during reinstatement may be amplified by insufficient
glutamate elimination and dysfunctional mGluR2/3 autoreceptors
in the NAc after drug exposure [1, 8, 9].
The principal endocannabinoids (eCBs) are 2-arachidonoylglycerol

(2-AG) and anandamide (N-arachidonoylethanolamine, AEA), which
primarily modulate synaptic transmission and plasticity via retro-
grade signaling to presynaptic cannabinoid type-1 receptor (CB1R)
[10, 11]. In addition to activating CB1Rs, AEA also activates transient
receptor potential vanilloid 1 (TRPV1), which serves as ionotropic
cannabinoid signaling and modulates presynaptic release in the CNS
[12, 13]. Both 2-AG and AEA are produced in both neurons and
astrocytes [14] and are hydrolyzed by monoacylglycerol lipase
(MAGL) and fatty acid amide hydrolase (FAAH), respectively [15]. The
endocannabinoid system is considered to be involved in brain
reward signaling, although some of the results supporting this
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hypothesis remain controversial [16, 17]. AEA-induced activation of
CB1R increases extracellular dopaminergic levels in the NAc [18],
whereas CB1R agonists or eCBs inhibit optogenetic-activation-
induced dopaminergic release [19]. CB1R antagonist AM251
inhibited cocaine self-administration [20] and reinstatement of
cocaine seeking [21], while CB1R agonist WIN 55,212-2 also
decreased cocaine self-administration [22].
Recent evidence suggests that endocannabinoid signaling may

impact neurotransmission via densely expressed CB1R on astro-
cytes. In the hippocampus, activation of CB1R promotes astrocytic
glutamate release and induces astrocytic calcium elevation
through Gq/11 protein activation of phospholipase C, and then
promotes astrocytic glutamate release that can be monitored via
measuring slow inward currents (SICs) in adjacent neurons [23]. In
human brain tissue, CB1R have been observed to trigger astrocytic
calcium surges [24]. Astrocytic glutamate release, as a conse-
quence of astrocytic activity, has been shown to actively modulate
neuronal excitability, synaptic transmission and plasticity. These
findings suggest that eCBs may exert both presynaptic and
astrocytic influences to contribute to impaired glutamate home-
ostasis in rodent models of drug addiction. However, the
involvement of eCBs in this process has remained unknown. In
the present study, using cocaine self-administration in rats, we
investigated the role of eCBs in presynaptic and astrocytic
glutamate release in the NAcore, and tested the ability of CB1R
activation via (R)-methanandamide (methAEA, a metabolic
stable form of AEA) in inhibiting the reinstatement of cocaine
seeking.

MATERIALS AND METHODS
Animals
Sprague-Dawley rats (3–6 months old) were group-housed and
allowed to acclimate to their new environment for 1 week before
any experimental procedures were performed. Total 299 rats were
used in this study. 139 rats were used for Saline group. And 136
were trained for cocaine self-administration, in which 19 rats were
excluded latterly due to lost catheters or cannulas. All animal care
and experimental procedures were performed strictly following
standard procedures approved by the Institutional Animal Care
and Use committee at Peking University Health Science Center or
Ningbo University (Supplementary material accompanies this
paper).

Cocaine self-administration
Figure 1A shows the training procedure that we used for cocaine
self-administration in rats. A single press on the active lever
resulted in one delivery of cocaine (0.6 mg/kg/infusion, 0.6 mg/ml
delivered over 3–5 s; Fixed ratio 1, FR1). The cue light and a
discrete tone were each simultaneously presented for 5 s during
cocaine infusion. Each cocaine delivery was followed by a 20 s
timeout period. Extinction training started after at least 10 training
days. Successfully trained rats were operationally defined as those
that averaged more than 20 infusions per day in the last three
days of training. During extinction training, lever presses did not
result in cocaine infusion or any activation of tone or light cues.
Extinction training continued for at least 14 days until rats
performed <20 active lever presses in three consecutive days, and
then was followed by reinstatement testing. Three days after cue-
induced reinstatement, cocaine-primed reinstatement testing was
conducted in the same groups of animals. During cue- or priming-
induced reinstatement trial, rats did not receive intravenous drug
infusions. Training sessions for self-administration, extinction, and
reinstatement each lasted for 2 h.

Mini-osmotic pumps for drug delivery to the NAcore
Mini-osmotic pumps (model 2001, infuse rate 0.1 ul/h, Alzet
DURECT Corporation) were applied to chronically infuse the

catalytically stable AEA analog, R(+)-methanandamide (methAEA,
100 μM, Tocris Bioscience) into the NAcore. Two cannulas
connecting with mini-osmotic pumps (one for each hemisphere)
were implanted into the NAcore at 14 days after extinction
training, and the infusion would last 1 week. Total 24 (cocaine
group) rats were used for mini-osmotic pumps implantation.

