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Abstract

Synthetic cathinones produce dysregulation of monoamine systems, but their effects on the 

glutamate system and the influence of glutamate on behavioral effects related to cathinone abuse 

are unknown. A principal regulator of glutamate homeostasis is glutamate transporter subtype 1 

(GLT-1), an astrocytic protein that clears glutamate from the extracellular space and influences 

behavioral effects of established psychostimulants. We hypothesized that repeated administration 

of the synthetic cathinone, MDPV (3,4-methylenedioxypyrovalerone), would affect GLT-1 

expression in the corticolimbic circuit, and that a GLT-1 activator (ceftriaxone, CTX) would 

reduce rewarding and locomotor-stimulant effects of MDPV in rats. GLT-1 protein expression in 

the nucleus accumbens (NAcc), but not prefrontal cortex (PFC), was decreased following 

withdrawal (2, 5 and 10 days) from repeated MDPV treatment, but not immediately after the last 

MDPV injection. CTX (200 mg/kg) pretreatment did not affect acute locomotor activation 

produced by MDPV (0.5, 1, 3 mg/kg). However, CTX (200 mg/kg) administered during a 7-day 

MDPV treatment paradigm attenuated the development of MDPV-induced sensitization of 

repetitive movements in rats challenged with MDPV following 11 days of drug abstinence. 

Pretreatment with CTX (200 mg/kg) during a 4-day MDPV (2 mg/kg) conditioned place 

preference (CPP) paradigm reduced the development of place preference produced by MDPV. The 

present data demonstrate dysregulation of corticolimbic glutamate transport systems during 

withdrawal from chronic MDPV exposure, and show that a GLT-1 transporter activator disrupts 

behavioral effects of MDPV that are related to synthetic cathinone abuse.
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1. Introduction

Synthetic cathinones, commonly referred to as “bath salts”, are a popular class of new 

psychoactive substances emerging on the illicit drug scene. According to the United Nations 

Global Synthetic Drugs Assessment from 2013, a total of 348 new psychoactive substances 

have been identified from worldwide clinical presentations and drug seizures, 97 of which 

were new to the year 2013, and 25% of the total number of new psychoactive substances 

were identified as synthetic cathinones (United Nations, 2014). Synthetic cathinone abuse 

has increased in the past decade, both in the number of synthetic cathinone exposures, and 

the number of unique compounds identified in illicit drug preparations as synthetic 

cathinones (DEA Public Affairs, 2011; Elliott and Evans, 2014). In response to this increase, 

at least 10 synthetic cathinones and 19 positional isomers of synthetic cathinones have been 

designated Schedule I in the United States (DEA Office of Diversion Control, 2015).

3,4-methylenedioxypyrovalerone (MDPV) is one of the more prevalent Schedule I synthetic 

cathinones. MDPV was the most commonly abused “bath salt” compound in 2011, and 

while abuse of MDPV decreased following its scheduling in 2013, it is still abused and 

available on illicit drug markets (NMS Labs, 2015; Seely et al., 2013). Additionally, MDPV 

has served as a pharmacological template for designing second-generation, pyrrolidine ring-

substituted synthetic cathinones like α-pyrrolidinopentiophenone (α-PVP). Considering the 

persistence of MDPV abuse, and its role as a progenitor for replacement cathinones, 

defining the neuropharmacological profile of MDPV neuropharmacology and characterizing 

its abuse liability are necessary steps in better understanding the public health concern of 

synthetic cathinones.

The mechanism of action and abuse liability of MDPV have been investigated almost 

entirely in the context of monoamine neurotransmitters. MDPV is a highly selective and 

potent reuptake inhibitor at monoamine transporters, with greater activity at the dopamine 

(DAT) and norepinephrine (NET) transporters, compared to weaker activity at serotonin 

transporters (Baumann et al., 2013). In vitro experiments have shown that MDPV is a more 

potent reuptake inhibitor at DAT and NET compared to cocaine, while in vivo studies have 

found that MDPV has a 10-fold greater potency at increasing extracellular dopamine 

compared to cocaine and the synthetic cathinone methylone (Schindler et al., in press). 

