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Abstract

Cognitive dysfunction is associated with methamphetamine use disorder (MUD). Here, we used genetic
and pharmacological approaches to examine the involvement of either Group 2 metabotropic glutamate
(mGlu2) or mGlu3 receptors in memory deficit induced by methamphetamine in mice. Methamphetamine
treatment (1 mg/kg, i.p., once a day for 5 d followed by 7 d of withdrawal) caused an impaired perfor-
mance in the novel object recognition test in wild-type mice, but not in mGlu2−/− or mGlu3−/− mice.
Memory deficit in wild-type mice challenged with methamphetamine was corrected by systemic treat-
ment with selectively negative allosteric modulators of mGlu2 or mGlu3 receptors (compounds
VU6001966 and VU0650786, respectively). Methamphetamine treatment in wild-type mice caused large
increases in levels of mGlu2/3 receptors, the Type 3 activator of G-protein signaling (AGS3), Rab3A, and
the vesicular glutamate transporter, vGlut1, in the prefrontal cortex (PFC). Methamphetamine did not alter
mGlu2/3-mediated inhibition of cAMP formation but abolished the ability of postsynaptic mGlu3 receptors
to boost mGlu5 receptor-mediated inositol phospholipid hydrolysis in PFC slices. Remarkably, activation
of presynaptic mGlu2/3 receptors did not inhibit but rather amplified depolarization-induced
[3H]-D-aspartate release in synaptosomes prepared from the PFC of methamphetamine-treated mice.
These findings demonstrate that exposure to methamphetamine causes changes in the expression
and function of mGlu2 and mGlu3 receptors, which might alter excitatory synaptic transmission in the
PFC and raise the attractive possibility that selective inhibitors of mGlu2 or mGlu3 receptors (or both)
may be used to improve cognitive dysfunction in individuals affected by MUD.
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Significance Statement

Targeting cognitive dysfunction may reduce methamphetamine craving and relapse in individuals who
use methamphetamine. Using the novel object recognition test for the study of recognition memory,
we found that cognitive impairment caused by methamphetamine in mice was corrected by genetic
deletion or selective pharmacological blockade of either Group 2 metabotropic glutamate (mGlu2) or
mGlu3 receptors, two mGlu receptor subtypes that control synaptic activity by restraining glutamateContinued on next page.
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release. Interestingly, mGlu2/3 receptors were upregulated in the prefrontal cortex of methamphetamine-
treated mice and showed an inverse mode of operation by enhancing depolarization-induced glutamate
release. These findings suggest that selective mGlu2 or mGlu3 receptor antagonists may improve
cognitive function in individuals affected by methamphetamine use disorder.

Introduction
Individuals affected by methamphetamine use disorder (MUD) show impairments in

different domains of cognitive function, such as learning and memory, executive function
information processing, and attention tasks (Ersche et al., 2006; Scott et al., 2007; Rendell
et al., 2009; Harlé et al., 2015).
Cognitive deficit persists during abstinence and may have a strong impact on compul-

sive behavior and resistance to relapsing in individuals who use methamphetamine
(Kalechstein et al., 2003; Simon et al., 2004, 2010; Kim et al., 2005; Paulus et al., 2005;
Gowin et al., 2014; Liang et al., 2018). Hence, understanding the molecular mechanisms
underlying methamphetamine-induced cognitive dysfunction may shed new lights into
the pathophysiology of MUD and pave the way to novel pharmacological treatments.
Group 2metabotropic glutamate receptors (mGlu2 andmGlu3 receptors) are coupled to

Gi/o proteins and regulate synaptic transmission and plasticity acting at different levels of
the tripartite synapse (Nicoletti et al., 2011). Both receptors are localized in the preterminal
region of presynaptic terminals, where their activation negatively regulates neurotransmit-
ter release. In addition, mGlu3 receptors have also been found in postsynaptic elements,
and their activation boosts mGlu5 receptor signaling (Di Menna et al., 2018; Joffe et al.,
2019; Dogra et al., 2021).
The mGlu2 receptor in particular has been linked to the pathophysiology of substance

use disorder, and pharmacological activation of mGlu2 receptors reduces self-
administration and cue-induced reinstatement of psychostimulants (Caprioli et al.,
2018). Peter Kalivas and his associates have demonstrated that vulnerability to drug
relapse is associated with a bidirectional impairment of activity-dependent synaptic plas-
ticity at the synapses between nerve terminals of cortical pyramidal neurons and medium
spiny neurons of the core of the nucleus accumbens (NAc). This defect is caused, in part,
by an impaired activation of presynaptic mGlu2/3 receptors (Moussawi et al., 2009;
Moussawi and Kalivas, 2010). Selective pharmacological activation of mGlu2 receptors
reduced cue-induced methamphetamine seeking in abstinent rats (Caprioli et al., 2015).
We found that genetic deletion of either mGlu2 or mGlu3 receptors affects the primary

mechanism of action of methamphetamine, as well as a number of behavioral tasks
related to methamphetamine addiction. For example, mGlu2 receptor knock-out
(mGlu2−/−) mice showed reductions in methamphetamine-stimulated dopamine release
in striatal slices, conditioned place preference (CPP) to methamphetamine, and
methamphetamine-induced increase in motor activity, whereas mGlu3−/− mice showed
increases in CPP to methamphetamine and motor sensitization to methamphetamine
(Busceti et al., 2021). These findings contrast with the evidence that pharmacological acti-
vation of mGlu2 receptors enhances alcohol, cocaine, and nicotine seeking (reviewed by
Caprioli et al., 2018), suggesting that the role of mGlu2/3 receptors in methamphetamine
addiction is peculiar.
Here, we used the novel object recognition (NOR) test to examine whether endogenous

activation of either mGlu2 or mGlu3 receptors has any role in the development of cognitive
dysfunction in mice repeatedly injected with methamphetamine. The NOR task evaluates
the ability to discriminate between a novel and familiar object (Antunes and Biala, 2012)
and is a valuable test for the assessment of methamphetamine-induced cognitive
dysfunction (Bisagno et al., 2002; Kamei et al., 2006; Reichel et al., 2011). The prefrontal
cortex (PFC) and its connected circuits play a key role for recognitionmemory of objects in
the NOR test (Schacter and Slotnick, 2004; Morici et al., 2015; Chao et al., 2022).
We now report that methamphetamine treatment in mice selective enhances mGlu2/3

receptor expression in the PFC, and genetic deletion or selective pharmacological block-
ade of either mGlu2 or mGlu3 receptors corrects cognitive deficit in the NOR test in
methamphetamine-treated mice. In addition, we report that methamphetamine treatment
causes an increased expression of proteins related to vesicular glutamate release in the
PFC and an inverse operation of both receptors in regulating glutamate release from
presynaptic terminals.
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Materials and Methods
Materials. The following materials were used for the experiments: methamphetamine hydrochloride (Sigma-Aldrich);

