
Chronic wheel running-induced reduction of extinction and 
reinstatement of methamphetamine seeking in 
methamphetamine dependent rats is associated with reduced 
number of periaqueductal gray dopamine neurons

Jeffery C. Sobieraj*, Airee Kim*, McKenzie J. Fannon, and Chitra D. Mandyam
Committee on the Neurobiology of Addictive Disorders, The Scripps Research Institute, La Jolla, 
CA, USA

Abstract

Exercise (physical activity) has been proposed as a treatment for drug addiction. In rodents, 

voluntary wheel running reduces cocaine and nicotine seeking during extinction, and 

reinstatement of cocaine seeking triggered by drug cues. The purpose of this study was to examine 

the effects of chronic wheel running during withdrawal and protracted abstinence on extinction 

and reinstatement of methamphetamine seeking in methamphetamine dependent rats, and to 

determine a potential neurobiological correlate underlying the effects. Rats were given extended 

access to methamphetamine (0.05 mg/kg, 6h/day) for 22 sessions. Rats were withdrawn and were 

given access to running wheels (wheel runners) or no wheels (sedentary) for three weeks after 

which they experienced extinction and reinstatement of methamphetamine seeking. Extended 

access to methamphetamine self-administration produced escalation in methamphetamine intake. 

Methamphetamine experience reduced running output, and conversely, access to wheel running 

during withdrawal reduced responding during extinction and, context- and cue-induced 

reinstatement of methamphetamine seeking. Immunohistochemical analysis of brain tissue 

demonstrated that wheel running during withdrawal did not regulate markers of methamphetamine 

neurotoxicity (neurogenesis, neuronal nitric oxide synthase, vesicular monoamine transporter-2) 

and cellular activation (c-Fos) in brain regions involved in relapse to drug seeking. However, 

reduced methamphetamine seeking was associated with running-induced reduction (and 

normalization) of the number of tyrosine hydroxylase (TH) immunoreactive neurons in the 

periaqueductal gray (PAG). The present study provides evidence that dopamine neurons of the 

PAG region show adaptive biochemical changes during methamphetamine seeking in 

methamphetamine dependent rats and wheel running abolishes these effects. Given that the PAG 

dopamine neurons project onto the structures of the extended amygdala, the present findings also 

suggest that wheel running may be preventing certain allostatic changes in the brain reward and 

stress systems contributing to the negative reinforcement and perpetuation of the addiction cycle.
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Introduction

The burden of methamphetamine addiction is increasing in the United States; available 

SAMHSA reports show 8% of all drug/alcohol treatment admissions involve 

methamphetamine and treatment studies report frequent relapses to methamphetamine 

seeking among those that are trying to quit (SAMHSA, 2008). Furthermore, 

methamphetamine addiction takes emotional and financial tolls on society, cutting across 

ages, races, ethnicities, and genders. It increases mortality, morbidity, and economic costs. 

Therefore, successfully reducing risk behaviors, such as methamphetamine abuse, can 

potentially result in large public health gains ((WHO), 1980; USPSTF, 2008)).

There are no effective medications (FDA approved) to treat methamphetamine addiction 

(NIDA, 2006; Gonzales et al., 2010; NIDA, 2010, 2011). Currently, the best treatment 

option is the behavioral treatment approach (Matrix model). However, behavioral therapies 

are associated with lower beneficial effects compared with pharmacological interventions on 

maintaining an individual’s abstinence as well as on reducing context- and cue-induced drug 

craving, a major and persistent obstacle to long-term recovery of methamphetamine 

addiction (Carroll et al., 1994). Therefore, research on creating a therapeutic intervention 

that may treat methamphetamine addiction, particularly the relapse (preoccupation/

anticipation or craving) stage of addiction has enormous potential to reduce and treat 

methamphetamine addiction.

In this context, clinical reports have demonstrated that engaging in physical exercise prior to 

and concurrent with alcohol and drug experience predicts lower levels of alcohol and illicit 

drug use (Kujala et al., 2007; Korhonen et al., 2009; Terry-McElrath and O'Malley, 2011; 

Terry-McElrath et al., 2011). Furthermore, physical exercise during drug withdrawal 

reduces self-rated measures of anxiety, depression and craving (negative affect; (Bock et al., 

1999)). These effects may be related to exercise-induced enhanced measures of self-esteem 

and self-efficacy (Manger and Motta, 2005; Fillipas et al., 2006), which are established 

behavioral measures that predict treatment success. However, clinical studies do not 

establish, conclusively, whether physical exercise during drug withdrawal facilitates 

recovery, and whether physical exercise during drug withdrawal can be an effective 

intervention in substance abuse treatment programs (Weinstock et al., 2008); preclinical 

models are employed in prospective experimental designs to address these questions (Smith 

and Lynch, 2011).

The reinstatement of drug-seeking behavior in rats is widely used as a model of craving to 

mimic the relapse stage of addiction in human addicts (Shaham et al., 2003) and the 

predictive validity of this procedure has been demonstrated for several treatment 

interventions (Epstein et al., 2006). Voluntary wheel running (WR; a form of physical 

exercise and environmental enrichment) in laboratory animals reduces drug self-

administration, attenuates physical signs of withdrawal and lowers relapse to drug seeking 
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(Smith and Lynch, 2011; Lynch et al., 2013). The positive effects of WR are dependent on 

the intensity of activity, the duration of activity and whether WR was experienced before, 

during or after drug experience (Lynch et al., 2013). Notably, beneficial effects of WR or 

forced running performed only during drug withdrawal have been demonstrated in animal 

models of addiction. For example, running activity during forced withdrawal reduces 

cocaine seeking during extinction, and decreases cocaine seeking triggered by drug-cues 

(Lynch et al., 2010; Thanos et al., 2013) and cocaine itself in cocaine experienced rats 

(Thanos et al., 2013). However, WR during forced withdrawal reduced nicotine seeking 

during extinction and did not alter nicotine seeking triggered by drug-cues (Sanchez et al., 

2013) in nicotine experienced rats, suggesting that WR’s efficacy may vary by the drug self-

administered. The purpose of the present study was to characterize the effects of WR during 

forced withdrawal on methamphetamine seeking during extinction and methamphetamine 

seeking triggered by drug-context and drug-cues in methamphetamine dependent rats. Brain 

tissue from sedentary and WR methamphetamine rats was analyzed via 

immunohistochemistry to determine a potential neurobiological correlate for WR-induced 

reduction in relapse to methamphetamine seeking.

Materials and Methods

Animals

Surgical and experimental procedures were carried out in strict adherence to the National 

Institutes of Health Guide for the Care and Use of Laboratory Animals (NIH publication 

number 85–23, revised 1996) and approved by the Institutional Animal Care and Use 

Committee of The Scripps Research Institute. Thirty-eight adult, male Wistar rats (Charles 

River), 8 weeks old and weighing 200–250 g at the start of the experiment, were housed two 

per cage in a temperature-controlled vivarium under a reverse light/dark cycle (lights off 

8:00 AM–8:00 PM) for at least one week.

