Methamphetamine-induced cytogenesis in the mouse striatum: neurochemical and

behavioral studies.

By

Ingrid Tulloch

A dissertation submitted to the Graduate Faculty in Psychology in partial fulfillment of
the requirements for the degree of Doctor of Philosophy.
The City University of New York
2011



© 2011
Ingrid Tulloch

All rights reserved



This manuscript has been read and accepted for the Graduate Faculty in Psychology in
satisfaction of the Dissertation requirements for the degree of Doctor of Philosophy

Jesus Angulo. Ph.D

Date Chair of Examining Committee

Maureen O’Connor

Date Executive Officer

Jesus Anqulo, Ph.D

Vanya Quinones-Jenab, Ph.D

Shirzad Jenab, Ph.D

Peter Serrano, Ph.D

Jean Lud Cadet, MD.

Supervisory Committee

THE CITY UNIVERSITY OF NEW YORK



Abstract

METHAMPHETAMINE-INDUCED CYTOGENESIS IN THE MOUSE

STRIATUM: NEUROCHEMICAL AND BEHAVIORAL STUDIES

By

Ingrid Tulloch

Adviser: Professor Jesus Angulo

The commonly abused drug methamphetamine (METH) is toxic to monoamine axon
terminals, and cause neuron death. However, the mechanisms and events following
neurotoxic METH exposure are not fully understood. For example, numerous studies
with rodent models of METH-induced damage show a disparity in the duration of neuron
death. Additionally, the striatal volume of some human users is enlarged after METH,
and is accompanied by normal cognitive and motor performance. However, participants
with smaller striatal volume after METH have poor cognitive outcome. Gliogenesis and
swelling from inflammation have been proposed as reasons for volume changes.
However, explanations for variability in the time course of METH-induced cell death
have not been addressed until now. Presented in this thesis are results from
neurochemical and behavioral studies, which provide evidence that cytogenesis is in part,
a mechanism for cognitive but not motor recovery after toxic METH damage.
Cytogenesis is accompanied by increased striatal volume in adult mice. A significant
proportion of the new cells die in a protracted manner over three months, accounting for
the disparities in time course of METH-induced cell death. Furthermore, the results

suggest volume changes may be due to both gliogenesis and neurogenesis because



proportions of the newly generated cells remaining at 12 weeks express histochemical
markers for astrocytes, microglia, and neurons. Small sub-populations of the new neurons
express histochemical markers for parvalbumin and choline acetyltransferase
interneurons that were lost during acute METH damage. Neuron maturation is
accompanied by improved habit learning on a reinforced T-maze task. However, motor
deficits persist and even worsen as METH-treated mice age. Measures of activity in the
open-field suggest these behavioral effects were not due to anxiety, as METH-treated
mice also show deficits in motor related measures but hardly differ from control mice on
anxiety measures. More studies are needed to advance understanding of the underlying
mechanisms of damage and facilitate recovery from the effects of this increasingly
abused substance. Therefore, studies designed to identify the remaining new cells and
the role damage-induced cytogenesis may play in addiction and motor disorders are not

only needed, but are logical extensions of the data presented.



Vi

Acknowledgements

I would like to thank the many people without whose help | would have been unable to
complete this project. |1 am thankful for my parents, Beverly and Henry Tulloch for
always being supportive of what | choose to do and the many hours of babysitting so |
could complete this work. | thank my sister Denise Tulloch whose courage in the face of
adversity gave me the strength and reasons for returning to school and pursuing a
doctoral degree in biological psychology. | am extremely thankful to my husband Elan
and daughter Jafira who were forever patient and understanding of “I can’t, I have to
work” or “don’t wait up I’m working late.” Their sacrifices allowed me to pursue my
dreams and words cannot express enough thanks. The Hunter College staff in the MBRS
and Gene Center offices, as well as Ellen Breheny in the Biopsycology office, made the
paperwork much easier, so | could focus on the science. | have also been fortunate to
have several mentors over the years that encouraged and helped me grow as a scientist
and a person. Dr Cheryl Harding gave me a chance in her lab, and my first real lessons in
thinking like a scientist. Dr Victoria Luine has been a tireless advocate and made sure |
had support to do the work. The folks at Columbia University have taught me some of
the techniques that | used in completing this project. Thus, many thanks are also due to
Dr Richard Marks, Dr Erik Kandel, Dr Christoph Kellendonk and Dr Eleanor Simpson at
Columbia University Center for Neurobiology and Behavior. | am thankful to Dr. and
Mrs. Jadczyk and the QFS for providing a heaven for learning and growth so I can pursue
the objective studies they emphasize the world needs. | am extremely grateful to my
thesis committee members: Dr Jesus Angulo, Dr Jean Lud Cadet, Dr Vanya Quinones-