Moreover, MDPV robustly increases locomotion, distance traveled and stereotypic 

movements in rats and mice, and has a longer duration of ambulation compared to cocaine 

and methamphetamine (Aarde et al., 2013; Baumann et al., 2013; Fantegrossi et al., 2013; 

Gatch et al., 2013; Marusich et al., 2014). In drug reward assays, MDPV is more efficacious 

at producing conditioned place preference (CPP) than amphetamine and mephedrone in 

mice, and produces dose-dependent CPP effects in both male and female rats (Karlsson et 

al., 2014; King et al., 2015a; King et al., 2015b). Intracranial self-stimulation (ICSS) 
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experiments have also characterized MDPV reward, with acute MDPV producing a greater 

reduction in ICSS thresholds than mephedrone and methylone (Bonano et al., 2014; 

Watterson et al., 2014). MDPV is highly reinforcing in self-administration paradigms, where 

MDPV displays greater potency as a reinforcer than cocaine or methamphetamine in fixed-

ratio acquisition schedules (Aarde et al., 2013; Watterson et al., 2014; Schindler et al., in 

press). Taken together, these data describe MDPV as a highly potent, abuse-liable 

psychomotor stimulant.

No studies to date have reported effects of a synthetic cathinone on the glutamate system. 

Dysregulation of corticolimbic glutamate signaling, including decreased basal extracellular 

glutamate in the nucleus accumbens (NAcc) during cocaine abstinence (Baker et al., 2003; 

McFarland et al., 2003), contributes to psychostimulant reinforcement and relapse (Kalivas 

and Volkow, 2005; Kalivas et al., 2009; Knackstedt and Kalivas, 2009). One glutamatergic 

target of interest in the context of psychostimulant abuse is glutamate transporter subtype-1 

(GLT-1), an astrocytic protein responsible for approximately 90% of glutamate reuptake in 

the mammalian forebrain (O’Shea, 2002). GLT-1 expression and functionality is decreased 

in the NAcc following cocaine self-administration, both in short- and long-access paradigms, 

and in short- and long-term withdrawal (Knackstedt et al., 2010; Fischer-Smith et al., 2012). 

The β-lactam antibiotic ceftriaxone (CTX), when administered repeatedly, increases both 

GLT-1 protein expression and glutamate reuptake, and decreases extracellular glutamate in 

the NAcc of rats (Rothstein et al., 2005; Lee et al., 2008; Miller et al., 2008; Rasmussen et 

al., 2011). CTX pretreatment blocks development of behavioral sensitization to cocaine and 

amphetamine (Rasmussen et al., 2011; Sondheimer and Knackstedt, 2011; Tallarida et al., 

2013). Repeated CTX is also efficacious in self-administration models, where it reduces 

acquisition of cocaine self-administration in mice, and attenuates cue- and cocaine-induced 

relapse of drug seeking in rats (Ward et al., 2011; Sari et al., 2009; Knackstedt et al., 2010; 

Sondheimer and Knackstedt, 2011). These findings suggest that GLT-1 transporters 

contribute to the rewarding, reinforcing, stimulant and drug-seeking effects of cocaine, and 

provide the basis for our proposed studies with MDPV.

2. Materials and Methods

2.1. Animals and drugs

Male Sprague-Dawley rats weighing between 270–300 g (N = 212; Harlan Laboratories, 

Indianapolis, IN, USA) were housed two per cage and maintained on a 12-h light/dark cycle. 

Food and water were provided ad libitum, except during locomotor testing and during CPP 

conditioning and testing. Animal use procedures were conducted in accordance with the 

NIH Guide for the Care and Use of Laboratory Animals and Temple University Guidelines 

for the Care of Animals. (±)-MDPV was synthesized in accordance with previously 

published methods (Abiedalla et al., 2012; Kolanos et al., 2015) by Dr. Allen Reitz. Briefly, 

1-Benzo[1,3]dioxol-5-yl-pentan-1-one was prepared via Friedel Crafts acylation of 

benzo[1,3]dioxole with pentanoyl chloride and tin (IV) chloride. Subsequent bromination of 

1-benzo[1,3]dioxol-5-yl-pentan-1-one followed by displacement with pyrrolidine and salt 

formation provided MDPV HCl. MDPV and ceftriaxone sodium (APP Pharmaceuticals, 
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Schaumburg, IL) were dissolved in physiological saline (0.9%) and injected 

intraperitoneally (ip).