Surgery

All rats (methamphetamine and drug naïve controls) underwent surgery for catheter 

implantation for intravenous methamphetamine self-administration (Mandyam et al., 2007). 

The drug naïve controls did not experience operant behavior and methamphetamine. The 

catheters were not disturbed (or removed) until the end of the experimental study (until 

euthanasia). Animals with indwelling catheters were maintained on antibiotics every day 

until the end of the study, and did not show any signs of ill health or infections. For surgery, 

rats were anesthetized with 2–3% of isoflurane mixed in oxygen. They were implanted with 

a silastic catheter (0.3×0.64mm OD; Dow Corning Co.) into the right external jugular vein 

under aseptic conditions. The distal end of the catheter was s.c. threaded over the shoulder 

of the rat where it exited the rat via a metal guide cannule (22G, Plastics One Inc.) that was 

anchored onto the back of the rat. After surgery, rats were given an analgesic (Flunixin, 2.5 

mg/kg, s.c.). Antibiotic (Timentins, 20 mg, i.v.; SmithKline Beecham) was administered 

daily to the rats for at least 5 days. To extend catheter patency, the catheters were flushed 

once daily with 0.1 ml of an antibiotic solution of cefazolin (10.0 mg/mL; SavMart 

Pharmaceuticals) dissolved in heparinized saline (70 U/mL; Baxter Health Care Corp) 

before each self-administration session and with 0.1 ml of heparinized saline (70 U/mL) 
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after each session. The patency of catheters in the rats was tested using the ultra short-acting 

barbiturate Brevital (methohexital sodium, 10 mg/ml, 2 mg/rat) whenever a catheter failure 

was suspected during the study.

Baseline training sessions and maintenance on an extended access schedule

Four to five days after surgery rats (n = 18) were trained to press a lever according to an FR 

1 schedule of methamphetamine reinforcement (0.05 mg/kg/injection of methamphetamine 

hydrochloride, generously provided by the National Institute on Drug Abuse) in operant 

boxes (Med Associates) under baseline (acquisition) conditions (1h access per day for ten 

days). The dose of methamphetamine and the schedule of reinforcement were based on 

seminal studies and our previous publications (Kitamura et al., 2006; Rogers et al., 2008; 

Orio et al., 2010; Recinto et al., 2012). During daily sessions, a response on the active lever 

resulted in a 4 second infusion (90–100 µl volume), followed by a 20 second time-out period 

to prevent overdose. Each infusion was paired for 4 seconds with white stimulus light over 

the active lever (conditioned stimulus [CS]). Response during the time-out or on the inactive 

lever was recorded but resulted in no programmed consequences. All animals were housed 

on a reverse cycle (lights off at 8 am) and were transferred from their home cages to their 

operant chambers between 9 and 10 am. Training on the first and second day was initiated 

with two-three priming (noncontingent) infusions of methamphetamine during the first ten 

minutes. Rats were allowed to respond for the remaining fifty minutes. Acquiring 

methamphetamine self-administration was defined as maintenance of similar number of 

infusions over three consecutive days during baseline training sessions. All animals acquired 

methamphetamine self-administration (Figure 2a). After baseline (acquisition) training, the 

rats were subjected to long access schedule of methamphetamine reinforcement (LgA, 6h 

per day under an FR1 schedule). Methamphetamine self-administration was performed 5 

days per week and all rats experienced 22 LgA sessions. The sessions for the 6h schedule 

occurred between 9 am – 4 pm. All eighteen rats completed the self-administration sessions. 

The remaining six rats served as methamphetamine naïve (and WR naïve) controls.

5-bromo-2’-deoxyuridine (BrdU) injections

On the day following the last methamphetamine self-administration, all methamphetamine 

experienced rats were withdrawn from access to methamphetamine. Methamphetamine 

experienced and drug naïve rats received one intraperitoneal injection of BrdU (dissolved in 

0.9% saline and 0.007N NaOH at 20 mg/ml; 150 mg/kg, i.p.) 16 hours after the end of their 

last self-administration session to label progenitors in the S phase of the cell cycle and were 

killed 5 weeks later (Figure 1a). This time point was chosen to prevent labeling cells during 

peak withdrawal manifestation and high brain and plasma methamphetamine levels after 

methamphetamine self-administration (Cryan et al., 2003; Segal and Kuczenski, 2006; 

McFadden et al., 2012b).

Wheel running

After BrdU injections, methamphetamine experienced rats were separated into wheel 

running (WR; n = 9) or sedentary groups (n = 9) and were single housed for the remaining 

period until euthanasia. A separate set of drug naïve rats (n = 9) were housed with running 

wheels in their home cage during the same timeframe to determine running output in 
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methamphetamine naïve rats. Wheel running rats were housed in cages equipped with 

running wheels (Nalgene activity wheels 34.5 cm diameter × 9.7 cm wide with magnetic 

switches connected to a PC). Daily running activity was monitored and wheel revolutions 

were collected in one hour bins with VitalView Software (Minimitter Inc.).

Locomotor activity

Locomotor activity was assessed on the day prior to extinction sessions to determine 

whether WR rats showed signs of hyper activity that may interfere with the drug-seeking 

behavior during extinction and reinstatement sessions. Sedentary and WR rats were 

transferred to the locomotor activity room at the start of the dark cycle and were allowed to 

rest (single housed in rat cages without running wheels) for 1 h prior to placement in the 

locomotor cages, to reduce the impact of transport stress on activity. Locomotor activity was 

tested in wire mesh cages (l × w × h: 36 cm × 25 cm × 20 cm) equipped with two 

photobeams placed 16 cm apart along the long wall (Valdez et al., 2003). Rats were 

acclimated to the locomotor cages for 20 min to reduce the novelty of the environment. Rats 

were injected with methamphetamine (1.0 mg/kg; i.p.) at the end of the 20 min acclimation 

period, then placed back immediately in the same locomotor chambers. Methamphetamine 

effects on locomotor activity were assessed for 30 minutes post-injection. Computer-

recorded photobeam breaks were analyzed as a measure of locomotor activity within the 

chamber during the testing period.

Extinction sessions

After 30 days of abstinence from self-administration, the rats underwent daily 1 h extinction 

sessions for six days in an operant chamber (context B) different from the self-

administration chamber (context A) (Shaham et al., 2003). During the extinction sessions, 

the rats were not connected to the infusion apparatus. Responses on either the active or 

inactive lever were recorded and did not result in programmed consequences (i.e., no 

infusions, no auditory cues (infusion pump noise) and no CS presentations (cue light)). 

Extinction training consisted of six sessions and all the rats reached the extinction criterion 

(< 10 active lever presses per session for two consecutive sessions).