Jenab, Dr Shirzad Jenab, and Dr Peter Serrano. They have challenged me and provided



Vii

guidance toward the completion of this work. Drs. Serrano and Harding generously
allowed me the use of their laboratory equipment in completing the behavioral
component of this work. Dr Angulo has been more than a thesis advisor. He is a
wonderful example of what | would like to be as a scientist. | am forever in his debt for
the many ways in which he has helped me to grow as a scientist and person. Last but not
least, | am also thankful to my peers in Dr Angulo’s lab and the interns that have worked
with me over the course of the studies described in this thesis. Ina Mexitaj, Nane
Gharzaryan, Dalila Ordonez, Lisa Baker, Lauriaselle Afanador, Haley Yarosh, Arturo
Garza -Gongorra and Holly Payne. At various times each would lend an ear when |
needed to vent about a failed assay and each was always willing to be an extra pair of
hands when I needed someone blind to the treatment conditions for quantification. |
suspect that very few people undertake a doctorate degree without a supportive network
of individuals. I have been very fortunate and am extremely thankful to be surrounded by

a very supportive friends, family and mentors.



viii

Table of Contents
Title Page#
F N ¢ To] T PRSPPI \Y;
ACKNOWIEAZEMENTS. .. ..ottt Vi
Table OF CONTENES. ... .ot viii
ADDTEVIATIONS. . ...\ttt e iX
LISt OF FIgUIES. ..ottt e X
LSt OF TabIES. .. v ittt e e e Xi
Chapter 1.
INtrOAUCTION. ...t e et e e 1
I. Background and significance................ccoooiiiiiiii i 2
A.What is methamphetaming? ... 2
B. Clinical features of US€........c.ovviiiiiiiiiiiiii e )
I1. Animal models demonstrate methamphetamine-induced neural damage......... 8
A. Early studies demonstrated damage ..............cocoveviiiiiiiiiiiinnnnn 8
B. Studies With MiCe ... 9
C. StudiesWith Rats.........cooiuiiii e 11
D. Studies with non-human primates..................cccooeiiiiiiiiinieeannnn. 14
[11. Mechanisms of neural damage...........c.coeiiriiiiiiii e 15
A. Dopamine overflow triggers a cascade of
EVENES...ovviiiiiiiie i 15
B. Involvement of glutamate ... 21

C. Involvement of substance P and nitric oxide...............cccceeeeeeeenn .23
D. Disparity in time of cell death..................coooiiiiiiiiin 25

E. The human data revealed altered striatal volume.....................o..... 28

Continues...



I11. Striatal neurochemistry: vulnerable to damage with potential for

[0 10 T3 8 1) T 32
A. Glutamate from the cortex and the thalamus.............................. 32
B. Intrinsic striatal NeUrons. ..............oooiiiiiiiiiiii i, 33
IV. Cytogenesis in response to neural damage.................cooeivviiiiniininnnnn 39
A. Proliferative zones in the adult brain....................cooooiiiin.e, 39
B. Cytogenesis after ischemia-induced damage............................... 41
C. Cytogenesis after excitotoxin and psychostimulant damage............ 40
D. Dopamine involvement in Cytogenesis...........o.veriieeeneenianannnnn. 45
E. 1dentifying NEW CElIS........cvineiniiii e 51
F. Issues with co-localization studies..............ccoeeiiiiiiniiiiniiiiiin, 52

