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Abstract Methamphetamine (METH) causes significant

loss of some striatal projection and interneurons. Recently,

our group reported on the proliferation of new cells 36 h

after METH and some of the new cells survive up to

12 weeks (Tulloch et al., Neuroscience 193:162–169,

2011b). We hypothesized that some of these cells will

differentiate and express striatal neuronal phenotypes. To

test this hypothesis, mice were injected with METH

(30 mg/kg) followed by a single BrdU injection (100 mg/

kg) 36 h after METH. One week after METH, a population

of BrdU-positive cells expressed the neuronal progenitor

markers nestin (18 %) and b-III-tubulin (30 %). At

8 weeks, 14 % of the BrdU-positive cells were also posi-

tive for the mature neuron marker, NeuN. At 12 weeks,

approximately 7 % of the BrdU-positive cells co-labeled

with ChAT, PV or DARPP-32. We measured motor coor-

dination on the rotarod and psychomotor activity in the

open-field. At 12 weeks, METH–injected mice exhibited

delayed motor coordination deficits. In contrast, open-field

tests revealed that METH-injected mice compared to saline

mice displayed psychomotor deficits at 2.5 days but not at

2 or more weeks after METH. Taken together, these data

demonstrate that some of the new cells generated in the

striatum differentiate and express the phenotypes of striatal

neurons. However, the proportion of these new neurons is

low compared to the proportion that died by apoptosis 24 h

after the METH injection. More studies are needed to

determine if the new neurons are functional.
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Abbreviations

BrdU 5-Bromo-20-deoxyuridine

ICR Institute for Cancer Research

Ip Intraperitoneal

METH (?)-Methamphetamine hydrochloride

PBS Phosphate-buffered saline, pH 7.4

IB4 Isolectin B4

NeuN Neuron nuclear protein

ChAT Choline acetyltransferase

DA Dopamine

DARPP-32 Dopamine and cAMP-regulated

phosphoprotein of 32 kDa

PV Parvalbumin

SVZ Sub-ventricular zone

Introduction

Methamphetamine (METH) is one of the most widely

abused drugs worldwide and the most often synthesized

illegal drug in the United States (United Nations Office on

Drugs and Crime 2008). For over 30 years, it has been

recognized that METH induces excessive release of

dopamine (DA), which subsequently becomes depleted

(Seiden et al. 1975). METH-induced DA depletion or

neurotoxicity has been shown to include considerable loss

of dopaminergic terminals in the striatum, as measured by
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loss of the terminal markers tyrosine hydroxylase (TH) and

DA transporters (DAT) (Schmidt and Gibb 1985; Ricaurte

et al. 1980). More recent studies have reported striatal and

cortical neuron death in animals given METH (Deng et al.

2001; Pu et al. 1996; Eisch and Marshall 1998; Zhu et al.

2006). An important concern stems from studies in humans

that suggest permanent METH-induced changes in the

brain. For example, even after 3 years of abstinence posi-

tron emissions tomography (PET) scans revealed DAT loss

in METH users (Wilson et al. 1996; McCann et al. 1998;

Volkow et al. 2001). Additionally, magnetic resonance

imaging (MRI) suggests METH-induced cell death in

humans (Ernst et al. 2000).

Numerous studies have also documented METH-

induced effects on motor or cognitive performance in both

animal models and humans who abuse METH (Friedman

et al. 1998; Chang et al. 2005; Salo et al. 2009; Krasnova

et al. 2009; Achat-Mendes et al. 2005; Izquierdo et al.

2010; Daberkow et al. 2007, 2008; Boger et al. 2009; Hall

et al. 2008). In rodents, for example, acute METH

increases open-field locomotor activity that has been

shown to accompany altered DA neurotransmission (Hall

et al. 2008). The long-term effect, however, includes psy-

chomotor deficits such as decreased locomotor activity.

These deficits persist even when striatal DA recovers

(Boger et al. 2009; Krasnova et al. 2009). Friedman et al.

(1998) demonstrated depleted DA levels in the striatum

65 days after METH, which is attenuated when measured

at 265 days. However, deficits on spatial memory task

recovered within 100 days suggesting that other neural

events may be compensating for the attenuation of deficits.

In some humans who previously abused METH, the neural

changes include enlargement of the striatum and globus

pallidus accompanied by cognitive and motor performance

similar to controls (Chang et al. 2005). In contrast, former

METH-using participants with the smallest striatal vol-

umes had the greatest neuropsychological deficits (Chang

et al. 2005). Taken together, these data suggest the possi-

bility that enlarged basal ganglia structures like the stria-

tum and globus pallidus may be involved in recovery or

compensation for the neuropsychological impact of

METH. However, until recently, few studies examined the

striatal enlargement in relation to motor recovery after

METH using rodent models of METH-induced toxicity.

We previously reported that one single systemic injec-

tion of METH is sufficient to induce striatal neuron loss in

mice (Zhu et al. 2005, 2006). We have also recently

demonstrated that METH exposure induces cell prolifera-

tion in the striatum that is accompanied by enlarged striatal

volume (Tulloch et al. 2011a). Only a third of the new cells

survived up to 12 weeks at which point striatal volume

normalizes. Some studies have described increase in cell

proliferation following injury in areas of the adult brain

(Arvidsson et al. 2002; Parent et al. 2002; Urrea et al.