Reinstatement testing

Twenty-four hours after the final extinction session, the rats were placed into the 

methamphetamine-paired context (i.e., the same operant box used for self-administration 

sessions; context A) for 1 h, during which they were connected to the infusion apparatus to 

allow for a similar interaction with the spatial elements of the context similar to the 

methamphetamine self-administration training. Lever presses were used as a measure of 

drug seeking, and responses on both the active and inactive lever were recorded. Active 

lever responses activated the pump (auditory cues) but did not result in infusions of fluids 

through the catheter or other programmed consequences (i.e., CS presentations; visual cue 

(cue light)). The following day rats were assessed for methamphetamine seeking triggered 

by visual cues. During the conditioned-cued reinstatement test, rats were placed into the 

operant chambers for 1 h (context A) without connections to the infusion apparatus. Each 

active lever press resulted in a 1-s CS presentation in the absence of drug reinforcement and 

auditory cues. All of the rats were euthanized 1–2 h post-reinstatement testing.
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Perfusions and brain tissue collection

After the last experimental session, rats were fully anesthetized using chloral hydrate (240 

mg/kg, i.p.). Rats were then transcardially perfused with phosphate-buffered saline (over 2 

minutes at 15ml/min and 4% paraformaldehyde (over 20 minutes at 15ml/min). The brains 

were dissected out and postfixed in 4% paraformaldehyde at 4°C for 16–20h and sectioned 

in the coronal plane at a thickness of 40µm on a freezing microtome. The sections through 

the brain were collected in nine vials (containing 0.1% NaN3 in 1X phosphate-buffered 

saline (PBS)) and stored at 4°C.

Antibodies, immunohistochemistry, microscopic analysis, and quantification

The following primary antibodies were used for immunohistochemistry (IHC): Ki-67 

(1:1000, catalog # RM-9106-S, Thermo Scientific (Mandyam et al., 2008)), BrdU (1:400, 

catalog # MCA2060, Serotec (Mandyam et al., 2008)), c-Fos (1:1000, catalog # sc-52, Santa 

Cruz Biotechnology (Recinto et al., 2012)), neuronal nitric oxide synthase (nNOS; 1:2000, 

catalog # sc-55521, Santa Cruz Biotechnology (Wang and Angulo, 2011)), vesicular 

monoamine transporter-2 (VMAT2; 1:2000, catalog # AB1598P, EMD Millipore 

Corporation) and tyrosine hydroxylase (TH; 1:2000, catalog # AB152, EMD Millipore 

Corporation). The left and right hemispheres of every ninth section through the rat 

hippocampus (−1.4 to −6.7 mm from bregma) were used for BrdU and Ki-67 quantification. 

The left and right hemispheres containing the medial prefrontal cortex (mPFC; 2.7 mm from 

bregma), nucleus accumbens shell (NAc shell; 2.7 mm from bregma), bed nucleus of the 

stria terminalis (BNST; −0.26 mm from bregma), caudate putamen (−0.26 mm from 

bregma), medial septal nucleus (−0.26 mm from bregma), amygdala (−2.3 mm from 

bregma), ventro-lateral periaqueductal gray (PAG; −6.04 mm from bregma; corresponding 

to A10 dopaminergic cell group (Messanvi et al., 2013)), granule cell layer (GCL; −6.04 

mm from bregma), substantia nigra (SN; medial, central, lateral compacta and reticulate; 

−6.04 mm from bregma), and parabrachial and paranigral subregions of the ventral 

tegmental area (VTA; −6.04 mm from bregma; (Paxinos and Watson, 1997)) were slide-

mounted, coded, and dried overnight prior to IHC. The sections were pretreated (Mandyam 

et al., 2004), blocked, and incubated with the primary antibodies (BrdU, Ki-67, Fos, nNOS, 

VMAT2 and TH) followed by biotin-tagged secondary antibodies.

Ki-67 immunoreactive cells in the subgranular zone (SGZ; i.e., cells that touched and were 

within three cell widths inside and outside the hippocampal granule cell-hilus border) and 

BrdU cells in the GCL were visually quantified with a Zeiss primostar photomicroscope 

(600× magnification) and absolute cell counting (counting every immunoreactive cell in the 

area for analysis as this would give an unbiased estimate of cell counts) in sections through 

the dentate gyrus (−1.4 to −6.7 mm from bregma; (Paxinos and Watson, 1997)) were 

quantified (Noori and Fornal, 2011). Cells in the SGZ and GCL were summed and 

multiplied by 9 to give the total number of cells (Eisch et al., 2000).

nNOS, Fos and TH immunoreactive cells were examined and quantified with a Zeiss 

Axiophot Microscope equipped with MicroBrightField Stereo Investigator software, a three-

axis Mac 5000 motorized stage, a Zeiss digital video camera, PCI color frame grabber, and 

computer workstation. Live video images were used to draw contours delineating the brain 
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regions indicated in Table 1. The fields of the brain regions for quantification were traced 

separately at 25x magnification. A 150 × 150 µm frame was placed over the regions of 

interest using the Stereo Investigator stereology platform. The frame was systematically 

moved over the tissue to cover the entire contoured area and the labeled cells in each region 

falling entirely within the borders of the contour were marked and analyzed. 

Immunoreactive cells were quantified bilaterally (absolute cell counting in the area 

contoured for analysis) and were summed up for each brain region. A separate group of rats 

self-administered methamphetamine in a 6h schedule for 22 days and were euthanized 16–

20h after their last self-administration session. Behavior data and brain 

immunohistochemical data from these animals have been previously published in Recinto et 

al 2012 (Recinto et al., 2012) and is not presented in the current report. Brain tissue enriched 

in PAG from these animals was used in the present study to evaluate the number of TH 

neurons in the PAG, to determine the number of TH neurons in animals that only self-

administered methamphetamine and did not experience withdrawal and reinstatement 

sessions. Data from these additional animals are presented in Figure 5.

For c-Fos and BrdU colabeling, approximately 25 BrdU cells from each rat were 

individually scanned in a confocal microscope. Staining was performed identical to the DAB 

method, except fluorophores were used for secondary antibodies. BrdU was labeled with 

CY3 donkey anti-rat and c-Fos was labeled with CY2-donkey anti-rabbit. The combinatorial 

labeling allowed us to determine whether BrdU cells (CY3-labeled) were co-labeled with c-

Fos (Cy2-labeled). None of the BrdU cells were co-labeled with c-Fos in any experimental 

groups (drug naïve, sedentary or WR).

Density of TH neuron terminals and VMAT2 immunoreactivity were measured from two 

bilateral sections containing the NAc shell (2.7 mm from bregma; as indicated in the 

Paxinos and Watson atlas (Paxinos and Watson, 1997)) and the analysis was made by taking 

four fields corresponding to the area of the shell region. The density of the neuron terminals 

and immunoreactivity, was measured using an image analysis system (ImageJ). The neuron 

terminals and immunoreactivity in at least four areas was determined by measuring the 

percentage of the area occupied by TH neuron terminals or VMAT2 immunoreactivity with 

respect to a standardized area, using a 10x objective lens and a Zeiss MRm video camera. 

