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Rationale—Metabotropic glutamate 2 and 3 receptors (mGluR2/3) are implicated in drug 

addiction as they limit excessive glutamate release during relapse. N-acetylaspartylglutamate 

(NAAG) is an endogenous mGluR2/3 agonist that is inactivated by the glutamate 

carboxypeptidase II (GCPII) enzyme. GCPII inhibitors, and NAAG itself, attenuate cocaine-

seeking behaviors. However, their effects on the synthetic cathinone 3,4-

methylenedioxypyrovalerone (MDPV) have not been examined.

Objectives—We determined whether withdrawal following repeated MDPV administration 

alters GCPII expression in corticolimbic regions. We also examined whether a GCPII inhibitor (2-

(phosphonomethyl)-pentanedioic acid; 2-PMPA), and NAAG, reduces the rewarding and 

locomotor-stimulant effects of MDPV in rats.

Methods—GCPII was assessed following repeated MDPV exposure (7 days). The effects of 2-

PMPA and NAAG on acute MDPV-induced hyperactivity were determined using a locomotor test. 

We also examined the inhibitory effects of 2-PMPA and NAAG on MDPV-induced place 

preference, and whether the mGluR2/3 antagonist LY341495 could prevent these effects.

Results—MDPV withdrawal reduced GCPII expression in the prefrontal cortex. Systemic 

injection of 2-PMPA (100 mg/kg) did not affect the hyperactivity produced by MDPV (0.5–3 mg/

kg). However, nasal administration of NAAG did reduce MDPV-induced ambulation, but only at 

the highest dose (500 μg/10 μl). We also showed that 2-PMPA (10–30 mg/kg) and NAAG (10–500 

μg/10 μl) dose-dependently attenuated MDPV place preference, and that the effect of NAAG was 

blocked by LY341495 (3 mg/kg).

Conclusions—These findings demonstrate that MDPV withdrawal produces dysregulation in 

the endogenous NAAG-GCPII signaling pathway in corticolimbic circuitry. Systemic 

administration of the GCPII inhibitor 2-PMPA, or NAAG, attenuates MDPV reward.
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Introduction

Synthetic cathinones are a popular class of designer drugs that are structural derivatives of 

cathinone, the primary psychostimulant constituent of the khat plant (Glennon 2014). 3,4-

Methylenedioxypyrovalerone (MDPV) is among the most popular synthetic cathinones. 

Similar to other amphetamine-like compounds (e.g. methamphetamine and cocaine), MDPV 

produces the desired effects of increased confidence, energy and alertness after acute 

administration (Karila et al. 2015). However, cases of hypertension, tachycardia, psychosis, 

suicidal ideation and violent behavior have been reported following repeated abuse (White 

2016). Although MDPV was classified as a Schedule I drug in 2013, it is still available on 

the clandestine drug market, and has also served as a model for the new “second-generation” 

analogs with a similar pharmacological profile namely α-pyrrolidinovalerophenone (α-

PVP), α-pyrrolidinobutiophenone (α-PBP) and α-pyrrolidinopropiophenone (α-PPP) 

(Marusich et al. 2014; Rickli et al. 2015).
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MDPV acts on monoamine transporters to block dopamine (DA) and norepinephrine (NE) 

reuptake, with negligible effects on serotonin (5-HT), which results in elevated extracellular 

concentrations of DA and NE within brain reward pathways (Baumann et al. 2013; Simmler 

et al. 2013). The pharmacological action of MDPV is similar to that of cocaine; however, 

MDPV is 50- and 10-times more potent at the dopamine (DAT) and norepinephrine (NET) 

transporters, respectively (Baumann et al. 2013; Marusich et al. 2014; Simmler et al. 2013). 

Not surprisingly then, acute systemic administration of MDPV induces more robust 

ambulation and stereotypy than cocaine or methamphetamine (Aarde et al. 2013; Baumann 

et al. 2013; Gatch et al. 2013; Marusich et al. 2014), while repeated dosing of MDPV 

produces locomotor sensitization (Berquist et al. 2016). In abuse liability studies, MDPV 

produces more robust rewarding effects in the conditioned place preference (CPP) paradigm 

than amphetamine (Karlsson et al. 2014), and is self-administered at higher rates than 

cocaine or methamphetamine (Aarde et al. 2013; Watterson et al. 2014; Schindler et al. 

2015). MDPV also strongly enhances brain-stimulation reward (BSR) in rats (Bonano et al. 

2014; Watterson et al. 2014).

While effects of MDPV on monoamine systems have been well studied, far less is known 

about its effects on the glutamate (GLU) system. This lack of research is particularly 

pertinent since a central role for GLU dysregulation in psychostimulant reinforcement and 

relapse is well documented (for review, see Kalivas 2009; D’Souza 2015; Spencer et al. 

2016). We recently showed that withdrawal following repeated MDPV administration 

disrupts GLU homeostasis by reducing glutamate transporter subtype 1 (GLT-1) levels in the 

nucleus accumbens (NAc) (Gregg et al. 2016). Furthermore, chronic treatment with the β-

lactam antibiotic ceftriaxone (CTX), which upregulates GLT-1 expression, attenuates 

MDPV-induced locomotor sensitization and place preference (Gregg et al. 2016).