2007) and one study found increased hippocampal prolif-

eration in mice after experimenter-administered cocaine

(Lloyd et al. 2010). The reported increase in hippocampal

proliferation after cocaine might be due to method of drug

administration. A number of studies reported different

levels of progenitor cell proliferation in the adult brain

(Teuchert-Noodt et al. 2000; Sudai et al. 2011; Venkatesan

et al. 2011; reviewed in Canales 2013). Specifically, the

hippocampus shows changes after exposure to different

drugs of abuse depending on the experimental model. For

example, using a self-administration model, Mandyam

et al. (2008) found short-term intermittent METH exposure

initially increased hippocampal cell proliferation in rats.

However, failure in survival of these cells resulted in no net

changes in neurogenesis after short-term intermittent

METH. In the same study, Mandyam et al. (2008) also

reported that daily METH exposure of short or long

duration decreased hippocampus cell proliferation and new

neuron survival. Furthermore, Venkatesan et al. (2011)

reported decreased progenitor cell proliferation following

METH using an in vitro model. Although other injury

models have suggested increased striatal cell proliferation

and neurogenesis following damage (Parent et al. 2002;

Bédard et al. 2002; Luzzati et al. 2011), few studies have

examined proliferation following METH-induced damage

in the striatum. With an overwhelming record of damaging

structural and functional alterations, it is not surprising that

until now, research focus has not been directed on behav-

ioral recovery via neurogenesis after METH exposure,

particularly for the striatum. To that end, we sought to

characterize the type of cells generated in the striatum and

measured accompanying motor performance in mice. We

used immunohistochemistry for BrdU in conjunction with

phenotype markers to identify progenitor and mature neu-

rons over a 12-week time course. We also measured motor

performance on the rotarod and in the open field because

these tasks have long been thought to require striatal

function (Jones and Roberts 1968a, b; Whimbey and De-

nenberg 1967; Denenberg 1969).

Materials and Methods

Animal Care and Use

All procedures regarding animal use were performed in

accordance with the National Institutes of Health Guide for

the Care and Use of Laboratory Animals and were

approved by the Institutional Animal Care and Use Com-

mittee of Hunter College of the City University of New

York. The Hunter College animal facility is accredited by

the American Association for Accreditation of Laboratory
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Animal Care (AAALAC). Male ICR mice (Taconic, Ger-

mantown, NY) between 11 and 12 weeks of age were

housed individually on a 12-h light/dark cycle with food

and water available ad libitum except where noted. Mice

were habituated to the housing environment and the

experimenters for two weeks prior to commencement of

intraperitoneal (ip) drug administration. The work descri-

bed in this article was carried out in accordance with The

Code of Ethics of the World Medical Association (Decla-

ration of Helsinki) for animal experiments. All efforts were

made to minimize animal suffering and reduce animal use.

No alternatives to in vivo techniques are available for these

studies and require the entire connectivity of the brain.

Drug Preparation and Treatment

(?)-Methamphetamine hydrochloride (Sigma, St. Louis,

MO) was dissolved in 10 mM PBS and groups of animals

were injected ip with either saline or one bolus of METH

(30 mg/kg of body weight) in a volume of 200 lL. In

addition to drug treatment, 100 mg/kg of the mitotic mar-

ker BrdU (Sigma, St. Louis, MO) was injected at 36 h after

METH injection. This time was chosen because it was

found to be the peak of cytogenesis after METH treatment

(Tulloch et al. 2011a). Subgroups of animals survived to

post-METH times ranging from 2.5 days (i.e., 24 h after

the BrdU injection which was given 36 h/1.5 days post-

METH) to 12 weeks at which point striatal tissue was

collected and prepared for double label BrdU and pheno-

type immunohistochemistry. However, ChAT, PV, DAR-

PP-32 phenotypes were assessed only at 8 and 12 weeks.

These times were chosen based on the peak of mature

neuron expression in the new cells (BrdU colabled with

NeuN). Except for behavior animals, sacrifice and striatal

tissue collection was done by anesthetizing each animal

with a 1:3 mixture of ketamine/acepromazine (100 mg/kg

of body weight) then transcardially perfusing with 25 ml of

PBS followed by 25 ml of 4 % paraformaldehyde in PBS.

Brains were dissected out and immediately post-fixed for

12 h in 4 % paraformaldehyde at 4 �C, followed by cryo-

protection in 30 % sucrose in PBS solution at 4 �C for

48 h. Tissue sections were then stored at -80 �C until used

for immunohistochemical assays. For the group of mice

used in the behavior study, within 90 min of the last

behavior task, mice were immediately sacrificed by

decapitation. Striatal tissue was immediately dissected and

flash frozen on dry ice. Brains were then stored in -80 �C

until use.

Immunohistochemistry

All staining was carried out by the free-floating method

previously described in Tulloch et al. (2011b). Coronal

sections from each striatal hemisphere were cut at 40 lm

thickness and serially collected from the striatum between

bregma 0.02 and 1.4 mm. Every sixth striatal section was

collected into one of six adjacent sample wells per animal.

One well of samples per animal from the left hemisphere

was used for each phenotype assessment. Fluorescent

immunostaining was a double-label assay for BrdU and a

second phenotype of interest. For all tissue sections,

incubation in primary antibodies was done separately per

antibody for 24 h at 4 �C. Incubation in secondary was for

1 h at room temperature.