2.2. GLT-1 protein expression assays

To determine the effect of repeated, intermittent administration of MDPV on GLT-1 protein 

expression, experimentally-naïve rats (N = 6–7 per group) were injected with saline or 

MDPV (Days 1 and 7: 0.5 mg/kg MDPV and Days 2–6: 1 mg/kg MDPV) for 7 days. This 

paradigm was adapted from a behavioral sensitization paradigm we employed with cocaine 

and the synthetic cathinone mephedrone (Gregg et al., 2014; Gregg et al., 2013a, Gregg et 

al., 2013b; Kalivas and Duffy, 1998). Rats that were housed together did not receive the 

same treatment, but instead, always comprised one rat receiving MDPV and another 

receiving saline, which were paired for their dissection time. Rats were euthanized by CO2 

asphyxiation and decapitation 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 saline/MDPV 

injection. The brains were extracted and rapidly dissected on ice to isolate the NAcc and 

prefrontal cortex (PFC) based on coordinates in a brain atlas (Paxinos and Watson, 2007). 

The tissue extractions were then processed for Western blotting.

Tissues were prepared by sonicating tissue in a 1% (w/v) sodium dodecyl sulfate solution 

containing 1mM sodium fluoride and 1mM sodium vanadate, boiled for 5 minutes after 

proper homogenization, and stored at −80°C. 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 hour at room temperature in Odyssey Blocking Buffer (Li-Cor Biosciences, 

Lincoln, NE), followed by overnight incubation with the GLT-1 primary antibody at 4°C 

(1:100,000, polyclonal guinea pig, Millipore, Billerica, MA). The following day, membranes 

were washed with Tween-Tris Buffered Saline (TTBS) 3 times for 8 minutes, followed by a 

90-min incubation with β-tubulin loading control primary antibody at room temperature 

(1:800,000, monoclonal mouse, Cell Signaling, Danvers, MA). Membranes were then 

washed again 3 times for 8 minutes with TTBS, and incubated for 1 hour at room 

temperature with IRDye 800-conugated donkey anti-guinea pig and IRDye 680-conjugated 

goat anti-mouse secondary antibodies (1:10,000 each, Li-Cor Biosciences). After secondary 

antibody incubation, membranes were washed 3 times with TTBS and proteins were 

detected and quantified using the Odyssey infrared imaging system (Li-Cor Biosciences). 

Relative density of each sample (GLT-1/β-tubulin optical densities) were determined and 

averaged for each group.

2.3. Acute and repeated dosing paradigms for locomotor experiments

Rats were placed individually into activity chambers and allowed to acclimate for 60 min. 

Basal locomotor activity was recorded for at least 30 min prior to the first injection in both 

acute and repeated dosing paradigms, followed by recording of locomotor activity for 90 

min after saline or MDPV injection. Activity was recorded using a Digiscan DMicro System 

(Accuscan, Inc., Columbus, OH) (Gregg et al., 2013a; Gregg et al., 2013b; Gregg et al., 

2014). Activity chambers consisted of transparent plastic boxes (45 cm (L) × 20 cm (W) × 
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20 cm (H)) set inside metal frames equipped with 16 infrared light emitters and detectors 

spaced 2.5 cm apart. The number of photocell beam breaks was recorded by a computer 

interface and expressed as counts. Locomotor activity was divided into two specific types of 

activity. Ambulatory activity was recorded as consecutive beam breaks resulting from 

horizontal movement. Non-ambulatory activity resulting in repetitive beam breaks was 

recorded as repetitive movements, a measure indicative of a stationary animal engaged in a 

repetitive, stereotypic behavior.

Separate groups of rats were used for the acute and repeated dosing experiments. For acute 

locomotor activity experiments, rats (N = 8 per group) were treated with saline or CTX (200 

mg/kg) for 4 days prior to test day. On test day, rats were injected with saline or CTX (200 

mg/kg) 30 min before receiving saline or MDPV (0.5, 1, or 3 mg/kg). After saline or MDPV 

injection, ambulatory activity and repetitive movements were recorded for 90 min.

Repeated, intermittent administration paradigms were divided into 4 phases: pretreatment 

with CTX, repeated MDPV treatment, abstinence, and MDPV challenge. Injections were 

performed in home cages except on challenge day (injections in activity chambers). For 

pretreatment, rats were injected with saline or CTX (200 mg/kg) daily for 4 days. The 

following day, rats were injected with saline or CTX (200 mg/kg) 30 min prior to saline or 

MDPV (using variable-dose administration paradigm) (see section 2.2) for 7 days. All rats 

then underwent an 11-day abstinence period during which they received no injections. On 

the final day of the abstinence period, rats were placed into activity chambers for 60 min to 

acclimate and then challenged with either saline or MDPV (0.5 mg/kg), and ambulatory 

activity and repetitive movements were recorded for 90 min. The 4 treatment groups (N = 8 

per group) for the repeated dosing experiment were as follows: 1) Saline/Saline + Saline 

(“Saline”), 2) Saline/Saline + MDPV (“Acute MDPV”), 3) Saline/MDPV + MDPV 

(“Repeated MDPV”) and 4) CTX/MDPV + MDPV (“Repeated MDPV + CTX”).