Psychostimulant addiction is also influenced by the Group II metabotropic glutamate 2 and 3 

receptors (mGluR2/3), which act to inhibit excessive synaptic GLU release evoked by drug 

cues or stress that is thought to trigger relapse behavior (Baptista et al. 2004; Kalivas and 

Volkow 2005; Kalivas 2009; Liechti et al. 2007). The neuropeptide N-

acetylaspartylglutamate (NAAG) functions as an endogenous mGluR2/3 agonist in the 

central nervous system (CNS) (Cartmell et al. 1998), and is hydrolyzed into N-

acetylaspartate (NAA) and GLU by glutamate carboxypeptidase II (GCPII) (Tsukamoto et 

al. 2007). GCPII inhibitors, mGluR2/3 agonists and NAAG itself, have all been shown to 

inhibit cocaine-seeking behaviors in rodents. For example, the GCPII inhibitors 2-

(phosphonomethyl)-pentanedioic acid (2-PMPA) and GPI-5693 attenuate cocaine-induced 

place preference (Slusher et al. 2001), and 2-PMPA also inhibits cocaine self-administration 

and reinstatement of cocaine-seeking behavior (Xi et al. 2010a, b). The mGluR2/3 agonist 

LY379268 reduces cocaine and nicotine self-administration and reinstatement of drug 

seeking (Baptista et al. 2004; Cannella et al. 2013; Liechti et al. 2007), and NAAG itself 

attenuates cocaine self-administration in rats maintained on a progressive ratio 

reinforcement schedule (Xi et al. 2010a).

Given the role of NAAG-GCPII interactions in psychostimulant reward, we first determined 

whether MDPV withdrawal alters GCPII expression in corticolimbic regions including the 

prefrontal cortex (PFC), NAc and striatum. Based on the previous findings with the GCPII 
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inhibitor 2-PMPA, and NAAG itself, on rewarding effects of cocaine, we next examined 

whether these drugs could attenuate place preference and locomotor activation produced by 

MDPV. Lastly, we determined a possible mechanism underlying the effects of NAAG (and 

2-PMPA) on MDPV-induced reward using the selective mGluR2/3 antagonist LY341495.

Materials and Methods

Animals

Experiments were conducted in male Sprague-Dawley rats purchased from Harlan 

Laboratories (Indianapolis, IN) that weighed between 250–275 g on arrival. Rats were pair-

housed in a temperature- and humidity-controlled vivarium on a 12-h light/dark cycle (lights 

on at 07:00h). Food and water was available ad libitum, except during experimental 

procedures. All experiments were conducted in accordance with the NIH Guide for the Care 
and Use of Laboratory Animals and Temple University’s Guidelines for the Care of 
Animals.

Drug preparation and administration

(±)-MDPV was synthesized following previously published methods (Abiedalla et al. 2012; 

Kolanos et al. 2015) by Dr. Allen Reitz and dissolved in physiological saline (0.9%). 2-

PMPA was purchased from AstaTech, Inc. (Bristol, PA) and dissolved in a 50 mM 4-(2-

hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) (in distilled water) vehicle. The 

selective mGluR2/3 antagonist LY341495 was obtained from Tocris BioScience 

(Minneapolis, MN) and dissolved in 10% dimethyl sulfoxide (DMSO), 10% Kolliphor EL 

and 80% physiological saline. MDPV, 2-PMPA and LY341495 were administered by 

intraperitoneal (i.p.) injection at a volume of 1 ml/kg. Equivalent injections of saline or 

vehicle were used for the control conditions. NAAG was purchased from Sigma-Aldrich (St. 

Louis, MO) and dissolved in saline. It was administered by nasal application according to a 

well-established protocol (Lukas and Neumann 2012) due to its poor blood-brain barrier 

(BBB) permeability. Controls were given an equivalent volume of saline (20 μl).

GCPII protein expression

The general procedure for Western blot protein analysis has been described previously 

(Gregg et al. 2016). After tissue sample preparation, equal amounts of protein (20 μg per 

loading sample, as determined using a Thermo Scientific NanoDrop 2000 spectrometer) 

were loaded onto 7.5% Mini Protean Precast gels (Bio-Rad, Hercules, CA) for separation 

and transferred onto nitrocellulose membranes (Life Technologies, Carlsbad, CA). 

Membranes were blocked for 1-h at room temperature in Odyssey Blocking Buffer (Li-Cor 

Biosciences, Lincoln, NE), followed by overnight incubation at 4°C with the GCPII primary 

antibody (1:5,000, mouse monoclonal; GeneTex, Irvine, CA). The next day, membranes 

were washed with Tween-Tris buffered saline (TTBS) 3 times for 8 min, followed by 90 min 

incubation with β-tubulin loading control primary antibody at room temperature (1:800,000, 

monoclonal mouse; Cell Signaling, Danvers, MA). Membranes were washed again with 

TTBS, and then incubated for 1-h at room temperature with IRDye 680-conjugated goat 

anti-mouse secondary antibody (1:10,000; Li-Cor Biosciences). Membranes were given 3 

final TTBS washes, before proteins were detected and quantified using the Odyssey infrared 
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imaging system (Li-Cor Biosciences). The relative density of each sample (GCPII/β-tubulin 

optical densities) were determined and averaged for each group.