Whole-cell recordings in acute brain slices
Recording chambers were continuously perfused with aCSF at a
flow rate of 2 ml/min at 32 °C. Patch electrodes (1.5–2 MΩ) were
filled with a cesium-based internal solution (in mM: 120 cesium
methanesulfonate, 0.5 EGTA, 10 HEPES, 5 QX-314 Br, 2 MgCl2, 10
NaCl, 2 Mg-ATP, and 0.25 Na-GTP). Recording solutions used for
sEPSCs contained 1.2 mM of Mg2+. Picrotoxin (100 μM) was bath-
applied during all patch-clamp recordings to block GABAA

receptors. Slow inward current was recorded under low-Mg2+

aCSF (0.1 mM). Each cell was recorded for at least 40 min to avoid
any floor effect caused by the inherently low frequency of slow
inward current. Inward currents with 20–80% rising times no
shorter than 10ms, decaying times longer than 50ms, and
amplitudes larger than 10 ρA were defined as slow inward
currents. The numbers of cells and rats used for whole-cell
recordings were shown in figures.

Statistics
Statistical analyses between only two groups were assessed using
two-tailed unpaired t-tests or two-tailed paired t-tests. When
comparing a single factor or two factors across more than two
groups, one-way or two-way ANOVAs, respectively, were used
followed by Bonferroni’s post-hoc multiple pairwise comparisons.
Statistical analyses were performed using GraphPad Prism
8.01 software.

RESULTS
Impaired mGluR2/3 function in the NAcore after cocaine self-
administration and extinction training
After cocaine self-administration and extinction training, rats were
used for experiments involving either patch-clamp electrophysiol-
ogy in NAc slices ex vivo or reinstatement testing in vivo
(Fig. 1A&B). The averaged numbers of active lever presses and
infusions was 73 ± 8.906 (±SEM) and 35 ± 2.341 on the last day of
self-administration. The average number of active lever press on
the last day of extinction is 13 ± 1.639. In the cocaine group, the
average sEPSC frequency (unpaired t test, t(366)= 4.252, p < 0.001;
Fig. 1C, left) and sEPSC amplitude were significantly higher
(unpaired t test, t(366)= 4.196, p < 0.001; Fig. 1C, right) compared
to these corresponding parameters in the saline-yoked group.
These results are consistent with prior studies [7, 25, 26]. We next
investigated the function of glutamatergic mGluR2/3 autorecep-
tors via perfusion of the mGluR2/3 antagonist LY341495 or agonist
LY354740 into the recording chamber. A repeated-measures two-
way ANOVA revealed that LY341495 with 0.03 or 0.3 μM
significantly increased sEPSC frequency in the saline group but
not in the cocaine group (Fig. 1D,E lower; factor of drug: F(1, 20)=
19.03, p < 0.001; factor of training condition: F(1, 20)= 0.309, p=
0.584; interaction: F(1, 20)= 14.9, p < 0.01 for 0.03 μM; factor
of drug: F(1, 17)= 1.645, p= 0.2168; factor of training condition:
F(1, 17)= 16.98, p < 0.001; interaction: F(1, 17)= 9.421, p < 0.01 for
0.3 μM). The mGluR2/3 agonist LY354740 (0.2 μM) significantly
reduced sEPSC frequency in both saline group and cocaine group
(Fig. 1F lower; factor of drug: F(1, 18)=2.088, p= 0.1656; factor of
training condition: F(1, 18)= 10.11, p= 0.0052; interaction: F(1, 18)=
0.6988, p= 0.4142).
In contrast, no change in sEPSC amplitude was observed after

LY341495 or LY354740 administration in either the saline or
cocaine group (Fig. S1), confirming that mGluR2/3 antagonist did
not influence postsynaptic-based sEPSC amplitudes.
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Fig. 1 Decreased mGluR2/3-mediated feedback inhibition at NAcore glutamatergic synapses after cocaine self-administration and
extinction training. A Training procedure of cocaine self-administration and saline control. Recovery on the left-hand side denotes the
number of days of recovery provided after catheter implantation. All measurements in all figures were performed after two weeks of
extinction training and consisted of patch-clamp recordings from medium spiny neurons (MSNs) in NAc slices. B Active lever pressings and
infusions of all cocaine and saline groups used in all data. C Upper: Representative traces of sEPSC. Lower: Cumulative distributions of inter-
event intervals (left) or event amplitudes (right). Inset, mean event frequencies (left) or amplitudes (right). sEPSC frequency and amplitude in
cocaine group were significantly higher than those in the saline group (***p < 0.001, unpaired t test). This convention is used in all other
figures as well. Upper: Cumulative distributions of inter-event intervals pre- and post-LY341495 (or LY354740). Lower: The event frequencies
from individual neurons. Synaptic glutamate release probability was less sensitive to LY341495 (0.03 μM & 0.3 μM) in the cocaine group (D, E).
LY354740 (0.2 μM) had a significant impact on sEPSC frequency regardless of training condition (F). **p < 0.01, ***p < 0.001 comparing cocaine
with saline group using two-way ANOVA with repeated measures followed by a Bonferroni’s post hoc test. The first and second N numbers in
parentheses correspond to the numbers of recorded neurons and rats, respectively. Dots in B presented the mean values ± SEMs. Each dot in
C–F represents an individual cell. Data with the lines connecting indicate within-subjects designs.