V. The striatum and behavior... ... iee e eeeieieeee e B3

A. Motor performance and procedural learning....................oovveeennen, 53

B. Effects of METH on behaviors that require the striatum.................. 56

C. Issues when measuring motor and learning performance................. 58

V1. Proposed model and hypotheses...........c.cooovviiiiiiiiiiiiee e, 59
A.Proposed model............oooiiiiiiii 60

B. Specific aims to test the proposed model..................coiiiinininn, 63

1. Specific AIm L. 63

2.Specific AIM 2., it 04
3.Specific AIm 3.t e BT

C. Materials and Methods............cooviiiiiiiiii e 71
Lo ANIMAIS ... 71
2. Drug preparation. ... ... eueeneetiiieat et eiiie e eeeae e 71
3. Histochemistry and visualization of BrdU-positive nuclei.......72
4. Histochemistry for BrdU-positive phenotype..................... 74
5. BEhaVIOr @Ssays.......coviiriiiiii i 80
6. QUANtIFICAtION. ... ...iii i 84
7. Statistical analysis.........c.ovviiiiriiiiiiiiiiiie e 89

Continues....



Chapter Il: Cytogenesis after METH: A role in altered striatal volume and disparity in
the time course of METH induced cell death? ..., 93
VILResults for Aim ©.......ooiiiiiii e 93

A. Effects of METH on cell proliferation as a measure of cytogenesis....93

B. Survival of new cells........cooviuiiiiiiiii i 94
CoVOIUME. ..o 95
D FIgUIES. .ttt e 96
B DASCUSSION. . et eiie ettt ettt e 100

Chapter I11: Are the phenotypes of newly generated cells indicative of neurochemical
[=Tol 01V TP T UUURPPR PP PPPPRPRPS 105
VIII Results for Aim 2

AL PrOZENItOTS . ottt 105
B Glia. ..o 106
(O N =TT 03 107
D FIQUIES. . 109
E. DASCUSSION. ...ttt et 116

Chapter 1V: Are motor and habit-learning behaviors indicative of behavioral

L6701 c) 123
IX0 RESUILS et 123

AL ROAIOA. ... 123

B. Open-field........coonii i 124

O 0T 7 P 130

D FQUIES . e 134

E. DISCUSSION. ..ttt ettt e e 145

Chapter V. Implications for future studies and conclusions...........ccccevvveiercvnnnn.n 152
IS CUSSION. .. ettt et ettt e e e et e e e e e e e e e 152
Corrected MOTEL. ... .. 160
APPENAIX. ..ttt 161

R T CNCES . oo 166



Xi

List of Abbreviations

5-HT...............Serotonin
5-HTT............ Serotonin Transporter
6-OHDA.........6-Hydroxydopamine

7-OH-DPAT....7-hydroxy-
dipropylaminotetralin

ACh.............. Acetylcholine
Blll-tub.......... Beta-I11-Tubulin
BBB.............. Blood brain barrier
BrdU............. 5-bromo-2-deoxyuridine
ChAT............ Choline
Acetyltransferase

DIR.............. Dopamine Receptor 1
D2R.............. Dopamine receptor 2
DA................Dopamine
DAB............. 3,3'-Diamininobenzedine
DAT.....ccccee. DA Transporter
DCX..............Doublecortin
ER................ Endoplasmic reticulum
GABA.......... Gamma Aminobutryic
Acid

GADg.......... Glutamic Acid
Decarboxylase

Glu.............. Glutamate
GluR............ Glutamate receptor
mGluR......... Metabotropic glutamate
receptor

[‘H] MRS......Proton MR spectroscopy

IB4............ Isolectin B4
MPTP......... 1-methyl-4-phenyl-
1,2,3,6-tetranydropyridine
MAO......... Monoamine oxidase
MRI........... Magnetic Resonance
Imaging

NE.............Norepinephrine
NeuN.......... Neuronal nuclear Protein

Nk/NKIR......Neurokinin/NK1 receptor
for substance P

NMDA......... N-Methyl-D-Aspartate

NMDAR.........N-Methyl-D-Aspartate
receptor

NO......enn Nitric Oxide

nNOS.... ....... Neuronal Nitric oxide
synthase

NPY............. Neuropeptide Y
PV.............. Parvalbumin
ROS.............. Reactive oxygen species
SP.iiiiii, Substance P
SST...ciiinnn Somatostatin
SVZ...co...... Subventricular zone
TH........ooooeil. Tyrosine hydroxylase
TpH............... Tryptophan
hydroxylase