Gray values, measured in TH-negative or VMAT2-negative areas of the sections, were 

subtracted as background from the resulting binary picture (Bjorklund and Stromberg, 1997; 

Casu et al., 2002). All the analysis was performed by an observer blind to the study.

Data analysis

The methamphetamine self-administration data is expressed as the mean mg/kg per session 

of methamphetamine self-administration. The effect of session duration on 

methamphetamine self-administration during the 6h session and during the first hour of the 

6h session was examined over the 22 escalation sessions using a two-way repeated-measures 

analysis of variance (ANOVA; session duration × daily session) followed by the Student-

Newman-Keuls post hoc test. The pattern of responding for methamphetamine is expressed 

as the mean mg/kg per hour over 6 h sessions in LgA rats and were compared between the 

first and > 10th escalation sessions. Differences in the rate of responding between the first 
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and other escalation sessions were evaluated using the paired t-test. Running data is 

expressed as revolutions per day or per hour. The effect of methamphetamine withdrawal on 

hours during the day and weeks of running activity was examined over the 24-h period or 

30-day period using a two-way repeated-measures (ANOVA; duration × day) followed by 

the Student-Newman-Keuls post hoc test. For the effect of WR on locomotor activity, 

extinction and reinstatement of methamphetamine seeking, the two groups (sedentary and 

WR) were used as between-subjects factors, and differences were assessed by ANOVA 

followed by paired t-test. For the Ki-67, BrdU, Fos, nNOS, TH and VMAT2 analyses, one-

way ANOVA or unpaired Students t-test was used. The data are expressed as mean ± SEM 

in all graphs. Pearson’s correlations were used to examine the relationship between running 

output and the extent of reinstatement triggered by drug-context and drug-cues.

Results

Extended access methamphetamine self-administration increases responding for 
methamphetamine and produces an escalation in methamphetamine intake

Rats underwent surgery for intravenous catheters and were tested for operant responding for 

intravenous methamphetamine self-administration (Figure 1a). All rats responded on the 

first day of self-administration. Stable response rates were observed by the third session and 

were maintained until the last baseline session. Repeated measures ANOVA did not detect a 

change in the number of active lever presses over acquisition days (Figure 1b). After 10 

days of 1h baseline sessions, rats were subjected to 6h extended access (long access; LgA) 

sessions for 22 days. Methamphetamine intake during the 1st h of the 6h sessions increased 

over self-administration days, and escalation in methamphetamine intake was evident after 

20 sessions of self-administration (Figure 1c; F21,395 = 8.39, p < 0.001). Post hoc analysis 

revealed an escalation in methamphetamine intake in LgA rats during sessions 21–22 

compared with earlier 1–9 sessions (all p < 0.05). Similarly, daily 6h methamphetamine 

intake significantly increased over self-administration days, and escalation in daily 

methamphetamine intake was evident after 17 sessions of self-administration (Figure 1d; 

effect of days of self-administration: F21,395 = 21.85, p < 0.001). Post hoc analysis revealed 

an escalation in methamphetamine intake in LgA rats during sessions 18–22 compared with 

earlier 1–9 sessions (all p < 0.05).

Extended access methamphetamine experience reduces running output when wheel 
running is performed during withdrawal and protracted abstinence

Drug naïve rats increased their running activity over thirty days (Figure 2a; repeated 

measures ANOVA; effect of days, F20,639 = 48.8, p < 0.001), and post hoc analysis 

indicated an increase in running output during 6–14 days compared with initial 5 days, after 

which the output was maintained until the end of the study (p < 0.05).

Methamphetamine withdrawn rats also increased their running activity during the four 

weeks (Figure 2a; repeated measures ANOVA; effect of days, F8,269 = 24.14, p < 0.05), 

however, post-hoc analysis did not indicate an increase in running output between days of 

running.
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Running output was significantly lower in methamphetamine withdrawn rats, and this effect 

was maintained until the end of the study (Figure 2a; repeated measures two-way ANOVA; 

effect of withdrawal, F1,812 = 17.29, p = 0.0003; and a significant withdrawal × days of 

running interaction, F29,812 = 6.3, p < 0.0001). Post-hoc analysis demonstrated higher 

running output in drug naïve rats compared with methamphetamine withdrawn rats from 

days 10 to 30 (p’s < 0.01).

Microanalysis of running activity in drug naïve rats did not show significant differences in 

running activity during days 1–2 compared with days 29–30. Repeated measures two-way 

ANOVA showed a significant effect of time of day on running output (F23,506 = 17.3, p = 

0.0001). Post-hoc analysis demonstrated a higher running output during the dark cycle 

compared with the light cycle in drug naive rats (p < 0.03; Figure 2b).

Microanalysis of running activity in methamphetamine withdrawn rats did not demonstrate 

an overall reduction in running activity during days 1–2 compared with days 29–30. 

Repeated measures two-way ANOVA showed a significant days after withdrawal × running 

output over 24h period interaction (F23,391 = 1.6, p = 0.03), and a significant effect of time 

of day on running output (F23,391 = 4.6, p = 0.0001). Post-hoc analysis demonstrated a 

higher running output during the dark cycle compared with the light cycle in 

methamphetamine withdrawn rats during days 29–30 (p < 0.03; Figure 2b).

Methamphetamine self-administration does not reduce body weight

Drug naïve, sedentary and WR rats gained weight throughout the study. Two-way repeated 

measures ANOVA indicated a significant increase in body weight over weeks in all groups 

(effect of weeks, F8,168 = 297.7, p < 0.001; Figure 2c; effect of weeks × experimental group 

interaction, F16,168 = 3.46, p < 0.001; Figure 2c). Post hoc analysis did not indicate 

significant differences between groups.

Running activity during withdrawal does not alter locomotor activity

Locomotor activity assessed weeks into withdrawal was not different between sedentary and 

WR animals (two-way repeated measures ANOVA, no effect of WR, F1,90 = 0.61, n.s.; 

Figure 3a). Methamphetamine priming (1mg/kg, i.p.) increased locomotor activity and this 

effect was seen in sedentary and WR rats (effect of methamphetamine, F9,90 = 22.05, p < 

0.001; Figure 3a).

Running activity during withdrawal reduces responding during extinction and 
reinstatement of methamphetamine seeking triggered by methamphetamine context and 
cues

After 30 days of withdrawal from methamphetamine, sedentary and WR rats were tested on 

extinction sessions. The number of active lever presses on the first day of extinction was 

significantly higher than the number of active lever presses during the first hour of self-

administration session on the last day of methamphetamine session in sedentary rats; this 

was not evident in WR rats (Figure 3b; p = 0.05 by paired t test). During extinction sessions, 

methamphetamine was not available and lever responding readily declined across daily 1-

hour extinction sessions, as seen in Figure 3b (repeated measures two-way ANOVA; effect 
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of day, F5,80 = 6.2, p = 0.0001; and a significant wheel running × days of extinction 

interaction, F5,80 = 2.9, p = 0.01). Post-hoc analysis demonstrated higher responding in 

sedentary rats compared with WR rats on the first day of extinction (Figure 3b; p < 0.05). 