Labeling for BrdU used the antigen retrieval steps for

BrdU immunofluorescence described previously in Tulloch

et al. (2011b). In brief: after washes in PBS, tissue sections

were incubated in a solution of 1:1 formamide in 0.15 M

49 SSC for 2 h at 65 �C, followed by incubation in 2 N

HCL at 37 �C for 30 min. After a 10-min rinse in 0.1 M

boric acid, pH 8.5, blocking was done in 5 % donkey

serum in 0.2 % Triton 9100 in PBS at room temperature

for an hour. Primary antibody solution was 1:500 sheep

anti-BrdU (Novus biologicals, Littleton, CO) in 1 % nor-

mal donkey serum. Secondary antibody solution was 1:500

FITC donkey anti-sheep (Novus Biologicals, Littleton, CO)

for 1 h at room temperature completed the BrdU staining.

Neuron progenitor phenotypes: ß-III-tubulin, DCX, and

nestin were labeled before BrdU immunostaining. For

these phenotypes we used a TSA amplification protocol per

TSA-CY3 kit N5000� (Perkin Elmer, Waltham, MA).

After washing with PBS, antigen retrieval was done in 1 M

citric acid in dH2O at 100 �C for 8 min. When using mouse

based primary antibodies with the TSA protocol, i.e.,

mouse anti-ß-III-tubulin and mouse anti-nestin, the 1 h

block step used MOM IgG from Vector Labs basic MOM

kit BMK2200� (Burlingame, CA). The antibody dilutions

used with MOM diluent for overnight incubation were

1:2,500 mouse anti-ß-III-tubulin (Millipore); 1:5,000

mouse anti-nestin (Millipore). For DCX, after citric acid

antigen retrieval step, blocking was done in 3 % normal

donkey serum in 0.3 % tritonX in PBS for an hour fol-

lowed by incubation in primary antibody solution of

1:2,000 goat anti-DCX, (Santa Cruz Biotech, Santa Cruz

CA) in 1 % donkey serum solution for 24 h. For mouse

primary antibodies the 1-h incubation in secondary anti-

body was done with a solution of 4 ll/ml biotin-anti Mouse

IgG from the MOM kit (Vector labs). For goat primary

antibodies biotinylated-anti-goat IgG from Vector Elite

ABC kit was used according to instructions from the

manufacturer (Vector Labs, Burlingame, CA). Visualiza-

tion of all the progenitor markers and microglia were done

with incubation 1:1000 Cy3 conjugate to secondary anti-

body solution prepared according to TSA kit instructions

(Perkin Elmer, Waltham, MA). After secondary antibody

for progenitor staining, 10-min incubation was done in a
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solution of 0.1 % trypsin in 0.01 M tris buffer and 0.1

CaCl2 at room temperature. BrdU labeling then proceeded

starting with the HCL step.

For neuronal phenotypes (NeuN, ChAT, PV, and DAR-

PP-32) the BrdU component of the assay was done first

according to steps previously described for BrdU staining.

On the second day after BrdU visualization, a 1-h blocking

step and incubation in the phenotype primary antibody was

done. For NeuN and PV phenotypes, blocking was with

MOM kit IgG from (Vector labs, Burlingame CA) followed

by incubation in primary antibodies: 1:1,000 Mouse anti-

NeuN (Novus Biologicals, Littleton CO) or 1:500 mouse

anti-PV, (Millipore, Billerica, CA) over night at 4 �C. NeuN

and PV were visualized using secondary antibody 1:1000

CY3 goat anti-mouse (Millipore, Bellerica CA) in 1 % NGS

in 0.2 % Triton X100 PBS. However, DARPP-32 was

visualized with 1:1000 Cy3 goat anti-rabbit (Millipore) in

1 % NGS in 0.2 % triton X PBS. ChAT and DARPP-32,

blocking was done in 3 % normal donkey serum in 0.2 %

triton X100 in PBS. After blocking step, primary incubation

was done in 1:500 goat anti-ChAT (Millipore, Billerica,

MA). ChAT was visualized using secondary antibody dilu-

tion 1:500 Cy3 donkey anti-goat (Millipore) in 1 % donkey

serum in 0.2 % Triton X100-PBS. For DARPP-32, blocking

was done in 5 % goat serum in 0.2 % Triton X100-PBS and

then incubated in 1:500 rabbit anti-DARPP-32 (Millipore,

Bellerica MA) in a solution of 1 % goat serum in 0.2 %

Triton X-PBS. DARPP-32 was visualized with 1:500 Cy3

goat anti-rabbit (Millipore, Bellerica, MA). All secondary

antibody incubations were for an hour. All tissue sections

were mounted on coded superfrost glass slides and cover

slipped with vectashield hardset mounting medium for

fluorescence (Vecta Labs, Burlingame, CA).

The number of BrdU nuclei co-labeled with a given

phenotype marker was determined using a Leica TCS TM

confocal microscope and corresponding Leica software

system (Leica microsystems, Heidelberg, Germany). FITC

and CY-3 signals corresponded to single wavelength laser

line 488 (green) and 568 (red), respectively. The striatum

was divided into four regions corresponding to dorsal

medial (DM), dorsal lateral (DL), ventromedial (VM), and

ventrolateral (VL). Z-stack images from each striatal

region were taken in four animals per group, six tissue

sections per animal. To avoid cross detection between the

signals, the pinhole setting was less than 2 lm and z-stacks

between 15 and 30 lm thick were recorded sequentially

between frames at 1009 in a raster pattern per series.