[3H]-D-aspartate (11.3 Ci/mmol, PerkinElmer); myo-inositol [2-3H(N)] (15–20 Ci/mmol; Biotrend Chemikalien, CliniSciences,
catalog ART-0116A-250); (−)-2-oxa-4-aminocyclo[3.1.0]hexane-4,6-dicarboxylic acid (LY379268, Tocris Bioscience, catalog
#2453); VU6001966 (Tocris Bioscience, catalog #6928); (RS)-3,5-dihydroxyphenylglycine (DHPG, Tocris Bioscience, catalog
#0342); VU0650786 (MedChemExpress, catalog #HY-108710); lithium chloride (Sigma-Aldrich, catalog #203637); forskolin
(FSK, Sigma-Aldrich, catalog #F3917); and 3-isobutyl-1-methylxanthine (IBMX, Sigma-Aldrich, catalog #I5879).

Animals. mGlu2−/− andmGlu3−/−mice (CD1 background) were originally provided by Eli Lilly and Company and bred at
IRCCS Neuromed. Wild-type and knock-out mice were generated by homozygous breadings. Wild-type mice were
directly related to the knock-out breading colonies and maintained in parallel. Three-month-old male mice were used
for the experiments.We selectedmalemice to avoid any potential interference of ovarian steroids on behavioral responses
to methamphetamine (Eisinger et al., 2018). Mice were housed under controlled conditions (temperature, 22°C; humidity,
40%) with a 12 h light/dark cycle and food and water ad libitum. Studies were performed in accordance with the EU
Directive 2010/63/EU for animal experiments. The study was approved by the Italian Ministry of Health (Authorization
Number 307/2016-PR). All efforts were made to minimize animal suffering and reduce the number of animals used.

Experimental strategies. All experiments were carried in the light phase of the light/dark cycle. Wild-type, mGlu2−/−, and
mGlu3−/− mice were intraperitoneally (i.p.) injected with either saline or methamphetamine (1 mg/kg) once a day for 5 d.
After 7 d of withdrawal, mice were subjected to the NOR test. Mice were killed after the behavioral test, and dissected
brains were used for Western blot analysis in the PFC, NAc, or the hippocampus or immunohistochemical analysis in
the perirhinal cortex. Additional groups of wild-type mice treated with either saline or methamphetamine and not exposed
to behavioral tests were also used for Western blot analysis of mGlu2/3 receptors.
Separate groups of wild-type, mGlu2−/−, and mGlu3−/− male mice treated with saline or methamphetamine were sub-

jected to the open-field test for the assessment of locomotor activity after 7 d of withdrawal.
Finally, individual groups of saline- or methamphetamine-treated wild–type mice were used to examine whether phar-

macological blockade of either mGlu2 or mGlu3 receptor could affect behavioral performance in the NOR test. Thirty min-
utes before the training phase, negative allosteric modulators (NAMs) of mGlu2 (VU6001966, 10 mg/kg) or mGlu3
receptors (VU0650786, 30 mg/kg) were injected intraperitoneally at behaviorally active doses (Engers et al., 2015; Joffe
et al., 2020). Control mice were injected intraperitoneally with vehicle (DMSO, 40 µl).
Other groups of saline- or methamphetamine-treated wild–typemGlu2−/− andmGlu3−/−mice were killed after 7 d of with-

drawal for ex vivo assessment of mGlu2/3 receptor-mediated inhibition of cAMP formation and mGlu3–mGlu5 receptor
cross talk in PFC slices and depolarization-induced [3H]-D-aspartate release in superfused PFC synaptosomes.

NOR test. Mice were subjected to a 3 d protocol test (Golub et al., 2015): (1) habituation (Day 1), mice were individually
placed in an open arena (45 × 30× 30 cm) for 30 min; (2) training (Day 2), 24 h after habituation, mice were placed in the
center of the arena containing two identical objects for 15 min; and (3) retention (Day 3), 24 h after training, mice were
placed for 3 min in the center of the arena where a novel object replaced one of the familiar objects. The time spent explor-
ing each object during the retention session was recorded and a discrimination index (DI) was calculated as follows: DI =
(times spent exploring novel object) / (total time exploring both objects).

Open-field test. Locomotor activity was monitored in an open-field apparatus using boxes (42×42×21 cm) in association
with an activity monitor equipped with infrared photobeam interruption sensor (Open Field Activity System Hardware, Med
Associates). Mice were individually placed into the test box in a quiet room, and locomotor activity was recorded for
60 min with 10 min intervals.

Measurement of [3H]-D-aspartate release in synaptosomal preparation. Synaptosomes were isolated from frozen PFC
(Dunkley et al., 1988; Franklin and Taglialatela, 2016; Cisani et al., 2020; Busceti et al., 2021). Tissueswere homogenized in
10 volume of 0.32 M sucrose, buffered to pH 7.4 with Tris-(hydroxymethyl)-amino methane (TRIS, final concentration
0.01 M) using a glass/Teflon tissue grinder (clearance 0.25 mm). The homogenate was centrifuged at 1,000×g for
5 min, and the supernatant was gently stratified on a discontinuous Percoll gradient (6, 10, and 20% v/v in
Tris-buffered sucrose) and centrifuged at 33,500×g for 5 min. The layer between 10 and 20%Percoll (synaptosomal frac-
tion) was collected and washed by centrifugation. Synaptosomes were resuspended in a physiological solution (in mM:
140 NaCl; 3 KCl; 1.2 MgSO4; 1.2 CaCl2; 1.2 NaH2PO4,; 5 NaHCO3; 10 HEPES; 10 glucose), pH 7.2–7.4.
Synaptosomes were incubated for 15 min at 37°C in a rotary water bath in the presence of [3H]-D-aspartate (f.c. 50 nM),

an unmetabolizable analog of glutamate that mimics efficiently the uptake, the vesicular storage, and the exocytosis of
glutamate from synaptosomes (Grilli et al., 2004). Identical portions of synaptosomal suspensions were then layered on
microporous filters at the bottom of parallel thermostated chambers in a superfusion system (Raiteri et al., 1974; Ugo
Basile) and superfused at a flow rate of 0.50 ml/min. Synaptosomes were superfused for 39 min and then transiently
(90 s) exposed, at t=39 min, to 15 mM KCl containing medium (NaCl substituting for an equimolar concentration
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of KCl), then replaced with standard medium until the end of the superfusion (t=48 min). When indicated, LY379268 (1–
10 nM) was added concomitantly to the depolarizing stimulus as previously described (Taddeucci et al., 2022).
Fractions were collected as follows: two 3 min fractions (basal release), one before (t=36–39 min) and one after

(t=45–48 min) a 6 min fraction (t=39–45 min) containing the evoked release. Fractions collected and superfused synaptosomes
were measured for radioactivity. The amount of radioactivity released into each superfusate fraction was expressed as the per-
centage of the total radioactivity. The 15 mM KCl-evoked [3H]-D-aspartate overflow was estimated by subtracting the
neurotransmitter content into the first and the third fractions collected (basal release) from that in the 6 min fraction collected
during and after the depolarization pulse (evoked release), and it is expressed as induced overflow over basal release (%).