Restoring glutamate homeostasis in the nucleus accumbens via. . .
L-Y Zhang et al.

972

Neuropsychopharmacology (2021) 46:970 – 981



The different role of CB1Rs and TRPV1 in presynaptic modulation
of glutamate release in the NAcore of saline-yoked rats
In the saline-yoked group, CP55,940, an agonist for both CB1Rs
and CB2Rs, significantly decreased sEPSC frequency (paired t test,
t(14)= 4.524, p < 0.001; Fig. 2A), but did not change sEPSC peak
amplitude (Supplementary Fig. S2A). These findings suggest that
CB1Rs/CB2Rs activation presynaptically reduced glutamatergic
drive to MSNs within the NAcore without affecting postsynaptic-
based sEPSC amplitudes, which is consistent with the known
retrograde presynaptic mechanism of cannabinoid receptors
(CBRs) mediated negative feedback of glutamate release.
We next investigated the particular roles of AEA and 2-AG on

sEPSCs of NAc MSNs. We elevated the extracellular concentrations

of both endogenous 2-AG and AEA within our NAc slices via
perfusion of hydrolytic enzyme inhibitors, JZL184 (10 μM) and
URB597 (10 μM), respectively. Surprisingly, either URB597 (Fig. 2B)
or methAEA (metabolic stable form of AEA; 30 μM, Fig. 2D)
significantly increased sEPSC frequency (paired t test, URB597:
t(10)= 4.786, p < 0.001; methAEA: t(12)= 7.537, p < 0.001), whereas
JZL184 (Fig. 2C) attenuated sEPSC frequency (paired t test, t(9)=
3.471, p= 0.007). These findings suggest that boosting endogen-
ous AEA, but not 2-AG, presynaptically increased glutamatergic
drive to MSNs within the NAcore, which is in contrast to our
findings of CBR agonist CP55,940 and suggests that our
experimentally boosted endogenous AEA may have acted
through non-CB receptors to increase MSN glutamatergic drive.

Fig. 2 AEA increases sEPSC frequency in the NAcore of saline group via TRPV1 rather than CB1Rs. Cumulative distributions of inter-event
intervals and mean event frequencies (insets) pre- and post-drug perfusion. The CB1Rs agonist CP55,940 (0.3 μM) or 2-AG hydrolase inhibitor
JZL184 (10 μM) significantly reduced sEPSC frequency (A, C), while methAEA (30 μM), AEA hydrolase inhibitor URB597 (10 μM), methAEA
(30 μM) or TRPV1 agonist capsaicin (10 μM) increased sEPSC frequency (B, D, H). MethAEA increased sEPSC frequency in the presence of the
CB1R antagonist, AM251 (5 μM), but decreased sEPSC frequency in the presence of the TRPV1 antagonist, SB366791 (1 μM) (E, F). Hence, the
action of AEA on increasing synaptic glutamate release probability may be mediated by TRPV1. *p < 0.05, **p < 0.01, ***p < 0.001, compared
with vehicle perfusion using paired t test. The first and second N numbers in parentheses correspond to the numbers of recorded neurons
and rats, respectively.
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The amplitudes of sEPSCs weren’t influenced by URB597, JZL184
or methAEA (Supplementary Fig. S2B–D).
Then we examined which receptor mediated the endogenous

upregulation of synaptic glutamate release by AEA in the saline-
yoked group. The selective TRPV1 antagonist SB366791 (paired t
test: t(17)= 3.216, p= 0.0051; Fig. 2F), but not the CB1R antagonist
AM251 (t(9)= 3.668, p= 0.0052; Fig. 2E), blocked the methAEA-
induced increase in sEPSC frequencies. SB366791 also blocked the
URB597-induced increase in sEPSC frequencies (paired t test: t(8)=
5.131, p= 0.0009; Fig. 2G). Moreover, capsaicin, a TRPV1 agonist,
significantly increased sEPSC (paired t test: t(7)= 3.267, p= 0.0137;
Fig. 2H) but not amplitude (Supplementary Fig. S2H). These results
indicated that the AEA-induced enhancement of glutamate
release to NAcore MSNs was potentially mediated by TRPV1 in
the NAcore.

Impaired CB1R and TRPV1 signaling in the NAcore of rats after
cocaine self-administration and extinction training
Strikingly, in the cocaine group, there was no significant effect of
CP55,940, URB597, or methAEA on sEPSC frequencies (Fig. 3,
paired t test, CP55,940: t(13)=1.004, p= 0.3338; URB597: t(8)=
2.054, p= 0.0741; methAEA: t(12)= 1.396, p= 0.1881). These
results revealed the endocannabinoid-mediated presynaptic
modulation of glutamate release was impaired in the NAcore
from cocaine group. The amplitudes of sEPSCs were not altered by
these drugs (Supplementary Fig. S2I–K).

