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Highlights 

What are the main findings? 

• Chronic methamphetamine self-administration produced persistent deficits in epi-

sodic-like recognition memory in male rats and dysregulation of mGlu2/3 receptors 

in the prelimbic and perirhinal cortices. 

• Systemic pharmacological potentiation of mGlu2 receptors rescued meth-associated 

memory deficits. 

What are the implications of the main findings? 

• mGlu2 receptor potentiation may represent a promising therapeutic strategy for 

treating stimulant-associated cognitive dysfunction. 

• Increased surface mGlu2/3 expression may represent a compensatory adaptation to 

post-methamphetamine glutamatergic dysfunction, but it is not sufficient to restore 

cognition alone, without pharmacological enhancement. 

Abstract 

Background/Objectives: Persistent cognitive impairments are prevalent in methamphetamine 

(meth) use disorder and contribute to maladaptive decision-making and increased relapse vulnera-

bility. There are currently no effective treatments for meth-associative cognitive deficits, and their 

neurobiological underpinnings remain incompletely understood. This study investigated the effects 

of chronic meth self-administration on episodic-like recognition memory and evaluated whether 

pharmacological potentiation of metabotropic glutamate receptor subtype 2 (mGlu2) could rescue 

these deficits. Methods: Adult male Long–Evans rats underwent 7 days of limited- (1 h/day) fol-

lowed by 14 days of extended-access (6 h/day) meth self-administration, followed by 30 days of 

abstinence. Recognition memory was assessed using the object-in-place (OIP) task. A positive allo-

steric modulator of mGlu2 receptors, LY-487379 (25 mg/kg, s.c.), was administered prior to the 

memory test. In parallel, changes in total and surface mGlu2/3 protein levels in the prelimbic and 

perirhinal cortices were evaluated. Results: Rats with extended access to meth self-administration 

exhibited escalated drug intake and persistent deficits in OIP memory. Administration of LY-487379 

acutely rescued this deficit. Total mGlu2/3 protein levels were unaltered; however, meth exposure 

was associated with a significant increase in surface mGlu2/3 receptor expression in both cortical 

regions examined. Conclusions: These results demonstrate that chronic meth produces persistent 

cognitive dysfunction that can be rescued by mGlu2 receptor potentiation. The observed increase 

in surface mGlu2/3 expression may represent a compensatory response to chronic glutamatergic 

dysregulation, but it appears to be insufficient to restore cognitive function alone, without pharma-

cological enhancement. The current data encourage further exploration of mGlu2’s role in stimu-

lant-associated cognitive dysfunction. 
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1. Introduction 

Methamphetamine (meth) is a highly addictive synthetic amphetamine-type stimu-

lant. As a result, repeated exposure to meth can rapidly progress from controlled, recrea-

tional to uncontrolled, compulsive use and ultimately lead to meth use disorder (MUD). 

Problematic meth use and MUD remain a major public health challenge in the United 

States and worldwide, driven by a rising number of users (recently estimated at 2.4 million 

in the US and 316 million globally) [1,2], and a high prevalence of MUD among the user 

population [3]. These challenges are compounded by the absence of effective pharma-

cotherapies for MUD, and by the high burden of meth-associated complications, such as 

overdose, as well as cardiovascular, neurological, and psychiatric complications [4–6]. De-

spite these adverse consequences, heavy meth users often struggle to maintain abstinence 

due to heightened drug craving and cognitive deficits that persist long after the cessation 

of meth use [7]. Additionally, due to a lack of pharmacotherapies for MUD, the current 

treatment primarily relies on behavioral interventions, such as cognitive behavioral ther-

apy (CBT) [8], the moderate efficacy of which is further compromised by the presence of 

meth-induced cognitive deficits. Emerging evidence suggests that the manifestation of 

craving and cognitive deficits in MUD follows a similar trajectory, and these two phenom-

ena are also likely cross-dependent [9,10]. Therefore, it has been suggested that under-

standing and reversing cognitive deficits in MUD would also improve primary treatment 

outcomes (12-month abstinence rate) [11,12]. 

The majority of clinical research finds that prolonged and heavy meth use is associ-

ated with mild-to-severe impairments across multiple cognitive domains, including learn-

ing and memory, executive functioning, attention, and information processing speed 

[7,13–17]. Additionally, episodic memory problems are frequently observed in subjects 

with MUD [7,13,18], and can significantly contribute to increased relapse risk [19]. As 

studies in human subjects cannot readily establish whether episodic memory deficits stem 

from the direct disruption of brain circuits supporting episodic memory or, indirectly, 

from executive or attentional dysfunction [20], preclinical research is needed to provide 

mechanistic and functional insights into episodic memory deficits. Our previous work has 

demonstrated that extended access to self-administered meth and a non-contingent meth 

binge regimen both produce deficits in recognition memory in rats, as assessed using two 

validated tasks, novel object recognition (NOR) and object-in-place (OIP) recognition [21–

23]. These tasks are thought to probe episodic-like memory by requiring animals to recall 

both the identity (“what”) of objects and their spatial context (“where”). Of the two, the 

OIP task represents a more demanding version of associative recognition memory that 

depends on synchronous activation of circuits encompassing the perirhinal (PrH) and pre-

frontal (prelimbic, PrL) cortices (as well as the hippocampus) [24,25]. More recent work 

showed that the PrH-to-PrL circuit is necessary for the expression of recognition memory, 

as chemogenetic inhibition abolishes recognition memory, while chemogenetic activation 

of PrH-to-PrL projection rescues meth-induced recognition memory deficits [26]. In addi-

tion to recognition memory deficits, prior work from our group (and our collaborators) 

found that a history of extended access to meth self-administration is associated with 

dysregulation of glutamatergic synaptic plasticity and altered expression of select iono-

tropic and metabotropic glutamate receptors in the PrL and PrH [15,22,27,28]. However, 
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this body of work focused on the period of early abstinence, 7–14 days after discontinua-

tion of meth self-administration. Consequently, it remains unclear whether episodic-like 

memory deficits persist or gradually recover with prolonged abstinence. Clinical evidence 

suggests that while some cognitive deficits recover over time, others can persist for 

months or longer [19,29]. 

