
Mephedrone (4-methylmethcathinone) supports intravenous

self-administration in Sprague-Dawley and Wistar rats

S. M. Aarde1, D. Angrish2, D.J. Barlow3, M. J. Wright1, S. A. Vandewater1, K.M. Creehan1, K.
L. Houseknecht3, T. J. Dickerson2, and M. A. Taffe1

1Committee on the Neurobiology of Addictive Disorders, The Scripps Research Institute, La Jolla,

CA, USA

2Department of Chemistry, The Scripps Research Institute, La Jolla, CA, USA

3Department of Pharmaceutical Sciences; University of New England; Portland, ME 04103

Abstract

Recreational use of the drug 4-methylmethcathinone (mephedrone; 4-MMC) became increasingly

popular in the United Kingdom in recent years, spurred in part by the fact it was not criminalized

until April of 2010. Although several fatalities have been associated with consumption of 4-MMC

and cautions for recreational users about its addictive potential have appeared on Internet forums,

very little information about abuse liability for this drug is available. This study was conducted to

determine if 4-MMC serves as a reinforcer in a traditional intravenous self-administration model.

Groups of male Wistar and Sprague-Dawley rats were prepared with intravenous catheters and

trained to self-administer 4-MMC in one hour sessions. Per infusion doses of 0.5 and 1.0 mg/kg

were consistently self-administered resulting in greater than 80% discrimination for the drug-

paired lever and mean intakes of about 2–3 mg/kg/hr. Dose-substitution studies after acquisition

demonstrated that the number of responses and/or the total amount of drug self-administered

varied as a function of dose. In addition, radiotelemetry devices were employed to show that self-

administered 4-MMC was capable of increasing locomotor activity (Wistar) and decreasing body

temperature (Sprague-Dawley). Pharmacokinetic studies found the T1/2 of 4-MMC was about an

hour in vivo in rat plasma and 90 minutes using in vitro liver microsomal assays. This study

provides evidence of stimulant-typical abuse liability for 4-MMC in the traditional preclinical self-

administration model.
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Introduction

Predictions about the abuse liability of 4-methylmethcathinone (4-MMC, mephedrone) are

mixed; user experiences (Bluelight, 2008) suggest that 4-MMC is similar to both
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prototypical stimulants (cocaine, methamphetamine) and the entactogen 3,4-

methylenedioxymethamphetamine (MDMA; “Ecstasy”) (Geezaman, 2009; MephTest, 2009;

Psychonaut Webmapping Research Group, 2010). Of those individuals that have tried both

cocaine and 4-MMC intranasally, 76% report the quality of the high of 4-MMC as being

similar to or better than that of cocaine and 85% reported the high of 4-MMC as lasting as

long or longer than that of cocaine (Winstock et al., 2011).

The single available report of 4-MMC intravenous self-administration (IVSA) in rats

indicates that 4-MMC can support IVSA (Hadlock et al., 2011), however it was limited to

only a single per-infusion dose and access conditions that likely increase drug intake.

Specifically, access to drug was relatively long (4 hr) and under high (29°C) ambient

temperature (TA). Escalation of d-methamphetamine (MA) intake occurs when daily drug

access is 6 hr but not when it is 2 hr (Kitamura et al., 2006) and intake of cocaine, MA and

MDMA increase under relatively high (30°C vs. ~22 °C) TA conditions (Cornish et al.,

2008; Cornish et al., 2003); but also see Feduccia et al, 2010. Thus, the available data may

overestimate the degree to which 4-MMC IVSA can be established in more traditional

rodent laboratory conditions.

Also, available reports demonstrate that the physiological effects of 4-MMC distinguish it

from MA and MDMA. Under 20–23°C TA, 4-MMC reduces body temperature in rats –

similar to MDMA, while 4-MMC does not change body temperature under 27–30°C TA –

unlike MDMA which increased body temperature under such conditions (Miller et al., 2012;

Wright et al., 2012). As MDMA IVSA, as compared with MA IVSA, can be difficult to

establish (De La Garza et al., 2007) – requiring high per-infusion doses (Schenk, 2009) as

well as being produced in only a subset of rats (Colussi-Mas et al., 2010; Schenk et al.,

2007) – these physiological distinctions may predict differences between the IVSA profile

of 4-MMC and that of MDMA or MA (Cornish et al., 2003; Feduccia et al., 2010).

To further determine the capacity of 4-MMC to support IVSA and the relationship between

4-MMC intake and body temperature, we conducted IVSA experiments of varied per-

infusion dose and reinforcement schedule in rats wherein body temperature or locomotor

activity were recorded via radiotelemetry transmitters. Additionally, pharmacokinetic and in

vitro metabolic assays were included to further elucidate the behavioral and physiological

studies.

METHODS

Animals

Male Wistar rats (N=29; Charles River; New York) and Sprague-Dawley rats (N=53;

Harlan; California) housed in a humidity and temperature-controlled (22 C ±1) vivarium on

a reverse 12:12 hr light/dark cycle were used for the IVSA studies. Animals were 10–13

weeks old and 350–400 grams at the start of the experiment. They had ad libitum access to

food (except for pellet training, see below) and water in their home cage. Pharmacokinetic

studies used male Wistar (N=18) and Sprague-Dawley rats (N=15), Taconic; Germantown,

NY. Procedures were conducted under protocols approved by the Institutional Care and Use

Committees of The Scripps Research Institute and the University of New England consistent

with the National Institutes of Health Guide for the Care and Use of Laboratory Animals

(Clark et al., 1996).