Measurement of cAMP formation and PI hydrolysis in PFC slices. For measurements of cAMP formation, PFC coronal
slices (1 mm thick) were cut with a brain matrix and incubated in a Krebs–Henseleit buffer (equilibrated with 95% O2/5%
CO2), pH 7.4, at 37°C in a shaker for 45 min under constant oxygenation. Slices were preincubated with the phosphodies-
terase inhibitor IBMX (0.5 mM) and treated 15 min after with LY379268 (3 µM) or vehicle followed, 2 min later, by the adenylyl
cyclase stimulator FSK (10 µM) or its vehicle. After 20 min of incubation, the reaction was stopped by adding ice-cold 0.4 N
perchloric acid. Samples were sonicated for 10–15 s, added to 2 NK2CO3, and centrifuged at 600×g. cAMP levels were
measured in the supernatant by using an enzyme-linked immunoassay kit (TEMA Ricerca). PI hydrolysis was measured
as reported previously (Di Menna et al., 2018). In brief, 350×350 µm PFC slices were incubated in a Krebs–Henseleit buffer,
pH 7.4, containing 1 µCi myo-inositol [2-3H(N)]. After addition of 10 mM LiCl, slices were challenged with 200 µM DHPG
alone or combined with LY379268 (3 µM). [3H]Inositolmonophosphate (InsP) accumulated in the presence of Li+ was
separated by anion exchange chromatography. For protein measurements, samples were dried after removal of the water
phase and incubated with 0.5 N NaOH at 50°C for 2 h. Proteins were measured as described by Lowry et al. (1951).

Western blot analysis. Dissection of PFC, hippocampus, and NAc were homogenized at 4°C in an ice-cold lysis buffer.
Western blot analysis was performed loading the following quantity of proteins in a sample buffer containing 10%
2-mercaptoethanol: (1) 2.5 µg for Rab3A (Ras-related protein 3A), Munc-18 (mammalian homolog of the unc-18 gene),
and Syn (synaptophysin); (2) 5 µg for STX 1A (syntaxin 1A) and xCT (cystine-glutamate antiporter); or (3) 10 µg for
mGlu2/3, vGlut1 (vesicular glutamate transporter 1), and AGS3 (Type 3 activator of G-protein signaling). Proteins were
resuspended in sodium dodecylsulfate (SDS)-bromophenol blue reducing buffer and separated with SDS polyacrylamide
gels (8% for mGlu2,3, vGlut1, and AGS3; 12% for Rab3A, Munc-18, STX 1A, Syn, and xCT).
Gels were electroblotted on polyvinyldene fluoride membranes and filters blocked in 5% nonfat dry milk [60 min at room

temperature (RT)] and then overnight incubated at 4°C with the following rabbit polyclonal (rp) or mouse monoclonal (mm) pri-
mary antibodies: rp anti-mGlu2/3 (Sigma-Aldrich; catalog #G9790; RRID, AB_259998; 1:500); rp anti-vGlut1 (Cell Signaling
Technology; catalog #12331; RRID, AB_2797887; 1:500); rp anti-Rab3A (Thermo Fisher Scientific; catalog #PA1-4691;
RRID, AB_2177399; 1:25,000); rp anti-Syn (Cell Signaling Technology, catalog #5461 s, 1:25,000); rp anti-Munc-18
(Abcam; catalog #ab124920; RRID, AB_10976239; 1:5,000,000); mm anti-xCT (TransGenic, catalog #KE021, 1:2,000); mm
anti-AGS3 (Santa Cruz Biotechnology; catalog #sc-136482; RRID, AB_10608965; 1:300); mm anti-STX 1A (Merck Millipore,
catalog #MAB336-C, 1:10,000); mm anti-glyceraldehyde-3-phosphate dehydrogenase (Santa Cruz Biotechnology; catalog
#sc-32233; RRID, AB_627679; 1:1,000), or mm anti-β-actin (Santa Cruz Biotechnology; catalog #sc69879; RRID,
AB_1119529; 1:1,000). Afterward, filters were incubated for 60 min at RT with the following secondary peroxidase conjugated
antibodies: anti-rabbit IgG (Merck Millipore, catalog #401393, 1:3,000) or anti-mouse IgG (Immunological Sciences, catalog
#IS20400, 1:5,000). Immunostaining was revealed by enhanced chemiluminescence luminosity.

Immunohistochemical analysis of mGlu2/3 receptors in the perirhinal cortex. Seven days after the last injection of saline
or methamphetamine, mice were killed, and brains were fixed in Carnoy’s solution (60% ethanol, 10% acetic acid, 30%
chloroform) and embedded in paraffin. Tenmicrometer of serial sections of the perirhinal cortex were cut with amicrotome
(Leica RM2245) and used for immunohistochemical analysis of mGlu2/3 receptors. Deparaffinized sections were treated
with formic acid (70%, 30 min at RT) for antigen retrieval. Afterward, sections were permeabilized in Triton X-100 and then
incubated with phosphate buffer solution (PBS)/6% normal horse serum. Slices were then incubated overnight at 4°Cwith
a rabbit polyclonal anti-mGlu2/3 receptor antibody (1:50; Sigma-Aldrich; catalog #G9790; RRID, AB_259998). Finally,
slices were incubated for 60 min at RT with a secondary biotinylated anti-rabbit IgG made in horse (Vector
Laboratories; code, BA1100; 1:200; RRID, AB_2336201) and then for 60 min at RT with Alexa Fluor 568 conjugated strep-
tavidin (Life Technologies; code, S11226; 1:200). Negative controls were performed on separate sections stained in the
absence of primary antibodies. The staining was analyzed by a fluorescencemicroscope. Images of the regions of interest
were digitally collected and counted by the ImageJ software.