Here, we addressed this question by investigating: (a) whether OIP memory deficits 

persist for up to 30 days after discontinuation of extended-access meth self-administration, 

and (b) whether systemic allosteric activation of metabotropic glutamate subtype 2 

(mGlu2) receptors with LY-487379 rescues such OIP memory deficits. And finally (c), we 

explored whether post-meth deficits in episodic-like memory are accompanied by 

changes in the active pool of mGlu2/3 receptors by quantifying their cell-surface expres-

sion in brain regions relevant to recognition memory function (PrL and PrH). Previous 

studies indicate that mGlu2 (or mGlu2/3) receptors in the rodent frontal cortex undergo 

changes with chronic meth exposure [30–33]. 

The focus of this study on glutamate was motivated by convergent clinical evidence 

of dysregulated glutamatergic function in the prefrontal cortex (and other frontal cortical 

areas) in individuals with MUD during early (~1 month) abstinence [34–36]. Further, stud-

ies using magnetic resonance spectroscopy (MRS) found that reduced Glx (glutamate + 

glutamine) levels were associated with poorer cognitive performance, impaired inhibitory 

control, as well as increased anxiety and craving [34,36–39]. Although multiple glutamate 

receptor subtypes have been implicated in meth-associated motivational and cognitive 

deficits, prior work highlighted a key role of the mGlu2/3 receptor subtype in this context. 

Specifically, this work showed that allosteric activation of mGlu2 reduces persistent meth 

seeking [40] and acutely reverses recognition memory deficits in experimental models of 

psychosis [41,42]. While our recent findings demonstrate that indirect mGlu3 activation 

rescues post-meth deficits in working memory [43], the present study focuses on mGlu2, 

as selective allosteric mGlu3 activators are not yet available. 

2. Materials and Methods 

2.1. Subjects and Study Timeline 

Adult male Long–Evans rats (N = 44, Charles-River Laboratories, 275–300 g upon 

arrival) were used in this study. The sample size and animal numbers were determined 

by power analysis of our prior data [22,23,30]. The rats were individually housed in a 

climate-controlled vivarium on a 12 h reversed light–dark cycle (dark phase: 7 AM–7 PM). 

The single housing of animals was necessitated by the implantation of an external catheter 

and harness for a standard i.v. drug self-administration (IVSA) procedure. All behavioral 

testing was conducted during the dark phase of the cycle. Rats received ad libitum access 

to standard rat chow and water upon arrival and during acclimation. At the start of be-

havioral testing and throughout the remainder of the experiment, rats were maintained 

under mild food restriction (85% of their ad libitum intake). All animal procedures were 

conducted and approved by the Medical University of South Carolina Institutional Ani-

mal Care and Use Committee (IACUC). All procedures complied with the Guide for the 

Care and Use of Laboratory Animals (National Research Council (US) Committee for the 

Update of the Guide for the Care and Use of Laboratory Animals, 2011). 

All behavioral and tissue processing procedures were conducted at the Medical Uni-

versity of South Carolina in 2011–2012. All biological samples were preserved at −80 °C 

until analyzed by immunoblotting at the University of Florida in 2014–2015. 
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2.2. Pharmacological Agents 

(+)-Methamphetamine hydrochloride (meth) was obtained through the National In-

stitute of Drug Abuse (NIDA) drug supply program (Research Triangle Park, NC, USA). 

Meth was dissolved in 0.9% sterile saline to attain a concentration of 0.40 mg/mL. All rats 

received a dose of 0.1 mg/kg/infusion during IVSA. Selective positive allosteric modulator 

of mGlu2 receptors: N-(4-(2-methoxyphenoxy)phenyl)-N-(2,2,2-trifluoroethyl-

sulfonyl)pyrid-3-ylmethylamine (LY-487379 hydrochloride) was purchased from 

Tocris/Bio-techne (Minneapolis, MN, USA; purity: ≥98%; cat. No.3283). LY-487379 is a 

highly specific, brain-penetrant mGlu2 receptor-positive allosteric modulator (PAM) with 

documented pro-cognitive properties [44–46]. LY-487379 was dissolved in 0.5% carbox-

ymethylcellulose/0.5% Tween-80/sterile saline, incubated at 50 °C for 15 min, and soni-

cated to aid LY-487379 solubilization. The mixture of 0.5% carboxymethylcellulose/0.5% 

Tween-80/sterile saline served as the vehicle. The dose of LY-487379 used in this study 

was carefully selected based on previous studies demonstrating behavioral efficacy and a 

lack of overt side effects [46–49]. 

2.3. Surgery 

Rats received chronically indwelling catheters into the right jugular vein as previ-

ously described [50]. Briefly, rats were implanted with intravenous catheters under keta-

mine (87.5 mg/kg i.p.) and xylazine (5 mg/kg i.p.) anesthesia, with ketorolac (2.0 mg/kg 

i.p.) administered for analgesia. A Silastic catheter was inserted into the right jugular vein, 

secured with silk sutures, and routed subcutaneously to exit between the scapulae, where 

it was connected to a stainless-steel cannula within an infusion harness to allow repeated 

intravenous drug delivery. Postoperatively, rats received cefazolin (10 mg/0.1 mL) to pre-

vent infection, and catheters were maintained with heparinized saline (10 U/mL). Before 

each self-administration session, catheters were flushed with heparinized saline; after 

each session, they were flushed with cefazolin followed by heparinized saline to maintain 

patency and sterility. Catheter patency was periodically verified using intravenous 

methohexital sodium (10 mg/mL in 0.9% NaCl), which induces rapid loss of muscle tone 

when the catheter is functional. 