Differential mGluR5- and CB1R-mediated astrocytic glutamate
release in the NAcore of rats after cocaine self-administration and
extinction training
Astrocytic glutamate release triggers extrasynaptic NMDAR-
mediated SICs that exhibit slower kinetics and longer rising times
[27] (Fig. 4A). Because slow inward current occurs spontaneously
and can be enhanced by astrocytic GPCR activation via mGluR5
and CB1Rs in the NAcore [23, 28], we compared the basic and
evoked slow inward currents by GPCR agonists between saline
and cocaine groups. While there was no difference in frequencies
of slow inward currents at the baseline level between the two
groups, activating mGluR1/5 with DHPG significantly increased
frequencies of slow inward currents in the saline group but not in
the cocaine group (two-way ANOVA; DHPG: F(1, 48)= 11.09, p=
0.0017; training condition: F(1, 48)= 8.811, p= 0.0047; interaction:
F(1, 48)= 9.345, p= 0.0036; Fig. 4C left). In contrast, neither training
condition nor DHPG application had an impact on slow inward
currents amplitudes (Two-way ANOVA; DHPG: F(1, 48)=0.3865, p=
0.5371; training condition: F(1, 48)= 0.1677, p= 0.6839; interaction:
F(1, 48)= 0.9105, p= 0.3448; Fig. 4C right).
MTEP (20 μM; mGluR5 antagonist) and MK801 (1 mM) blocked

DHPG- and methAEA-induced increase of slow inward currents
frequencies in saline group respectively (one-way ANOVA,
F(4, 51)=23.88, p < 0.0001; Fig. S3C), while tetrodotoxin (0.5 μM)
had no effect on those altered frequencies. Our findings are
consistent with previous reports that slow inward currents are
triggered by mGluR5 and mediated by NMDA receptor, and don’t
rely on action potential [28].
Next, we compared the response of astrocytic glutamate release

to CB1Rs activation in saline and cocaine groups. In the NAcore
from the saline group, CP55,940 (0.3 μM), JZL184 (10 μM), URB597
(1 μM), and methAEA (30 μM) each significantly increased slow
inward currents frequencies, while pre-incubation with the CB1R
antagonist AM251 blocked methAEA-induced increases (one-way
ANOVA, F(5, 76)= 6.864, p < 0.0001; Fig. 4D left). In the NAcore of
cocaine group, CP55,940 or methAEA significantly increased
frequencies of slow inward currents, while URB597 had no effect
(one-way ANOVA, F(3, 50)= 7.972, p= 0.0002; Fig. 4D right). The
amplitudes of slow inward currents weren’t affected by those
drugs in either the saline or cocaine group (Supplementary Fig.
S3A, B). These results suggest that CB1R-mediated astrocytic

glutamate release was left intact in the cocaine group. In contrast,
unlike the efficacy in the saline group, the inability of URB597 to
induce slow inward currents in the cocaine group suggested that
there was insufficient endogenous tonic AEA release in the
NAcore of cocaine group.
We further calculated the sEPSC frequencies within 30 s

duration immediately before and after the event of slow inward
current. Repeated-measures two-way ANOVA analysis revealed
that the occurrence of slow inward current had significantly
impact on sEPSC frequencies in the absence of LY341495 (0.03
μM) in saline group (factor of LY341495: F(1, 18)= 2.479, p= 0.1328;
factor of slow inward current: F(1, 18)= 10.63, p= 0.0043; interac-
tion: F(1, 18)= 12.35, p < 0.01; Fig. 4E left). The effect of slow inward
current on sEPSC frequency wasn’t observed in the cocaine group
regardless of LY341495 existing (factor of drug: F(1, 22)=0.1831,
p= 0.6729; factor of SICs: F(1, 22)= 1.688, p= 0.2074; interaction:
F(1, 22)= 0.91, p= 0.3505; Fig. 4E right). Alterations in sEPSC