Surgery

For the self-administration experiments, rats were anesthetized with an isoflurane/oxygen

vapor mixture (isoflurane 5% induction, 1–3% maintenance) and prepared with chronic

intravenous catheters as described elsewhere (Caine et al., 1993) with minor modifications
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(Emmett-Oglesby and Lane, 1992). Briefly, catheters consisted of silastic tubing (18 cm)

fitted to a guide cannula (Plastics One, Roanoke, VA) bent 90° and encased in dental cement

anchored to an~3 cm circle of mesh. Catheter tubing was passed subcutaneously from the

animal’s back to the right shoulder, inserted into the right jugular vein and tied with suture

thread. Liquid tissue adhesive was used to close incisions (3M™ Vetbond™ Tissue

Adhesive; 1469SB). For two groups, radiotelemetry transmitters (Data Sciences

International; CTA-F40) were also implanted during the catheterization procedure as

previously described (Miller et al., 2012; Wright et al., 2012). For the first three days of the

7-day (minimum) recovery period, cephazolan (0.4 g/ml; 2.0 ml/kg sc; once daily) and

flunixin (2.5 mg/ml; 2.0 ml/kg sc; once daily) were administered.

Catheters were flushed with saline containing either timentin (before sessions; 0.1 g/ml; 0.2–

0.3 ml/rat) or heparin (after sessions; 10 USP units/ml; 0.2–0.3 ml/rat). Catheter patency was

assessed nearly once a week after the last session of the week via administration ~0.2 ml of

Brevital sodium (1% methohexital sodium; Eli Lilly, Indianapolis, IN). Animals with patent

catheters exhibit prominent signs of anesthesia (pronounced loss of muscle tone) within 3

sec of i.v. injection. Animals that failed to display these signs were discontinued from the

study.

Procedure

General Procedure—Subjects were transported to an experimental room (24±1 °C) and

placed into operant cages (Med Associates) located inside sound-attenuating chambers

beginning 0.5–4.0 h into the vivarium dark cycle. Catheters were connected to tubing inside

a protective spring suspended into the chamber from a liquid swivel attached to a balance

arm; drugs were delivered via syringe pump. Sessions started with the extension of two

levers into the chamber. Following completion of each response-ratio, a white light above

the reinforced lever signaled reinforcer delivery and remained on during a 20-sec post-

reinforcement timeout during which responses had no scheduled consequences.

Radiotelemetry recordings of body temperature and activity were made every five minutes

via a telemetry receiver plate placed inside the sound attenuating chamber but outside the

operant box in two of the groups. Animals were recorded for 15 minutes prior to the start of

self-administration to establish temperature and activity baselines.

Pre-acquisition training—Rats were food-restricted (20 g chow/rat/day) and trained to

press the left lever for 45 mg food pellets (TestDiet; 1811156) under a FR1 schedule of

reinforcement. Once stable responding was achieved (≥50 reinforcers per 60 min session)

the ratio requirement was increased to FR2 (until ≥50 reinforcers per session were obtained)

then to FR5 (until ≥ 50 reinforcers per session were obtained). On average, completing FR5

required 4±1 sessions. Rats were returned to ad libitum feeding conditions after completing

FR5.

Drug Self-Administration Acquisition—After pellet training, animals were given one-

hour, FR5 IVSA training sessions (M-F). The first experiments used a relatively high per-

infusion dose (1.0 mg/kg) in Sprague-Dawley (N=12) and Wistar rats (N=13) because

studies of locomotor responses to injections (sc) of 4-MMC indicated at least a 3-fold

reduction in potency relative to methamphetamine (Wright et al., 2012) and similar doses

have been found necessary to establish robust MDMA self-administration (Schenk et al.,

2003; Schenk et al., 2007). The third and fourth experiments evaluated a lower (0.5 mg/kg/

inf) training dose in groups of Sprague-Dawley (N=16) and Wistar (N=16) rats. The final

experiment determined the self-administration of d-methamphetamine (0.05 mg/kg/inf;

N=9) or vehicle (N=8) in groups of Sprague-Dawley rats.
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To analyze telemetry measures as a function of cumulative self-administered dose, for

Sprague-Dawley rats trained at the 1.0 mg/kg per-infusion dose, sessions were identified

during which sufficient numbers of individuals self-administered cumulative doses of 1 mg/

kg and 3–4 mg/kg per session. Out of this group of 12, three individuals did not have

cumulative doses of 1 mg/kg and an additional three did not have cumulative doses of 3–4

mg/kg; thus, N=9 for each of these dose conditions. For the Wistar rats trained at the 0.5 mg/

kg per-infusion dose, intake was sufficiently variable across individuals and stable within

individuals such that it was necessary to group sessions during which cumulative intake

(mg/kg) was 2.5 (N=4), 3.0 (N=3), 3.5 (N=4) or 4.0 (N=1) to end up with a total group of

N=12 under this dose condition. For both groups, a control condition was derived from a day

when only saline was available.

Fixed-Ratio, Dose-Response Testing—Upon completion of IVSA acquisition,

Sprague-Dawley rats trained on 0.5 mg/kg/inf 4-MMC were given sessions wherein the per-

infusion dose was varied within subjects. Each dose was given in a block of 3 sessions and

the order of the blocks was pseudorandomized across subjects. After the completion of all 4

blocks of testing doses, rats were returned to the 0.5 mg/kg/inf 4-MMC training dose for at

least three more sessions.

Progressive-Ratio, Dose-Response Testing—After acquisition, the Wistar rats

trained on 0.5 mg/kg/inf 4-MMC were tested under a progressive-ratio schedule of

reinforcement (PR) in which the response requirement increased after each reinforcer

delivery (Hodos, 1961). The sequence of response ratios within each session was derived

from the following equation (rounded to the nearest integer): Response Ratio = 5e^(injection

# × 0.2) − 5 (Richardson and Roberts, 1996).

Animals were given 6 sessions of PR testing at the 0.5 mg/kg/inf training dose to achieve

stability and thereafter the per-infusion dose was varied within subjects (3 doses: 1 above

and 2 below the training dose). Each dose was administered in sequential daily sessions

(order of doses pseudorandomized across subjects) until a stability criterion was met (no

more than ±3-infusion difference between sessions and no consistent downward/upward

trends). After reaching stability criteria for all three doses, vehicle-only session were given

until stable responding was obtained.