Locomotor activity test

The locomotor activity tests were conducted according to the procedures described in detail 

in our previous publications (Gregg et al. 2013, 2015). Briefly, locomotor activity of 

individual rats was measured during the light cycle in activity chambers using a Digiscan 

DMicro System (Accuscan Inc., Columbus, OH). Two types of locomotor activity were 

automatically measured: 1) ambulatory activity produced by horizontal movements and 2) 

stereotypy resulting from recurring or focused movements.

Basal locomotor activity was measured for 30 min prior to rats being administered 2-PMPA 

or NAAG, or the corresponding control condition. This time also enabled rats to acclimate to 

the activity chambers. Thirty minutes later, rats were injected with saline or MDPV and 

locomotor activity recorded for 90 min. The exception to this was Experiment 4A where rats 

did not receive an injection of saline or MDPV.

Conditioned place preference test

CPP experiments were performed according to previously published methods described in 

detail elsewhere (Lisek et al. 2012; Gregg et al. 2015, 2016). The apparatus consisted of two 

equal-sized environmentally distinguishable compartments separated by a removable door. 

The CPP test followed a 4-day biased design and was carried out during the light cycle. Prior 

to conditioning, a ‘pre-test’ was conducted during which individual rats were allowed to 

explore both compartments for 30 min in a drug-free state. The time spent in each 

compartment was manually scored by a naïve experimenter. The compartment in which rats 

spent less time during the pre-test was designated their ‘less-preferred compartment’.

The 4-day conditioning phase began the day after the pre-test and consisted of two 30 min 

sessions each day conducted 4-h apart. In the first conditioning session, rats were injected 

with saline or MDPV before being placed in their initially less-preferred compartment. All 

treatment groups were administered saline in the second conditioning session and placed in 

their initially preferred compartment. We selected a dose of 2 mg/kg MDPV for all CPP 

experiments based on our recently published dose-response experiment (Gregg et al. 2016), 

and from previous work using a similar CPP paradigm (King et al. 2015a).

A ‘post-test’ was conducted on the day after the last conditioning day to determine the 

effects of 2-PMPA and NAAG on the expression of MDPV-induced place preference. Rats 

were injected with 2-PMPA or NAAG, or the corresponding control condition 30 min before 

being placed into the CPP apparatus, and then allowed 30 min to explore both 

compartments. LY341495 was administered 30 min prior to NAAG in Experiment 6. Rats 

were never given MDPV during the post-test. For graphical presentation and analysis, data 

was converted to a difference score (difference in time spent in the less-preferred 

compartment between post-test and pre-test).

Experiment 1: GCPII expression following MDPV withdrawal—Experiment 1 

examined the effects of withdrawal following repeated administration of MDPV on GCPII 
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protein expression. Following a previously published behavioral sensitization paradigm 

(Kalivas and Duffy 1998; Gregg et al. 2013, 2016), experimentally naïve rats (n = 6–7 per 

group) were injected with saline or MDPV (Days 1 and 7: 0.5 mg/kg and Days 2–6: 1 

mg/kg) for 7 days. Rats were euthanized by CO2 asphyxiation and decapitated either 2 h 

(Withdrawal Day 0), 2 days (Withdrawal Day 2), 5 days (Withdrawal Day 5), or 10 days 

(Withdrawal Day 10) after the last drug injection. The brains were extracted and rapidly 

dissected on ice to isolate the PFC, NAc and striatum, and then processed for Western 

blotting.

Experiment 2: The effects of 2-PMPA on MDPV-induced ambulation and 
stereotypy—Experiment 2 determined the effects of 2-PMPA on the robust ambulation 

and stereotypy induced by MDPV. Experimentally naïve rats were randomly allocated to 4 

treatment groups (n = 8 per group): 1) vehicle + saline, 2) vehicle + MDPV, 3) 2-PMPA + 

saline or 4) 2-PMPA + MDPV. 2-PMPA was administered at 100 mg/kg since this dose has 

been shown previously to inhibit cocaine self-administration and reinstatement of cocaine-

seeking behavior (Xi et al. 2010a, b). MDPV was injected at 0.5, 1 and 3 mg/kg to determine 

its dose-response effects on locomotor activity. In a follow-up experiment (n = 8 per group), 

we tested a lower dose of 2-PMPA (30 mg/kg) that also previously reduced cocaine self-

administration in rats (Xi et al. 2010a, b).