Fig. 3 AEA fails to alter synaptic glutamate release probability in
the NAcore of rats after cocaine self-administration and extinction
training. A–C Cumulative distributions of inter-event intervals and
mean event frequencies (insets) pre- and post-drugs perfusion. The
concentrations and perfusion times of CP55,940, URB597, or
methAEA used in the NAc slices from the cocaine group were the
same as those used in the saline group. None of these drugs had an
influence on sEPSC frequencies in the NAc of the cocaine group
(paired t test). The first and second N numbers in parentheses
correspond to the numbers of recorded neurons and rats,
respectively.
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Fig. 4 The effects of mGluR5 and CB1 activation on astrocytic glutamate release in the NAcore of the saline group or cocaine group.
A Upper: Recordings from a medium spiny neuron showing SICs and sEPSCs. Lower: Overlay of scaled sEPSC and SICs shown in the upper lane
to compare their kinetics. B Sample traces of SICs from saline and cocaine groups with or without DHPG (10 μM) perfusion. C The mGluR5
agonist, DHPG, remarkably increased SICs frequency in the saline group but not in the cocaine group. DHPG did not change the peak
amplitude of SICs in the two groups. ** p < 0.01 compared to vehicle-treated neurons using one-way ANOVA with repeated measures followed
by a Bonferroni’s post hoc test. D CB1R agonist CP55,940 (0.3 μM) or methAEA (30 μM) increased SICs frequency in both saline and cocaine
groups. CB1R antagonist AM251 (10 μM) blocked the effect of methAEA on SICs frequency. However, AEA hydrolase inhibitor URB597 (1 μM)
increased SICs frequency in the saline group but not in the cocaine group. E In the absence of LY341495, sEPSC frequency before the SIC is
significantly higher than sEPSC frequency after SIC in saline group, but not in cocaine group. *p < 0.05, **p < 0.01 compared to vehicle-treated
neurons using one-way or two-way ANOVA followed by a Bonferroni’s post hoc test. Data are represented as the mean values ± SEMs. N
numbers shown in parentheses correspond to the number of recorded neurons and the number of recorded rats per group, respectively. SIC:
slow inward current. Data with the lines connecting indicates within-subjects designs. Data without the lines connecting indicates between-
subjects designs.
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amplitude were not observed in either group (Supplementary Fig.
S3D). These results imply that the astrocytic glutamate release
may be due to inhibition of synaptic glutamate release via
mGluR2/3 activation in saline group, but not in cocaine group. It is
possible that although the mGluR2/3 in the NAcore of cocaine
group could be activated by agonist LY354740 (Fig. 1F), it was still
less sensitive to endogenous extracellular glutamate.

Chronic methAEA infusions induce sustained CB1R activation that
restores mGluR2/3-mediated presynaptic inhibition and mGluR5-
mediated astrocytic glutamate release in the NAcore of rats after
cocaine self-administration and extinction training
The preserved function of CB1R-mediated astrocytic glutamate
release in the cocaine group provides the possibility that
sustained stimulation of astrocytic CB1Rs may restore extracellular
glutamate levels and thereby revive presynaptic modulation of
glutamate release. To test this supposition, methAEA were
bilaterally infused into the NAcore of cocaine group for one week,
then the function of presynaptic modulation by mGluR2/3 and
CB1Rs was tested via monitoring sEPSC frequencies in NAcore
MSNs from cocaine group. A two-way ANOVA revealed that the
mGluR2/3 antagonist LY341495 significantly increased sEPSC
frequencies in the methAEA-infused group, but not in the PBS-
infused group (factor of LY341495, F(1, 17)= 0.7854, p= 0.3879;
infusion, F(1, 17)= 7.39, p= 0.0146; interaction: F(1, 17)= 6.294, p=
0.0225; Fig. 5A). LY341495 increases sEPSCs frequency by 17.1% in
cocaine group with chronic methAEA infusion, which is in the
same range as that in saline group (34.6% increasing with 0.03uM;
19.7% with 0.3 μM; Fig. 1D, E). Notably, methAEA infusion did not
restore the failed responses of MSN sEPSC frequencies to CP55,940
in the NAcore from cocaine group (paired t test, t(12)= 1.455, p=
0.1714; Fig. 5B).
Next, we investigated whether methAEA infusion repaired the

failed response of astrocytic glutamate release to mGluR5
activation in the cocaine group. A two-way ANOVA revealed that
DHPG significantly impacted slow inward currents frequencies in
the methAEA-infused group (factor of DHPG, F(1, 37)= 7.846, p=
0.0081; infusion, F(1, 37)= 7.831, p= 0.0081; interaction F(1, 37)=
13.88, p= 0.0006; Fig. 5C). There are no alterations of sEPSC or
slow inward currents amplitudes in both PBS- and methAEA-
infused groups (Supplementary Fig. S4).

Chronic methAEA infusions in the NAcore inhibit either cue- or
priming-induced reinstatement to cocaine seeking
As demonstrated in previous studies, deficient functionalities of
GLT-1 and mGluR2/3 in cocaine or heroin self-administered rats
are unable to homeostatically control spillover of synaptic
glutamate during reinstatement of drug seeking [3, 4]. Therefore,
preventing excessive spillover of glutamate may represent a
strategy to reduce reinstatement of drug seeking. Given that
mGluR2/3 function were restored via methAEA infusions in the
NAcore of cocaine group, we next tested the ability of methAEA to
inhibit reinstatement of cocaine seeking. The data during
extinction and reinstatement were analyzed using two-way
ANOVAs with repeated measures (factor of infusion, F(1, 23)=
13.2, p= 0.0014; factor of session F(2, 46)= 49.89, p < 0.001;
interaction, F(2, 46)= 4.698, p= 0.0139; Fig. 5D). For PBS-infused
rats, prominent reinstatement of cocaine seeking was induced by
either cocaine priming (10 mg/kg) or the presentation of a light/
tone cue. In contrast, chronic infusion of methAEA significantly
reduced the reinstatement triggered by either priming or the
conditional cue (Bonferroni’s post-hoc test, t= 3.711, DF= 69, p=
0.0012 for cue; t= 3.301, DF= 69, p= 0.0046 for priming). There
was no difference in the total traveled distance in the open field
between the two groups (Fig. 5E). Infusion sites were verified
during the tissue harvesting process for patch-clamp recordings
(Fig. 5F).