Drug-Substitution Testing—An additional group of Sprague-Dawley rats (N = 8)

previously trained to self-administer d-methamphetamine (0.1 mg/kg/inf) under an FR2

schedule of reinforcement was used to determine the effect of substituting 4-MMC. For this

study, the per-infusion dose of 4-MMC was varied across subjects (5 doses). Doses were

given in blocks of 3 sequential sessions (order of blocks pseudorandomized across subjects);

the average of the three sessions was used for analysis.

Drugs

The racemic 4-methlymethcathinone used for this study was synthesized as previously

described (Miller et al., 2012; Wright et al., 2012). d-Methamphetamine was provided by

RTI International (Research Triangle Park, NC) under contract from the National Institute

on Drug Abuse (Bethesda, MD). All drug doses are expressed as the HCl salts.

Distribution and Metabolism

Pharmacokinetic studies—Placement of jugular vein and carotid artery catheters was

conducted at the vendor prior to delivery at the laboratory; the jugular catheter was

employed for IV dosing. Blood samples were collected via the carotid artery catheters at

times 0, 2, 5, 15, 30, 60, 120 and 240 min and 6, 8, 12, and 24 h after dosing in groupsof
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Sprague-Dawley (N=3) and Wistar (N=3) rats. Brains were collected from additional groups

(N=3 per timepoint, per strain) 2, 15, 30 and 60 min after IV dosing by rapid decapitation; a

second group of N=3 Wistar and Sprague-Dawley rats was used to generate plasma PK data

for plasma/brain ratio calculations in this latter study. Deionized water was added to half the

brain to achieve a tissue concentration of 0.1 g tissue/mL water. Tissue was homogenized

for 3–5 minutes, and the homogenate was spun at 14000 g for 10 min at 4°C. The

supernatant was decanted into a labeled vial. The pellet was again homogenized for 3–5

minutes in the same volume of deionized water used for the sample and again spun at 14000

g for 10 minutes at 4°C. The supernatant was decanted into the same vial. Plasma and brain

supernatant samples were stored at −80°C until analysis. Brains from untreated animals

were homogenized to provide blank matrix for preparation of calibration standards. Blank

rat plasma was obtained from Valley Biomedical (Winchester, VA). Sample analysis was by

LC/MS/MS with data analysis via the non-compartmental analysis model of PK Solutions

(Summit Research Services; Montrose, CO).

Plasma Stability—The percent of 4-MMC remaining following incubation at 37 °C (0, 1,

3, 5 24 hr) in plasma derived from Sprague-Dawley and Wistar rats was determined at 1.0

μM analyte concentration. Samples were analyzed by LC/MS/MS and the half-life was

calculated using regression analysis.

Microsomal Stability—Metabolic stability using liver microsome preparations from

Sprague-Dawley and Wistar rats (BD Biosciences, San Diego CA) was determined at 0.125

mg/mL protein concentration (1.0 μM drug concentration) following incubation at 37 °C (0,

5, 15, 30 and 60 minutes). The samples were analyzed by LC/MS/MS.

LC/MS/MS analysis—4-MMC was quantified by LC/MS/MS; analysis was conducted

using an Agilent (Santa Clara, CA) 6460 triple quadrupole mass spectrometer coupled with

an Agilent liquid chromatography (LC) system. The LC system consists of a binary pump,

degasser, column heater, and autosampler. Chromatographic separation was performed on

an Agilent Zorbax Eclipse XDB C-18 Rapid Resolution (4.6 × 50 mm) analytical column

using a ballistic gradient of mobile phase consisting of 0.1% formic acid in water (A) and

0.1% formic acid in acetonitrile (B) at a flow rate of 2.0 ml/min, with a 1:1 split. Mobile

phase was heated to a temperature of 60°C. The gradient was as follows: 95% A for 1

minute, ramp 95→5% A over the two 3 minutes. The mass spectrometer source used

nitrogen as the nebulizing and sheath gas. Detection of analyte and internal standard was by

electrospray in the positive ion mode. Nebulizer gas was heated to a temperature of 350°C;

and sheath gas was heated to 400°C. Both gas flows were maintained at 11 L/min. Capillary

and nozzle voltages were set to 4000 V and 500 V respectively. 4-MMC and the internal

standard were detected by multiple reaction monitoring (MRM). 4-MMC was detected by

monitoring the transition 178.1→145.1, with a fragmentor voltage of 101 V and a collision

energy of 38 V. Warfarin was monitored using the transition 309.1→162.9, with a

fragmentor of 85 V and collision energy of 10 V. Retention times for 4-MMC and warfarin

were 2.73 and 3.00 minutes respectively. A volume of 5.0 μL of sample extract was injected

for analysis.

Samples were prepared by protein precipitation with acetonitrile containing internal standard

(200 nM warfarin). Matrix to solvent ratio for the precipitation was 1:3 for plasma and 1:4

for brain homogenate. Calibration standards were prepared by serial dilution in the

appropriate matrix. Analyte concentrations were determined by the interpolation of peak

area ratio of analyte to internal standard from a calibration curve formed by matrix spiked

with reference material. The calibration range in plasma was 5.0–10000 nM, and 10.0–5000

nM in brain homogenate, using 1/x2 weighting.
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Data analysis and Exclusion Criteria

Statistical analyses employed repeated-measures analysis of variance (rmANOVA). When a

factor reached statistical significance (p < 0.05), effect-pattern delineation was determined

by paired-means comparisons using Fisher’s protected least significant difference (Fisher’s

PLSD). Otherwise, post hoc paired-means comparisons used Tukey’s honest significant

difference method (Tukey HSD). Analyses were conducted with GB-STATv7.0 (Dynamic

Microsystems, Silver Spring MD).