Sedentary and WR groups extinguished equally prior to reinstatement testing. Following 

extinction, sedentary and WR rats were tested on contexual reinstatement and conditioned-

cued reinstatement (Figure 3c, d). It should be noted that the extent of reinstatement in 

sedentary rats is not robust and could be attributed to the extended period of withdrawal 

after the last methamphetamine session, the change in time spent in the operant box during 

extinction session (1h) vs. self-administration session (6h) and the cues during 

methamphetamine sessions and extinction sessions. However, sedentary rats showed higher 

responding on the previously drug-paired lever during context-induced reinstatement when 

compared with the last extinction session, and this effect was not seen in WR rats (repeated 

measures two-way ANOVA; effect of reinstatement, F1,16 = 8.0, p = 0.01). Post-hoc 

analysis demonstrated higher responding during reinstatement compared with extinction in 

sedentary rats (Figure 3c; p < 0.01). Sedentary rats showed higher responding on the 

previously drug-paired lever during conditioned-cued reinstatement when compared with the 

last extinction session, and this effect was not seen in WR rats (repeated measures two-way 

ANOVA; effect of reinstatement, F1,16 = 4.3, p = 0.05). Post-hoc analysis demonstrated 

higher responding during reinstatement compared with extinction in sedentary rats (Figure 

3d; p < 0.01).

Running output does not correlate with the extent of reinstatement triggered by drug-
context

Pearson’s correlations did not demonstrate a significant relationship between running output 

(measured as revolutions per 24-hour period prior to reinstatement testing) and reinstatement 

to methamphetamine seeking triggered by drug-context (measured as percent change in 

lever responses compared with the last extinction session; R2 = 0.157, n.s.) or drug-cues (R2 

= 0.152, n.s.).

Wheel running during withdrawal does not alter neurogenesis in the dentate gyrus of the 
hippocampus

The effect of withdrawal with or without running on the developmental stages of progenitors 

in the hippocampal dentate gyrus was examined in the SGZ in control (methamphetamine 

and WR naïve), sedentary and WR rats (Figure 4a–d). Withdrawal from methamphetamine 

self-administration in sedentary rats showed a strong trend towards increases in the number 

of proliferating progenitors in the SGZ compared with drug naïve controls (Ki-67; Figure 

4c; p = 0.06; (Recinto et al., 2012)). Running experience during withdrawal and protracted 

abstinence did not alter the number of proliferating progenitors (Ki-67; Figure 4c). WR 

during withdrawal did not alter the number of surviving progenitors in the granule cell layer 

(BrdU; Figure 4d).
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Running activity during withdrawal and protracted abstinence prevents withdrawal-
induced upregulation of tyrosine hydroxylase positive dopamine neurons in the PAG

Markers of neuronal activation (c-Fos) and toxicity (nNOS, VMAT2, TH) were examined in 

various regions of the brain implicated in the binge/intoxication stage (NAc shell, SN and 

VTA), withdrawal/negative affect stage (BNST, caudate putamen, PAG) and preoccupation/

anticipation or craving stage of addiction (mPFC, amygdala, hippocampal granule cell layer) 

in control (methamphetamine and WR naïve), sedentary and WR rats. Mean total c-Fos cell 

counts did not differ in any brain region between any experimental groups (Table 1; c-Fos). 

Mean total nNOS cell counts did not differ in any region between any experimental groups 

(Table 1; nNOS). Mean total density of VMAT2 expressing cells in the NAc shell did not 

differ between the experimental groups. In the VTA and SN, mean total TH cell counts 

differed between the experimental groups (Table 1, TH; two-way ANOVA, significant 

effect of treatment F2,42 = 10.78, p = 0.03 and significant effect of brain region F1,42 = 22.4, 

p = 0.004). Post-hoc analysis showed higher number of TH cells in sedentary and WR rats 

compared with controls in the SN (Table 1, TH; p < 0.05) and in the VTA (Table 1, TH; p < 

0.05), and higher number of TH cells bodies in the VTA compared with SN (p < 0.05). In 

the NAc shell there was no difference in the density of TH terminals between control, 

sedentary and WR rats (one-way ANOVA, n.s.). In the PAG withdrawal and protracted 

abstinence increased the number of TH neurons in sedentary animals compared with 

controls and methamphetamine animals and this effect was reduced in WR rats (one-way 

ANOVA, F3,29 = 3.3, p = 0.03). Post-hoc analysis showed higher number of TH cells in 

sedentary rats compared with controls, methamphetamine and WR rats in the PAG (Figure 

5d; p < 0.05).

Discussion

The goal of this study was to determine if WR during withdrawal and protracted abstinence 

would reduce subsequent methamphetamine seeking triggered by drug-context and drug-

cues in a model of methamphetamine dependence. Consistent with our hypothesis, WR 

during withdrawal significantly attenuated methamphetamine seeking. The effects of WR 

were apparent under extinction conditions. This finding is consistent with previous studies in 

cocaine and nicotine experienced animals, in which WR performed during withdrawal 

significantly lessened subsequent cocaine and nicotine seeking during extinction (Lynch et 

al., 2010; Zlebnik et al., 2010; Sanchez et al., 2013). Furthermore, as reported in Lynch et al 

(2010), our study demonstrates that WR during withdrawal reduces conditioned-cued 

reinstatement, but significantly extend the findings with methamphetamine, a 

mechanistically distinct, more potent and toxic stimulant drug of abuse. Importantly, the 

generality of the effect of WR during withdrawal was confirmed on drug context-induced 

reinstatement in addition to conditioned-cued reinstatement. Running output during 

withdrawal was significantly lower in methamphetamine experienced rats when compared 

with drug naïve controls which demonstrate that even modest levels of WR is sufficient to 

produce a beneficial effect on methamphetamine-seeking. Most importantly, the present 

findings provide concurrent evidence that modest WR during withdrawal exerts protection 

against methamphetamine relapse by ameliorating withdrawal and protracted abstinence- 

induced increases in the levels of TH expressing dopamine neurons with significant effects 
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in the PAG. Our findings provide novel evidence that running activity during withdrawal 

protects against methamphetamine toxicity in the midbrain. These results add to a growing 

body of preclinical literature supporting a promising role for physical activity during 

withdrawal in reducing relapse and drug-induced neuroadaptations in the extended reward 

regions (Smith and Lynch, 2011; Lynch et al., 2013).