2.4. Meth Self-Administration and Abstinence 

Following at least five days of post-surgical recovery, rats were randomly assigned 

to either the meth self-administration or the control groups. Meth self-administration oc-

curred in standard operant chambers (Med Associates, St Albans, Fairfax, VT, USA) 

equipped with active and inactive levers, cue lights, and a tone generator. Rats received 

intravenous meth (20 μg/50 μL over 2 s) under an FR1 schedule, in which each active lever 

press triggered an infusion paired with a 5 s tone (78 dB, 4.5 kHz) and a light cue, followed 

by a 20 s timeout. Training consisted of 7 daily limited-access (1 h) sessions and 14 daily 

extended-access (6 h) sessions. Inactive lever presses and responses during timeout were 

recorded but had no consequences. Concurrently, control animals received catheter sur-

gery and underwent a yoked saline procedure (with infusions and cue-presentations 

matching the meth ‘partner’ rat) or were assigned to a ‘playback’ condition and received 

matching presentations of drug-associated cues. Catheter patency was regularly checked 

using methohexital sodium (10 mg/mL in 0.9% saline; Eli Lilly, Indianapolis, IN, USA). 

All operant sessions occurred during the dark phase. Next, rats underwent 30 days of 

home-cage abstinence with daily handling. See Figure 1 for the timeline of the experiment. 
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2.5. Object-in-Place Memory Task 

Recognition memory testing using the object-in-place task was conducted as de-

scribed previously [22,51]. A subgroup of rats (N = 32) was used for the OIP testing. Briefly, 

rats were tested on days 28–30 after the end of meth self-administration, using an elevated 

round platform (125 cm in diameter) as an OIP test arena. On days 28–29, rats received a 

daily habituation session during which they were placed in the arena with no objects and 

left undisturbed to explore for 5 min. On day 30, during the familiarization phase (or sam-

ple phase), rats were placed in the apparatus for 5 min with 4 distinct objects positioned 

in adjacent corners. Sixty minutes after object familiarization (and 30 min prior to the OIP 

test), rats received a single subcutaneous injection of LY-487379 25 mg/kg, or vehicle (see 

the Pharmacological Agents section for the vehicle description). Animals were randomly 

assigned to the Veh vs. LY group, counterbalanced for between-group meth intake. The 

selection of objects, the timing of the injection, and the dose were carefully chosen based 

on previous studies [47,48,52]. An OIP memory test was conducted by placing the rat in 

the apparatus for 3 min with the same objects, except that the position of two objects was 

changed (“same” and “changed”, respectively). Object placement was counterbalanced. 

Behavior was recorded and stored using Noldus tracking software (EthoVision XT 6.0), 

and an observer naive to the experimental conditions scored behavior. Object exploration 

was defined as sniffing or touching the object with the nose, but not sitting, leaning, or 

standing on objects. Rats that failed to meet the minimum object exploration criterion (15 

s of cumulative object exploration during the sample phase or 10 s during the test phase) 

were excluded from the analysis [53]. Rats that moved objects away from their designated 

location were also excluded. Animals were euthanized and tissues collected 24 h after the 

OIP test. See Figure 1 for the detailed timeline of the experiment. 

2.6. Slice Preparation of Surface Biotinylation 

Surface biotinylation of acute brain slices was performed as described previously, 

with some modifications [54–56]. After rapid decapitation, rat brains were removed and 

briefly chilled in ice-cold ACSF oxygenated with 95% O2/5% CO2. Next, 2 mm thick coronal 

slices containing the PFC (AP +3.00 to +4.20 mm from bregma) and PrH AP (−3.24 to −5.16 

mm from bregma) were prepared using the rat brain matrix (ASI instruments, Warren, 

MI, USA). The tissues were then bilaterally dissected using a 2 mm micropunch (Harris-

Unicore, Ted Pella, Redding, CA, USA) and cut into 250 μm thick mini-sections using a 

McIlwain Tissue Chopper (Stoelting, Wood Dale, IL, USA). Next, acute sections were bi-

otinylated with 1 mg/mL EZ link NHS-SS-Biotin/ACSF (Thermo Fisher Scientific, Rock-

ford, IL, USA) for 1 h at 4 °C. The biotinylation reaction was terminated with a 100 mM 

glycine/ACSF buffer. Biotinylated slices were lysed by brief sonication in lysis buffer (25 

mM HEPES, 150 mM NaCl, 1% Triton X-100, 0.1% SDS) supplemented with protease and 

phosphatase inhibitors and incubated on ice for 15 min. Insoluble debris was removed by 

centrifugation. An equal aliquot of pre-cleared solubilized total protein fraction (T) was 

set aside and frozen at −80 °C. Biotinylated proteins were captured by incubating with 

Neutravidin agarose beads (Thermo Fisher Scientific) overnight at 4 °C. After non-bioti-

nylated, intracellular (I) proteins were removed, bound biotinylated surface (S) proteins 

were recovered from the beads using an elution buffer (62.5 mM Tris-HCl, pH 6.8, 20% 

glycerol, 2% SDS, and 50 mM dithiothreitol, pH 6.8) and incubated at 95 °C for 10 min. 

Protein concentrations were determined using the BCA assay (Thermo Fisher Scientific), 

and proteins of interest were analyzed by immunoblotting as described below. See Section 

3.3 for more details. 
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2.7. Immunoblotting 

Brain-region-specific levels of candidate proteins were assessed by immunoblotting 

in individual fractions (total lysate, intracellular, and surface) obtained as described in 

Section 2.6 and previously [48]. A subgroup of 24 rats from Ctr-Veh (n = 12), Meth-Veh (n 

= 7), and Meth-LY (n = 5) was used for the tissue analysis. Briefly, equal amounts of protein 

from each fraction were separated on 4–15% SDS–polyacrylamide gels and transferred to 

PVDF membranes. To reduce non-specific binding, membranes were incubated in 5% 

milk in Tris-buffered saline containing 0.1% Tween-20 (blocking buffer) for 1 h at room 

temperature. Next, membranes were incubated overnight at 4 °C with primary antibodies 

diluted in blocking buffer. The following primary antibodies and dilutions were used: 

mGlu2/3 rabbit polyclonal (Upstate, #06-676, 1:15,000; anti-rabbit secondary 1:15,000), 