Animals were excluded from the analyses of a particular phase if any one of the following

exclusion criterion was met during that phase: 1) Failure of the Brevital test (described

above); 2) Less than 80% discrimination for the reinforced lever across the analysis interval;

3) Unambiguous loss of catheter patency (e.g., unable to flush catheter). The discrimination

criterion was omitted for the comparison of vehicle and d-methamphetamine self-

administration since this outcome was predicted for the vehicle group.

Results

Acquisition of Drug Self-Administration

Sprague-Dawley rats; 1.0 mg/kg/inf—Rats (N=12) were given 9 sessions of 1.0 mg/

kg/inf 4-MMC IVSA training during which body temperature and activity were recorded.

Two rats’ catheters did not remain patent through acquisition and an additional three rats did

not show reward-lever discrimination >80%; these individuals were therefore excluded from

analyses. As is shown in Figure 1A, over the first 9 days, reward-lever discrimination

averaged 95% (range: 84–100%) and reward-lever presses increased from an average of 12

to 28; an effect which was not confirmed by the analysis (F8,48 = 1.86; p>0.088).

Wistar rats; 1.0 mg/kg/inf—Rats (N=13) were given 10 sessions of 1.0 mg/kg/inf 4-

MMC IVSA training. All rats exhibited reward-lever discrimination >80%; however, two

rats’ catheters did not remain patent through acquisition and were therefore excluded from

analyses. As is shown in Figure 1C, over the first 10 days, reward-lever discrimination

averaged 98% (range: 96–100%) and reward-lever presses averaged 21 (session 8) to 34

(session 7) per session; changes that did not attain statistical reliability (F9,90= 1.89;

p>0.063).

Sprague-Dawley vs. Wistar rats at 1.0 mg/kg/inf—To examine an apparent strain

difference in reward-lever presses observed early in acquisition on the 1.0 mg/kg/inf training

dose (Figure 1E), a second analysis was done to compare Wistar to Sprague-Dawley rats

that confirmed an interaction between strain and session (F8,128= 2.83; p>0.01). Post hoc

tests confirmed that Wistar rats made significantly more reward-lever presses on sessions 1

thru 7 than Sprague-Dawley rats.

Sprague-Dawley rats; 0.5 mg/kg/inf—Rats (N=16) were given 10 sessions of 0.5 mg/

kg/inf 4-MMC IVSA training (Figure 1B). Four rats did not exhibit reward-lever

discrimination >80% and were excluded from analysis. For the 12 remaining rats, reward-

lever discrimination was no lower than 90% across the first 10 sessions and reward-lever

presses averaged from 16 (session 3) to 36 (session 1) per session. The analysis of reward-

lever presses confirmed a main effect of session (F9,99= 2.29; p<0.05) and post hoc tests

confirmed that there were fewer presses on sessions 2–5 with respect to the initial session.

Wistar rats; 0.5 mg/kg/inf—A group of Wistar rats (N=16) were given 10 sessions of

self-administration training with a 0.5 mg/kg/inf dose of 4-MMC (Figure 1D) during which

body-temperature and activity were recorded. All sixteen individuals made over 80% of
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their responses on the drug-paired lever. Reward-lever responding varied from 24 (session

10) to 34 (session 1). Analysis of reward-lever responses did not confirm a main effect of

session (F9,135= 1.12; p>0.05).

Sprague-Dawley vs. Wistar rats at 0.5 mg/kg/inf—When 0.5 mg/kg/inf was the

training dose, Sprague-Dawley rats omitted fewer reward-lever responses early in

acquisition (sessions 2–5) than Wistar rats (Figure 1F). Paired-means comparisons using

Tukey’s HSD confirmed these differences.

Body temperature and locomotor activity

Sprague-Dawley rats; 1.0 mg/kg/inf—Self-administration of 4-MMC dose-

dependently decreased body temperature but did not change activity counts (Figure 2A and

2C). Analysis of body temperature confirmedmain effects of cumulative dose (F2,22= 11.37;

p<0.001) and time after lever extension (F11,121= 17.90; p<0.0001) as well as an interaction

between dose and time (F22,242= 5.43; p<0.0001). Post hoc comparisons confirmed that, in

comparison to vehicle, body temperature was lower after either self-administration of 3–4

mg/kg (5–55 min) or 1 mg/kg (10, 20 and 30 min) of 4-MMC. And, in comparison to the 0-

time point, body temperature was lower over a larger range of time points after either self-

administration of 3–4 mg/kg (5–55 min) or 1 mg/kg (10–35 min) of 4-MMC than after self-

administration of vehicle alone (15–25 and 35 min). Analysis of the activity data did not

confirm main effects of dose or time nor an interaction between dose and time.

Wistar rats; 0.5 mg/kg/inf—Compared to saline, self-administration of 4-MMC caused

biphasic changes in body temperature; an initial decrease (1st 15 min) followed by an

increase (25–45 min) (Figure 2B). Also, self-administration of 4-MMC increased activity

counts across the session (Figure 2D).

Statistical analysis of body temperature confirmed a main effect of time after lever extension

(F11,110= 15.20; p<0.0001) as well as an interaction between cumulative dose of drug per

session and time after lever extension (F11,110= 3.97; p<0.0001), but no main effect of

cumulative dose of drug per session (F1,10= 0.77; p>0.05). Post hoc comparisons confirmed

that body temperature was lower 5 minutes after, and higher 35–45 minutes after, the start of

4-MMC self-administration sessions compared with the session when only saline was

available. Additionally, relative to the 0 timepoint, body temperature was lower from 10–55

minutes for 4-MMC self-administration sessions and 15–55 minutes in the saline session.

The analysis of activity counts confirmed a significant main effect of time after lever

extension (F11,110= 4.00; p<0.0001) and of cumulative dose of drug per session (F1,10=

13.57; p>0.005). Post hoc tests confirmed that activity was greater when 4-MMC was self-

administered than when only saline was available (0–10 and 20–55 min from the 0

timepoint) and that activity decreased from the 0 timepoint for both conditions (4-MMC,

15–50 and 45–50 min; saline, 15–20, 30–40 and 50–55 min).