Statistical analysis. Statistical analysis was performed usingGraphPadPrism (GraphPadSoftware, version 8.0.1). Normal
distribution was assessed by the D’Agostino and Pearson’s test. For data showing a normal distribution, we used the
following parametric statistical analysis: paired two-tailed Student’s t test (Fig. 2E, saline; F, methamphetamine) or unpaired
two-tailed Student’s t test (Figs. 3A–C, 4B, total; 4B, dimer; 5A; 6A–C, total; 6C, dimer; 7; 9A′; 11A, mGlu2−/− mice; 11C,
mGlu2−/− mice; 12D, mGlu2−/− mice) for two-group comparison and one-way ANOVA (Figs. 9A; 9D, saline; 10A, saline;
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10B, saline; 10C, methamphetamine) or Two-way ANOVA for repeated measures (Fig. 2C) with the Bonferroni’s test for
multiple comparison. When data did not follow a normal distribution or for n≤6 per group, data were analyzed with the
Mann–Whitney two-tailed test (Figs. 1, 3D–F, 4A,B, monomer; 4C; 5B,C; 6C, monomer; 8; 9B′–D′; 11A, wild-type mice;
11A, mGlu3−/− mice; 11B,C, wild-type mice; 11C, mGlu3−/− mice; 12A–D, wild-type mice; 12D, mGlu3−/− mice) and
Wilcoxon two-tailed test (Fig. 2A,B,D,E, methamphetamine; F, saline) for two-group comparison or the Kruskal–Wallis test
(Fig. 9B–D, methamphetamine; 10A, methamphetamine; 10B, methamphetamine; 10C, saline) followed by Dunn’s test for
comparison across multiple groups. P values <0.05 were considered statistically significant. The precise p values and sample
numbers (n) were stated in the figures. Details on error bars and statistical analysis can be found in figure legends.

Results
Mice treated daily for 5 d with either saline or methamphetamine (1 mg/kg) were trained in the NOR test 7 d after the last

injection (Fig. 1A). This protocol was necessary to avoid the effect of methamphetamine on motor activity (Fig. 1B–D).
Wild-type mice treated with saline showed the expected performance in the NOR test, spending more time in exploring
the novel object. Recognition of the novel object was abolished after treatment with methamphetamine (Figs. 2A, 3A).
In contrast, both mGlu2−/− and mGlu3−/− mice were resilient to methamphetamine-induced cognitive dysfunction in
the NOR test (Figs. 2B,C, 3B,C). To strengthen these findings, we used a pharmacological approach using selective
mGlu2 or mGlu3 receptor NAMs (compounds VU6001966 and VU0650786, respectively). VU6001966 and VU0650786
were injected intraperitoneally at doses of 10 and 30 mg/kg, respectively (Engers et al., 2015; Joffe et al., 2020). Mice
were treated with the two compounds or their vehicle 30 min before training. Both treatments abolished
methamphetamine-induced cognitive impairment in the NOR test (Figs. 2D–F; 3D–F).
We then examined whether methamphetamine treatment could induce changes in the expression of mGlu2/3 receptors

in the PFC, NAc, and hippocampus.Western blot analysis with an antibody anti-mGlu2/3 showed two partially overlapping
bands, which correspond to mGlu2 and mGlu3 receptor monomers (see lanes loaded with the tissue from mGlu2−/− or
mGlu3−/− mice in Fig. 4A), and higher-molecular-size bands that might correspond to receptor dimers (Fig. 4A).
Methamphetamine treatment caused a large upregulation of mGlu2/3 receptors in the PFC (Fig. 4A), but not in the NAc
or hippocampus, of wild-type mice (Figs. 5A, 6A). No changes were seen in the PFC of mGlu2−/− or mGlu3−/− mice
(Fig. 4B,C), suggesting that methamphetamine enhanced the expression of mGlu2/3 receptor heterodimers in the PFC.
Methamphetamine did not cause changes in mGlu2/3 protein levels in the NAc or hippocampus of mGlu2−/− or
mGlu3−/− mice (Figs. 5B,C, 6B,C). mGlu2/3 receptor protein levels were also increased in the PFC of methamphetamine-
treated wild–type mice which had not been trained in the NOR test (Fig. 7A,B).
We also examined mGlu2/3 receptor expression in the perirhinal cortex, which contributes to NOR memory (Barker et

al., 2007). The analysis was performed by immunohistochemistry for technical reasons. mGlu2/3 receptor density was
unchanged in response to methamphetamine in the three genotypes (Fig. 8).
We then examined the primary signal transduction mechanism of mGlu2/3 receptors, i.e., the inhibition of adenylyl

cyclase activity, in PFC slices. Inhibition of FSK-stimulated cAMP formation by the mGlu2/3 receptor agonist,
LY379268, was unchanged in slices prepared from wild-type mice treated with methamphetamine (Fig. 9A) and was
blunted in slices prepared from either mGlu2−/− or mGlu3−/−mice (Fig. 9B,C). Knowing that postsynaptic mGlu3 receptors
are functionally linked to mGlu5 receptors and boost mGlu5 receptor-mediated PI hydrolysis (Di Menna et al., 2018), we
measured the PI response to the mGlu1/5 receptor agonist, DHPG (200 µM) combined or not with LY379268 (3 µM), in
PFC slices. In slices from control mice, LY379268 amplified DHPG-stimulated [3H]InsP formation hydrolysis, as expected.
In slices prepared from methamphetamine-treated mice, DHPG increased [3H]InsP formation to a greater extent, but the
DHPG response was unaffected by LY379268 (Fig. 9D).
One of the most established function of mGlu2 and mGlu3 receptors is the inhibition of glutamate release from

presynaptic terminals (Nicoletti et al., 2011). Superfused synaptosomal preparation represent a clean model to study
the regulation of glutamate release by presynaptic receptors because superfusion avoids confounding factors, such
as autocrine or paracrine mechanisms affecting glutamate release (Raiteri et al., 1974). Previous studies have shown
that the mGlu2/3 receptor agonist, LY379268, showed a high potency in reducing depolarization-evoked glutamate
release, being active at concentrations of 10 nM (Cisani et al., 2020), which approximate the reported EC50 value of
the compound at mGlu2 or mGlu3 receptors (Schoepp et al., 1999). In synaptosomes prepared from the PFC of
wild-type mice treated with saline, 10 nM LY379268 halved the stimulation of [3H]-D-aspartate release evoked by
depolarizing concentrations of K+ (15 mM; Fig. 10A). The inhibitory action of LY379268 was reduced in synaptosomes
prepared from the PFC of either mGlu2−/− or mGlu3−/− mice (Fig. 10B,C). Surprisingly, LY379268 significantly
enhanced depolarization-evoked [3H]-D-aspartate release in PFC synaptosomes prepared from wild-type mice treated
with methamphetamine (Fig. 10A), and this effect was not visible in synaptosomes from mGlu2−/− or mGlu3−/− mice
(Fig. 10B,C).
This unexpected finding encouraged the study of proteins that are specifically related to vesicular release of glutamate

such as the vesicular glutamate transporter, vGlut1, Rab3A, and Munc-18. Two proteins nonspecifically associated with
neurotransmitter release, e.g., STX 1A and Syn, were also measured. Methamphetamine treatment caused a large
increase in vGlut1 protein levels in the PFC of wild-type mice. This effect was abolished in mGlu2−/− mice but was still
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present, albeit to a lesser extent, in mGlu3−/− mice (Fig. 11A). Methamphetamine also caused a significant increase in
Rab3A protein levels in the PFC of wild-type mice, but not in the PFC of mGlu2−/− or mGlu3−/− mice (Fig. 11B). Levels
of STX 1A, Syn, or Munc-18 were unchanged in response to methamphetamine (Fig. 12A–C).
Finally, we measured proteins that are linked to the function of presynaptic mGlu2/3 receptors, i.e., xCT and AGS3.