DISCUSSION
The present study demonstrated that in terms of endocannabi-
noid signaling in the NAcore from saline rats, AEA, but not 2-AG,
elicited presynaptic and astrocytic glutamate release via TRPV1
and CB1Rs, respectively. After cocaine self-administration and
extinction training, although AEA no longer changed synaptic
glutamate release, its effect on astrocytic glutamate release was
preserved. The restorations of mGluR2/3 function and mGluR5-
activated astrocytic glutamate release were obtained after chronic
methAEA infusion in the NAcore of cocaine group, which inhibited
either priming or cue-induced reinstatement of cocaine seeking.
The multiple roles of AEA in glutamate homeostasis and cocaine
seeking behavior elucidated in the present study suggest that the
endocannabinoid system represents a promising therapeutic
target for cocaine addiction.

Impaired glutamate homeostasis and astrocytic glutamate release
after cocaine self-administration and extinction training
The increase of presynaptic glutamate release and failed
presynaptic mGluR2/3 regulation during withdrawal or extinction
after chronic cocaine treatment have been reported by previous
studies [5, 29–33]. Insufficient extrasynaptic glutamate in cocaine-
treated rats plays a key role in their disturbed glutamate
homeostasis [21, 34–36], which has been linked to dysregulated
mGluR2/3 function and glutamate uptake [37]. However, it has not
been fully understood as to how extrasynaptic glutamate is
regulated by astrocytes in the NAcore of rats trained to self-
administer cocaine. Accumulated evidence has demonstrated that
reactive astrocytes release neuroactive molecules in a Ca2+-depen-
dent manner [28, 38, 39]. Astrocytes express Gq/11-coupled receptors
such as mGluR5, the activities of which drive inositol-1,4,5-trispho-
sphate (IP3)-induced Ca2+ release from the endoplasmic reticulum
and activates extracellular glutamate release [28, 40]. At the synaptic
level, glutamate released by astrocytes acts on extrasynaptic
NMDARs to generate slow inward currents [40] and simultaneously
activates presynaptic mGluR2/3 to inhibit synaptic glutamate release
[37]. With these signaling mechanisms, astrocytes detect excitatory
synaptic activities and act as a processor and coordinator for
activation of adjacent neurons [41]. Hence, we monitored astrocytic
glutamate release via quantifying slow inward currents. Activating
mGluR5 with DHPG significantly increased frequencies of slow
inward currents in the saline group but not the cocaine group,
indicating long-term disruption of mGluR5-mediated astrocytic
activity in cocaine group. While impaired postsynaptic mGluR5
function in animal models of cocaine self-administration has been
reported by previous studies [31, 42–46], our present findings are
the first to validate that astrocytic mGluR5 is involved. We
hypothesize that this reduction in mGluR5-mediated astrocytic
glutamate release potentially contributed to a decrease of extra-
synaptic glutamate in the NAcore, and consequently resulted in
decreased glutamatergic tone on presynaptic mGluR2/3 [37, 47]. It is
noteworthy that the present study could not distinguish whether
the impaired glutamate homeostasis resulted from cocaine self-
administration or from extinction training.
Whether the mGluR5 distributes on mature astrocytes in the