Running output during withdrawal was significantly lower in methamphetamine experienced 

rats compared with drug-naïve controls; in fact, running output in methamphetamine 

experienced rats did not escalate over weeks of running activity as seen in controls. Because 

methamphetamine was not available during running sessions, the present findings suggest 

that rather than the behaviors (self-administration and WR) competing, the reinforcing value 

of the wheel and methamphetamine reward competed (Kanarek et al., 1995; Serwatkiewicz 

et al., 2000; Miller et al., 2011; Engelmann et al., 2013). Furthermore, it is possible that 

chronic methamphetamine exposure via extended access self-administration altered the 

circadian rhythms of running behavior by modulating the circadian oscillators in the 

suprachiasmatic nucleus, the food entrainable oscillator and a separate methamphetamine-

sensitive circadian oscillator (Tataroglu et al., 2006; Mohawk and Menaker, 2009; 

Pendergast and Yamazaki, 2014). Microanalysis of running activity over the 24h light:dark 

cycle during acute withdrawal and protracted abstinence did not demonstrate significant 

shifts in activity suggesting that methamphetamine reduced overall circadian activity during 

withdrawal. The interaction between methamphetamine and wheel running behavior is also 

evident on the first day of extinction, where sedentary rats had significantly higher 

methamphetamine seeking (active lever responding) compared with WR rats. The effect of 

WR on extinction cannot be explained as a consequence of motoric incapacity, because WR 

did not reduce either spontaneous or methamphetamine-induced locomotor activity. Thus, 

WR can be considered a nondrug alternative and extending access to WR during withdrawal 

is a preventive strategy that could be employed to reduce relapse to methamphetamine 

seeking in methamphetamine dependent subjects.

The reinstatement of drug-seeking behavior is a valid animal model of relapse and relapse 

can be triggered by the drug, environmental cues (drug-context, drug-cues) and stress 

(Shaham et al., 2003). The stimuli triggering drug seeking can activate neural circuits in the 

brain reward regions and these reflect distinct functional interactions between distinct brain 

regions of the neural circuitry of drug-seeking behavior triggered by drug-context and drug-

cues (See et al., 2001; Kalivas and McFarland, 2003; Fuchs et al., 2005; Hiranita et al., 

2006; Fuchs et al., 2007; Mantsch et al., 2010; Smith and Aston-Jones, 2011). Here, we 

examined the effects of voluntary WR during withdrawal and protracted abstinence on drug-

context and conditioned-cued reinstatement. WR generally reduced active lever responses 

during drug-context and conditioned-cued reinstatement. Taken together, these findings 

suggest that WR during withdrawal and abstinence equi-effectively reduces 

methamphetamine seeking triggered by drug-context and drug-cues and these effects could 

be associated with WR-induced regulation of the neurobiological substrates that underlie 

drug-context and conditioned-cued reinstatement (Johnson and Mitchell, 2003; Farmer et al., 

2004; Berchtold et al., 2005; Lin et al., 2012; Peterson et al., 2013).
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Detailed immunohistochemical analysis followed by stereological quantification was 

performed to determine the possible neurobiological correlate underling WR-induced 

reduction of reinstatement of methamphetamine seeking. Analysis of c-Fos expression was 

conducted to measure neuronal activation, as the activation of the immediate early gene c-

fos is regulated by drugs of abuse (Hyman et al., 1993) and WR (Clark et al., 2011). Cell 

quantification demonstrated that WR-induced reduction of reinstatement was not associated 

with significant changes in the number of c-Fos expressing cells, suggesting that WR during 

withdrawal did not alter the activation of neurons in the reward circuitry in response to 

methamphetamine reinstatement triggered by drug-context and drug-cues. While previous 

reports have indicated that neuronal activation occurs following methamphetamine seeking 

and WR in the brain regions associated with relapse to drug seeking (Clark et al., 2011; 

Clark et al., 2012; Recinto et al., 2012), a lack of effect in the current study may be 

attributable to differences in the amount of animal handling, schedule of reinstatement, the 

cues that triggered drug seeking, exposure to enriched environment, length of withdrawal 

period before testing, and anatomical subregions analyzed.

Analysis of Ki-67 and BrdU cell numbers were conducted to measure developmental stages 

of hippocampal neurogenesis, as the generation of and survival of progenitors in the 

hippocampus is regulated by reinforcing doses of drugs of abuse (Eisch and Harburg, 2006; 

Mandyam and Koob, 2012) and WR (van Praag et al., 1999b; van Praag et al., 1999a). It has 

been demonstrated that acute-to-early withdrawal from methamphetamine self-

administration (16–24h after the last self-administration session) reduces proliferation, 

differentiation and survival of hippocampal progenitors and these changes are relative to the 

amount of methamphetamine consumed (Mandyam et al., 2008; Yuan et al., 2011). 

However, protracted abstinence from methamphetamine self-administration produces 

compensatory changes in proliferation and survival of hippocampal progenitors (visualized 

as increases in proliferation and survival) compared with acute-to-early withdrawal time 

point (Recinto et al., 2012). The affects noted during protracted abstinence in animals that 

were not exposed to any reinstatement sessions were abolished in animals that underwent 

drug-primed reinstatement of methamphetamine seeking, suggesting that re-exposure to the 

drug environment triggered neurobiological alterations in the hippocampal neurogenic niche 

such that these alterations affected the enhanced proliferation observed in animals that did 

not reinstate (Recinto et al., 2012). The current findings are similar to the findings reported 

in the Recinto et al study and show that proliferation and survival is not affected by 

reinstatement of drug seeking, but significantly extend the findings with cue-induced 

reinstatement. Importantly, the current study demonstrates that WR-induced reduction in 

reinstatement of methamphetamine seeking was not associated with significant changes in 

the number of proliferating or surviving cells in the hippocampus. However, one minor 

limitation of the present results is the lack of phenotype identification of surviving cells. 

Inevitably, the fact that methamphetamine and WR independently regulate multiple 

phenotypes of newly born cells (neurons, microglia, oligodendroglia and astroglia) suggests 

that some caution is warranted when interpreting these findings. Nevertheless, this data 

leads us to conclude that running activity during withdrawal prevented other measures of 

toxicity produced by methamphetamine to inhibit reinstatement of methamphetamine 

seeking.
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In the context of the above hypothesis, most notable with methamphetamine neurotoxicity is 

the increases in markers of oxidative stress (nNOS), apoptosis, astrogliosis and 

neuroinflammatory responses, and decreases in levels of dopamine and TH, levels and 

activity of dopamine transporter and VMAT2 in the striatum as demonstrated in self-

administration studies (Schwendt et al., 2009; Krasnova et al., 2010; McFadden et al., 

2012b; McFadden et al., 2012a; Engelmann et al., 2013). Analysis of the number of nNOS 

cells demonstrated that protracted abstinence and reinstatement of methamphetamine 

seeking did not produce significant changes in the striatum and other regions; the data 

suggest that the number of nNOS cells previously reported to be enhanced during acute 

withdrawal in the ventral striatum were not enhanced by drug seeking (Engelmann et al., 