Presynaptic mGlu2 andmGlu3 receptors are localized in the preterminal region of axon terminals and are not easily acces-
sible to synaptic glutamate (Moussawi and Kalivas, 2010; Bernabucci et al., 2012). It has been suggested that the gluta-
mate released from astrocytes through the xCT antiporter activates presynaptic mGlu2 and mGlu3 receptors (Kalivas,
2009). Methamphetamine treatment failed to induce changes in the levels of xCT (the catalytic subunits of xC−) in the
PFC of the three genotypes (Fig. 12D). In contrast, methamphetamine caused a large increase in the levels of the activator
of G-protein signaling, AGS3, in the PFC of wild-type, but not mGlu2−/− or mGlu3−/−, mice (Fig. 11C). This is an interesting
finding because, in spite of its name, AGS3 causes a functional switch in Gi/o protein function, driving G-protein signaling
toward pathways activated by βɣ rather than αi/o subunits (Lanier, 2004).

Discussion
Regulation of excitatory synaptic transmission by mGlu2 and mGlu3 receptors is complex and involves receptors local-

ized in axon terminals, dendritic spines, and glial cells (see Introduction and references therein). Presynaptic mGlu2/3
receptors inhibit glutamate release, and their activation contributes to the induction and expression of long-term depres-
sion (LTD) at excitatory synapses (Yokoi et al., 1996; Anwyl, 1999; Huang et al., 1999; Cho et al., 2000; Pöschel and
Manahan-Vaughan, 2005; Nicholls et al., 2006; Altinbilek andManahan-Vaughan, 2009). This mechanismmay be relevant
to drug addiction, as shown by the evidence that mGlu2/3 receptor-dependent LTD is blunted in the NAc of
morphine-abstinent mice (Robbe et al., 2002) and in the striatum of mice chronically exposed to ethanol (Johnson
et al., 2020). However, a single exposure to cocaine fails to affect mGlu2/3 receptor-dependent LTD in the NAc
(Fourgeaud et al., 2004). A growing body of evidence suggests that postsynaptic mGlu3 receptors interact with mGlu5
receptors to modulate different forms of activity-dependent synaptic plasticity in the PFC and hippocampus (Di Menna
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Figure 1. Methamphetamine treatment does not affect motor activity at Day 7 of withdrawal. The protocol used for behavioral assessment of
methamphetamine-induced cognitive dysfunction in the NOR test is shown in A. Locomotor activity in the open-field apparatus at Day 11 (6 d of with-
drawal) is shown for wild-type (B), mGlu2−/− (C), and mGlu3−/− (D) mice treated with saline or methamphetamine. Data are means ±SEM.
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et al., 2018; Joffe et al., 2019; Dogra et al., 2021). mGlu3 receptors may also indirectly affect excitatory synaptic transmis-
sion by regulating the expression of glutamate transporters in astrocytes (Aronica et al., 2003).
The role of Group 2 mGlu receptors in cognition has been extensively explored, and results are not homogeneous.

However, most of the data were obtained in experimental animal models of psychosis in which mGlu2/3 receptor agonists
or mGlu2-positive allosteric modulators have consistently produced beneficial effects (Schoepp and Marek, 2002;
Swanson and Schoepp, 2003; Hackler et al., 2010; Horiguchi et al., 2011; Griebel et al., 2016; Wischhof and Koch,
2016; Hideshima et al., 2018). In contrast, in normal mice or rats, dual mGlu2/3 receptor antagonists or NAMs induced
procognitive effects in different tasks, such as operant conditioning delayed match to position, recognition memory,
response inhibition, cognitive flexibility, and spatial learning (Higgins et al., 2004; Shimazaki et al., 2007; Goeldner
et al., 2013). Selective mGlu2 NAMs were also found to improve delayed nonmatched to position in mice (Shu et al.,
2020) and object retrieval in monkeys (Rudd et al., 2023). Studies carried out in knock-out mice revealed a
state-dependent effect of mGlu2 and/or mGlu3 receptors on cognitive function. Double mGlu2/3−/− mice showed an
impairment in spatial reference and working memory tasks. However, exposure to stress impaired memory performance
in wild-type mice but enhanced performance in mGlu2/3−/−mice (Lyon et al., 2011). mGlu2−/−mice showed impairment in
spatial working memory in the elevated T maze, whereas mGlu3−/− mice showed a biphasic effect dependent on the time
of training (De Filippis et al., 2015).
Our findings strengthen the hypothesis that the influence of mGlu2 and mGlu3 receptors on cognition is state- and