rodent brain are still debated. Several studies revealed the mRNA
expression of mGluR5s in isolated astrocytes from cortex and
hippocampus declined throughout development [48–50], and
mGluR5-immunostaining was detected mainly in striatal neurons,
not in GFAP-labeled astrocytes [51]. However, other researches
showed that mGluR5 expressed on processes of astrocytes of the
adult or aged brain [52–55], and remained sufficient function to
process astrocytic Ca2+ signaling [56, 57]. From our own data, we
found that DHPG, a mGluR1/5 agonist significantly increased
slow inward currents frequency in adult control, implying
functional activity of astrocytic mGluR5 in the NAcore of those
adult rats.
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Fig. 5 methAEA infusion in the NAcore restores the glutamate homeostasis in the cocaine group, and inhibits reinstatement to cocaine
seeking. A LY341495 (0.03 μM) increased sEPSC frequency of MSNs in the methAEA -infused group. **p < 0.01 compared to PBS-infused group
using two-way ANOVA with repeated measures followed by a Bonferroni’s post hoc test. B CP55,940 (0.3 μM) failed to alter sEPSC frequency of
MSNs in the methAEA-infused group. C DHPG (10 μM) increased SICs frequency of MSNs in the methAEA-infused group. ***p < 0.001
compared to PBS-infused group using two-way ANOVA with repeated measures followed by a Bonferroni’s post hoc test. N numbers shown in
bars and parentheses corresponds to the number of recorded neurons and the number of recorded rats per group, respectively. D Cocaine
priming- or cue-induced reinstatement of active lever pressing was reduced by pretreatment via methAEA infusions (100 μM). E No difference
in locomotor activity was observed between methAEA- and PBS-infused groups. F Illustration of the location of cannula tips where infusions
were made into the NAcore according to the atlas of Paxinos and Watson (1986). N numbers shown in parentheses corresponds to the
number of rats assigned in behavioral experiments. **p < 0.01, ***p < 0.001 compared to PBS-infused group using two-way ANOVA with
repeated measures followed by a Bonferroni’s post hoc test. Data are represented as the mean values ± SEMs. Data with the lines connecting
indicates within-subjects designs. Data without the lines connecting indicates between-subjects designs.
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Slow inward currents exhibited prominent influence on
neuronal activities. Previous researches have reported that slow
inward currents drove action potentials and even burst firing in
adjacent neurons causing synchronous neuronal activities in
nucleus accumbens and hippocampal CA1 region [28, 41,
58–60]. Although the frequency of slow inward currents is
relatively lower in comparison to sEPSC, the peak amplitude of
slow inward currents is larger than sEPSC which indicates a larger
quantity of glutamate release. And it has been shown that the
astrocytic vesicles that generate slow inward currents are much
larger than synaptic vesicles [61]. All of the evidence above hinted
that increasing slow inward currents frequency increased extra-
cellular glutamate concentration.
Neuronal mGluR5 contributes to the modulation of synaptic

glutamate release and drug-seeking behavior. In the NAcore,
mGluR5 antagonist inhibits cocaine seeking behavior through
increasing extracellular glutamate concentration [51, 62, 63].
Genetic deletion of mGluR5 in the dopamine D1 medium spiny
neurons of NAc inhibited cocaine seeking behavior and abolished
2-AG-mediated long-term depression [64]. Therefore, the inhibi-
tory effect of methAEA on reinstatement of cocaine seeking might
be an overall consequence of stimulating both neuronal and
astrocytic mGluR5 via astrocytic glutamate release.

Disrupted endocannabinoid AEA modulation of synaptic
glutamate release in rats after cocaine self-administration and
extinction training
As retrograde signaling, eCBs are released with both tonic and
activity-dependent phasic modes [65–69]. 2-AG is a high-affinity
agonist for CB1Rs and CB2Rs, whereas AEA is a low-affinity agonist
for CB1Rs [70]. While AEA is responsible for maintaining basal
endocannabinoid signaling, 2-AG mediates strong and rapid
signaling for inhibitory feedback via presynaptic CB1R receptors
[19]. These different actions are likely related to the fact that AEA
is a partial agonist at CB1Rs, while 2-AG acts as full agonist at both
CB1Rs and CB2Rs [71]. Direct application of 2-AG or enhancement
of 2-AG tone via inhibiting its hydrolysis inhibits synaptic
glutamate release [72–74]. In contrast, the effects of AEA on
presynaptic release are complicated as it acts not only as a CB1R
agonist but also as an agonist for TRPV1 [75, 76]. AEA has been
shown to decrease presynaptic glutamate release in the presence
of the FAAH inhibitor URB597 in the midbrain periaqueductal gray
[13]. However, AEA increased synaptic glutamate release when
CB1Rs are blocked by AM251 in wild type mice, but not in TRPV1
knock-out mice [13].
Notably, a recent research demonstrated that TRPV1 specifically

potentiated synaptic connectivity of the glutamatergic projections
from basolateral amygdala to NAcore D1-positive MSNs in adult
mice [77]. However, in the NAc, the relative contributions of
presynaptic CB1Rs and TRPV1 to modulating synaptic function
remained unclear. Direct activation of CB1Rs with CP55,940
remarkably decreased sEPSC frequencies in MSNs within the
NAcore, indicating a CB1R-mediated downregulation of the
release probability of glutamate (Fig. 2A). Intriguingly, JZL184
that accumulates extracellular 2-AG via inhibiting MAGL [78],
reduced sEPSC frequencies in MSNs within the NAcore of saline
rats (Fig. 2C). In contrast, URB597 or methAEA significantly
increased the sEPSC frequencies in MSNs within the NAcore from
saline rats (Fig. 2B, D). Given the dual targets of AEA on
presynaptic terminals, we attempted to discriminate the differ-
ential contributions of CB1Rs and TRPV1 to AEA-induced
presynaptic glutamatergic modulation. Despite pre-incubating
NAc slices with the CB1R antagonist AM251, methAEA still
elevated presynaptic glutamate release in the saline group
(Fig. 2E). However, when TRPV1 was blocked with SB366791,
methAEA significantly reduced presynaptic glutamate release
(Fig. 2F). These results suggest that the net effect of methAEA
through CB1Rs and TRPV1 activation is to increase presynaptic

glutamate release in the NAcore, which is consistent with previous
findings in other brain regions [75, 76, 79].
In addition to impaired mGluR2/3 function, endocannabinoid-

mediated presynaptic glutamatergic modulation was also dis-
rupted in cocaine group (Fig. 3). Few studies have reported that
CB1Rs or TRPV1 are involved in animal models of cocaine self-
administration. CB1Rs expression was shown to be downregulated
in the dorsal striatum after cocaine self-administration [80]. In
addition, increasing TRPV1 signaling was shown to facilitate
priming-induced cocaine reinstatement [81]. Our findings further
provide direct evidence of CB1Rs and TRPV1 dysfunction in
regulating presynaptic glutamate release in animal models for
drug addiction.