Experiment 3: The effects of 2-PMPA on the expression of MDPV-induced 
place preference—Experiment 3 examined the effects of 2-PMPA on the place preference 

induced by MDPV. Experimentally naïve rats were randomly allocated to receive saline or 

MDPV (2 mg/kg) during the conditioning phase, before being administered vehicle or 2-

PMPA (30 mg/kg) prior to the post-test. Thus, the 4 treatment groups (n = 10–11 per group) 

were 1) saline + vehicle, 2) saline + 2-PMPA, 3) MDPV + vehicle and 4) MDPV + 2-PMPA. 

We decided not to test the higher dose of 2-PMPA (i.e. 100 mg/kg) in this experiment that 

was evaluated against cocaine by Xi and colleagues (2010a, b), as we observed significant 

locomotor side effects in Experiment 2. In a follow-up experiment (n = 8 per group), we also 

tested a lower dose of 2-PMPA (10 mg/kg) in animals conditioned with MDPV (2 mg/kg).

Experiments 4A and 4B: The locomotor effects of NAAG by itself, and in 
combination with MDPV—We first examined the intrinsic locomotor effects of NAAG 

by itself in Experiment 4A. Experimentally naïve rats (n = 7–8 per group) were randomly 

allocated to receive saline or one of 3 doses of NAAG (10, 100 and 500 μg/10 μl). Previous 

research shows that NAAG at 100 μg/10 μl attenuates cocaine-enhanced BSR, and tends to 

reduce the motivation of rats to self-administer cocaine (Xi et al. 2010a). Following a 1 

week washout period, the same rats used in Experiment 4A were allocated to 4 treatment 

groups (Experiment 4B; n = 7–8 per group) to determine the dose-response effects of NAAG 

on MDPV-induced ambulation and stereotypy: 1) saline + MDPV, 2) 10 μg NAAG + MDPV, 

3) 100 μg NAAG + MDPV or 4) 500 μg NAAG + MDPV. MDPV was administered at 2 

mg/kg in Experiment 4B since this dose was used in all CPP experiments, and therefore we 

were most interested to see whether NAAG could antagonize its locomotor effects.
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Experiment 5: The effects of NAAG on the place preference induced by MDPV
—Experiment 5 determined the dose-response effects of NAAG on the expression of 

MDPV-induced place preference. Experimentally naïve rats were all conditioned with 

MDPV (2 mg/kg) prior to receiving saline, or one of 3 doses of NAAG (10, 100 or 500 

μg/10 μl) (n = 10–15 per group) before the post-test. To ensure the effects of NAAG were 

not due to a non-specific aversive-like response, in a follow-up experiment we tested the 500 

μg/10 μl dose of NAAG by itself (saline + NAAG) against a saline control group (saline + 

saline) in animals that were conditioned only with saline (n = 7–8 per group).

Experiment 6: The role of mGluR2/3 receptors in the inhibitory effects of 
NAAG on MDPV-induced place preference—Experiment 6 examined the extent to 

which mGluR2/3 receptors mediate the inhibitory effect of NAAG (500 μg/10 μl) on MDPV-

induced CPP. In this experiment, we administered the selective mGluR2/3 antagonist 

LY341495 at a dose of 3 mg/kg based on previous evidence that it reverses anhedonia 

induced by chronic stress (Dwyer et al. 2013) and blocks the anti-reinstatement effect of 

modafinil in the CPP paradigm (Tahsili-Fahadan et al. 2010). Experimentally naïve rats were 

all conditioned with MDPV (2 mg/kg), before being randomly allocated to 4 treatment 

groups (n = 13–15 per group) prior to the post-test: 1) vehicle + saline, 2) vehicle + NAAG, 

3) LY341495 + saline or 4) LY341495 + NAAG.

Statistical analysis

The relative sample densities of saline and MDPV-treated rats in the GCPII protein assays 

were expressed as a percentage of the saline control values, and then compared using a 

Student’s t-test. Data from Experiments 2, 3 and 6 were analyzed using a two-way ANOVA 

where the two between-subject factors were ‘pretreatment’ and ‘treatment’ (or ‘MDPV 

dose’ in Experiment 2). For the 2-PMPA dose-response CPP experiment, data were 

expressed as a percentage of the MDPV (2 mg/kg) values and analyzed with a one-way 

ANOVA with the between-subject factor of ‘2-PMPA dose’. Data from Experiments 4 and 5 

were analyzed with a one-way ANOVA employing the between-subject factor of ‘NAAG 

dose’. The overall one- and two-way ANOVA’s were followed by Bonferroni post-hoc tests. 

For the follow-up CPP experiment with NAAG, the two treatment groups were compared 

using a Student’s t-test. All analyses were carried out using SPSS version 20 (SPSS Inc., 

IBM, Chicago, IL) with statistical significance set at p < 0.05.