Dose-response analysis on a fixed-ratio schedule of reinforcement

After acquisition of 4-MMC self-administration (0.5 mg/kg/inf), some of the Sprague-

Dawley rats (N=12) were tested in a dose-response experiment wherein the per-infusion

dose was varied within-subjects to 0.05, 0.1, 1.0 or 2.0 mg/kg (Figure 3). Five of the 12 rats

were excluded from analysis due to loss of catheter patency. Analysis confirmed a main

effect of per-infusion dose on both the number of reward-lever presses (F3,18= 3.35; p<0.05)

and cumulative per-session dose (F3,18= 12.82; p<0.0001). Post hoc comparisonsconfirmed

that reward-lever presses decreased as dose increased. Specifically, fewer reward-lever

presses were emitted when the per-infusion dose was 2.0 mg/kg than when 0.05 or 0.1 mg/
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kg. Additionally, the cumulative per-session dose was lower when the per-infusion dose was

0.05 or 0.1 mg/kg than when it was 1.0 or 2.0 mg/kg.

Dose-response analysis on a progressive-ratio schedule of reinforcement

After acquisition of 4-MMC self-administration, the 0.5 mg/kg/inf trained Wistar rats that

remained patent (N=14) were tested on a progressive-ratio schedule of reinforcement (PR)

for 6 sessions wherein the response requirement for each subsequent drug infusion was

increased and the per-infusion dose was 0.5 mg/kg (the training dose) (Figure 4). Two

animals’ data were excluded from analysis because their catheters did not remain patent. On

PR at the training dose, all animals showed reward-lever discrimination >80% and the group

averaged 49–146 reward-lever responses and 4.8–6.0 infusions across the six sessions.

Analysis did not confirm any main effects of session on reward-lever discrimination (F5, 75=

1.83; p>0.05), number of reward-lever responses (F5, 75= 1.75; p>0.05) or number of

infusions (F5, 75= 1.38; p>0.05).

After these initial PR sessions, the rats were entered into a dose-response experiment

wherein the per-infusion dose was varied within-subjects to 0.05, 0.1 or 1.5 mg/kg (Figure

5). Upon completing this dose-response series, rats were given vehicle-only PR sessions

until stability criteria were reached. Catheter patency was maintained through dose-response

and vehicle-only testing in nine rats.

Analysis included all 5 per-infusion doses; the training dose (average of the last three

training-dose sessions; 0.5 mg/kg), the 3 per-infusion doses of the dose-response testing

(0.05, 0.1 and 1.5 mg/kg) and the vehicle-only sessions (0 mg/kg). Analysis confirmed a

main effect of per-infusion dose on the number of reward-lever presses (F4,32= 2.83;

p<0.05) and the cumulative dose of drug per session (F3,24= 13.98; p<0.0001). Post hoc

comparisons confirmed that as the per-infusion dose increased, the number of reward-lever

presses and the cumulative dose per session increased. Specifically, more lever presses were

emitted when the per-infusion dose was 1.5 mg/kg than when it was 0, 0.05 or 0.1 mg/kg.

Lastly, a significantly higher cumulative dose was self-administered when 1.5 mg/kg/inf was

available than under any other condition.

Substitution of 4-MMC for d-methamphetamine

A group of Sprague-Dawley rats (N= 8) had been previously trained to self-administer d-

methamphetamine (MA) at a per-infusion dose of 0.1 mg/kg in a different study under a

FR2 schedule of reinforcement. These animals were entered into dose-response testing with

4-MMC wherein the per-infusion dose was varied within-subjects to 0.05, 0.1, 0.5, 1.0 or

1.5 mg/kg (Figure 6).

Analysis confirmed a main effect of per-infusion dose on the number of reward-lever

responses (F4,28= 5.82; p<0.05). Post hoc comparisons confirmed that more lever presses

were emitted when the per-infusion dose was 0.1 mg/kg than when the per-infusion dose

was any other value. Analysis also confirmed a main effect of per-infusion dose on the

cumulative per-session dose (F4,28= 9.39; p<0.0001). Post hoc comparisons confirmed that

more 4-MMC was self-administered when the per-infusion dose was 1.0 or 1.5 mg/kg than

when the per-infusion dose was 0.05 or 0.1 mg/kg and more 4-MMC was self-administered

when the per-infusion dose was 1.5 mg/kg than when 0.5 mg/kg.

Self-administration of d-methamphetamine and vehicle

For comparison purposes, a group of Sprague-Dawley rats (N= 9) was trained to self-

administer d-methamphetamine (MA) at a per-infusion dose of 0.05 mg/kg/inf and a second

group of Sprague-Dawley rats (N= 8) was trained to respond for pellets and then permitted
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to self-administer saline for 10 sessions. Since the objective was to compare to presumed

non-acquisition conditions, all patent animals were retained in the analysis regardless of

lever discrimination. Two of the nine rats in the MA group failed to maintain over 80%

reward lever responding across the entire 10 sessions and three failed to maintain an 80%

discrimination ratio across the seven sessions after food restriction. Three of the eight

animals in the vehicle group failed to maintain 80% reward lever responding in the entire 10

day interval and six of those eight rats failed in the post-restriction interval of seven

sessions. The statistical analysis compared the two groups across the initial 10 sessions of

training and confirmed a main effect of session (F9,135= 44.39; p<0.0001), of group

(F1,15=13.01; p<0.005), and the interaction of group with session (F9,135= 2.64; p<0.01), on

reward-lever presses. The post hoc analysis confirmed group differences for each session.