RanBP9 rabbit polyclonal (Abcam #ab140627, 1:10,000; anti-rabbit 1:10,000), Gαi mouse 

monoclonal (New East Biosciences, #26003, 1:10,000; anti-mouse 1:10,000), β-tubulin rab-

bit polyclonal (Abcam #AB6046, 1:80,000; anti-rabbit 1:80,000), and syntaxin-1a rabbit pol-

yclonal (Abcam #ab41453, 1:40,000; anti-rabbit 1:40,000). Note that separate analysis of 

mGlu2 and mGlu3 receptor expression was not pursued in this study, due to the incon-

sistent signal obtained with the mGlu2-specific antibody (Millipore-Sigma #07-261-I), not 

shown. Membranes were incubated with appropriate HRP-conjugated secondary anti-

bodies, and bands were detected using enhanced chemiluminescence (ECL Plus) and cap-

tured on a sensitive X-ray film (Hyperfilm, GE Healthcare, Chicago, Illinois, USA). Mem-

branes were stripped and re-probed with housekeeping markers (β-tubulin) or mem-

brane-specific markers (syntaxin-1a) to control for loading, transfer efficiency, and surface 

biotinylation specificity. Band intensity was quantified as integrated density using Im-

ageLab software (v 6.1, Bio-Rad, Hercules, CA, USA). Immunoblotting data analysis was 

performed with experimenter blinding. 

2.8. Statistical Analysis 

Meth intake (mg/kg) and lever responding served as the primary dependent varia-

bles and were evaluated across 14 and 21 days of self-administration sessions, respectively, 

using one-way repeated-measures ANOVA, followed by Greenhouse–Geisser correction 

when appropriate. For the OIP task, the primary outcome measure was the time animals 

spent exploring each object. Exploration time for the two objects that remained in their 

original positions was combined, and the same procedure was applied to the two objects 

that were relocated. These values were then used to calculate a recognition index, defined 

as the exploration of moved objects divided by the total exploration of moved and station-

ary objects. Recognition index values were analyzed using a two-way ANOVA. Between-

group comparisons (meth vs. control) for behavioral and biochemical endpoints were per-

formed with independent (two-sample) t-tests. Integrated density values for target pro-

teins were first normalized to those of control markers (syntaxin-1a or β-tubulin), ex-

pressed as percent values relative to controls (percent of control), and analyzed with the 

same independent-samples t-test approach. Normality of the data was assessed using the 

Shapiro–Wilk test, and homogeneity of variances was evaluated using the Fligner–Killeen 

test prior to analysis. Outliers were identified and excluded using the ROUT method, with 

a false discovery rate of Q = 1%. All results are reported as mean ± SEM, and statistical 

significance was assessed at α = 0.05. Random assignment of animals and experimenter 

blinding were implemented for immunoblotting, functional testing, and outcome assess-

ment throughout the study. Statistical analyses were conducted in GraphPad Prism (v.11, 

GraphPad Software, Boston, MA, USA), or MetricGate [57]. 
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Figure 1. Experimental timeline. Upon arrival, rats were habituated in their home cages for 5 days, 

followed by surgery and a 7-day recovery period. Meth intravenous self-administration (IVSA) con-

sisted of short-access sessions (1 h/day) for 7 days, followed by long-access sessions (6 h/day) for 14 

days using an FR1 schedule of reinforcement. Next, rats underwent home-cage abstinence, during 

which the OIP task performance was tested on days 27–29. 

3. Results 

3.1. Meth IVSA and Abstinence 

The timeline of the IVSA portion of the experiment is shown in Figure 1. Rats as-

signed to the meth IVSA group (n = 16) consistently discriminated between the active and 

inactive levers across all 21 days of IVSA, and as expected, selectively increased their ac-

tive lever responding with the onset of the extended (6 h) access. Two-way repeated-

measures ANOVA revealed a significant main effect of Day (F 5.548, 164.8 = 19.92, p < 0.001), a 

significant main effect of Lever (F 1, 30 = 79.80, p < 0.001), and a significant Day × Lever 

interaction (F 5.548, 164.8 = 15.02, p < 0.001). Tukey’s post hoc comparisons confirmed a signif-

icant difference between active and inactive lever responding on each day of IVSA (Figure 

2A). Analysis of the daily amount of self-administered meth (in mg/kg) revealed a signif-

icant escalation of drug intake over the 6 h access period (F 4.765, 70.75 = 4.794, p < 0.001). 

Dunnett’s multiple comparisons indicated that intake on days 15 and 18–21 was signifi-

cantly higher than the average starting extended-access intake (days 8–10) (Figure 2B). 

Simple start-to-end analysis of extended-access meth intake confirmed a significant esca-

lation between the initial (days 8–10) and the final (days 19–21) intake [two-tailed paired 

t-test, t(15) = 5.288, p < 0.001] (Figure 2C). Overall mean meth intake in all rats was 61.52 ± 

5.13 mg/kg. There were no differences in meth intake between rats later assigned to LY-

487379 or the vehicle group [two-tailed paired t-test, t(14) = 1.019]. Control rats (n = 28) 

underwent yoked or ‘playback’ operant procedures, their behavior was monitored but not 

analyzed. Four rats (2 Meth and 2 Ctrl) were removed from the study due to catheter 

failure, illness, or death during or shortly after the conclusion of the IVSA portion of the 

study. 

 

Figure 2. Intravenous meth self-administration. (A) Active lever responding intensified over time, 

with a marked increase after day 8 (beginning of the 6 h/day extended meth access), whereas inac-

tive lever responding remained low. There were significant effects of Day [F 5.548, 164.8 = 19.92, p < 

0.001], Lever [F 1, 30 = 79.80, p < 0.001], and a Day × Lever interaction [F 5.548, 164.8 = 15.02, p < 0.001]. 

Post-hoc analysis revealed a significant difference between active and inactive lever responding on 

each day of IVSA (** p < 0.01). (B) Meth intake (mg/kg) across 21 daily sessions. Intake was low 

during days 1–7 of limited 1 h/day access and increased with extended 6 h/day access, followed by 

progressive intake escalation. There was a significant effect of Day [F 4.765, 70.75 = 4.794, p < 0.001], with 

post hoc analysis revealing that intake significantly escalated on days 15, 18–21 (* p < 0.05–0.001; 
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Dunnett’s test) vs. the initial day 8–10. (C) Estimation plot showing extended-access intake (mg/kg) 

during days 8–10 vs. days 19–21. Each pair of points connected by lines represents an individual 

subject (n = 16). Intake increased from d8–10 to d19–21. The right panel displays the paired mean 

difference (Δ) with individual values shown. Statistical analysis using a two-tailed paired t-test re-

vealed a significant increase in intake over time [t(15) = 5.288, p < 0.001]. Groups: Meth (n = 16). Data 

represent the mean ± SEM. 