VMAT............ Vesicular monoamine
transporter

VTA.............. Ventral Tegmental Area



Xii

List of figures

Title Page #
Figure 1. BrdU incorporation during mitosis as a tool for cytogenesis................... 51
Figure 2. Proposed model....... ... 62
Figure 3. Schematic of striatal tissue for quantification techniques....................... 87
Figure 4. BrdU incorporation as a measure of cell proliferation........................... 96
Figure 5. Percent of new cells surviving over 12 weeks............coevviiiriiniiinennnn 97
Figure 6. Percent of new cells with pyknotic morphology..................coooiiiini, 98
Figure 7. Percent of new cells with necrotic morphology.................ccooiiiiiinnnin 99
Figure 8. Percent change in striatal volume..................cooiiiiiiiiiniii e 100
Figure 9. Nestin progenitor CellS...........ooiiiriiiiiiiiii i 109
Figure 10. Beta Il1-tubulin progenitor cells............coiiiiiiiiiiiiiiiieee e, 110
Figure 11. DCX progenitors CellS.........c.oviiriiriiiiiiiii i 111
Figure 12. S100B astroglia CellS..........oouieiiriiriitii e 112
Figure 13. IB4 microglia Cells...........ooiiiiiiiiiiiiii i 113
Figure 14. NeuN mature NEUIOMNS. .......vereeintetentetetaneteneneesenaneareeeneneeeneanns 114
Figure 15. PV and ChAT INterNeUIONS. ... .....oviiniiti e e 115
Figure 16. Summary of percentage of phenotypes...........coevvviiiiiiiiiinieininnnn, 116
Figure 17. Latency to fall off the rotarod...............ooooiiiiiiii 134
Figure 18. Ambulationinthe openfield.................ooiii i, 135
Figure 19. Distance traveled inthe openfield................cooiiii i, 136
Figure 20. Total movement in the open field....................oooiiiiiiiii, 137

Continues....



Figure 21
Figure 22
Figure 23
Figure 24
Figure 25
Figure 26
Figure 27

Figure 28

. Entries into the periphery and the center of the open field..................... 138
. Freezing in the periphery and the center of the open field.......................139
. Total time spent in the periphery and the center of the open field.............. 140
. T-maze 1earning ProgressS. ... .ouuiutenttat ettt eeeeneens 141
. Number of training days to criterion on the T-maze............................. 142
. Latency to choose the correct arm per trial on the T-maze......................143
. Number of animals using the striatal or hippocampal strategy..................144
.Corrected Model........oouiii i 160



Xiv

List of tables

Title page #
Table 1. Summary of previous studies demonstrating METH-induced cell death in
FOOBNES. ...ttt bbbt b b bt bbbt n s 27
Table 2. Summary of intrinsic striatal neuron phenotypes.............c.ccoviiiiiininnnn, 38
Table 3. Summary of cytogenesis after striatal injury inrodents............................. 45
Table 4. Summary of experimental design for Specific AIms...................cooiiin, 70
Table 5. Summary of reagents used for BrdU histochemical assays......................... 77
Table 6. Summary of reagents used for phenotype assays............ccccceeviiiiiiininnnn. 78

Table 7. Summary of multi-factor ANOVA results for periphery versus center zone
(0074 1 (< SR UETN 161

Table 8. Summary of planned contrast ANOVA for periphery zone
ACTIV IS, ..ttt e 162

Table 9. Summary of planned contrast ANOVA for center zone activities............... 163

Table 10. Summary of the number of animals using hippocampus versus striatal strategy
(FISNErS EXACT TESE) ...ttt s 164

Table 11. Summary of relationship between strategy and activities at task acquisition
(Pearson’s
COITEIALIONS) ... e e 165

Note: Tables 7-11 are found in the appendix.