Confirmation of co-label was done by reconstruction and

orthogonal rotation of the images using the Leica confocal

software in view and analysis modes. Four striatal sections

per animal were analyzed.

To determine the proportion of cells with BrdU positive

nuclei that were also positive for the second marker of

interest, a modification of the stereology technique for the

confocal microscope as described by Peterson (1999) was

employed as follows: using the quantification mode in the

Leica software a sampling frame measuring an area of

50 mm2 per z-stack with inclusion and exclusion lines was

drawn on the computer monitor and counts were taken at

1009 magnification after outlining the striatum at 59. Only

cells that fell within the inclusion area of each sampling

frame and clearly visible within the z axis were counted.

Partially visible nuclei or those that touched the exclusion

lines of the sampling frame were not counted. Separate

counts of BrdU-positive and BrdU-colabeled nuclei from the

same tissue sections were taken from four mice per time

point. After stereological quantification was complete, the

total BrdU-positive nuclei per animal and the total phenotype

immunostain co-labeled with BrdU were used to calculate

the percentage of BrdU nuclei co-labeled. Once phenotype

percentages were done, coding was revealed for statistical

analysis. With the exception of PV and ChAT, statistical

analysis was done using one-way ANOVA followed by

Bonferroni post hoc to determine the differences in percent

of a given phenotype at various times after METH-treatment

(2.5 days to 12 weeks). For PV, ChAT, and DARPP-32 one-

way ANOVAs compared each phenotype to the alternative

hypothesis value of zero replacement of striatal neurons that

die by apoptosis 24 h after METH injections. Significant

one-way ANOVA was followed by Dunnett’s post hoc test.

Rotarod

Motor coordination tests were done on the rotarod because

performance is known to correlate with the level of striatal

cell death (Haelewyn et al. 2007). All animals were tested

before treatment to get baseline performance when naive.

Tests were done on a five station ENV-577 mouse ROTA-

ROD treadmillTM by Med Associates (St Albans, VT).

Rotarod tasks lasted for 3 min in the home cage room.

Each animal was individually placed on one of five

treadmill stations on the rotarod, which began rotating after

30 s of placement. The length of time that animals

remained on the rotating treadmill at fixed speed (20 rpm)

followed 2 h later by the variable speed (2–.20 rpm) test

was measured. The mean pre-treatment performance on the

rotarod was calculated from the average of the fixed versus

variable speed latency to fall of the rotating rod. After

rotarod tasks animals were randomly placed in either

METH or saline condition and treated by intraperitoneal

injections. Subgroups of these animals were tested again at

one of several survival post-treatment times (2.5 days, 1, 2,

4, 8, and 12 weeks). The average of fixed and variable

speed was again used as the post-treatment score and

compared with pre-treatment latency to fall off the rotarod.

It was important to analyze the pre-injection performance
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separately to insure that the latencies to fall were relatively

the same regardless of what group the mice were later

randomly assigned for the post-treatment tests. This was

done with a two-way ANOVA for pre-treatment perfor-

mance per assigned treatment group and post-test time.

Non-significant pre-treatment result was followed by post-

treatment analysis. Post-treatment comparisons for the

mean latency to fall off the rotating rod for the post-

injection condition per time point (2.5 days to 12 weeks)

were done with a two-way ANOVA. For significant

interaction and simple effects, Bonferroni post hoc was

done to determine differences between treatment condi-

tions per post-treatment time.

Open-Field

The open field has been reliably used to test psychomotor

activity (Brooks and Dunnett 2009). Additionally, activity

in the center provides a rudimentary measure of anxiety

(Denenberg 1969), thus behaviors that corresponded to

motor activity (distance traveled) and anxiety (entries into

the center zone) were assessed. Psychomotor assessments

were done in the same animals used for the rotarod task.

However, each subgroup of mice was tested once because

we were interested in activity in a completely novel situ-

ation. Post-injection times tested in subgroups of mice in

the open-field corresponded with phenotype assessment

time course (2.5 days, 1, 2, 4, 8, and 12 weeks). Dimmed

room lights signaled the start of the 5-min open-field test.

Mice were individually placed in the center of a

3200 9 1600 9 3200 rectangular space surrounded by a Kin-

der Scientific Smart Frame� open-field system. The system

was powered with 32 Infared PhotoBeams connected to

Motor Monitor 5.05 software to measure the behavior

parameters (Kinder Scientific, Poway CA). Photobeam

breaks corresponding to the total distance travelled in the

Fig. 1 BrdU-positive nucleus co-labeled with nestin in Z-stack

images from representative striatal tissue sections taken 2 weeks

after METH. In a BrdU-positive nuclei are labeled in green with

FITC. The white arrow points to one particular BrdU nucleus that is

then examined for nestin and co-label in b and c, respectively. b A

white arrow pointing to the same cell with nestin-positive stain

labeled red with Cy3. c The same cell co-labeled and indicated by the

white arrow. a–c Scale bar 77.9 lm at 9100 magnification.