Results

Experiment 1: GCPII expression is reduced in the PFC following MDPV withdrawal

GCPII protein expression in the PFC at different time points during withdrawal following 

repeated MDPV administration is presented in Figure 1. GCPII expression was significantly 

reduced in the PFC at 2 h (Withdrawal Day 0 (Fig. 1a); t(12) = 2.22, p < 0.05), 2 days 

(Withdrawal Day 2 (Fig. 1b); t(11) = 2.83, p < 0.05), 5 days (Withdrawal Day 5 (Fig. 1c); 

t(10) = 2.46, p < 0.05), and 10 days (Withdrawal Day 10 (Fig. 1d); t(12) = 2.50, p < 0.05) after 

the last MDPV injection. In the NAc (see supplementary Figure S1), GCPII expression was 

only reduced 2 h into withdrawal (Withdrawal Day 0; t(12) = 2.86, p < 0.05), while in the 
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striatum (see supplementary Figure S2), GCPII expression was not significantly reduced at 

any withdrawal time point (all p > 0.05) following repeated MDPV.

Experiment 2: MDPV-induced ambulation and stereotypy are not reduced by 2-PMPA

The effects of 2-PMPA (100 mg/kg) on the acute ambulatory activity and stereotypy 

produced by MDPV (0.5, 1 and 3 mg/kg) are shown in Figures 2a and 2b, respectively. Data 

were recorded as counts and summed over 90 min. MDPV dose-dependently increased 

ambulatory activity (MDPV dose effect: F(3,56) = 42.93, p < 0.001) and stereotypy (MDPV 

dose effect: F(3,56) = 17.52, p < 0.001). However, neither behavior was significantly affected 

by 2-PMPA (pretreatment effect on ambulatory activity: F(1,56) = 0.53, p > 0.05; 

pretreatment effect on stereotypy: F(1,56) = 0.27, p > 0.05) at any of the doses of MDPV 

(interaction effect on ambulatory activity: F(3,56) = 0.93, p > 0.05; interaction effect on 

stereotypy: F(3,56) = 1.40, p > 0.05). In a follow-up experiment, a lower dose of 2-PMPA (30 

mg/kg) did not significantly affect MDPV-induced ambulation or stereotypy (both p > 0.05; 

data not shown).

Experiment 3: 2-PMPA dose-dependently reduces the expression of MDPV-induced place 
preference

The effects of 2-PMPA (30 mg/kg) on the expression of MDPV (2 mg/kg) place preference 

are presented in Figure 3a. By itself, 2-PMPA had no significant effects in the CPP test 

(treatment effect: F(1,37) = 1.70, p > 0.05). MDPV produced a significant place preference 

(pretreatment effect: F(1,37) = 21.02, p < 0.001) independently of 2-PMPA treatment. 

However, the overall increase in place preference induced by MDPV differed depending on 

whether rats were treated with 2-PMPA or vehicle prior to the post-test (interaction effect: 

F(1,37) = 9.53, p < 0.01). Post-hoc tests showed that MDPV conditioned rats treated with 

vehicle displayed significantly increased place preference relative to saline conditioned 

animals given either vehicle (p < 0.001) or 2-PMPA (p < 0.01). The robust CPP in rats 

conditioned with MDPV was significantly reduced following treatment with 2-PMPA (p < 

0.05). The dose-related effects of 2-PMPA (10 and 30 mg/kg) on the place preference 

produced by 2 mg/kg MDPV are depicted in Figure 3b. Overall, 2-PMPA dose-dependently 

decreased the robust MDPV-induced CPP (2-PMPA dose effect: F(2,26) = 3.61, p < 0.05), 

with a significant effect obtained at 30 mg/kg (p < 0.05), but not 10 mg/kg (p > 0.05).

Experiments 4A and 4B: High dose NAAG attenuates MDPV-induced ambulation

The intrinsic effects of NAAG (10, 100 and 500 μg/10 μl) by itself on ambulatory activity 

and stereotypy are shown in Figure 4a. Results indicated that NAAG, overall, had no 

significant effects on either behavior (NAAG dose effect on ambulatory activity: F(3,27) = 

1.68, p > 0.05; NAAG dose effect on stereotypy: F(3,27) = 1.40, p > 0.05). The effects of 

NAAG (10, 100 and 500 μg/10 μl) on the acute increase in ambulatory activity and 

stereotypy produced by MDPV (2 mg/kg) are presented in Figure 4b. NAAG dose-

dependently reduced the MDPV-induced increase in ambulatory activity (NAAG dose effect: 

F(3,26) = 3.49, p < 0.05), with a significant reduction at 500 μg/10 μl (p < 0.05), but not 10 or 

100 μg/10 μl (both p > 0.05). Interestingly, NAAG did not significantly affect MDPV-

induced stereotypy (NAAG dose effect: F(3,26) = 1.35, p > 0.05).
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Experiment 5: NAAG dose-dependently inhibits the expression of MDPV-induced place 
preference

The effects of NAAG (10, 100 and 500 μg/10 μl) on the place preference produced by 

MDPV (2 mg/kg) are presented in Figure 5. The expression of MDPV-induced CPP was 

dose-dependently attenuated by NAAG (NAAG dose effect: F(3,41) = 4.41, p < 0.01), with a 

significant reduction at 100 and 500 μg/10 μl (both p < 0.05), but not at the low dose of 10 

μg/10 μl (p > 0.05). Treatment with the high dose of NAAG (i.e. 500 μg/10 μl) did not 

significantly affect place preference relative to saline, when rats were conditioned only with 

saline (t(13) = 0.31, p > 0.05; Figure 5 inset).