Chapter 1

Introduction

The purpose of this study was to investigate the neurochemical and behavioral
events that follow acute methamphetamine (METH)-induced cell death in the striatum
after a neurotoxic dose of the drug. The three underlying questions driving the study
were: Are new cells generated after striatal damage induced by a neurotoxic dose of
METH to influence volume changes? If so, do new cells survive and mature to
phenotypes shown in previous studies to die during the acute response to METH? How
would behaviors that require striatal function change over the time course of events
following neurotoxic exposure to METH? In order to answer these questions a series of
studies were undertaken with the following working hypothesis. After METH exposure
and acute striatal damage, the generation and maturation of new cells over the same time
course as variations in motor and habit learning is a compensation for damage. To
provide the background and rationale that led to the hypothesis and methods used to
generate results, several topics are discussed in this chapter. First the general background
will cover the history of METH use and its clinical effects. Second, a review of the
animal models that provided evidence for METH-induced neural damage is discussed.
Third, likely mechanisms based on animal models are reviewed along with the
corroborating human data. Fourth, an overview of striatal neurochemistry which makes
this structure both vulnerable to damage, and a likely candidate for METH-induced
cytogenesis is presented. Fifth, the role of the striatum in specific behaviors and METH
effects on behavior are reviewed along with evidence for cytogenesis in response to

neural damage. Finally, this chapter concludes with the proposed model of striatal events



following METH exposure, and the three study aims used to test the working hypothesis.
This extensive background and rationale was presented because it is necessary for
designing experiments to advance knowledge of METH effects on neural systems that
can later be enhanced to aid improved recovery outcomes for individuals exposed to toxic

levels of the drug.

I. Background and significance

A. What is methamphetamine? Attributes, history and epidemiology.

Methamphetamine (METH) is a potent psychostimulant with highly addictive
properties. It is actually an amphetamine with an added methyl group, which results in
high lipid solubility. These characteristics allow METH to easily cross the cell membrane
to exert its effects (Barr et al., 2006). As an amphetamine analog, METH belongs to the
second most abused class of drugs worldwide (UNDOC, 2008). It appears as a white
odorless crystalline powder with a chemical structure similar to that of the
neurotransmitter dopamine (NIDA, 2006). The chemical similarity to dopamine (DA) is a
significant component of its effects on this and other monoaminergic neurotransmitter
systems. METH can be ingested, inhaled/smoked or injected (NIDA, 2006) and was
developed from ephedrine around the late nineteenth and early twentieth century in both
Japan and Germany (Grinspoon and Hedblom, 1975). Not initially popular, the drug was
used during the early part of the twentieth century for treating various ailments. For
example, METH and other amphetamine variants were once prescribed for treating
obesity, depression, narcolepsy, alcohol, addiction and even schizophrenia and

Parkinson’s disease (Grollman, 1954).



The relatively long half-life of METH (approximately 12 hours) induces a
significant duration of intoxication relative to other abused substances (Gonzales et al.,
2000). When smoked METH can produce a high lasting anywhere from 8 to 24 hours
(NIDA, 2006). Due to its stimulant properties, during the Second World War
amphetamines became popular amongst military personnel that required sustained
attention and stamina. For example, under the trade name Prevartin, METH tablets were
given to German pilots and Panzer troops. The Japanese forces used it under the name
Philopon. Allied forces also used METH under the trade name Methedrine along with
other forms of amphetamine-like drugs (Grinspoon and Hedblom, 1975; Rasmussen,

2008).

METH became a popular recreational drug and attempts to curb its increasing use
in the 1950s and in the 1960s restricted its clinical availability to prescription only.
However, it was not until 1971 that the drug enforcement agency designated METH a
schedule Il drug (Angelin et al., 2000; Colman, 2005; Rasmussen, 2008). This meant that
despite its medicinal value, as a “highly addictive substance” it required strict regulation
for access and use (Angelin et al., 2000; Colman, 2005). With the increasing awareness
of its clinical effects, by the 1980s the FDA rescinded its approval of METH for all but
ADHD and short term-obesity treatment under the trade name Desoxyn. However, it is
used off label for narcolepsy (Lundbeck Inc, 2009). Amphetamines in general are now
only legally available via non-refillable prescription from a physician. However, the
illegal manufacture and use of METH has been an ongoing public health and criminal

justice issue worldwide.