Significant one-way ANOVA revealed that the percentage of BrdU-

positive nuclei co-labeled with nestin peaked between 2.5 days and

1 week. Post-hoc analysis demonstrated that they declined signifi-

cantly at 8 and 12 weeks compared to 2.5 days and 1 week (panel D),

*p \ 0.05 (n = 4) (Color figure online)
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open-field and the number of entries into the center zone

was used in statistical analysis. These two measures were

analyzed using two-way ANOVA with Bonferonni post

hoc comparisons after significant effects.

Statistical Analysis

Type of test used and group comparisons were indicated

under each section above. One-way and two-way ANOVA

was used with Dennett and Bonferroni post hoc tests.

Results

Phenotypes of Newly Generated Cells

To determine the cellular phenotype of the newly generated

cells, mice received a single injection of METH (30 mg/kg,

ip) previously demonstrated to induce apoptosis in striatal

neurons 24 h after treatment (Zhu et al. 2005). Mice also

received a single injection of BrdU (100 mg/kg, ip) 36 h after

METH in order to label newly generated cells previously

reported to proliferate at this time post-METH (Tulloch et al.,

2011b). Neuron progenitors were observed throughout the

striatum (Fig. 1). BrdU-positive nuclei expressing the neural

progenitor markers nestin (Fig. 1) and ß-III-tubulin (Fig. 2)

but not DCX (Fig. 3) were present in the striatum after METH

treatment. Significantly more nestin-positive cells were

observed at 2.5 days and 1 week with a mean of 18.1 and

17.7 %, respectively (Fig. 1). BrdU with nestin immunostain

declined and by 12 weeks only 4.8 % remained. One-way

ANOVA demonstrated that these differences were significant

[F (5, 18) = 6.63, p = 0.0012]. Bonferroni post hoc tests

showed significant differences between early post-treatment

times (2.5 days and 1 week) when compared to later post-

treatment times (8 and 12 but not 4 weeks) with p \ 0.05

(Fig. 1). The ß-III-tubulin phenotype appeared early at

2.5 days and peaked at 30 % 1 week after METH (Fig. 2).

Fig. 2 BrdU-positive nuclei co-localized with ß-III-tubulin. Confocal

z-stack image taken from representative striatal tissue section 1 week

after METH. BrdU-positive nuclei are labeled in green with FITC

(a) and ß-III-tubulin-positive progenitors are labeled with Cy3 in red

(b). Co-labeled cells can be seen in the same striatal tissue section

(c) identified by arrows. Significant one-way ANOVA revealed the

percentage of BrdU-positive nuclei co-labeled with ß-III-tubulin

peaked at 1 week but was significantly less at all other times after

METH (d), **p \ 0.01 (n = 4) (Color figure online)
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BrdU-positive nuclei co-labeled with ß-III-tubulin declined

over the rest of the time course to 6.6 % at 12 weeks (Fig. 2).

One-way ANOVA revealed these differences were signifi-

cant over time [F (5, 18) = 11.5, p \ 0.0001]. Post-hoc

revealed significant differences between the peak of new ß-

III-tubulin cells at 1 week and every other time point mea-

sured (p \ 0.01; Fig. 2). BrdU-positive nuclei expressing the

DCX progenitor marker were only observed in the SVZ

(Fig. 3). Although it appears that some DCX staining may

have been in the striatum, orthogonal analysis demonstrated

no BrdU co-labeled with DCX in this structure over the entire

time course (data not shown).

Differentiation of Newly Generated Cells

New cells differentiate to express mature neuron markers in

the striatum after METH. BrdU-positive nuclei co-labeled

with NeuN were present in the striatum at later compared to

earlier post-METH times (Fig. 4). Few BrdU- positive

nuclei co-labeling with NeuN were observed 2.5 days after

METH. However, there was a slow and steady increase to a

peak of 13.8 % at 8 weeks, which then decreased to 8.7 % at

12 weeks (Fig. 4). One-way ANOVA demonstrated that

these differences were significant [F (5, 18) = 10.06,

p = 0.0001]. Bonferonni post hoc revealed significantly

more cells adopting neuronal phenotype at the 4, and

8 weeks post-METH time points, p \ 0.01 and p \ 0.001,

and p \ 0.05, respectively.

A very small percentage of the BrdU-positive cells were

seen to express markers for interneuron and projection

neuron phenotypes at 8 and 12 weeks. For interneurons, a

one-way ANOVA revealed that BrdU-positive nuclei co-

labeled with ChAT was significantly different from zero

[F (2,9) = 73.04, p \ 0.0001; Fig. 5]. New ChAT cells

Fig. 3 BrdU-positive nuclei co-labeled with DCX. Confocal z-stack

images were taken from representative striatal tissue sections at

2.5 days after METH. BrdU-positive nuclei are labeled in green with

FITC (a, d) and DCX-positive progenitors are labeled with Cy3 in red

(b, e). No co-labeled cells can be seen in the same striatal tissue

section but are present in the SVZ (c, f). Top panel scale bar 300 lm

taken at 95 magnification. Magnified SVZ image (d–f) scale bar

47.3 lm taken at 963 magnification (n = 4). CC corpus callosum,

SVZ subventricular zone (Color figure online)
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were 1.3 % of BrdU-positive nuclei at both 8 and 12 weeks

after METH (Fig. 5). BrdU-positive nuclei expressing the

interneuron marker PV were also significantly different from

zero as revealed by one-way ANOVA [F (2, 9) = 14.7,

p = 0.001]. At 8 and 12 weeks, respectively, 0.89 and 1.2 %

of the BrdU-positive nuclei were co-labeled with PV and

post hoc test revealed they were both significantly different

from zero (p \ 0.01) at each post-METH time point (Fig. 6).