Experiment 6: The inhibitory effects of NAAG on MDPV-induced CPP are prevented by an 
mGluR2/3 antagonist

The effects of the mGluR2/3 antagonist LY341495 (3 mg/kg) in combination with NAAG 

(500 μg/10 μl) on MDPV (2 mg/kg) place preference are shown in Figure 6. Pretreatment 

with LY341495 by itself had no significant effects on MDPV-induced CPP (pretreatment 

effect: F(1,53) = 1.21, p > 0.05). However, there was a significant overall effect of NAAG on 

MDPV place preference (treatment effect: F(1,53) = 5.17, p < 0.05) that tended to differ 

depending on whether rats were pretreated with vehicle or LY341495 (interaction effect: 

F(1,53) = 3.33, p = 0.074). Post-hoc tests revealed that NAAG significantly reduced MDPV 

place preference in vehicle-pretreated rats (p < 0.01), but this effect was blocked when rats 

were pretreated with LY341495 (p < 0.05). There was no significant difference in CPP 

between rats administered LY341495 + saline and those in the vehicle + saline control group 

(p > 0.05).

Discussion

In the current study, we examined the effect of withdrawal following repeated MDPV 

exposure on GCPII expression in brain reward substrates. We also determined whether a 

GCPII inhibitor 2-PMPA, or NAAG, an endogenous mGluR2/3 agonist, could attenuate the 

potent locomotor-stimulant and rewarding effects of MDPV. Results showed that MDPV 

withdrawal decreased GCPII expression in the PFC, but not in the NAc or striatum, and this 

effect lasted for up to 10 days following withdrawal. NAAG at the highest dose tested 

attenuated the increase in ambulatory activity produced by MDPV, an effect not observed 

with 2-PMPA. However, both 2-PMPA and NAAG dose-dependently reduced the expression 

of MDPV-induced place preference in the CPP paradigm. The selective mGluR2/3 

antagonist LY341495 prevented the inhibitory effect of NAAG on the robust place 

preference produced by MDPV.

Withdrawal following 7 days of MDPV exposure led to a significant reduction in GCPII 

expression in the PFC, but not in the NAc (albeit only 2 h into withdrawal) or the striatum. 

Interestingly, GCPII expression in the PFC was reduced at all withdrawal time points 

examined including 2 h after the last MDPV injection. Therefore, it could be argued that 

withdrawal was not necessarily a causative factor for the reduction in GCPII, but rather this 

was a lasting effect of MDPV itself. A decrease in the membrane-bound protein GCPII that 

is expressed primarily on glial cells, may result in lower extrasynaptic GLU levels through 
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reduced metabolic degradation of NAAG (Tsukamoto et al. 2007). This may partly explain 

the reduction in extracellular GLU concentration in the PFC that occurs during withdrawal 

from psychostimulant exposure (Ben-Shahar et al. 2012; Parsegian and See 2014). However, 

a secondary consequence of this reduction in extracellular GLU may be reduced endogenous 

tone at presynaptic mGluR2/3 receptors located on GLUergic terminals in the PFC, which 

leads to enhanced excitatory output to the NAc and VTA where GLU release is increased 

following acute drug exposure (D’Souza 2015), and during reinstatement of drug-seeking 

behavior (Moussawi and Kalivas 2010). The current results support previous findings that 

repeated exposure to MDPV (Gregg et al. 2016), and other drugs of abuse (Kalivas 2009; 

Liechti et al. 2007), induces neuroadaptations in GLU signaling in corticolimbic regions that 

influence drug-seeking behaviors.

Consistent with past research (Aarde et al. 2013; Baumann et al. 2013; Fantegrossi et al. 

2013; Gatch et al. 2013; Novellas et al. 2015; Gregg et al. 2016), acute injection of MDPV 

increased ambulatory and stereotypic behavior. Neither effect was reduced by pretreatment 

with 2-PMPA, which is similar to previous results in which 2-PMPA did not affect 

locomotor activation produced by an acute cocaine challenge (Shippenberg et al. 2000). In 

contrast, the increased ambulatory activity produced by MDPV was reduced by nasal 

administration of NAAG, but only at the highest dose (i.e. 500 μg/10 μl) that had no intrinsic 

locomotor effects when tested alone. The divergent results obtained with NAAG and 2-

PMPA may be due to the direct stimulation of mGluR2/3 receptors by NAAG, compared 

with indirect stimulation by 2-PMPA through inhibition of GCPII activity that leads to an 

increase in endogenous NAAG levels (Nagel et al. 2006). On the other hand, the greater 

efficacy of NAAG may stem from improved brain penetration achieved with nasal versus 

intraperitoneal drug administration (Lochhead and Thorne 2012). Indeed, Rais and 

colleagues (2015) recently showed that nasal delivery of 2-PMPA resulted in significantly 

higher concentrations of the drug in brain tissue compared to an equivalent dose given by 

intraperitoneal injection. Certainly, it would be of interest to determine whether nasal 

relative to intraperitoneal administration of 2-PMPA has greater efficacy against the 

behavioral effects of MDPV, as well as other psychostimulants.