2.4. Conditioned place preference (CPP) experiments

CPP experiments (N = 8–12 per group) were conducted in experimentally naïve rats using a 

4-day biased design (Gregg et al., 2014). CPP chambers consisted of two compartments 

(each 45 cm (L) × 20 cm (W) × 20 cm (H)) separated by a removable door. Each 

compartment was environmentally distinguishable, with one compartment consisting of 

black walls and textured floor, and the other having white walls with vertical black stripes 

and a smooth floor. Prior to starting conditioning, rats were injected with either saline or 

CTX (50 or 200 mg/kg) daily for 4 days. Sixty min after the last saline or CTX injection, the 

initial CPP compartment preference of each rat was determined in a 30-min pre-test, during 

which rats were allowed access to both compartments in a drug-free state. The time spent in 

each compartment was recorded and manually scored at a later time by a technician blinded 

to individual animal treatments. A rat was considered to have entered a compartment when 

all forelimbs crossed the compartment threshold. The compartment identified as the ‘least-

preferred compartment’ during the pre-test was designated as the drug-paired compartment 

for the subsequent conditioning phase.

The day after the pre-test, rats began the 4-day conditioning paradigm in which rats were 

subjected to two conditioning sessions per day. The first session involved an injection of 
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saline/CTX 30 min prior to an injection of saline (for Saline + Saline and CTX + Saline 

groups) or MDPV (for Saline + MDPV and CTX + MDPV groups), administered 

immediately before a 30-min confinement in the drug-paired compartment. The second 

session involved an injection of saline prior to confinement for 30 min in the preferred 

compartment. Conditioning sessions were conducted 4 h apart and rats in the saline control 

group received saline in both compartments. Rats underwent a post-conditioning test one 

day after the last conditioning session, where place preference was evaluated by allowing 

free exploration of both compartments in a drug-free state for 30 min, during which time in 

each compartment was recorded and manually scored after the test by an experimenter 

blinded to treatment conditions. Data are presented as a difference score, calculated by 

taking the total time spent in the drug-paired compartment during the post-conditioning test 

minus the time spent in the drug-paired (least-preferred) compartment during the pre-

conditioning test.

A 30-min confinement time was chosen to ensure that a sufficient concentration of MDPV 

was available in vivo based on the rapid onset of MDPV levels in the brain following 

systemic administration and an elimination half-life of 61 min ex vivo (Novellas et al., 

2015). A dose of 2 mg/kg MDPV was selected based on both pilot experiments in our lab, 

and previously published results with a similar CPP paradigm (King et al., 2015b). In a 

follow-up experiment (N = 7 per group), we also tested a higher dose of MDPV (5 mg/kg) in 

combination with CTX (200 mg/kg). To minimize animal usage, this experiment tested the 

Saline + MDPV (5 mg/kg) and CTX (200 mg/kg) + MDPV (5 mg/kg) groups, and did not 

include the Saline + Saline and CTX + Saline groups that had been tested in the first CPP 

experiment.

2.4. Statistical analyses

Statistical significance for all assays was set at p<0.05. The relative sample densities of 

saline and MDPV-treated animals in the GLT-1 expression assays were expressed as a 

percentage of the saline control values, and then compared using a Student’s t-test. 

Behavioral data from the acute locomotor experiment were analyzed using a two-way 

ANOVA with the between-subject factors of CTX pretreatment and MDPV dose, followed 

by Bonferroni post-hoc tests to compare treatment groups on total activity. For the repeated 

dosing locomotor study, data were analyzed using a mixed model two-way ANOVA with the 

between-subject factor of treatment, and the within-subject repeated measures factor of time. 

Bonferroni post-hoc tests were then used to compare treatment groups on locomotor activity 

at each time point. Data from the first CPP experiment were analyzed using a two-way 

ANOVA with the between-subject factors of CTX pretreatment and MDPV treatment, 

followed by Bonferroni post-hoc tests to compare treatment groups on the difference score. 