At 8 and 12 weeks after METH, 9.9 and 6 % of the BrdU-

positive cells expressed the striatal projection neuron marker

DARPP-32. One-way ANOVA revealed these proportions to

be significantly different from hypothesized value of zero

DARPP-32 labeled BrdU positive cells at 12 weeks,

[F(2,11) = 36.7, p \ 0.001] (Fig. 7).

Rotarod and Open-Field Behavioral Studies

To assess functional recovery, motor coordination on the

rotarod (latency to fall) and psychomotor activity (distance

traveled and center one entries) in the open field were also

measured over the same 12-week time course observed in

neuronal phenotype assessments. All mice were tested on

the rotarod before random assignment to post-METH or

saline rotarod test groups then tested again at various post-

treatment times (Fig. 8). The mice were matched on pre-

injection performance when they were assigned to the

various post-treatment test groups. Analysis with a two-

way ANOVA revealed no interaction effects between the

assigned drug treatment and post-test time conditions,

when tested for pre-treatment latencies to fall [F(5,

50) = 0.21, p = 0.96]. No effect of the post-treatment test

time later assigned [F(5. 50) = 1.3, p = 0.28] was

observed, or later drug-injection assigned [F(1, 50) = 0.28,

p = 0.60]. In contrast, significant differences in perfor-

mance were observed between METH and saline-treated

mice (Fig. 8). A two-way ANOVA revealed that METH-

injected animals performed worse on the task by scoring

shorter latencies to fall off the rotarod. Although the

comparisons showed no significant interactions between

post-treatment time and the type of treatment [F(5,

Fig. 4 BrdU-positive nuclei co-localized with NeuN. Confocal

z-stack images from representative tissue section 12 weeks after

METH. BrdU-positive nuclei are labeled in green with FITC (a) and

NeuN-positive neurons are labeled with Cy3 in red (b). Co-labeled

cells can be seen in the same tissue section (c). Few co-labeled cells

were present at 2.5 days and peak co-label was at 8 weeks. BrdU-

positive NeuN cells declined slightly at 12 weeks (d). **p \ 0.01,

asterisk symbol compared to 4 weeks. #p \ 0.05, number symbol

compared to 8 weeks (Color figure online)
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50) = 1.04, p = 0.40], or the post-treatment time effect

[F(5, 50) = 1.06, p = 0.39], a significant effect of drug

treatment [F(1, 50) = 33.4, p \ 0.001] was observed. The

Bonferroni corrected post hoc test showed that METH-

treated animals fell off the rotarod significantly earlier than

saline animals at 12 weeks post-injection [MD = -79.8 s,

p \ 0.05] (Fig. 8).

For psychomotor performance, subgroups of METH and

saline-treated mice were tested once in the open-field at

randomly assigned post-treatment times. METH-treated

mice differed from saline-treated mice at specific post-

treatment times (Fig. 9). These differences were revealed

by two-way ANOVA which demonstrated a significant

effect of post-treatment test time [F(5, 60) = 2.9,

p = 0.02] and the type of drug treatment [F(1,60) = 5.4,

p = 0.02] on total distance traveled (Fig. 9A). Post-hoc

test revealed METH-treated mice traveled for significantly

less distance than saline-treated mice at 2.5 days

(p \ 0.01) but did not differ at any other post-treatment

times. However, there was no significant interaction effect

of post-treatment time tested and type of drug treatment

time together [F(5,60) = 1.7, p = 0.14]. METH treated

mice entered the center zone of the open field significantly

less than saline treated mice when assessed by two-way

ANOVA for interaction effects of post-treatment time

tested and type of drug treatment [F(5,60) = 3.6,

p = 0.006] (Fig. 9b). The type of drug treatment alone had

a significant effect [F(1,60) = 8.5, p = 0.005] and the

post-treatment time alone had a significant effect on

number of center zone entries [F(5,60) = 21.2, p \ 0.001].

Post-hoc test revealed that METH-treated mice entered the

center zone significantly less than saline-treated mice at

2.5 days after treatment (p \ 0.001) but by 2 weeks

returned to similar levels as saline-treated mice (Fig. 9b).

Discussion

BrdU-positive nuclei co-labeled with various phenotype

markers were observed over a 12-week time course of new

cell differentiation following the previously reported peak

of METH-induced cell death (Zhu et al. 2006). Previous

Fig. 5 BrdU-positive nuclei co-localized with ChAT. Confocal

z-stack image from representative tissue section taken 12 weeks after

METH. BrdU-positive nuclei are labeled in green with FITC (a).

ChAT-positive interneurons are labeled with Cy3 in red (b). Co-

labeled cells can be seen in the same tissue section in (c). Arrows

indicate co-labeled interneurons. Few BrdU-positive cells co-labeled

with ChAT can be seen at 8 and 12 weeks post-METH (D).