Furthermore, fewer reward lever presses were obtained during sessions 4–10 relative to each

of the first three sessions, and also in sessions 2–3 relative to the first session, for both

groups. The analysis also confirmed that the percentage of reward lever presses was

significantly affected by session (F9,135=4.59; p<0.0001), of group (F1,15=4.55; p<0.05) but

there was no interaction. The post hoc test did not confirm differences between groups for

any specific session and the only differences within group that were confirmed were

between sessions 1 and 6 for the vehicle group.

The vehicle group was continued on vehicle self-administration for a total of 15 sessions.

Analysis within group confirmed the main effects of session on reward lever presses

(F14,98=17.64; p<0.0001) and percent reward lever presses (F14,98=2.49; p<0.005). The post

hoc test confirmed that fewer reward lever presses were emitted in sessions 4–15 compared

with any of the first three and in sessions 2–3 compared with session 1. The post hoc

analysis also confirmed that percent reward lever presses in session 15 were significantly

lower than in sessions 1 or 2.

After this, the group was switched to self-administer 0.5 mg/kg/inf 4-MMC for 18 sessions;

one individual died unexpectedly after session 8. Analysis included the final vehicle session

and used that as the comparison control in a Dunnett post-hoc analysis. Analysis confirmed

main effects of session on reward lever presses (F18,126=1.8; p<0.05) and percent reward

lever presses (F18,126=3.31; p<0.0001). The Dunnett procedure for both the reward lever

presses and percent reward lever presses confirmed that all subsequent sessions differed

significantly from the comparison vehicle session.

Distribution and Metabolism

Microsomal and Plasma Stability—As is reported in Table 1, 4-MMC is subject to

hepatic metabolism with a half-life of 93–97 minutes when incubated with liver microsomal

homogenates from Sprague-Dawley and Wistar rats, respectively. The 4-MMC was

reasonably stable in Sprague-Dawley and Wistar plasma since over 60% of the compound

remained after 3 hours of incubation.

Pharmacokinetic studies—The time course of elimination of 4-MMC from the plasma

and brain of Sprague-Dawley and Wistar rats was similar, as is illustrated in Figure 7. The

peak plasma concentrations observed following a 1 mg/kg intravenous dose were 318–269

ng/mL of plasma and the half-life was 0.8 h (Wistar) or 1.0 h (Sprague-Dawley) (Table 2).

The ratios of AUC for plasma (expressed as ng*hr/ml) and the AUC for brain (expressed as

ng*hr/g) were 6.81 (Wistar) and 8.20 (Sprague-Dawley).

Discussion

The results show that 4-MMC supports intravenous self-administration (IVSA) in both

Wistar and Sprague-Dawley rats, resulting in consistent levels of drug intake from session to
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session and reward-lever selectivity well in excess of 80% for most rats. In this, 4-MMC

differs from 3,4-methylenedioxymethamphetamine (MDMA) which is not readily self-

administered by rats (De La Garza et al., 2007) and produces considerable inter-individual

heterogeneity in acquisition (Bird and Schenk, 2012; Colussi-Mas et al., 2010; Schenk et al.,

2007). In addition, these data show that self-administration of 4-MMC is sensitive to

changes in the dose available for each infusion. This was a consistent feature across strain,

original training dose and schedule of reinforcement. The apparent threshold of about 0.5

mg/kg/infusion contrasts with d-methamphetamine (MA), for which per-infusion doses of

0.05–0.1 mg/kg support consistent self-administration (Kitamura et al., 2006), suggesting

that 4-MMC is less potent. These data are highly consistent with the neurochemical potency

differences which have been reported (Baumann et al., 2012). A prior report (Hadlock et al.,

2011) showed higher numbers of reinforcers obtained in 4-MMC IVSAversus MA during

acquisition when using equal per-infusion doses but that study did not substitute the

available dose; therefore, observed differences might have been due to the lower potency of

4-MMC. Furthermore, that prior study used 4 hour self-administration sessions and 29°C

ambient temperature conditions, which might produce effects which interact with per-

infusion dose or drug identity (Cornish et al., 2008; Kitamura et al., 2006). Here we show

(Fig. 7) that under more traditional self-administration conditions, 0.05 mg/kg/inf MA

produces an approximately similar amount of drug responding as did the 0.5 mg/kg/inf 4-

MMC (Fig 1), whereas responding for intravenous vehicle infusions is considerably lower.

It was also shown in Figure 8 that 4-MMC (0.5 mg/kg/inf) immediately increased reward

lever responding and restored high lever discrimination ratios in animals trained on vehicle

for 15 sessions.

Locomotor stimulant effects were produced by self-administration of 4-MMC in Wistar rats.

This extends prior reports on the effects of experimenter-administered 4-MMC on

experimental-chamber activity and home-cage ambulation (Baumann et al., 2012; Kehr et

al., 2011; Miller et al., 2012; Motbey et al., 2012; Wright et al., 2012) to the self-

administration model. Interestingly wheel activity is monotonically suppressed by 4-MMC

and MDMA, but increased biphasically by MA and 3,4-methylenedioxypyrovalerone,

(Huang et al., 2012). The effect of 4-MMC self-administration on activity was not observed

in Sprague-Dawley rats. However, in a prior report we showed that experimenter-

administered 4-MMC increases activity in Sprague-Dawley rats more than in Wistar rats

(Wright et al., 2012). Given the strain differences observed in the patterns of self-

administration during acquisition (lower intake in Sprague-Dawley rats than Wistar rats for

the 1st 5–7 sessions) but the lack of substantial strain differences in the pharmacokinetic data

on experimenter-administered 4-MMC reported here (see below), it seems likely that this

observed reversal of the strain difference in 4-MMC-induced activity is due to the kinetics

of self-administered versus bolus dosing.