3.2. OIP Memory Task 

Rats (n = 40) were tested on the OIP task on day 28 of abstinence following two days 

of habituation to the apparatus. The timing of the OIP experiment is shown in Figures 1 

and 3. Initial exploration of the four objects did not differ during the familiarization/sam-

ple session (mean seconds ± SEM; plastic bottle, 21.71 ± 2.28; light bulb, 18.40 ± 1.40; paint 

roller, 19.5 ± 2.02; PVC pipe, 22.01 ± 1.89). Testing occurred 30 min after administration of 

LY-487379 (25 mg/kg) or vehicle, and 90 min after the sampling phase, as shown in Figure 

3A. Despite unequal sample sizes in the OIP test, recognition index data satisfied the as-

sumptions of normality (Shapiro–Wilk test) and homogeneity of variances (Fligner–

Killeen test); therefore, standard parametric analyses were pursued. A two-way ANOVA 

of the recognition index data revealed a significant main effect of Treatment [F 1,28 = 4.342, 

p = 0.0464], indicating that LY-487379 treatment significantly influenced recognition per-

formance across conditions. In addition, there was a significant Drug × Treatment interac-

tion [F 1,28 = 4.964, p = 0.0341], suggesting that the effect of LY-487379 depended on prior 

meth exposure. Post hoc Tukey’s multiple comparisons showed that rats with a history of 

meth (and treated with vehicle) exhibited impaired recognition memory compared to ve-

hicle-treated controls (p = 0.0134), suggesting persistent meth-induced memory impair-

ment (Figure 3B). And further, meth rats treated with LY-487379 showed significantly im-

proved recognition memory compared to meth-vehicle counterparts (p = 0.0326). In fact, 

the recognition memory performance of meth+LY rats was comparable to that of the con-

trol+LY group (p = 0.9762). LY-487379 administration produced no further enhancement 

of recognition memory in control animals (p = 0.9996), consistent with a treatment ‘ceiling 

effect’ in unimpaired animals (Figure 3B). Eight animals were removed from the study for 

failing to meet the minimum object exploration criterion or for other methodological is-

sues (see Methods for detailed description). 

 

Figure 3. Object-in-place recognition memory task and the effects of mGlu2 PAM treatment. (A) 

During the sampling phase, rats were placed in the arena for 5 min with four distinct objects posi-

tioned in adjacent corners. Sixty minutes after familiarization (and 30 min prior to testing), rats re-

ceived a single injection of LY-487379 (25 mg/kg s.c.) or vehicle. OIP memory was then assessed 

during a 3 min test session for which two of the objects were relocated while the remaining objects 

stayed in their original positions. (B) Recognition index in control (Ctr) and meth self-administering 

https://doi.org/10.3390/brainsci16070682


Brain Sci. 2026, 16, 682 9 of 21 
 

https://doi.org/10.3390/brainsci16070682 

(Meth) rats treated with vehicle (Veh) or LY-487379 (LY). Two-way ANOVA revealed a significant 

main effect of Treatment [F 1,28 = 4.342, p = 0.0464] and interaction [F 1,28 = 4.964, p = 0.0341]. Follow-

up pairwise comparisons revealed that meth exposure reduced recognition performance compared 

to controls (* p < 0.05), an effect rescued by LY treatment (# p < 0.05). LY administration had no effect 

in control rats. Groups: Ctr-Veh (n = 14), Ctr-LY (n = 5), Meth-Veh (n = 8), Meth-LY (n = 5). Data 

represent the mean ± SEM. 

3.3. Protein Analysis 

Because performance on the OIP task depends on coordinated activation of the PrL 

and PrH, the analysis of protein levels of mGlu2/3 and related proteins focused on these 

two cortical subregions. Immunoreactivity (in total lysates and in the cell surface fraction) 

in both subregions was analyzed 24 h after the OIP test. Acute brain slices (containing PrL 

or PrH) were collected and processed for cell surface biotinylation (as summarized in Fig-

ure 4A and in Section 2.6). The anatomical location and coordinates depicting bilateral 

sites of PrL and PrH tissue collection are shown in Figure 4B. Representative results 

demonstrating specific surface biotinylation and tissue fractionation are shown in Figure 

4C. mGlu2/3 immunoreactivity was detected (as expected) across all fractions, confirming 

successful protein recovery. β-Tubulin (part of the intracellular cytoskeleton) was present 

in the total and intracellular fractions but was largely absent from the surface fraction, 

indicating minimal contamination of the surface fraction by intracellular proteins. Syn-

taxin-1a (a plasma membrane and presynaptic vesicle regulatory protein) was detected in 

all fractions and was used to normalize the surface biotinylation of the membrane proteins 

(namely, mGlu2/3). 

 

Figure 4. Tissue analysis workflow and representative immunoblotting data. (A) Coronal slices con-

taining the prelimbic cortex (PrL) and perirhinal cortex (PrH) were sectioned into mini-slices, sur-

face-biotinylated, and lysed by sonication. After removal of insoluble debris, total protein was col-

lected, and biotinylated proteins were captured using Neutravidin beads, separating intracellular 

and surface fractions, subsequently used for immunoblotting analysis. (B) Schematic representation 

of coronal brain sections indicating the locations of bilateral tissue sampling of the PrL and PrH. 

The numbers indicate the approximate anterior–posterior distance (in mm) from Bregma. (C) Rep-

resentative immunoblots showing mGlu2/3 in total, intracellular, and surface fractions. Specific 
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loading controls, β-tubulin (β-tub) and Syntaxin-1a (Synt1a), were used to verify the purity of the 

intracellular and surface fractions. 