For the CTX dose-response, data were expressed as a percentage of the MDPV (2 mg/kg) 

CPP values, and analyzed with a one-way ANOVA with the between-subject factor of CTX 

dose. The groups were then compared using Dunnett’s Multiple Comparison Tests.
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3. Results

3.1. Withdrawal from repeated MDPV decreases GLT-1 expression in the NAcc, but not PFC

Fig. 1 shows GLT-1 protein expression following withdrawal from repeated MDPV or saline 

treatment for the NAcc (see Fig. 1A–D) and PFC (Fig. 2A–D). MDPV-treated rats, relative 

to saline-treated controls, showed decreased GLT-1 expression in the NAcc at Withdrawal 

Day 2 (p<0.05), Withdrawal Day 5 (p<0.05) and Withdrawal Day 10 (p<0.01), but not 

Withdrawal Day 0 (p>0.05). In the PFC, GLT-1 expression was not significantly different 

between MDPV and saline treatments at any time point (Withdrawal Day 0, p>0.05).

3.2. CTX does not affect locomotor activation produced by acute MDPV exposure

Effects of CTX pretreatment on ambulatory activity and repetitive movements produced by 

acute MDPV exposure are presented in Fig. 3A and 3B. CTX pretreatment prior to a single 

injection of MDPV (0–3 mg/kg) was recorded as counts and summated over 90 min. Two-

way ANOVA and Bonferonni post-hoc tests on acute MDPV total ambulatory activity (Fig. 

3A) revealed a significant effect of MDPV dose [F(3,56)=17.68, p<0.001], but no effect of 

CTX pretreatment [F(1, 56)=0.08, p>0.05] and no differences between pretreatment groups 

with post-hoc tests. A similar result was found with total repetitive movements (Fig. 3B), 

with a significant effect of MDPV dose [F(3,56)= 43.83, p<0.001] but no CTX pretreatment 

[F(1,56)= 0.07, p>0.05] or differences between pretreatment groups.

3.3. CTX attenuates behavioral sensitization produced by repeated MDPV exposure

Time courses of ambulatory activity and repetitive movements produced by a challenge 

injection of MDPV given following 11 days of abstinence from repeated MDPV dosing is 

shown in Fig. 4A–B. Two-way ANOVA on ambulatory activity (Fig. 4A) revealed a 

significant effect of treatment [F(3,588)= 29.00, p<0.001] and time [F(20,588)= 7.99, 

p<0.001]. Post-hoc tests did not reveal any differences between Repeated MDPV and 

Repeated MDPV+CTX groups (p>0.05). Two-way ANOVA on repetitive movements (Fig. 

4B) found a significant effect of treatment [F(3,588)= 103.83, p<0.0001] and time 

[F(20,588)= 3.80, p<0.0001]. Post-hoc tests revealed that MDPV produced significant 

sensitization of repetitive movements, with differences between acute MDPV and repeated 

MDPV detected at 15min (p<0.05), 20 min (p<0.01), 25 min (p<0.01), 30 min (p<0.05), 35 

min (p<0.01), 40 min (p<0.05), 60 min (p<0.05), 65 min (p<0.05), 75 min (p<0.05), 80 min 

(p<0.05), 85 min (p<0.05), and 90 min (p<0.01). CTX pretreatment decreased sensitization 

of repetitive movements produced by repeated MDPV as measured by Bonferonni post-hoc 
tests (Repeated MDPV vs Repeated MDPV+CTX), at 15 min (p<0.01), 20 min (p<0.001), 

30–35 min (p<0.01), 40–45 min (p<0.05), 60–65 min (p<0.05), 85 min (p<0.05), and 90 min 

(p<0.001).

3.4. CTX attenuates MDPV conditioned place preference

Fig. 5A presents the effect of CTX pretreatment (200 mg/kg) on the CPP produced by 

MDPV (2 mg/kg). A significant main effect was observed with MDPV treatment 

[F(1,36)=39.37, p<0.0001] and a non-significant MDPV treatment by CTX pretreatment 

interaction trend was observed [F(1,36)=4.00, p>0.05], while no overall effect was observed 
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with CTX pretreatment [F(1,36)=2.23, p>0.05]. Post-hoc tests revealed that MDPV 

produced a significant place preference relative to both saline and CTX alone controls 

(p<0.0001), and that CTX pretreatment significantly decreased the place preference 

produced by MDPV (p<0.05). CTX pretreatment (200 mg/kg) did not significantly affect the 

CPP produced by a higher dose of MDPV (5 mg/kg) (p>0.05; Fig. 5A inset).

The dose-related effects of CTX (50 and 200 mg/kg) on the place preference produced by 2 

mg/kg MDPV are shown in Fig. 5B. There was a significant main effect of CTX dose 

[F(2,29)= 3.38, p<0.05]. Post-hoc tests showed that CTX significantly reduced the MDPV-

induced place preference at 200 mg/kg (p<0.05), but not at 50 mg/kg (p>0.05).