The thermoregulatory effect also differed between rat strains; in this case the Sprague-

Dawley rats were most sensitive. Self-administration of 4-MMC reduced the body

temperature of Sprague-Dawley rats when a cumulative dose of 3–4 mg/kg was self-

administered, and to a much lesser extent when a cumulative dose of 1 mg/kg was self-

administered, as compared to when only saline was available. This dose threshold for

substantial thermoregulatory effect is consistent with evidence that 4-MMC reduces the

body temperature of Wistar and Sprague-Dawley rats at a threshold of about 3.2 mg/kg by

subcutaneous injection (Miller et al., 2012; Wright et al., 2012). As with the effect of 4-

MMC on activity, these differences are likely attributable to the kinetics of self-administered

versus bolus dosing. These data are the first to determine thermoregulatory effects in the

self-administration setting and differ from our prior reports in route of administration, the

fact that drug was self-administered and the dosing spaced at a self-selected rate. These

features did not, however, produce a large qualitative difference which permits enhanced
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comparison across such models. In addition, this supports the conclusion that the subjective

reports of cold feeling and/or tingling in users (Psychonaut_Webmapping_Research_Group,

2010; Winstock et al., 2011) may be related to body cooling in the rat model.

The pharmacokinetic study showed that 4-MMCiscleared rapidly from both Sprague-

Dawley and Wistar rats and the in vitro metabolic assay confirmed that 4-MMC is subject to

hepatic metabolism in rats, similar to the amphetamines (Fonsart et al., 2008; Zeng et al.,

1999). Recent work confirms that cytochrome P450 2D6 is the main enzymatic contributor

in humans (Pedersen et al., 2012). The drug also is rapidly taken up into the brain (peak

levels were observed 2 min after drug injection) and is mostly cleared within an hour of

injection. By way of comparison, Hadlock and colleagues (2011) reported plasma levels of

384 ng/ml when assessed one hour after the last of four sequential 10 mg/kg, s.c., 4-MMC

doses administered at 2 hr intervals. Whole brain levels were 2.1 ng/mg when assessed at the

same timepoint in that study. In the present work, peak brain concentrations were 4 ng/mg of

tissue when assessed 2 min after a 1 mg/kg, i.v., dose of 4-MMC; this had fallen to under 1

ng/mg within 30 minutes of injection and under 0.4 ng/mg by 60 minutes after injection.

Although the 4-MMC administration differed in dose, chronicity and route of

administration, these findings are broadly consistent.

In total, the observed results are consistent with reinforcing properties much as have been

produced by intravenous delivery of psychomotor stimulants such as methamphetamine,

amphetamine, cathinone and methcathinone (Dalley et al., 2006; Gosnell et al., 1996;

Kaminski and Griffiths, 1994; Kitamura et al., 2006; Woolverton and Johanson, 1984).

Although the potency of 4-MMC as a reinforcer appeared low compared with

methamphetamine, there was little evidence of the inconsistent self-administration that has

been associated with 3,4-methylenedioxymethamphetamine (MDMA). MDMA IVSA

results in low proportions of the subject pool meeting acquisition criteria, high session-to-

session variability and difficulties in distinguishing low rates of responding for MDMA

from vehicle (Dalley et al., 2006; De La Garza et al., 2007; Schenk et al., 2003; Schenk et

al., 2007). This was a little unexpected since some subpopulations of human recreational

users report 4-MMC to be subjectively similar to MDMA (Geezaman, 2009; MephTest,

2009). It is also the case that although 4-MMC inhibited 5-HT and DA uptake into rat

synaptosomes, demonstrated micromolar affinity for serotonin and dopamine transporters

and interacted with D2 dopamine and 5HT2A serotonin receptors with micromolar affinity,

overall it demonstrated greater affinity for serotonin targets than for dopamine targets

(Martínez-Clemente et al., 2012). Furthermore, neurochemical data suggest MDMA-like

patterns of relatively greater serotonin versus dopamine accumulation in nucleus accumbens

(Baumann et al., 2012; Kehr et al., 2011; Wright et al., 2012), Nevertheless, the present data

are not consistent with the (modest) reinforcing effects of MDMA as reported in prior rat

IVSAmodels. Indeed, the data are more similar to the stable self-administration of

methamphetamine that is reported for 1–2 h access paradigms (Anker et al., 2012; Hadlock

et al., 2011; Kitamura et al., 2006) and confirmed here using identical procedures. One

possible reason for this is a report of a 17.5-fold higher DAT/SERT transport inhibition

ratio, and 6 fold higher dopamine release advantage for mephedrone over MDMA that has

been recently reported (Simmler et al., 2012). Mephedrone was also reported in that paper to

have a 2-fold blood-brain barrier permeability advantage over both methamphetamine and

MDMA. Such properties may produce relatively greater reinforcing effects.

One potential similarity with MDMA was the pronounced reduction in body temperature

that occurred in the Sprague-Dawley group; this is an effect that occurs at normal laboratory

temperature (~22–24 °C) following acute bolus challenge with MDMA in rats (Malberg and

Seiden, 1998). One study did not observe a thermoregulatory effect of self-administered

MDMA, however that study only measured rectal temperature at the conclusion of the
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session (Feduccia et al., 2010). As temperature effects in the present study were greatest

about 20 minutes into the session and resolved by the end of the 1-hr session at low

cumulative doses, and as removing animals from an experimental chamber and inserting a

rectal thermometer can be activating, that prior report may have lacked the resolution to

observe such thermic effects. In contrast to the hypothermic effect of 4-MMC IVSAin

Sprague-Dawley rats, in Wistar rats 4-MMC IVSA was associated with a small attenuation

of the body temperature decline observed when saline was substituted for the active drug.

This strain difference may be due to the strain difference in locomotor activity (see above).