METH can be synthesized from precursors in over-the-counter decongestants
containing epinephrine and pseudo-epinephrine (US dept. of justice, 2007). As
previously mentioned, the half- life of METH also allows for a longer duration high.
Thus, it is a popular and relatively cheap drug, aptly named by former white house drug
czar, Barry R McCaffery, “the poor man’s cocaine” (Knight, 1997). Starting in the
1980s, laws were passed in the United States and other countries making it illegal to
possess equipment for the manufacture of METH and other “designer drugs” (Colman,
2005). Currently under the US patriot Act, there are restrictions on the quantity of non-
prescription drugs that can be purchased which contain METH precursors (US Dept. of
Justice, 2007). According the UN Office on Drugs and Crime 2008 report, METH is the
most illegally synthesized drug in the United States. The increase in illegal manufacture
of METH is such that it is common for hospital emergency rooms to encounter patients
with injuries related to the operation of illegal METH labs in the United States (Santos et

al., 2005).

Today, METH goes by several street names including: “speed”, "chalk™, crystal,
‘ice,” “glass” or “crank”. According a US Substance Abuse and Mental Health Services
Administration (SAMHSA) study, in 2008 over 300,000 Americans 12 years or older
used METH at least once during the prior year, and 95,000 of them were new users
SAMHSA, 2009a). In 2009 the number of new METH users increased by 60%
(SAMHSA, 2010). Furthermore, agencies that provide early warning trends in drug
related emergency room visits and arrests, suggest that METH abuse may be much worse

than survey reports indicate (National Drug Intelligence Center, 2009).



The drug abuse warning network (DAWN) report sponsored by SAMHSA shows
that METH-related emergency room visits and criminal justice encounters actually had
an increasing trend between 1995 and 2006, with a slight decrease in 2007 (SAMHSA-
TED, 2009). Additionally, the 2009 National Drug Intelligence Center (NDIC) National
Methamphetamine Threat Assessment suggested that the increased seizure of METH
products imported from Mexico and Southern Asia might have led to increased domestic
production in the US. METH abuse and trafficking is also a worldwide problem. In
addition to the United States, Australia and Canada, several Southeast Asian and Pacific
Ring nations have had to contend with issues related to METH abuse and trafficking
(United Nations office on Drugs and Crime, 2007). Japan, for example, has had a
number of METH abuse epidemics over several decades (Jenner and McKetin, 2004),
while trafficking through the near and Middle East has increased, with one third of
amphetamine—type drug seizures occurring in Saudi Arabia in 2008 (United Nations
Office on Drugs and Crime highlights, 2009). Particular concerns with METH abuse are
the economic burden on the public health and criminal justice system, as well as, lost
productivity in users. In 2005, the estimated public burden of METH abuse was 23.4

billion (Nicosa et al., 2009).

B. Clinical features of use

The clinical effects of METH include a number of physiological and
psychological symptoms that can result in significant health complications. The acute
effects however, are similar to that of other stimulant substances such as caffeine and
cocaine. The longer duration high, as well as its effects on multiple monoamine

transmitters (dopamine, serotonin and norepinephrine) makes METH a more potent



psychostimulant. For example, acute METH exposure increases heart rate and blood
pressure, pupil dilation (Peck et al., 2005) and hyperthermia (Brown et al., 2003;
Sandoval et al., 2000). METH-overdose can result in heart attacks, convulsions, stroke

and death (Dean 2004; NIDA, 2006).

METH also results in several physiological and psychological features that further
promote its use. Depending on the dose and method of use, acute METH, for example,
causes an increase in attention, energy, wakefulness, sensory acuity, physical activity,
along with decreased anxiety, and appetite (Dean, 2004; Homer et al., 2008; Meredith et
al., 2005). These effects of the drug make it attractive for individuals requiring sustained
alertness, wish to lose weight or overcome shyness in seeking sexual relationships.
Psychologically, METH produces feelings of euphoria and confidence while lowering
inhibitions (Barr et al., 2006; Dean, 2004). In a study of gay males seeking treatment, for
example, the physically and psychologically rewarding effects of METH were self-

reported as contributing factors in use (Peck et al., 2005).