In the brains from the experimental animals, protein levels of mGlu2/3, RanBP9, and 

Gαi (and loading control β-Tubulin) were analyzed in total cellular lysates from the PrL 

and PrH. In parallel, mGlu2/3 (and membrane loading control Syntaxin-1a) were assessed 

in the biotinylated cell surface fraction isolated from the same tissues. Anatomically mis-

placed samples, or samples containing insufficient protein amount, were excluded from 

biochemical analysis. In addition, the Ctrl-LY group was not included in the analysis. The 

immunoblotting analysis included the following samples/groups: PrL [Ctr-Veh (n = 11); 

Meth (n = 12), subdivided into Meth-Veh (n = 7), and Meth-LY (n = 5)] and PrH [Ctr-Veh 

(n = 10); Meth (n = 10), subdivided into Meth-Veh (n = 5), and Meth-LY (n = 5)]. In the PrL, 

analysis of the total cell lysate revealed no significant differences between groups for any 

of the proteins examined, including mGluR2/3 (t(20) = 0.3689, p = 0.7161), Gαi (t(21) = 

0.9774, p = 0.3395), and RanBP9 (t(21) = 0.0079, p = 0.9938) (Figure 5A). In contrast, mGlu2/3 

levels in the surface-biotinylated fraction obtained from the PrL were significantly higher 

in the meth group relative to controls (t(21) = 4.413, p < 0.001) (Figure 5B). 

Similarly, in the PrH, a history of meth IVSA did not alter total protein levels of either 

mGlu2/3 (t(18) = 1.005, p = 0.3282), Gαi (t(18) = 1.376, p = 0.1858), or RanBP9 (t(18) = 0.6686, 

p = 0.5122) compared to controls (Figure 5D). Akin to PrL, cell surface levels of mGlu2/3 

in the PrH were increased in the meth group, relative to controls (t(18) = 5.791, p < 0.0001) 

(Figure 5E). As tissue samples in the meth group originated from rats previously treated 

with either LY-487379 or vehicle, an exploratory analysis was conducted to test the hy-

pothesis that LY-treatment could have contributed to upregulation of the surface mGlu2/3 

signal (Figure 5C,F). One-way ANOVA revealed a significant effect of treatment on sur-

face mGlu2/3 levels in both the PrL and PrH. In the PrL, surface mGlu2/3 levels differed 

significantly between groups, F 2, 20 = 12.18, p < 0.001. Tukey’s post hoc comparisons re-

vealed that both meth-LY rats and meth-vehicle rats had significantly higher surface 

mGlu2/3 levels compared to (vehicle-treated) controls (p < 0.001 and p < 0.05, respectively). 

However, surface mGlu2/3 levels did not differ significantly between meth-LY and meth-

vehicle rats, suggesting that LY-487379 treatment did not further alter the effect of meth 

(Figure 5C). In the PrH, one-way ANOVA also revealed a significant effect of treatment 

on surface mGlu2/3 levels, F(2, 17) = 28.90, p < 0.001. Tukey’s post hoc analysis showed 

that both meth-LY and meth-vehicle rats had significantly higher surface mGlu2/3 levels 

than controls (p < 0.001 and p = 0.0028, respectively). Importantly, meth-LY rats also 

showed significantly higher surface mGlu2/3 levels than meth-vehicle rats (p = 0.0200), 

indicating that prior LY-487379 treatment may have further increased surface mGlu2/3 

expression in this brain region (Figure 5F). A representative immunoblot signal for all 

Figure 5 analyses is shown in Supplementary Figure S1. 
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Figure 5. Immunoblotting analysis of total and surface proteins in the PrL and PrH. (A-C) Prelim-

bic cortex (PrL). (A) Total protein expression of mGlu2/3, Gi, and RanBP9 did not differ between 

Ctrl and Meth groups (unpaired t-tests: mGlu2/3, t(20) = 0.3689; Gi, t(21) = 0.9774; RanBP9, t(21) = 

0.0079). (B) In contrast, surface expression of mGlu2/3 was significantly increased following meth 

administration (unpaired t-test, t(21) = 4.413, *** p < 0.001). (C) When further subdivided by treat-

ment, mGlu2/3 surface expression in both Meth-Veh and Meth-LY was higher vs. controls (Ctrl-

Veh; * p < 0.05, *** p < 0.001). (D–F) Perirhinal cortex (PrH). (D) Total protein expression of 

mGlu2/3, Gi, and RanBP9 was not significantly altered (unpaired t-tests: mGlu2/3, t(18) = 1.005; Gi, 

t(18) = 1.376; RanBP9, t(18) = 0.6686). (E) However, meth significantly increased surface mGlu2/3 

levels (unpaired t-test, t(18) = 5.791, *** p < 0.001). (F) When further subdivided by treatment, 

mGlu2/3 surface expression in both Meth-Veh and Meth-LY was higher vs. Ctrl-Veh (** p < 0.01, 

*** p < 0.001). Additionally, mGlu2/3 surface expression in the Meth-LY group was higher vs. the 

Meth-Veh group (# p < 0.05). Groups: Ctrl (n = 10–11), Meth (n = 10–12), and further subdivided 

into Meth-Veh (n = 5–7) and Meth-LY (n = 5). Data represent the mean ± SEM. A representative 

immunoblot signal for all Figure 5 analyses is shown in Supplementary Figure S1. 

4. Discussion 

Here, we describe that extended access to meth in rats produced an escalation of meth 

intake during IVSA, and impairment in object-in-place recognition memory that persisted 

up to 30 days into abstinence. Next, we found that systemic administration of mGlu2 re-

ceptor PAM (LY-487379) acutely rescued post-meth recognition memory deficit. And fi-

nally, immunoblot analysis of mGlu2/3 receptors and associated proteins revealed an in-

crease in mGlu2/3 surface expression, but not total expression, in both PrL and PrH corti-

ces of rats with a history of extended access to meth self-administration. 