It is interesting to note that while NAAG did inhibit the increase in ambulatory activity 

produced by MDPV, it did not significantly attenuate MDPV-induced stereotypy. 

Shippenberg and colleagues (2000) observed a similar distinction with 2-PMPA that reduced 

sensitization of cocaine-induced ambulation, but not stereotypy. In addition, both the α-

amino-3-hydroxyl-5-methyl-4-isoxazole-propionate (AMPA) receptor antagonist 2,3-

dihydroxy-6-nitro-7-sulfamoyl-benzo(f)quinoxaline (NBQX) (Li et al. 1997) and 

neurotensin (Jolicoeur et al. 1983) have distinct effects on ambulatory versus stereotypic 

effects of psychostimulants, which has been suggested to indicate these two behaviors are 

governed by discrete neural pathways in the brain (Kelly et al. 1975). Overall, the lack of 

effect of 2-PMPA, and the relatively subtle attenuation of MDPV-induced hyperactivity by 

NAAG, suggest that both drugs do not produce strong DAergic effects, and instead act 

primarily on the GLUergic system.

MDPV produced a significant place preference in the CPP paradigm that supports a number 

of previous findings (Karlsson et al. 2014; King et al. 2015a, b; Gregg et al. 2016). Similar 
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to cocaine-induced place preference (Slusher et al. 2001), treatment with 2-PMPA or NAAG 

dose-dependently reduced the expression of MDPV-induced CPP, suggesting both drugs 

attenuated the strong rewarding properties of MDPV. Importantly, these effects were not 

mediated by an aversive-like response, as treatment with either 2-PMPA or NAAG alone did 

not alter place preference relative to the respective control conditions. Systemic injection of 

LY341495 blocked the inhibitory effect of NAAG on MDPV-induced CPP, thereby 

indicating that NAAG (and possibly 2-PMPA) reduced MDPV reward via an mGluR2/3-

mediated mechanism. The effects of 2-PMPA and NAAG on MDPV place preference may 

have resulted from increased endogenous tone at presynaptic mGluR2/3 receptors that 

inhibited the enhanced synaptic GLU released upon reintroduction to the MDPV-associated 

compartment following conditioning. However, it is possible that both drugs attenuated 

MDPV-induced CPP via activation of mGluR3 receptors expressed by glial cells, which 

modulate extrasynaptic GLU levels through enhanced GLU uptake (Yao et al. 2005). This is 

consistent with our recent study that showed CTX, an activator of the astrocytic protein 

GLT-1 that is responsible for the majority of GLU uptake in the brain, attenuated the 

rewarding effects of MDPV in the CPP paradigm (Gregg et al. 2016).

The current CPP results demonstrate an inhibitory effect of 2-PMPA and NAAG on MDPV 

reward; however, the relevant brain region(s) that were involved in these effects are not well 

understood. One region likely to be involved is the PFC since it was the only area in which 

we observed a significant reduction in GCPII expression following MDPV withdrawal. 

However, the NAc may also be involved as direct infusion of 2-PMPA or NAAG into this 

region inhibited cocaine-primed reinstatement in the intravenous self-administration (IVSA) 

model, which was prevented by intra-NAc injection of LY341495 (Xi et al. 2010b). Liechti 

and colleagues (2007) found local administration of the mGluR2/3 agonist LY379268 in the 

NAc attenuated nicotine self-administration and reinstatement of nicotine-seeking behavior. 

Interestingly, these authors noted a similar reduction in the reinforcing effects of nicotine 

following direct infusion of LY379268 into the VTA (Liechti et al. 2007). The VTA receives 

dense GLUergic inputs from a number of brain regions including the PFC, which modulate 

the burst firing of VTA DAergic neurons that are implicated in acute drug-induced reward 

(reviewed in Geisler and Wise 2008). Given these findings, further investigation is necessary 

to determine if 2-PMPA and NAAG acted directly in the PFC, and/or in projection sites such 

as the VTA and NAc, to attenuate MDPV reward.

Although inhibition of synaptic GLU release by 2-PMPA and NAAG is the most 

comprehensively studied mechanism by which these drugs reduce rewarding effects of 

psychostimulants, an alternative explanation for the current findings may be that 2-PMPA 

and NAAG normalized disruptions in DA signaling caused by MDPV exposure. Indeed, it 

has been shown that presynaptic mGluR2/3 receptors are located on DA as well as GLU 

neurons, which when stimulated inhibit synaptic DA release in corticolimbic brain regions 

(Xi et al. 2010b). A large body of research shows that DA plays a central role in the acute 

rewarding properties of drugs of abuse (reviewed in Volkow and Morales 2015), and 

therefore, it is plausible that the reduction in MDPV-induced place preference by 2-PMPA 

and NAAG in the current study was mediated in part by changes in DA signaling. Future 

experiments would benefit from examining the relative contribution of DA and GLU 
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modulation to the effects of GCPII inhibitors and mGluR2/3 receptor modulators on the 

rewarding and reinforcing properties of MDPV and other psychostimulants.