2013). WR during withdrawal and protracted abstinence did not alter the number of nNOS 

cells. Regulation of VMAT2 by methamphetamine via enhanced nNOS activity has been 

linked to cytosolic dopamine-derived oxidative stress by methamphetamine (Larsen et al., 

2002; Eyerman and Yamamoto, 2007; McFadden et al., 2012a). Analysis of the density of 

VMAT2 in the striatum demonstrated that protracted abstinence and reinstatement of 

methamphetamine seeking did not affect VMAT2 levels. These findings suggest that 

decreases in VMAT2 function in the striatum seen during methamphetamine self-

administration (McFadden et al., 2012a) were transient and were not visualized as reduced 

VMAT2 immunoreactivity after protracted abstinence and reinstatement of 

methamphetamine seeking in extended access animals (present results). Furthermore, a lack 

of effect on nNOS and VMAT2 expression by reinstatement of methamphetamine seeking 

suggests that WR-induced reduction of reinstatement of methamphetamine seeking was due 

to amelioration of other markers of methamphetamine toxicity (Hofford et al., 2014).

The effect of withdrawal and protracted abstinence on mesolimbic and nigrostriatal 

dopamine neurons was evaluated by TH immunoreactivity, a marker for methamphetamine 

neurotoxicity. Protracted abstinence and reinstatement of methamphetamine seeking in the 

sedentary animals increased the number of TH positive neurons in the VTA (the region 

containing the cell bodies of the mesolimbic dopamine neurons) and the SN (the region 

containing the cell bodies of the nigrostriatal dopamine neurons) and WR during protracted 

abstinence did not alter the increases. These results add to the growing literature on 

methamphetamine self-administration and TH toxicity, where extended access 

methamphetamine self-administration enhanced TH mRNA and protein expression in the 

VTA and SN during acute withdrawal (Stefanski et al., 2002; Shepard et al., 2006). The 

current findings are significant and extend the previous reports to demonstrate that the 

number of TH expressing dopamine neurons is enhanced in the VTA and SN during 

protracted abstinence and reinstatement of methamphetamine seeking triggered by drug-

context and drug-cues. Protracted abstinence and reinstatement of methamphetamine 

seeking did not produce any changes in the density of TH fibers in the ventral striatum 

(nucleus accumbens shell region) and was not affected by WR during withdrawal. Taken 

together our results demonstrate that during extended access methamphetamine self-

administration, which produces maladaptive patterns of methamphetamine intake, 

methamphetamine seeking-induced TH depletion was not evident (Ricaurte et al., 1982; 

Larsen et al., 2002; Boger et al., 2009; Keller et al., 2011). Enhanced TH levels in the VTA 

and SN suggest transient elevation of dopamine in these regions, which could contribute to 
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escalation of methamphetamine intake and enhanced reinstatement in animals experiencing 

extended access sessions (Shepard et al., 2006; Rogers et al., 2008). However, WR-induced 

reduction in reinstatement of methamphetamine seeking was not attributable to reduction in 

TH levels in the VTA and SN.

The number of TH neurons in the regions adjacent to the VTA was examined. For example, 

the dopamine neurons of the PAG are considered independent of the VTA and greater than 

50% of these neurons project onto brain structures such as the central nucleus of the 

amygdala and bed nucleus of the stria terminalis and contribute to the dopaminergic 

innervations in these regions (Ottersen, 1981; Grove, 1988; Li et al., 1993; Hasue and 

Shammah-Lagnado, 2002). The functional significance of the dopaminergic projections 

from the PAG to the extended amygdala (composed of the central nucleus of the amygdala, 

bed nucleus of the stria terminalis, and a transition zone in the medial (shell) subregion of 

the nucleus accumbens) is unknown and the projections are hypothesized to influence γ-

aminobutyric acid (GABA)ergic neuronal activity in the central nucleus of the amygdala 

(Freedman and Cassell, 1994). The neural areas of the extended amygdala are of relevance 

to the withdrawal/negative affect stage of methamphetamine addiction as they harbor brain 

neurochemical systems (e.g., corticotrophin-releasing factor, CRF) involved in arousal-

stress modulation that could contribute to maladaptive patterns of drug intake and enhanced 

relapse associated with extended access methamphetamine self-administration (Koob, 

2013). Particularly interesting is the evidence for increased CRF expression in the extended 

amygdala in withdrawn methamphetamine animals and blockade of reinstatement of 

methamphetamine seeking with CRF antagonists (Nawata et al., 2012). Given that the PAG 

is rich in opioid receptors, endogenous opioid peptides, and mediates physiological 

functions, many of which are consistent with withdrawal/negative affect state behaviors 

(Bandler and Shipley, 1994), and harbors reciprocal connections to the extended amygdala 

(Ottersen, 1981; Grove, 1988; Stinus et al., 1990; Li et al., 1993; Harris and Aston-Jones, 

1994; Hasue and Shammah-Lagnado, 2002), it is tempting to speculate that the PAG 

dopamine neurons play a role in the expression of withdrawal/negative affect symptoms 

associated with methamphetamine dependence via dopaminergic innervation in the extended 

amygdala. Protracted abstinence and reinstatement of methamphetamine seeking in 

methamphetamine dependent animals increased the number of TH neurons in the PAG. 

Running activity during withdrawal and protracted abstinence prevented methamphetamine 

seeking-associated increases in TH neurons in the PAG. These novel findings indicate that 

WR during withdrawal and protracted abstinence ameliorated the dopamine-associated 

neuroadaptations in the PAG which contributed to the reduced reinstatement of 

methamphetamine seeking in methamphetamine dependent animals.

In sum, the analysis of multiple neurotoxicity markers in various brain regions associated 

with the distinct stages of addiction provides information as to potential neurobiological 

correlates associated with WR-induced reduction in methamphetamine seeking. A limitation 

of the present study is that multiple neurotoxicity markers assessed are concurrent to the 

behavioral correlates and causality of each of these markers in relapse to methamphetamine 

seeking is unknown. Conversely, this data lays the groundwork for future studies aimed at 

integrating the observed neuronal changes in the PAG in methamphetamine dependence. 