Repeated meth misuse is associated with an increased risk of developing compulsive, 

uncontrollable meth seeking and use, leading to MUD. This transition is frequently ac-

companied by an escalation of meth consumption, and a pattern of prolonged heavy 

‘binge’ or ‘run’ use over days or even a week [58,59]. While the escalation of meth seeking 

and use has been attributed to both the development of tolerance and incentive 
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sensitization, it has been of interest to preclinical research to develop animal models of 

escalated meth use not only to mimic ‘real-world’ human use patterns, but also to study 

underlying neural mechanisms and long-term consequences [60,61]. One of the models 

relies on allowing animal access to intravenous meth during extended (long) self-admin-

istration sessions. When compared to limited (1–2 h) access, extended access to meth self-

administration (6–12 h/day), (a) approximates the pharmacokinetic pattern of meth abuse 

observed in humans, (b) predictably escalates meth intake, and (c) produces persistent 

neurophysiological and behavioral deficits [27,28,62–65]. Here, we found that extended (6 

h) daily access to meth self-administration produces escalation of intake, reproducing our 

previous observations [22,27,30,33,64]. 

Previous work by our lab and others has demonstrated that extended (but not limited) 

access to meth produces a spectrum of cognitive deficits that coincide with altered synap-

tic activity and plasticity in the PrL and PrH cortices (see: [43,66]). And further, that selec-

tive activation of the PrH-to-PrL circuit rescues meth-induced recognition memory defi-

cits [26]. Specifically, extended access to meth self-administration resulted in early 

changes in spontaneous neuronal activity, followed by delayed-onset changes in glutama-

tergic synaptic activity (decrease in the AMPA/NMDA ratio) in the PrL/mPFC [28,65,67], 

and also impaired long-term depression (LTD) in the PrH [27]. Using the identical self-

administration paradigm, extended access to meth produced deficits in object recognition 

memory [21,22,27], as well as early-onset deficits in attentional processing and cognitive 

flexibility (reversal learning) [65,68]. One limitation of the above-mentioned studies is that 

behavioral and neurophysiological changes were detected during early abstinence (within 

the first 2 weeks of meth discontinuation). Meanwhile, studies in meth-dependent subjects 

showed that cognitive deficits (in decision-making) and meth craving initially worsened 

over the first 3 months of abstinence, before recovering [9]. The results presented here 

show, for the first time, that recognition memory deficits (in the OIP task) persist beyond 

the first week [21] and remain detectable on day 30 of abstinence in rats with a history of 

extended access to meth. The current findings are significant in light of clinical reports 

suggesting that episodic memory is one of the most consistently and severely impaired 

cognitive domains in MUD [7,18]. Still, the molecular, cellular, and circuitry maladapta-

tions underlying episodic memory deficits after meth remain incompletely understood. 

A limitation of the current study is that it included only male subjects, while sex dif-

ferences in meth use and meth-seeking behavior have been well documented (as reviewed 

in [69]). Still, the previous studies employing the same meth IVSA paradigm have re-

ported no sex differences in early post-meth deficits in working or object recognition 

memory [43,70]. These findings suggest that females may exhibit long-term deficits in OIP 

memory comparable to those observed in males. However, the extent to which the present 

findings generalize to females remains to be determined. 

Dysregulation of multiple neurotransmitter systems—including monoamines, en-

dogenous opioids, and endocannabinoids—has been implicated in meth-associated 

memory deficits [32,71–73]. However, converging evidence from our laboratory indicates 

that glutamatergic dysfunction plays a critical role in meth-induced recognition memory 

deficits. This includes the observation that extended access to meth self-administration 

reduces mGlu5 receptor expression in the PrH and produces NOR deficits that are rescued 

by systemic administration of mGlu5 allosteric activator [22]. Another study by our labor-

atory found that meth-induced NOR deficits can be reversed by direct intra-PrH admin-

istration of N-methyl-D-aspartate receptor partial agonist (D-cycloserine) [27]. This study 

also provided a mechanistic insight into post-meth recognition memory deficits, as it 

showed that a history of meth disrupts PrH LTD, and that the pro-cognitive effects of D-
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cycloserine depend on rescuing this type of plasticity. With regard to mGlu2/3, our studies 

found no changes in the total levels of mGlu2/3 in the PFC and/or PrH after 7 and 14 days 

[22,30,33] or 30 days (current study) of abstinence from extended-access meth self-admin-

istration. In contrast, two studies in mice found an increase in total cellular levels of 

mGlu2/3 in the mPFC (with no change in the PrH) after a non-contingent low- or high-

dose meth administration paradigm at 7 and 25 days of abstinence [31,32]. We hypothe-

size that several factors may have contributed to the emergence of such inconsistent find-

ings. Besides the obvious methodological factors, such as the use of distinct model organ-

isms (mouse vs. rat) and dissimilar meth exposure paradigms (experimenter-administra-

tion vs. self-administration), other variables warrant consideration. Given the central role 

of mGlu2/3 receptors in regulating presynaptic glutamate release, it is reasonable to pre-

dict that total mGlu2/3 expression changes gradually over prolonged meth abstinence, 

paralleling alterations in cortical glutamate content reported in both human subjects and 

rodent models [34,74,75]. As such, the initial global decrease in cortical (and subcortical) 

glutamate levels may be accompanied by decreased mGlu2/3 expression, whereas subse-

quent glutamate recovery may be complemented by a homeostatic recovery/increase in 

mGlu2/3 receptor numbers. Therefore, future studies need to rigorously examine time-

dependent changes in mGlu2/3 receptors alongside measurements of glutamate release in 

the key brain circuits (e.g., cortico-striatal, cortico-perirhinal, and cortico-hippocampal). 