disease-dependent. Genetic deletion of either mGlu2 or mGlu3 receptors did not affect recognition memory in control
mice but prevented cognitive dysfunction in methamphetamine-treated mice. Similar findings were obtained with drugs
that selectively inhibit either mGlu2 or mGlu3 receptors, with the difference that the mGlu2 receptor NAM, VU6001966,
impaired recognition memory in control mice. This contrast with the procogitive effect observed with another selective
mGlu2 receptor NAM (a 4-arylquinoline-2-carboxamide derivative) in C57Bl mice challenged with scopolamine
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Figure 2. mGlu2/3 receptors genetic deletion or pharmacological blockade abrogates methamphetamine (Metha)-induced memory deficit in mice.
Exploration time in seconds (sec) during the retention phase in the NOR task in wild-type (A), mGlu2−/− (B), and mGlu3−/− (C) mice treated with saline or
Metha (1 mg/kg, i.p.) for 5 consecutive days. All mice were tested after 7 d of withdrawal (i.e., day 9 d 11).D–F, The performance on the NOR task for wild-
typemice after 7 d of withdrawal following the same treatment with saline or Metha and injected 30 min before the training phase in the NOR paradigmwith
vehicle (DMSO, 40 µl i.p.), the selective negative modulator of the mGlu2 (VU6001966, 10 mg/kg, i.p.), or mGlu3 (VU0650786, 30 mg/kg, i.p.) receptor,
respectively. Data are means ±SEM: Wilcoxon two-tailed matched-pair signed–rank test in A, B, D, and E (metha) and F (saline); two-way ANOVA for
repeated measures with Bonferroni’s for multiple comparisons (novel vs familiar, F(1,44) = 23.72; p=1.5 ∗ 10−5; treatment, F(1,44) = 0.0021;
p=0.96; interaction, F(1,44) = 0.0059; p=0.94) in C; paired two-tailed Student’s t test in F, metha (t=2.375; df = 7). *p values are shown in the figure.
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Figure 3. DI for wild-type, mGlu2−/−, and mGlu3−/− mice subjected to the NOR test following treatment with saline or methamphetamine (Metha). DI was
calculated as a measure of relative novelty preference as follows: DI = (times spent exploring novel object) / (total time exploring both objects). A–C, Values
of DI for wild-type, mGlu2−/−, andmGlu3−/−mice subjected to the NOR test after 7 d of withdrawal following treatment with saline or Metha. Values of DI for
wild-type mice treated with saline or Metha (1 mg/kg, i.p. for 5 consecutive days) and subjected to the NOR test after 7 d of withdrawal in the presence or
absence of NAMs of mGlu2 (VU6001966) or mGlu3 (VU0650786) receptors are shown in D–F, respectively. Vehicle (DMSO, 40 µl i.p.) or the respective
compounds (VU6001966, 10 mg/kg, i.p.; VU0650786, 30 mg/kg, i.p.) were injected 30 min before the training phase in the NOR paradigm. Data are
means ±SEM: unpaired t test in A (t=2.485, df = 34); Mann–Whitney in D (U=11). *p values are shown in the figure.
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(Shu et al., 2020). It is possible that our control CD1 mice developed a paradoxical response to VU6001966 or that
VU6001966 had off-target effects that restrained its potential procognitive activity in control mice. This apparent paradox
warrants further investigation.
We found that methamphetamine caused a selective increase in mGlu2/3 receptor protein levels in the PFC, a brain

region critically involved in recognition memory in the NOR test (Schacter and Slotnick, 2004; Morici et al., 2015;
Chao et al., 2022). This increase was not visible in the PFC of both mGlu2 and mGlu3 knock-out mice, suggesting, but
not proving, that methamphetamine causes an increased formation and/or stability of mGlu2/3 heterodimers. The density
of the immunoreactive band corresponding to mGlu2/3 receptor monomers was also increased in the PFC of wild-type
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Figure 4.mGlu2/3 expression is upregulated in the PFC ofmethamphetamine (Metha)-treated wild–typemice.Western blot analysis for mGlu2/3 receptors
expression in the PFC of wild-type (A), mGlu2−/− (B), andmGlu3−/− (C) mice treatedwith saline or Metha (1 mg/kg, i.p.) for 5 consecutive days. All mice were
killed after 7 d of withdrawal (i.e., Day 11). Prestained protein standards were loaded on the first lane as molecular mass markers (M). Densitometric values
of the dimer (250 kDa), the monomer (100 kDa), or the sum of dimer +monomer (total) were analyzed. Protein extracts from the PFC of wild-type mice or
mGlu2−/−, mGlu3−/−, or mGlu2,3−/− mice were used as control/negative controls. Data are means ±SEM: Mann–Whitney two-tailed test [U=4 for A (total)
and A (dimer); U=5 for A (monomer); U=13 for B (monomer)]. *p values are shown in the figure.
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mice after methamphetamine treatment, but this may simply reflect the dissociation of heterodimers caused by the
reducing agent present in the sample buffer.
Studies of PFCmGlu2/3 receptor expression in animal models of psychostimulant use disorder produced heterogeneous

results. An increase inmGlu2/3 receptor density in the PFC anddorsal striatumwas found after cocaine self-administration in
Wistar rats (Pomierny-Chamiolo et al., 2017). In contrast, in Long–Evans rats, extended self-administration of methamphet-
amine caused no changes in PFC mGlu2 receptor levels after 7 d of withdrawal (Hámor et al., 2018) or a reduction in PFC
surface mGlu2/3 receptor levels after 14 d of abstinence or forced extinction (Schwendt et al., 2012). No changes in PFC
mGlu2/3 protein levels were reported in B6 mice after 10 d of injection of methamphetamine followed by either 1 or 21 d
of extinction (Lominac et al., 2016). Thus, changes in PFC mGlu2/3 receptor expression in response to psychostimulants
critically depend on the animal species or strain, the regimen of psychostimulant administration, and the time window of
drug withdrawal.
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Figure 5. Methamphetamine (Metha) treatment does not affect the mGlu2/3 receptor expression in the NAc of wild-type, mGlu2−/−, and mGlu3−/− mice.
Western blot analysis formGlu2/3 receptors expression in theNAcofwild-type (A), mGlu2−/− (B), andmGlu3−/− (C) mice treatedwith saline orMetha (1 mg/kg,
i.p.) for 5 consecutive days.Micewere subjected to the NOR test at 7 d ofwithdrawal following the treatment with saline orMetha. All micewere killed after the
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mice were used as control/negative controls. Data are means±SEM.
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In our study, the increase in PFC mGlu2/3 protein levels was not associated with changes in the primary receptor trans-
duction mechanism, i.e., the Gi-mediated inhibition of adenylyl cyclase activity. This suggests that, after methamphet-
amine, overexpressed mGlu2/3 heterodimers are less coupled to inhibition of cAMP formation. The upregulation of
AGS3 found in the PFC of methamphetamine-treated mice is consistent with this hypothesis. AGS3, which belongs to
Class 2 of activators of G-protein signaling, interacts with the GDP-bound αi subunit, biasing Gi protein signaling toward
βɣ subunit-activated pathways (De Vries et al., 2000; Lanier, 2004). Gβɣ subunits activate several effector proteins includ-
ing G-protein–coupled receptor kinases 2 and 3, Type 2, −4 and −7 adenylyl cyclase, phospholipase Cβ1-3 (Camps et al.,
1992; Katz et al., 1992), N- and P/Q-type voltage-sensitive calcium channels (Herlitze et al., 1996; Ikeda, 1996),
phostatidylinositol-3-kinase (PI3 K) βɣ, Rac guanine nucleotide exchange factors, and MAP kinase (Smrcka, 2008;
Smrcka and Fisher, 2019).
We were surprised to find that activation of mGlu2/3 receptors amplified depolarization-induced [3H]-D-aspartate