Capacity for endocannabinoid AEA-induced modulation of
astrocytic glutamate release in rats after cocaine self-
administration and extinction training
In the central nervous system, CB1Rs are distributed in both
neurons and astrocytes. Unlike that of mGluR5, the role of CB1Rs
on astrocytic glutamate release remained intact in cocaine group
(Fig. 4D), as both CP55,940 and methAEA were able to promote
astrocytic glutamate release. It has previously been shown that
increases in slow inward currents frequency concomitantly
increase extracellular glutamate concentrations [82]. Also, slow
inward currents mediate astrocyte-neuron crosstalk through
modulating synaptic plasticity, which has been observed in the
NAc, cortex, thalamus, and hippocampus [28, 83–85]. In line with
these previous findings, our present results suggested that CB1Rs
stimulation may represent an alternative pathway for enhancing
astrocytic glutamate release to restore impaired glutamate
homeostasis in cocaine group.

Sustained methAEA infusion in the NAcore restores impaired
glutamate homeostasis in rats after cocaine self-administration
and extinction training
To take advantage of intact CB1Rs-mediated astrocytic glutamate
release in cocaine group, we next sought to restore impaired
glutamate homeostasis via sustained methAEA infusions into the
NAcore. The restored mGluR2/3 function (Fig. 5A) might be related
to co-localized TRPV1 [86] activated by methAEA stimulation.
Calcium influx through TRPV1 causes a calcium/calmodulin-
dependent translocation of G-protein-coupled receptor kinase 5
away from the plasma membrane [87]. Several studies have
demonstrated that G-protein-coupled receptor kinases (GRKs) are
key proteins that phosphorylate GPCRs (e.g., mGluR2/3) to initiate
receptor internalization [88–90]. Alternatively, methAEA may also
elevate Ca2+ levels in astrocytes via CB1Rs-mediated Gq/11

signaling, which might induce Ca2+-dependent translocation of
GRKs and inhibit mGluR5 desensitization/internalization from the
astrocytic membrane [91]. Therefore, we hypothesize that
methAEA restores impaired glutamate homeostasis in cocaine-
experienced rats via two parallel ways: (1) normalizing presynaptic
modulation via TRPV1; and (2) increasing the supplement of
extrasynaptic glutamate via activation of astrocytic CB1Rs.
However, our present study did not provide any direct evidence
of whether or not methAEA regulated mGluR desensitization and/
or internalization, which requires further investigation. A working
model that summarized the findings of the current study and
hypothesis is shown in Fig. 6.

Application of endocannabinoid-mimetic drugs in preventing
relapse to cocaine seeking
Compensating for reduced extrasynaptic glutamate via supplying
the substrate (i.e., N-acetylcysteine) of the Xc- glutamate-cystine
exchanger has been shown to be effective in preventing
reinstatement to drug seeking [4, 31, 92]. Our present results
demonstrated that chronic methAEA infusion in the NAcore
inhibited either priming- or cue-induced reinstatement of cocaine
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seeking. Our collective findings suggest that astrocytic CB1Rs,
rather than presynaptic CB1Rs, may have mediated the restoration
of presynaptic mGluR2/3 and astrocytic mGluR5 signaling and
corresponding inhibition of relapse to cocaine seeking. Our
conclusion is based on the following findings: (1) no response of
sEPSCs to the CB1R agonist, CP55,940 suggests that presynaptic
CB1Rs remained dysfunctional after chronic methAEA treatment;
and (2) AEA induced a more robust effect on astrocytic CB1Rs than
on presynaptic CB1Rs.
The restorations of mGluR2/3 function and mGluR5-mediated

astrocytic glutamate release via astrocytic CB1Rs activation
potentially contributed to the inhibited reinstatement of cocaine
seeking. Previous studies have reported that activating NAc
mGluR2/3 signaling was sufficient to reduce cocaine seeking
behavior [5, 93–95]. It is noteworthy that CB1Rs have been
recognized as pharmacotherapeutic targets for neuropsychiatric
disorders [96–100]. Our present findings provided novel evidence
that endocannabinoid-mimetic drugs may ameliorate addictive
behavior via previously unrecognized mechanisms in terms of
promoting astrocytic and presynaptic glutamate release via CB1Rs
and TRPV1, respectively. The authors declare no competing
interests.
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