The study may provide a novel therapeutic approach to reduce methamphetamine relapse.
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Highlights

• Extended access Meth produces maladaptive patterns of Meth intake and Meth 

dependence

• Access to running wheels during Meth withdrawal reduces Meth seeking in 

Meth dependent rats

• Dopamine neurons of the PAG region show adaptive biochemical changes 

during Meth seeking

• Wheel running during withdrawal rescues and abolishes adaptive changes in the 

PAG
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Figure 1. 
(a) Schematic of behavioral protocol and experimental procedures. Self-administration 

began with a 10-day acquisition period in which rats were limited to 1h sessions under a 

fixed ratio 1 (FR1) schedule. Subsequently, rats experienced extended access (6h) sessions 

under a FR1 schedule. Next, rats were withdrawn from methamphetamine and were given 

one injection of BrdU on the following day to label progenitors in the hippocampus. After 

injections rats were placed in home cages equipped with (WR) or without (sedentary) 

running wheels for 30 days during which methamphetamine was withdrawan. During 

withdrawal rats extinguished self-administration behavior in a new context and the 

following day began a within-session context/cue-induced reinstatement paradigm. All 

animals were killed 60–90 minutes after the last reinstatement session. (b–d) 

Methamphetamine intake (mg/kg) during acquisition (b) and escalation (c–d) sessions.(c) 

Amount of methamphetamine consumed during the first hour of the six hour access; (d) 

amount of methamphetamine consumed over the entire six hour access. At the end of the six 

hour sessions rats (n = 18) were separated into sedentary or WR groups (n = 9 sedentary 

group; n = 9 WR group). Data is expressed as mean ± S.E.M. *p<0.05 vs. initial sessions in 

(c–d).
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Figure 2. 
Methamphetamine experience reduces running output. (a–b) Total number of revolutions per 

day (left y-axis); distance run in kilometers (right y-axis) (a); *p<0.05 compared with drug 

naïve rats in (a). Total number of revolutions per hour (b) during the first two days of 

withdrawal and last week of withdrawal in methamphetamine withdrawn rats and at similar 

time points in drug naïve animals. The numbers on the x-axis shaded in gray in (b) show the 

time of day when methamphetamine self-administration was conducted prior to withdrawal 
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days; *p<0.05 compared with running activity in the light cycle in drug naïve rats. (c) Body 

weight in grams over the entire experimental period.
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Figure 3. 
(a) Locomotor activity measured as crossovers before and after an intraperitoneal injection 

of methamphetamine. *p<0.05 compared with activity before methamphetamine injection in 

sedentary and WR animals. (b–d) Extinction and reinstatement of methamphetamine 

seeking. (b) Increased active lever responding during first extinction session compared with 

the first hour responding during the last self-administration (SA) session; Decreased lever 

responding on the previously methamphetamine paired lever in daily 1h extinction trials in a 

operant box different from the one used for self-administration sessions. The extinction 

criterion was reached after day 4 in both groups. WR significantly reduced extinction 

responding compared with sedentary animals (*p≤0.05, compared with day 1 of extinction

Responding in sedentary group; # p<0.05 vs. sedentary rats). (c–d) Methamphetamine 

seeking triggered by context (c) and cues (d); reinstatement expressed as active lever 

presses. n = 9 in each group; **p<0.01, compared with extinction responding.
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Figure 4. 
Reinstatement of methamphetamine seeking does not alter the number of proliferating cells 

or surviving cells in the dentate gyrus of the hippocampus. (a–b) Photomicrographs of DAB 

stained Ki-67 cells (a) and 30-day-old BrdU cells (b) from one control drug naïve rat. Scale 

bar in (a) applies (a–b) = 30 um in (a) and 20 um in (b). (c–d) Quantitative analysis of 

immunoreactive cells stained for Ki-67 (c) and BrdU (d). Data are expressed as mean ± 

S.E.M; n = 9 sedentary group; n = 9 WR; n = 6 drug naive.
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Figure 5. 
Reinstatement of methamphetamine seeking increases the number of TH immunoreactive 

dopamine neurons in the PAG. (a–d) Photomicrographs of DAB stained section containing 

the PAG (top open rectangle) and SN (bottom open rectangle) at low magnification (2.5x; a) 

from one sedentary animal. (b) TH cells in the SN under higher magnification. (c–d) TH 

cells in the PAG in sedentary rat (c) and WR rat (d). The top left box in (a) represents the 

area in (c–d). Scale bar in d applies (a–d); in b-d = 20 um; in a = 200 um. (e) Quantitative 

analysis of immunoreactive cells stained for TH. Data are expressed as mean ± S.E.M; n = 9 
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sedentary group; n = 9 WR; n = 5 methamphetamine; n = 6 drug naive. * p<0.05 vs. drug 

naïve and #p<0.05 vs. sedentary animals.
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Table 1

Quantitative (cell counts in mm2) and densitometric (density) analysis of various markers of 

methamphetamine toxicity. Data are expressed as mean ± S.E.M; n = 9 sedentary group; n = 9 WR; n = 6 drug 

naive.

Quantitative analysis [cell numbers per mm2] of o-FOG expressing cells

Brain region Control Sed Math WR Math p

Medial Prefrontal Cortex 23 ± 5 27± 4 39 ± 8 n.s.

Nucleus Accumbens Shell 18 ± 7 22 ± 4 33 ± 10 n.s.

Granule Cell Layer 49 ± 7 56 ± 8 76 ± 15* 0.07

Granule Cell Layer c-Fos+/BrdU+colabeling None None None

Periaqueductal Gray 8 ± 1 13 ± 3 15 ± 5 n.s.

Ventral Tegmental Area 2 ± 1 4 ± 1 4.6 ± 1 n.s.

Quantitative analysis (cell numbers per mm2) of NnoS expressing cells

Brain region Control Sed Meth WR Meth

Orbital Cortex 21 ± 4 17 ± 2 16 ± 2 n.s

Medial Prefrontal Cortex 48 ± 1 44 ± 2 44 ± 3 n.s

Nucleus Accumbens Shell 24 ± 2 23 ± 1 25 ± 2 n.s

Medial Septal Nucleus 28 ± 4 22 ± 3 19 ± 4 n.s

Bed Nucleus of the Stria Terminals 14 ± 3 11 ± 1 11 ± 1 n.s

Caudate Putamen (striatum) 80 ± 7 83 ± 5 82 ± 6 n.s

Amygdala 25 ± 7 24 ± 3 21 ± 2 n.s

Hippocampal Dentate Gyrus 8 ± 4 5 ± 1 7 ± 2 n.s

Periaqueductal Gray 77 ± 9 70 ± 5 60 ± 9 n.s

Ventral Tegmental Area 8 ± 4 1 ± 0 1 ± 1 n.s

Quantitative analysis of VMAT2 Immunoreactivity

Brain region Control Sed Meth WR Meth

Nucleus Accumbens Shell (density) 17 ± 2 13 ± 2 14 ± 2 n.s

Quantitative analysis of TH Immunoreactivity

Brain region Control Sed Meth WR Meth

Nucleus Accumbens Shell (density) 39 ± 4 43 ± 4 38 ± 3 n.s

Substantia Nigra (cell numbers per mm2) 55 ± 4 68 ± 2* 73 ± 6* < 0.05

Ventral Tegmental Area (cell numbers per mm2) 75 ± 10 99 ± 5* 101 ± 13 0.04

*
p<0.05 vs. drug naïve.
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