Surface mGlu2/3 receptors may be subject to additional types of regulation, including neu-

ral activity-dependent changes in receptor trafficking and signaling [76]. Consistent with 

this, we have previously observed reduced mPFC surface mGlu2/3 expression 14 days 

after meth, whereas the current study detected increased surface mGlu2/3 in the PrL and 

PrH after 30 days of abstinence. It should be noted that all animals underwent OIP testing 

and vehicle/LY administration 24 h prior to tissue collection. Therefore, we cannot exclude 

the possibility that such behavioral and pharmacological manipulations contributed to the 

observed changes in mGlu2/3 surface expression in meth-experienced animals. In partic-

ular, we observed an additional increase in surface mGlu2/3 in the PrH in the LY-treated 

subgroup relative to vehicle-treated counterparts (Figure 5). This effect is unlikely to re-

flect a direct pharmacological action at the time of measurement, as the half-life of LY-

487379 is relatively short (t1/2 ~ 30–90 min). Moreover, unlike orthosteric ligands, PAMs 

are not generally expected to alter receptor trafficking. One possibility is that acute mGlu2 

potentiation during recognition memory testing produced longer-lasting synaptic or cel-

lular changes in the PrH, thereby altering trafficking or stability of surface mGlu2/3 recep-

tors in meth-experienced animals. The changes in mGlu2/3 cell surface expression could 

neither be explained by dysregulation of downstream signaling or scaffolding mecha-

nisms, as we found no corresponding alterations in the associated G-protein (Gαi) or scaf-

folding protein (RanBP9/RanBPM) [77]. This aligns with our prior finding of unchanged 

Gαi expression in the PrL and PrH after 7 days of abstinence from extended-access meth 

IVSA [33]. RanBP9 is a scaffolding protein abundantly expressed throughout the brain 

[78], known to interact with mGlu2/3 receptors [77] and implicated in GPCR membrane 

trafficking [79]. To our knowledge, this is the first assessment of RanBP9 following expo-

sure to meth or other drugs of abuse. Together, these findings do not support a direct role 

for Gαi or RanBP9 in mediating the observed changes in mGlu2/3 signaling or trafficking. 

Given the limited understanding of mGlu2/3 trafficking mechanisms, other, as yet uni-

dentified synaptic processes could be responsible. 

Interestingly, administration of mGlu2 PAM LY-487379 rescued meth-associated def-

icits in OIP recognition memory in the current study. This finding is in line with prior 

reports demonstrating the pro-cognitive effects of this PAM on attentional processing and 
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cognitive flexibility in drug-naïve rats, as well as LY’s ability to prevent MK-801-induced 

disruptions in the NOR and Morris Water Maze memory tasks [43,80,81]. The specific 

neural or circuit mechanisms underlying this effect are currently poorly understood and 

cannot be readily explained by the presented mGlu2/3 findings. One possible explanation 

is that mGlu2 PAM rescues synaptic plasticity, necessary for normal recognition memory, 

independent of changes in mGlu2/3 receptor availability in the prefrontal–perirhinal cir-

cuit. As noted above, our earlier study found that post-meth disruption of LTD in the PrH 

coincided with NOR memory deficits, and that NMDA receptor activation rescued both 

LTD and memory deficit [27]. While not directly tested in our studies, other evidence sug-

gests that activation of mGlu2/3 receptors in the PrH is required for the induction of LTD, 

evoked by mGlu1/5 and NMDA co-activation [82,83]. And while mGlu2/3-independent 

forms of LTD have also been described across the cortex [84], we hypothesize that LY-

487379 activates mGlu2s, restores LTD in the PrH, and rescues meth-associated OIP recog-

nition memory deficits, akin to D-cycloserine [27]. Finally, future studies should reconcile 

the present behavioral and biochemical findings and systematically investigate the mech-

anistic relationship between recognition memory and mGlu2/3 surface availability, as 

well as the association between pro-cognitive efficacy of mGlu2 PAMs and cortical mGlu2 

receptor availability. Recent advances in the development of selective, clinically relevant 

mGlu2 PAM-based PET radioligands provide a promising avenue for addressing these 

questions across species [85]. 

5. Conclusions 

The data presented here demonstrate that extended access to meth self-administra-

tion produces enduring deficits in episodic-like recognition memory that can be rescued 

by systemic treatment with mGlu2 receptor PAM LY-487379. These findings indicate the 

utility of mGlu2 allosteric activators for the treatment of meth-associated cognitive deficits. 

Moreover, as emerging evidence suggests that mGlu2 PAMs can reduce motivation to 

seek meth and meth reinstatement [86], clinically relevant mGlu2 PAMs could confer dual 

benefits in the treatment of MUD. Although orthosteric activation of mGlu2/3 receptors 

has also been shown to reduce meth-induced hyperactivity and reinstatement of meth 

seeking [87,88], mGlu2 PAMs are predicted to exhibit superior safety and efficacy in treat-

ing SUD [89]. And while these findings are encouraging, significant gaps remain in our 

understanding of mGlu2/3-mediated mechanisms underlying meth seeking and meth-as-

sociated cognitive deficits. Future studies should address additional variables, such as the 

role of pre-existing cognitive impairment, the contribution of sex differences, and tem-

poral- and circuit-wide adaptations in mGlu2/3 expression and function. In summary, the 

present findings add to a growing body of evidence implicating mGlu receptors in the 

neurobehavioral adaptations associated with chronic meth exposure (for review see [66]). 

Supplementary Materials: The following supporting information can be downloaded at: 

https://www.mdpi.com/article/10.3390/brainsci16070682/s1, Figure S1: Immunoblotting analysis of 

total and surface proteins in the PrL and PrH. (Left) Representative immunoblot signal in total tissue 

lysates from the PrL and PrH cortices for: mGlu2/3 receptor (dimer, ~250 kDa), Gαi protein (~40 

kDa), RanBP9 (~90 kDa), and loading control β-tubulin (~55 kDa). (Right) Representative immunob-

lot signal in cell surface fraction from the PrL and PrH cortices for: mGlu2/3 receptor (dimer, ~250 

kDa) and loading control syntaxin-1a (~35 kDa). The immunoreactive bands shown are representa-

tive and originate from the same sequence of rat brain samples (PrL/PrH and total/surface), loaded 

in the following group order: sal+veh, meth+veh, meth+LY-487379, meth+LY-487379, meth+LY-

487379, meth+LY-487379. Band intensities for a given lane may not precisely match the group means 
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shown in Figure 5, consistent with normal sample-to-sample variability in protein analysis of het-

erogeneous tissues (e.g., brain). This variability does not reflect sample degradation or unequal load-

ing, as the loading controls show a uniform signal across all lanes. 
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