In contrast to the rewarding effects, aversive METH effects, particularly with
long-term use, includes dry mouth, sweating, chest pains, and shortness of breath,
anxiety, agitation and psychosis. The latter three are similar to the positive symptoms of
schizophrenia, and METH has been used in animal models of this disorder (Machiyama,
1992). As the drug is cleared from the body, the initial agitation and hypermotor activity

declines and the user becomes fatigued (Dean, 2004; Kalant, 1973; Meredith et al., 2008).

METH use has long-term risks and consequences that can affect several aspects of

health. An increased risk for Parkinson’s disease and HIV is associated with use, for



example (Callaghan et al., 2010; Garwood et al., 2006). Compared to individuals without
the disease, individuals diagnosed with Parkinson’s disease show greater incidence of
prior METH use (Callaghan et al., 2010). METH use also increases the risk for
contracting HIV, due to the risky behaviors, such as unprotected sex while intoxicated,
and hyper sexuality that accompany use (Garofolo et al., 2007; Mansergh et al., 2006;
Thiede et al., 2003). Like other addictive substances, repeated METH use escalates as
pleasurable effects diminish and aversive effects increase. Repeated use is a component
of the long-term health effects of METH. For example, chronic METH use is often
accompanied by skin picking and needle bruising, which results in disfiguring skin
lesions and infections. However, users at this stage find it difficult to stop (Lee et al.,
2005). Furthermore, according to the American Dental Association (2005), chronic
METH use is also accompanied by tooth decay that may be driven by a variety of factors
ranging from the acidity of the drug to poor nutrition and oral hygiene (Shaner, 2002).
METH users are also at risk for stroke due to drug-induced hypertension (Lineberry and
Bostwick, 2006), as well as, respiratory distress from its deleterious effects on lung and
heart tissue (Dean, 2004). Finally, METH use results in changes in cognitive and motor
performance though studies have found mixed results regarding enhanced or diminished

cognition.

There have been suggestions that acute effects of amphetamine-type drugs include
improved cognitive performance for new users (Gelowitz et al., 1994; Kirkpatrick et al.,
2008; Pieterzack et al., 2010; Soetens et al., 1995). For individuals under extended
wakefulness, the improved performance with METH was more pronounced (Hart et al.,

2001; Wiegmann et al., 1996). Many of these studies of enhanced cognition used low



doses not typical with abuse. Furthermore, the recognition of frequent multi-drug use by
substance abusers required studies that account for this phenomenon. Some studies show
a different effect than improved cognition. For example, METH exposure results in
cognitive deficits in memory recall and recognition tasks for current (Simon et al., 2000)
and abstinent users (Newton et al., 2004; Rendell et al., 2009; Scott et al., 2007).
Moreover, Rendell et al. (2009) revealed that former users had impairments on tasks that
test for memory of future intentions compared to drug naive individuals. Additional
supportive evidence come from METH related emergency room visits. A significant
proportion of visits are related to central nervous system disturbances and cognitive
behavioral changes that increase the negative health outcome for patients (Lineberry and

Bostwick, 2006).

Il. Animal models demonstrate METH-induced neural damage

A. Early studies demonstrated damage

Attributes of METH, such as its lipid solubility and similarity to the chemical
structure of monoamines confer easy access to neural tissue. In the brain it then exerts
potent effects resulting in damage. A series of animal studies beginning the 1970s and
continuing today have provided evidence that brain monoaminergic systems are
particularly vulnerable to METH-induced damage. Escalante and Ellinwood (1970) found
that cats chronically exposed to amphetamines had neuronal chromatolysis. However,
many of the groundbreaking studies revealed toxicity of monoamine pathways in rodents

and non-human primates after METH treatment (Hotchkiss and Gibb, 1980; Seiden et al.,



1976). More recent confirmation of similar effects has been revealed in humans (Chang

et al., 2005; Volkow et al., 2001a).