In summary, these data confirm a significant abuse liability of 4-MMC. This compound

supported intravenous self-administration in two strains of rats, locomotor stimulation in

Wistar rats and body temperature disruption in Sprague-Dawley rats. This extends and

generalizes an initial report on 4-MMC self-administration in high ambient temperature

conditions (Hadlock et al., 2011), thereby demonstrating that self-administration of 4-MMC

can indeed be produced in a preparation more typical of prior stimulant self-administration

studies (i.e., in short, 1-hr access sessions and under normal laboratory ambient temperature

conditions). Thus, the potential for compulsive use of 4-MMC in humans is likely quite

high, particularly in comparison with MDMA.
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Figure 1. Acquisition of 4-MMC self-administration: Reward-lever responses and reward-lever
discrimination
A–D) Mean number of reward-lever responses and reward-lever selectivity (% reward-lever

presses ÷ total lever presses) for: A) Sprague-Dawley rats trained to self-administer at 1.0

mg/kg/inf 4 (N =7). B) Sprague-Dawley rats trained to self-administer at 0.5 mg/kg/inf (N =

12). C) Wistar rats trained to self-administer at 1.0 mg/kg/inf (N = 11). D) Wistar rats

trained to self-administer at 0.5 mg/kg/inf (N = 16). E–F) Mean number of reward-lever

responses as a function of rat strain and per-infusion dose available during acquisition: E)

Rats trained at 1.0 mg/kg/inf. F) Rats trained at 0.5 mg/kg/inf. Statistically reliable

differences from the first session are indicated by * and differences between groups are

represented by #. Error bars represent ±SEM.
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Figure 2. Acquisition of 4-MMC self-administration: Body temperature and activity counts
AB) Mean body temperature (°C) across self-administration sessions (5-min time bins) as a

function of cumulative dose per session (mg/kg) for: A) Sprague-Dawley rats trained on 1.0

mg/kg/inf (N = 9–12). B) Wistar rats trained on 0.5 mg/kg/inf (N = 11). C–D) Mean activity

counts across self-administration sessions as a function of cumulative dose per session for:

C) Sprague-Dawley rats trained on 1.0 mg/kg/inf (N = 9–12). D) Wistar rats trained on 0.5

mg/kg/inf (N = 11). Symbols: shaded = significantly different from the 0 timepoint (at

which levers were extended) within dose; open = significantly different from the 0 timepoint

within dose and from vehicle at that time bin; half-open = significantly different from

vehicle at that time bin. Error bars represent ±SEM.
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Figure 3. Fixed-ratio dose-response
Mean number of reward-lever responses (top) and cumulative drug intakes (mg/kg/session;

bottom) for Sprague-Dawley rats (N = 7) (trained on 0.5 mg/kg/inf) as function of the per-

infusion dose available. Data for sessions at the training dose three days before and three

days after the dose-substitution sessions are included for comparison. A significant

difference from both of the lower two dose-substitution conditions is indicated by the *

symbol. Error bars represent ±SEM.
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Figure 4. Progressive-ratio baseline sessions
Mean number of reward-lever responses and percent of total lever responses on the drug-

paired lever per session (left panel) and the number of infusions per session (right panel)

from Wistar rats (N = 14) under a progressive-ratio schedule of reinforcement (after initial

acquisition at the per-infusion dose of 0.5 mg/kg/inf). Error bars represent ±SEM.
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Figure 5. Progressive-ratio dose-response
Mean number of reward-lever responses and cumulative drug intakes for Wistar rats (N = 9)

under a progressive-ratio schedule of reinforcement as a function of available per-infusion

dose (mg/kg). Data for sessions at the training dose (0.5 mg/kg/inf) in the three days before

dose-substitution sessions are included for comparison. A significant difference from both of

the lower two dose conditions and vehicle is indicated by the * symbol. Error bars represent

±SEM.
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Figure 6. Drug Substitution: 4-MMC in d-methamphetamine (MA)-trained rats
Mean number of reward-lever responses and cumulative drug intakes (mg/kg) of 4-MMC

for a group of Sprague-Dawley rats (N = 8) trained to self-administer MA (0.1 mg/kg/inf;

FR2). Data for the MA training dose in the three days before the dose-substitution are

included for comparison. Statistically reliable differences from all other 4-MMC conditions

are indicated by the * symbol, from 0.05–0.5 by the # symbol and from 0.05–0.1 by the &

symbol. Error bars represent ±SEM.
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Figure 7. Acquisition of METH and Vehicle self-administration: Reward-lever responses and
reward-lever discrimination
Sprague-Dawley rats were trained to self-administer d-methamphetamine (METH) at 0.05

mg/kg/inf 4 (N =9) or vehicle only (N=8). Statistically reliable differences from the first

three sessions are indicated by &, from the first session by * and differences between groups

are represented by #. Error bars represent ±SEM.
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Figure 8. Acquisition of 4-MMC following Vehicle self-administration: Reward-lever responses
and reward-lever discrimination
The group of Sprague-Dawley rats trained to self-administer vehicle (N=8) for 15 sessions

(upper panel) were thereafter permitted access to 4-MMC (0.5 mg/kg/inf) for 18 sessions

(lower panel). In the upper panel, statistically reliable differences from the first three

sessions are indicated by &, from the first session by * and differences between groups are

represented by #. Reward lever responses and discrimination ratios in all 4-MMC sessions

differed significantly from the V15 session. Error bars represent ±SEM.
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Figure 9. Pharmacokinetics
Mean concentration of4-MMC in plasma following a bolus IV injection (1.0 mg/kg) in male

Wistar and Sprague-Dawley rats (N =3 per strain). Error bars represent ±SEM.

Aarde et al. Page 23

Addict Biol. Author manuscript; available in PMC 2014 September 01.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t

Aarde et al. Page 24

Table 1

Metabolism of 4-MMC in liver homogenates, and stability in plasma, derived from Sprague-Dawley and

Wistar rats

Strain Metabolic Stability Plasma Stability

Metabolic Rate (μM/min/mg) Half-Life (min) Half-Life (hr) % Remaining at 3 hr

Sprague-Dawley 0.05 92.9 4.40 67.6

Wistar 0.05 97.4 3.67 62.4
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