*p \ 0.001, **p \ 0.01 (n = 4) (Color figure online)
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work published by our group and others demonstrated that

the incorporation of BrdU occurred in newly generated and

not in apoptotic neurons. For example, histological evi-

dence utilizing TUNEL or Fluoro-Jade C staining showed

that at 24 h post-METH the apoptotic cells displayed

pyknotic nuclei that completely disappeared by 48 h post-

METH (Zhu et al. 2006; Bowyer et al. 2008). The incor-

poration of BrdU begins at 24 h after acute exposure to

METH (Tulloch et al. 2011b). Moreover, biochemical

studies demonstrate that damage to mitochondria and

endoplasmic reticulum occurred just a few hours after

exposure to METH (for review see Krasnova and Cadet

2009). METH-induced oxidative stress and nitrosylation

have also been shown to increase apoptosis and decrease

neural progenitor cell proliferation in the dentate gyrus of

the hippocampus (Venkatesan et al. 2011). Although pro-

genitor cell proliferation decreased, particularly after 48 h

of METH exposure, 4 days after treating the cells with

METH Venkatesan et al. found that METH did not alter the

amount of cells adopting neural or glial phenotypes. Given

the results observed in Tulloch et al. 2011a and b and the

current study, a time course of in vivo events following

METH suggests that compensatory progenitor cell prolif-

eration in the mammalian brain begins approximately 24 h

after the peak of METH-induced apoptosis as demonstrated

by our previous published studies (Zhu et al. 2005, 2006).

The present study shows that most of the new cells first

appear as neural progenitors expressing nestin and ß-III-

tubulin, reaching peak levels within 1 week after METH.

By the 2nd week the number of BrdU cells expressing

these markers declined. The corresponding increases in

BrdU-positive nuclei co-labeled with NeuN suggest that a

significant proportion of the progenitors differentiated into

mature neurons. However, the number of mature neurons

does not sufficiently account for the loss of cells expressing

progenitor markers, suggesting a proportion of the nestin

and ß-III-tubulin-positive progenitors might have been lost

via apoptosis. Interestingly, a small subpopulation of the

Fig. 6 BrdU-positive nuclei co-localized with PV. BrdU-positive

nuclei were labeled with FITC (a) and PV with Cy3 (b). Overlay of

images a and b is shown in c. Arrow denotes a co-labeled cell. Graph

represents the mean percent ± SEM (n = 4) BrdU-positive nuclei

co-labeled with PV were observed at 8 and 12 weeks after METH (d).

One-way ANOVA ***p \ 0.0005 (one-way ANOVA, N = 4)
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new cells displayed histochemical markers for interneu-

rons. This surprising result provides a basis for future

studies of recovery from toxic damage.

We did not observe BrdU co-localization with DCX in

the striatum or a gradient of BrdU cells from the SVZ

extending into the adjacent striatum. This lack of BrdU/

DCX-positive nuclei was not due to assay failure because

BrdU/DCX-positive cells were seen in the SVZ leading us

to conclude that either no migratory progenitors were

present or we failed to capture morphological evidence or

migratory cells at the time points measured. Given the

significant increase in Brdu-positive cells within the stria-

tum that co-expressed other progenitor markers, we suggest

new cells generated in the aftermath of METH did not

derive from the SVZ. We suggest the new cells might

derive from dormant striatal progenitors some of which

differentiate into neurons at later time points post-METH.

Furthermore, many of the remaining new cells are

unidentified and may include glial cells.

Striatal neurogenesis following injury has been well

studied (Reynolds and Weiss 1992; Parent et al. 2002;

Bédard et al. 2002; Luzzati et al. 2011; DeCaudo et al. 2012;

Sun et al. 2012; Supeno et al. 2013; Ignarro et al. 2013).

Although suggestions of a dormant population of striatal

progenitors is controversial, Bédard et al. (2002) reported a

low level of neurogenesis in the normal monkey striatum

thought to derive from striatal progenitors. The same group

later found that the number of new neurons derived from

progenitors was enhanced with brain-derived neurotropic

factor after the damage (Bédard et al. 2006). Furthermore,

the new cells observed by this group expressed morpho-

logical and chemical markers for striatal projection neurons.

In contrast to our results, however, the Bédard group did not

observe new striatal interneurons. More recent evidence

Fig. 7 BrdU-positive nuclei co-localized with DARPP-32. Confocal

z-stack image taken from representative striatal tissue sec-

tion 8 weeks after METH (a–c). BrdU-positive nuclei are labeled in

green with FITC (a) and DARPP-32 cells are labeled with Cy3 in red

(b). Co-labeled cells can be seen in the same striatal tissue section

(c) identified by short arrows. Scale bar 47.6 lm taken at 9100.

Graph represents the mean percent ± SEM (n = 4) BrdU-positive

nuclei co-labeled with DARPP-32 at 8 and 12 weeks after METH

(D). One-way ANOVA ***p \ 0.005 (one-way ANOVA) (Color

figure online)
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suggestive of dormant striatal progenitors proliferating after

striatal degeneration was reported by Luzzati et al. (2011)

and DiCaudo et al. (2012). Luzatti et al. used a slow striatal

degeneration model of mice lacking Creb1 gene. They found

SVZ-derived DCX-positive progenitors that entered the

striatum individually, DCX-positive striatal progenitors, and

a percentage of progenitors in the striatum that lacked DCX

labeling. These findings might explain our failure to observe

a gradient of DCX-positive cells from the SVZ indicative of

migrating cells if they entered the striatum singly. Further-

more, the Luzatti group suggested that neuroblasts with an

SVZ origin could also later divide within the striatum pro-

ducing clusters of new cells but that a percentage of the

progenitors appear to be endogenous to the striatum. In

contrast, DiCaudo et al. used a MPTP-primate model of

Parkinson’s disease to induce striatal damage and found

increased numbers of cells expressing phenotypes of dam-

aged striatal cells. Although they suggested the new cells

likely derived from the SVZ, they could not rule out a striatal

origin. Because we previously observed clusters of dividing

cells in the striatum following METH treatment and no

spontaneous proliferation in response to saline (Tulloch et al.