4. Discussion

Our studies are the first to investigate a role for the glutamate system in the neurochemical 

and behavioral effects of a synthetic cathinone. We showed that GLT-1 expression is 

decreased in the NAcc during withdrawal from repeated MDPV exposure. The GLT-1 

activator CTX disrupted behavioral effects of MDPV that are related to psychostimulant 

abuse. CTX pretreatment attenuated rewarding effects of MDPV in the CPP assay and 

inhibited MDPV-induced sensitization of repetitive movements in a locomotor assay, but had 

no effects against acute locomotor activity produced by MDPV. Our data suggest similarities 

and differences in the profiles of MDPV and established psychostimulants as related to 

GLT-1 transporters.

Similar to cocaine, MDPV decreased GLT-1 expression in the NAcc following chronic 

exposure (Knackstedt et al., 2010, Sondheimer and Knackstedt, 2011, Fischer-Smith et al., 

2013). Here, we detected decreases in GLT-1 expression in the NAcc, but not in the PFC, 

following a 7-day, non-contingent MDPV administration paradigm in rats. In mice, 

decreased GLT-1 expression is also detected 30 days following withdrawal from 14 days of 

chronic cocaine injections, and CTX administered during the forced cocaine-abstinence 

interval normalizes this GLT-1 dysregulation (Kovalevich et al., 2012). While no current 

studies have evaluated GLT-1 expression in rats after systemic, non-contingent dosing, 

several operant cocaine self-administration studies have identified both dosing- and 

withdrawal interval-specific effects on GLT-1 expression. Following self-administration of 

cocaine, GLT-1 expression is decreased in the NAcc, with greater decreases detected 

following long-access (6 h) compared to short-access (2 h) self-administration, as well as 

decreased expression at longer withdrawal intervals (i.e., 40–45 days) versus short-term 

withdrawal times (1-day) (Fischer-Smith et al., 2012). Decreases in both expression and 

functionality (i.e., reduced glutamate uptake) of GLT-1 were also detected in the NAcc 3 

weeks following discontinuation of cocaine self-administration (Knackstedt et al., 2010). 

Compared to our injection paradigm with MDPV that investigated withdrawal effects at a 

maximum of 11 days, the studies with cocaine involved rats that received higher 

concentrations of drug and more prolonged withdrawal intervals. Future studies will evaluate 

GLT-1 expression following an MDPV self-administration paradigm, and will extend the 

withdrawal time course to determine if MDPV-induced reductions in GLT-1 expression 

extend further into withdrawal.
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The increased locomotor activity observed following MDPV administration was due to 

robust increases in repetitive movements rather than increased ambulatory activity in both 

the acute and repeated paradigms. This finding parallels our published findings with 

mephedrone (Gregg et al., 2014), which acts as a monoamine transporter substrate compared 

to MDPV that functions as a transporter blocker (Baumann et al., 2013). In the present 

experiments, pretreatment with CTX prior to varying acute doses of MDPV did not affect 

MDPV-induced increases in total repetitive movements or ambulatory activity. In contrast, 

pretreatment with CTX attenuates both acute cocaine- and amphetamine-induced increases 

in ambulatory activity and stereotypy in rats, and decreases cocaine-induced total locomotor 

activity in mice (Rassmussen et al., 2011, Sondheimer and Knackstedt, 2011, Tallarida et al., 

2013, Barr et al., 2015). This difference in CTX efficacy against the acute locomotor effects 

of MDPV and cocaine may be related to the total number of CTX treatments, as the 

Tallarida et al. and Barr et al. studies pretreated rats for 10 days with CTX versus 5 days in 

our studies. Although 5 days of CTX can normalize glutamate homeostasis in rats with a 

prior history of cocaine self-administration, and decrease total distance traveled following 

acute cocaine exposure (Sondheimer et al., 2011, Trantham-Davidson et al., 2012), efficacies 

observed with CTX in our sensitization and place preference experiments occurred after 11 

or 8 treatments with CTX. This may indicate that CTX efficacy against MDPV-evoked 

behaviors requires a greater frequency of CTX treatments.