release in synaptosomes prepared from the PFC of methamphetamine-treated mice. To our knowledge, this is the first
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Figure 6.Methamphetamine (Metha) treatment does not affect themGlu2/3 receptor expression in the hippocampus of wild-type, mGlu2−/−, andmGlu3−/−

mice. Western blot analysis for mGlu2/3 receptors expression in the hippocampus of wild-type (A), mGlu2−/− (B), andmGlu3−/− (C) mice treated with saline
or Metha (1 mg/kg, i.p.) for 5 consecutive days. Mice were subjected to the NOR test at 7 d of withdrawal following the treatment with saline or Metha. All
mice were killed after the NOR test. Prestained protein standards were loaded on the first lane as molecular mass markers (M). Densitometric values of the
dimer (250 kDa), themonomer (100 kDa), or the sum of dimer +monomer (total) were analyzed. Protein extracts from the hippocampus of wild-typemice or
mGlu2−/−, mGlu3−/−, or mGlu2,3−/− mice were used as control/negative controls. Data are means±SEM.
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demonstration of an inverse operation of mGlu2/3 receptors in regulating neurotransmitter release. A bidirectional
regulation of glutamate release has also been described for the mGlu7 receptor, a presynaptic mGlu receptor subtype
which is also coupled to Gi proteins (Martin et al., 2010, 2011, 2018).
The molecular mechanism underlying the inverse operation of mGlu2/3 receptors on glutamate release remains to be

identified. Any of the pathways activated by Gβɣ subunits might be involved, with MAP kinase, PI3 K, or a direct effect on
voltage-sensitive calcium channels being potential candidates. We found that levels of Rab3A and vGlut1, which are estab-
lished presynaptic markers of glutamatergic transmission, were largely increased in the PFC of methamphetamine-treated
mice. Rab3A, a small GTP-binding protein involved in Ca2+-dependent exocytosis (Takai et al., 1996), interacts with the
Rab-interacting molecule, RIM-1α, in enhancing glutamate release in cortical nerve terminals (Ferrero et al., 2013).
Increases in the levels of the vGlut1might reflect an increased density of glutamate-containing vesicles, an increaseddensity
of vGlut1 per vesicle, or sprouting of glutamatergic terminals. Thus, the increase in Rab3A and vGlut1 found in the PFC of
methamphetamine-treated mice may help explain the paradoxical enhancing effect of mGlu2/3 receptor activation on
[3H]-D-aspartate release. Interestingly, changes in Rab3A, vGlut1, and AGS3 caused by methamphetamine treatment
were abolished in mice lacking either mGlu2 or mGlu3 receptors, suggesting that (1) an amplifying positive feedback loop
exists between AGS3 and mGlu2/3 receptors and (2) endogenous activation of overexpressed mGlu2/3 receptors induces
the expression of Rab3A and vGlut1. This hypothesis warrants further investigation.
In conclusion, we have shown that mGlu2 and mGlu3 receptors undergo plastic changes after methamphetamine

treatment, and these changes are causally related to cognitive dysfunction, as assessed by the NOR test. These
findings provide a remarkable example of how psychostimulants may affect mGlu2/3 receptor function altering the
regulation of synaptic activity by these receptors (Fig. 13). The paradoxical amplification of glutamate release caused
by the activation of mGlu2/3 receptors after methamphetamine treatment may disrupt one of the major mechanisms of
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Figure 7. Exposure to NOR does not affect the mGlu2/3 receptor expression in the PFC and NAc of wild-type mice. Western blot analysis for mGlu2/3
receptors expression in the PFC (A) and NAc (B) of wild-type mice treated with saline or methamphetamine (Metha; 1 mg/kg, i.p.) for 5 consecutive
days. All mice were killed after 7 d of withdrawal (i.e., Day 11). Mice were not subjected to the NOR test. Prestained protein standards were loaded on
the first lane as molecular mass markers (M). Densitometric values of the dimer (250 kDa), the monomer (100 kDa), or the sum of dimer +monomer (total)
were analyzed. Protein extracts from the PFC (A) or NAc (B) of mGlu2−/−, mGlu3−/−, or mGlu2,3−/−mice were used as negative controls. Data are means±
SEM. Unpaired two-tailed Student’s t test t (t=4.821; df = 14 for PFC dimer +monomer; t=3.191; df = 14 for PFC monomer; t=5.796; df = 14 for PFC
dimer). *p values are shown in the figure.
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Figure 8.Methamphetamine (Metha) treatment does not affect the mGlu2/3 receptor expression in the perihinal cortex of wild-type, mGlu2−/−, andmGlu3−/−