2011b), we suggest that the low levels of striatal neurogen-

esis and lack of DCX-positive progenitors within the stria-

tum might represent a specific response to METH treatment

involving dormant striatal progenitors. The generation of

PV, ChAT, and DARPP-32 neurons suggests compensatory

neurogenesis to replace cell types lost early after METH.

With the exception of a few studies such as those by Van

Kampen et al. (2004, 2005, 2006) and Bédard et al. (2006),

most research to date has shown that after striatal damage,

the SVZ-derived progenitors migrate to the site of injury and

mature into neuronal and glial phenotypes (Kojima et al.

2010; Yamashita et al. 2006; Kuhn et al. 2001 for review).

Furthermore, similar to studies involving MPTP lesions to

the nigrostrial DA pathway (Kay and Blum 2000), many of

the neuronal progenitors we observed failed to survive as

determined from significant decrease in BrdU co-labeled

with nestin or ß-III-tubulin at later time points. Therefore,

the novelty of our results is the generation of striatal neurons

of the same phenotype reported to die early after METH

treatment (Zhu et al. 2006) and the observation of likely

dormant progenitors in the striatum capable of activation

under special conditions. Dormant progenitors represent a

potential source of new cells to replace the loss of some

Fig. 8 Assessment of latency to fall off the rotarod after METH

treatment. Mice received an injection of METH (30 mg/kg, ip) and

were assessed behaviorally at times indicated under the x axis. Two-

way ANOVA revealed METH-injected mice performed worse and

post hoc revealed the significant deficit at 12 weeks compared to

saline injected mice. *p \ 0.05 for post hoc test (n = 6)

Fig. 9 a Assessment of distance traveled in the open-field. Mice

injected with METH traveled for a significantly less distance at

2.5 days compared to mice that received saline injections. **p \ 0.05

(n = 6). b Assessment of ambulation showed a deficit in the METH

treated group that normalized after 1 week, *p \ 0.01 (n = 6)
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striatal neurons in neurological disorders involving neuro-

degeneration or chronic METH use.

A chronic two-week regimen of D3 receptor agonist

promotes adult neurogenesis in the nigrostriatal pathway

(Van Kampen et al. 2005, 2006). Maturation of the new

neurons and recovery of striatal DA innervation accom-

panied recovery of motor performance measured by

amphetamine-induced rotation and skilled paw reaching on

the ‘‘staircase test’’ (Van Kampen et al. 2005, 2006). In

contrast, Parent (2003) suggested that increased prolifera-

tion and neurogenesis following neural damage may be

compensatory but not indicative of behavioral recovery.

Analysis of behaviors that accompany striatal neurogenesis

in the current work revealed that METH-treated mice had

significant motor coordination deficits compared to saline-

injected mice on the rotarod at the time new cells expressed

markers for previously lost striatal neurons. Surprisingly,

the psychomotor deficits in the open field while disrupted

at 2.5 days, recovered beginning at 2 weeks post-METH. It

is possible that the behavioral deficits we observed might

be due to altered DA function in the striatum. For example,

one group reported that METH reduces levels of dopamine

transporter binding sites in mice for over 2 weeks after

METH and is accompanied by deficits on conditioned

place preference task (Achat-Mendes et al. 2005). Thus

measures of dopamine transporter binding would be an

intriguing area of study in the context of METH-induced

neurogenesis and motor performance. Interestingly,

reduction of PV interneurons in the striatum is associated

with persistent motor deficits (Marrone et al. 2006; Kat-

aoka et al. 2010). In a previous study, we demonstrated that

the striatal neuronal population most severely affected by a

bolus high dose of METH was the PV interneurons (Zhu

et al. 2006). The low number of newly generated PV

neurons is insufficient for recovery of fine motor coordi-

nation and thus the rotarod deficits persist. Another inter-

esting area for further analysis is whether treatment with

agents to increase the survival of PV and other new neu-

rons would attenuate the motor deficits on the rotarod task.

In conclusion, the results of this study demonstrate the

phenomenon of cell proliferation in the striatum of mice in

the aftermath of a high dose of METH. The newly gener-

ated cells are not derived from the SVZ but arise from the

activation of dormant cells throughout the striatum. A

small fraction of the newly generated cells differentiate and

express phenotypic markers of projection and interneurons,

the latter population has been shown to sustain consider-

able cell loss in the aftermath of METH. It needs to be

determined if the newly generated neurons are functional.

It is important to further investigate the mechanism that

triggers the proliferation of dormant striatal precursors

because this can be of value in the treatment of

neurological disorders involving neuronal degeneration and

traumatic brain injury.
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