For our behavioral sensitization paradigm, treatment with CTX attenuated MDPV-induced 

sensitization of repetitive movements. Sensitization was limited to repetitive movements, 

again paralleling observations we observed previously with mephedrone (Gregg et al., 

2013a). The challenge dose of MDPV (0.5 mg/kg) was a sub-threshold dose, displaying no 

differences in repetitive movements or ambulatory activity when administered acutely 

compared to saline. CTX pretreatment paradigms similar to the one used in our current study 

attenuate cocaine sensitization of total distance traveled at Withdrawal Day 0 in rats (i.e., 

increases in total distance traveled at Day 1 and Day 7 of injection) and locomotor activity at 

Withdrawal Day 30 in mice (Sondheimer et al., 2011, Tallarida et al., 2013). CTX treatment 

prior to cocaine also attenuates the effects of repeated cocaine exposure on synaptic 

glutamate release and glutamate clearance kinetics produced by a cocaine challenge after 10 

days of withdrawal (Parikh et al., 2014). It has been hypothesized that CTX, by increasing 

the capacity for cellular glutamate uptake via increased GLT-1 expression, attenuates 

behavioral sensitization to cocaine by normalizing elevations in extracellular glutamate 

produced by a cocaine challenge (for a review on neuroadaptations observed with cocaine 

behavioral sensitization, see Vanderschuren and Kalivas, 2000). While the relatively similar 

efficacies of CTX against behavioral sensitization produced by cocaine and MDPV suggest 

related normalizations of withdrawal-induced glutamate dysregulation, further studies are 

necessary to elucidate the nature of glutamate dysregulation during abstinence, such as 

possible changes in extracellular glutamate and cystine-glutamate exchange.

CTX treatment attenuated the development of place preference produced by MDPV. The 

place conditioning effects of MDPV that we observed were consistent with previous data 

showing that MDPV produces rewarding effects in a CPP assay (King et al., 2015b) and 

reinforcing effects in self-administration assays (Aarde et al., 2013, Watterson et al., 2014, 

Aarde et al., 2015, King et al., 2015a, Schindler et al., in press). Information about the 
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effects of CTX on place preference produced by psychostimulants is limited, but it has been 

shown that CTX blocks reinstatement of methamphetamine seeking in a CPP paradigm 

(Abulseoud et al., 2012). In our experiments, CTX produced a dose-related reduction of 

MDPV-induced CPP, with the higher CTX dose (200 mg/kg) producing a 52% inhibition 

and the lower dose (50 mg/kg) producing a 35% inhibition. This dose-related feature of 

CTX is likely due to its limited brain penetrability, a pharmacokinetic factor that requires the 

use of a dosing paradigm in which CTX is administered repeatedly at a dose of at least 200 

mg/kg to achieve CNS efficacy (Rothstein et al., 2005; Rasmussen et al., 2011). Doses of 

CTX greater than 200 mg/kg were not investigated because of concerns about adverse 

effects, especially diarrhea that can occur with β-lactam antibiotics, and increasing the dose 

of CTX beyond 200 mg/kg does not result in further inhibition of morphine physical 

dependence in rats (Rawls et al., 2010). In an additional experiment, we also found that 5 

mg/kg MDPV produced a place preference, although the magnitude of the CPP was less 

than that observed with 2 mg/kg MDPV and not affected by CTX pretreatment (200 mg/kg). 

This suggests that the 5 mg/kg dose of MDPV is on the downward slope of the dose-

response curve, and perhaps engages additional neurotransmitter systems that are not 

affected by CTX pretreatment.

The most parsimonious explanation for our data, and the one most consistent with the 

literature, is that CTX reduced MDPV-induced CPP through pharmacological activation of 

GLT-1. However, it is important to note that we did not test whether the MDPV dosing 

regimen employed in the CPP test actually alters GLT-1 expression, and this should be 

examined in future research. An alternative possibility is that the efficacy of CTX in our 

CPP assay was related to interactions with neurotransmitter systems other than glutamate. 

Recent findings indicate that CTX induces alterations in dopaminergic signaling (Barr et al., 

2015). Specifically, CTX pretreatment decreases cocaine-evoked extracellular dopamine 

levels through a non-GLT-1 transporter-mediated mechanism and decreases tyrosine 

hydroxylase and phosphorylated α-synuclein expression in the NAcc (Barr et al., 2015). 

Therefore, since MDPV produces robust elevations in extracellular dopamine levels in the 

NAcc (Baumann et al., 2013, Schindler et al., in press), the observed reduction in MDPV-

induced CPP by CTX may have been related to its ability to blunt the rise in extracellular 

dopamine produced by MDPV. Signaling contributions from both glutamate and dopamine 

are likely to contribute to the overall development of CPP, as both glutamatergic and 

dopaminergic signaling are involved in the development of cocaine place preference (Cervo 

et al., 1995). Additional investigations separating the contributions of dopamine and 

glutamate in the rewarding effects of MDPV are necessary to fully understand the 

underlying mechanism.