mice. Immunohistochemical analysis for mGlu2/3 receptors expression in the perirhinal cortex of wild-type (A), mGlu2−/− (B), and mGlu3−/− (C) mice treated
with saline or Metha (1 mg/kg, i.p.) for 5 consecutive days. Mice were subjected to the NOR test at 7 d of withdrawal following the treatment with saline or
Metha. All mice were killed after the NOR test. Densitometric values of mGlu2/3 immunoreactivity (ir) in the perirhinal cortex of wild-type, mGlu2−/−, and
mGlu3−/− mice are shown in A′–C′, respectively.
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Figure 9. Effect of methamphetamine treatment on signal transduction mechanisms of mGlu2 and mGlu3 receptors in the PFC. cAMP levels in PFC slices
from wild-type, mGlu2−/−, and mGlu3−/− mice treated with saline or methamphetamine (1 mg/kg, i.p.), for 5 consecutive days and killed after 7 d of with-
drawal are shown in A–C, respectively. Slices were pretreated with LY379268 (3 µM, 10 min before FSK) and then stimulated for 20 min with FSK (10 µM).
Graphs in A′–C′ show the percentage of reduction of FSK-induced cAMP formation by LY379268 for each genotype. Values are means±SEM:
(A) One-way ANOVA with Bonferroni’s multiple-comparison test (F(2,30) = 46.11; p=7.1 ∗ 10−10 for saline; F(2,36) = 49.54; p=4.6 ∗ 10−11 for methamphet-
amine); (B,C) Kruskal–Wallis test with Dunn’s multiple-comparison test (Kruskal–Wallis statistic, 13.55 in B, saline; 14.9 in B, methamphetamine; 12.29
in C, saline; 14.01 in C, methamphetamine). *p values are shown in the figure. D, Stimulation of PI hydrolysis by DHPG combined or not with
LY379268 in slices of PFC prepared from wild-type mice treated with saline or methamphetamine (1 mg/kg, i.p.), for 5 consecutive days and killed after
7 d of withdrawal. Slices were treated with DHPG (200 µM, 60 min) in the absence or presence of LY379268 (3 µM). LY379268 was not tested in the
absence of DHPG because it is known to be ineffective on PI hydrolysis on its own in the adult mouse brain (Di Menna et al., 2018). Values are means
±SEM: saline, One-way ANOVA with Bonferroni’s multiple-comparison test (F(2,21) = 46.22; p=2.03 ∗ 10−8); methamphetamine, Kruskal–Wallis test with
Dunn’s multiple-comparison test (Kruskal–Wallis statistic, 12.5). *p values are shown in the figure.
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presynaptic regulation of glutamate release, thereby altering the signal-to-noise ratio during learning. An increased synap-
tic noise caused by the enhanced glutamate release may occlude the signal during memory formation overcoming
homeostatic mechanisms, such as synaptic scaling (Turrigiano, 2008), that normally limit the spreading of membrane
depolarization to neighboring dendritic spines. In addition, recruitment of multiple neuronal ensembles caused by gluta-
mate spreading outside the synaptic territory may impair mechanisms of pattern discrimination and separation during
memory formation. Alterations in postsynaptic mGlu3 receptors might also contribute to dysfunction in NOR memory
caused bymethamphetamine.We found that mGlu3 receptors lost the ability to boost mGlu5 receptor-mediated PI hydro-
lysis in PFC slices prepared frommethamphetamine-treated mice. This mechanism, which reflects a functional cross-talk
between postsynaptic mGlu3 and mGlu5 receptors, regulates different forms of activity-dependent synaptic plasticity in
the PFC underlying cognition and responses to stress (Joffe et al., 2019, 2021). Why pharmacological activation of post-
synaptic mGlu3 receptors with LY379268 was unable to amplify the PI response to DHPG in methamphetamine-treated
mice is unclear. The enhanced glutamate release might have desensitized postsynaptic mGlu3 receptors causing the
uncoupling between mGlu3 and mGlu5 receptors. Alternatively, the receptor cross talk might have been occluded by
an enhanced mGlu5 receptor signaling, as suggested by the greater PI response to DHPG in slices from
methamphetamine-treated mice. Thus, multiple mGlu2/3-mediated adaptive mechanisms taking place both at pre- and
postsynaptic levels might be involved in cognitive dysfunction induced by methamphetamine. We suggest that the
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Figure 10. Methamphetamine treatment alters the modulation of [3H]-D-aspartate release by mGlu2/3 receptors in PFC synaptosomes.
Depolarization-induced [3H]-D-aspartate (Asp) release in superfused synaptosomes prepared from the PFC of wild-type (A), mGlu2−/− (B), and mGlu3−/−

(C) mice treated with saline or methamphetamine (1 mg/kg, i.p.), for 5 consecutive days and killed after 7 d of withdrawal. Synaptosomes were transiently
(90 s) exposed to 15 mM KCl containing medium. When indicated, LY379268 (1–10 nM) was added concomitantly to the depolarizing stimulus. Fractions
were collected as follows: two 3 min fractions (basal release), one before (t=36–39 min) and oneafter (t=45–48 min) a 6 min fraction (t=39–45 min) containing
the evoked release. The KCl-evoked [3H]-D-aspartate overflowwas estimated by subtracting the neurotransmitter content into the first and the third fractions
collected (basal release) from that in the 6 min fraction collected during and after the depolarization pulse (evoked release), and it is expressed as induced
overflow over basal release (%). Values are means+SEM: one-way ANOVA with Bonferroni’s multiple-comparison test for A, saline (F(2,21) = 13.41;
p=1.8 ∗ 10−4), and B, saline (F(2,21) = 7.31; p=3.91.8∗ 10−3); Kruskal–Wallis test with Dunn’s multiple-comparison test for A, methamphetamine (Kruskal–
Wallis statistic, 10.15). *p values are shown in the figure.
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primary adaptive mechanism involves mGlu2/3 receptors present in presynaptic terminals, which become hyperex-
pressed and acquire the ability to enhance glutamate release in response to chronic exposure to methamphetamine.
Postsynaptic changes in mGlu3 receptor signaling and mGlu3–mGlu5 receptor cross talk might be secondary to changes
in glutamate release, but this remains to be demonstrated.
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Figure 11. vGlut1 (vesicular glutamate transporter 1), Rab3A (Ras-related protein 3A), and AGS3 (activator of G-protein signaling 3) expression is upregu-
lated in the PFC of methamphetamine (Metha)-treated wild-type mice. Western blot analysis for vGlut1 (A), Rab3A (B), and AGS3 (C) expression in the PFC
of wild-type, mGlu2−/−, and mGlu3−/− mice treated with saline or Metha (1 mg/kg, i.p.) for 5 consecutive days. All mice were killed after 7 d of withdrawal
(i.e., Day 11). Data are means±SEM: Mann–Whitney two-tailed test (U=0 for A wild-type mice; U=1 for AmGlu3−/− mice, and C wild-type mice; U=8 for
B wild-type mice). *p values are shown in the figure.
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Figure 12.Methamphetamine (Metha) treatment does not affect the expression level of STX 1A (syntaxin 1A), Syn (synaptophysin), Munc-18 (mammalian
homolog of the unc-18 gene), and xCT (cystine-glutamate antiporter) in the PFC ofMetha-treated of wild-type, mGlu2−/−, andmGlu3−/−mice.Western blot
analysis for STX 1A (A), Syn (B), Munc-18 (C), and xCT (D) expression in the PFC of wild-type, mGlu2−/−, and mGlu3−/− mice treated with saline or Metha
(1 mg/kg, i.p.) for 5 consecutive days. All mice were killed after 7 d of withdrawal (i.e., Day 11). Prestained protein standards were loaded on the first lane as
molecular mass markers (M). Data are means ±SEM.
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We used male mice in our study, and we cannot predict how mGlu2/3 receptors behave in female mice challenged with
methamphetamine. Female sex hormones are known to interact with mGlu2/3 receptors at multiple levels (Boulware et al.,
2005; Chaban et al., 2011; Wong et al., 2019), and their fluctuation during the ovarian cycle might critically affect mGlu2/3
responses to methamphetamine. This variable is difficult to control with the paradigm of methamphetamine treatment we
have used in the present study.
We suggest that mGlu2, mGlu3, or mGlu2/3 receptor NAMs (which can block either homo- or heterodimers) could be

potential candidates for the treatment of cognitive dysfunction in individuals affected by MUD. The choice of the specific
drug depends on how the drug affects the cycle of methamphetamine addiction, i.e., the phase of binge, withdrawal, and
prolonged vulnerability to relapse, considering that the impact of mGlu2 and mGlu3 receptors on these processes can be
strictly region-dependent and that plastic changes of receptor function in our study were restricted to the PFC.
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