In summary, we provide the first evidence that a major pathway of GLU metabolism 

(GCPII) in the PFC is dysregulated following withdrawal from repeated MDPV exposure. 

These effects may contribute to downstream disturbances in GLU homeostasis in the NAc 

that underlie drug-seeking behavior. We also show for the first time that a GCPII inhibitor 

(2-PMPA), and the endogenous mGluR2/3 agonist NAAG, attenuate the strong rewarding 

properties of MDPV likely through direct (or indirect) stimulation of mGluR2/3 receptors.
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Fig. 1. 
GCPII protein expression in the PFC during withdrawal from repeated MDPV 

administration. GCPII (95–110 kDa) expression was normalized to a β-tubulin (52 kDa) 

control protein to obtain a relative density. MDPV-treated rats showed reduced GCPII 

expression at 2 h (Withdrawal Day 0 (a); p < 0.05), 2 days (Withdrawal Day 2 (b); p < 0.05), 

5 days (Withdrawal Day 5 (c); p < 0.05), and 10 days (Withdrawal Day 10 (d); p < 0.05) 

withdrawal. Data are presented as a percentage of the saline control values + S.E.M (n = 6–7 

per group). The representative protein bands from the saline and MDPV treatment groups 

are shown in the corresponding boxes. *p < 0.05 relative to saline. SAL, saline
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Fig. 2. 
The effects of 2-PMPA (100 mg/kg) on the acute ambulatory activity (a) and stereotypy (b) 

induced by increasing doses of MDPV (0.5, 1 and 3 mg/kg). Data were measured as counts 

and summed over 90 min. The dose-dependent increase in ambulatory activity and 

stereotypy produced by MDPV was not significantly affected by pretreatment with 2-PMPA 

(both p > 0.05). Data are shown as mean totals + S.E.M (n = 8 per group). VEH, vehicle
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Fig. 3. 
The dose-related effects of 2-PMPA (10 and 30 mg/kg) on the place preference induced by 

MDPV (2 mg/kg). In Figure 3a, the data (n = 10–11 per group) are presented as a difference 

score (difference in time spent in the less-preferred compartment between post-test and pre-

test). Results showed that the increase in place preference produced by MDPV was 

significantly reduced by 2-PMPA (p < 0.05). In Figure 3b, the data (n = 8 per group) are 

expressed as a percentage of the MDPV (2 mg/kg) values. 2-PMPA dose-dependently 

reduced MDPV-induced place preference with a significant effect obtained at 30 mg/kg (p < 

0.05), but not 10 mg/kg (p > 0.05). Data are shown as mean + S.E.M. ***p < 0.001, **p < 

0.01, *p < 0.05 relative to MDPV + vehicle. SAL, saline; VEH, vehicle
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Fig. 4. 
The effects of NAAG (10, 100 and 500 μg/10 μl) by itself (a), and in combination with 

MDPV (2 mg/kg) (b), on ambulatory activity and stereotypy. Data were measured as counts 

and summed over 90 min. NAAG by itself had no intrinsic effects on either behavior (Fig. 

4a; both p > 0.05). However, NAAG did significantly attenuate the MDPV-induced increase 

in ambulatory activity, but only at the highest dose tested (i.e. 500 μg/10 μl) (Fig. 4b; p < 

0.05). Data are presented as mean totals + S.E.M (n = 7–8 per group). *p < 0.05 compared to 

MDPV alone
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Fig. 5. 
The dose-related effects of NAAG (10, 100 and 500 μg/10 μl) on the place preference 

produced by MDPV (2 mg/kg). Data (n = 10–15 per group) are presented as a difference 

score (difference in time spent in the less-preferred compartment between post-test and pre-

test). NAAG dose-dependently reduced MDPV-induced CPP, with a significant effect 

observed at 100 and 500 μg/10 μl (both p < 0.05), but not at 10 μg/10 μl (p > 0.05). There 

was no significant effect of the high dose of NAAG (i.e. 500 μg/10 μl) on place preference 

relative to saline, when only saline was used during conditioning (n = 7–8 per group) (Figure 

5 inset; p > 0.05). Data are shown as mean + S.E.M. *p < 0.05 relative to MDPV alone. 

SAL, saline
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Fig. 6. 
The effects of the mGluR2/3 antagonist LY341495 (3 mg/kg) in combination with NAAG 

(500 μg/10 μl) on MDPV (2 mg/kg) place preference. Data (n = 13–15 per group) are shown 

as a difference score (difference in time spent in the less-preferred compartment between 

post-test and pre-test). The significant inhibitory action of NAAG on MDPV-induced CPP (p 
< 0.01) was blocked by pretreatment with LY341495 (p < 0.05). Data are presented as mean 

+ S.E.M. **p < 0.01, *p < 0.05. SAL, saline; VEH, vehicle; LY, LY341495
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