In conclusion, our studies are the first to demonstrate a role for the glutamate system in the 

context of synthetic cathinone neurochemistry and behavior. Our studies demonstrate an 

interaction between MDPV and GLT-1, and suggest a role for GLT-1 transporters in the 

rewarding and locomotor-stimulant effects of MDPV. We have also identified both 

similarities and differences in the effects of CTX on cocaine versus MDPV, suggesting 

differences in the mechanism of action of synthetic cathinones versus established 

psychostimulants.
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Highlights

• No studies have evaluated a role for glutamate in synthetic cathinone 

pharmacology.

• MDPV withdrawal reduces GLT-1 expression in the nucleus accumbens.

• GLT-1 activator ceftriaxone attenuates MDPV-induced behavioral 

sensitization.

• GLT-1 activator ceftriaxone attenuates MDPV-induced CPP.
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Fig. 1. GLT-1 protein expression in the NAcc is decreased following withdrawal from repeated 
MDPV exposure
Rats were treated with saline or MDPV for 7 days. Expression of GLT-1 was measured in 

the NAcc at 2 h, 2 days, 5 days and 10 days after the last MDPV injection. GLT-1 (50 kDa) 

expression was normalized compared to a β-tubulin (52 kDa) control protein to obtain a 

relative density. Data are shown as a percentage of saline control values + S.E.M. MDPV-

treated rats showed decreased GLT-1 expression at 2 days (p<0.05), 5 days (p<0.05) and 10 

days (p<0.01) of withdrawal, while no significant changes in GLT-1 expression were 

observed 2 h (p>0.05) after the last MDPV injection. Boxes: Representative protein bands 

from treatment groups at different withdrawal time points.
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Fig. 2. GLT-1 protein expression in the PFC was not affected following withdrawal from repeated 
MDPV exposure
Expression of GLT-1 was measured in the PFC at 2 h, 2 days, 5 days and 10 days after the 

last MDPV injection. GLT-1 (50 kDa) expression was normalized compared to a β-tubulin 

(52 kDa) control protein to obtain a relative density. Data are shown as a percentage of 

saline control values + S.E.M. No significant changes in GLT-1 expression were observed at 

any withdrawal time point. Boxes: Representative protein bands from treatment groups at 

different withdrawal time points.
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Fig. 3. CTX did not affect locomotor activation produced by acute MDPV exposure
Rats were treated with saline or CTX (200 mg/kg) for 4 days. The following day, rats were 

injected with either saline or CTX (200 mg/kg) 30 min prior to MDPV (0.5, 1, 3 mg/kg). 

Ambulatory activity (A) and repetitive movements (B) were recorded for 90 min, and data 

are presented as mean total counts + S.E.M. Total counts were analyzed with two-way 

ANOVA and Bonferroni post-hoc tests, and no differences were observed between the 

treatment groups.

Gregg et al. Page 17

Neuropharmacology. Author manuscript; available in PMC 2017 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 4. CTX attenuates the development of repeated MDPV-induced sensitization of repetitive 
movements
Rats were pretreated for 4 days with either saline or CTX (200 mg/kg), prior to 7 days of 

saline or a variable-dose MDPV administration. After 11 days of drug abstinence, rats were 

challenged with saline or MDPV (0.5 mg/kg) and activity counts were recorded for 90 min. 

Time-course data are expressed as ambulatory activity (A) and repetitive movements (B) 

(mean + S.E.M.) in 5 min intervals. * p<0.05, **p<0.01 compared to Acute MDPV 

and +p<0.05, ++p<0.01, +++p<0.001 compared to Repeated MDPV+CTX.
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Fig. 5. CTX attenuates development of MDPV conditioned place preference (CPP)
Rats were pretreated with saline or CTX (50 or 200 mg/kg) for 4 days prior to conditioning. 

During conditioning, rats were pretreated with saline or CTX 30 min prior to conditioning 

with saline or MDPV (2 or 5 mg/kg) for 4 days. Data are presented as a difference score 

(difference in time spent in drug-paired compartments between post-conditioning and pre-

conditioning phases) (s + S.E.M.) (A and inset) or as a percentage of CPP produced by 

MDPV (2 mg/kg) (% + S.E.M.) (B). ***p<0.001 or *p<0.05 compared to SAL + MDPV 

(A) and +p<0.05 compared to CTX (0 mg/kg) (i.e., SAL + MDPV) (B).
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