The role of dopamine in the induction of METH damage was presented in an
early study showing diminished striatal tyrosine hydroxylase (TH) activity; the rate
limiting step for DA and subsequent NE synthesis (Fibiger and McGeer, 1971). The
damage may be due, in part, to DA auto-oxidation, which increases the formation of toxic
substances such as 6-OHDA and other reactive species following METH treatment (Kita
et al., 1995; Seiden and VVosmer, 1984). Based on reports from numerous studies,
serotonin (5-HT) systems are similarly vulnerable to damage (see review by Krasnova
and Cadet, 2009). However, it is thought that DA overflow into the cytosol and
extracellular space is the beginning of multiple biochemical cascades that end in neural
damage, subsequent dependence and alterations in cognition and behavior (Sonsalla et

al., 1986)

B. Studies with mice

Depletion and subsequent terminal toxicity (degeneration) is seen in axon endings
of neurons containing DA metabolites, NE, or 5-HT. METH-induced neural damage can
be revealed in several ways (see Krasnova and Cadet, 2009 review). Damage can be
measured via transporter (VMAT, DAT and 5-HTT) binding or protein levels. Damage
can also be measured via immunoreactivity or protein levels of TH or TpH, respectively,
the rate limiting enzymes for DA/NE, and 5-HT synthesis. Microdialysis studies that

measure the extracellular levels of monoamines or their metabolites, and histochemical
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methods for apoptotic cell death and glial activation markers are among a variety of
additional neurochemical methods for assessing METH damage. However, as
transporters are a measure of terminal integrity, many studies examining DAT, revealed

METH had a toxic effect on the DA system without killing DA releasing neurons.

In mice, most of the striatal DA depletion has been observed from twelve hours to
three weeks after METH (Achat-Mendez et al., 2007; Bowyer et al., 2008; Deng et al.,
1999; Green et al., 1992; O’Callaghan and Miller, 1994; Zhu et al., 2005). Toxicity
studies also show decreased DA and DAT levels or binding in the striatum up to three
weeks (Achat-Mendes et al., 2005; Green et al., 1992), as well as, in the cortex and
amygdala up to two weeks after METH (Anderson and Itzhak, 2006; Fantegrossi et al.,
2008; Landenheim et al., 2000). Decreased 5-HTT levels or binding in the striatum and
hippocampus has also been observed forty-eight hours to two weeks after METH
exposure (Fumagalli et al., 1999; Landenheim et al., 2000). Many of the studies from the

late 1990s up to the present have also shown significant cell death in response to METH.

Using TUNEL immunohistochemistry as a marker for apoptotic cell death, for
example, decreases in hippocampal and cortical neurons were observed at time points
ranging from twenty-four hours to one week after METH (Deng et al., 1999; 2001,
Thieret, et al., 2005; Zhu et al., 2005; 2006). Death of striatal projection neurons
immunopositive for enkephalin (Thieret et al., 2005) as well as ChAT and parvalbumin
(PV) interneurons (Zhu et al., 2006) were seen in METH treated animals. It is interesting
that neuronal nitric oxide synthase/somatostatin/ neuropeptide Y (nNOS/SST/NPY)
containing interneurons were spared the damage (Zhu et al., 2006). The mechanisms of

this protection and its role in METH damage are currently being researched in our lab.
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Glial cells are another cell type in the brain involved in a variety of important
functions but affected by METH. Glia helps to maintain brain homeostasis,
immunoprotection, survival and differentiation of neurons (Allen and Barres, 2009). For
these functional reasons, it is not surprising that reactive gliosis accompany the damaging
effects of METH. For example, whether administered in a single bolus dose (30-
40mg/kg bodyweight), or by four binge doses (5-10 mg/kg bodyweight each) two hours
apart, increased GFAP staining of astroglia were seen in the striatum at two, three and
five days after injections (Achat-Mendes et al., 2007; Zhu et al., 2005). Activated
microglia were also observed one, three and fourteen days after METH injection (Bowyer
et al., 2008; Fantegrossi et al., 2008; Landenheim et al., 2000; Thomas et al., 2004c). Of
notable interest is that repeated intermittent low dose treatment with METH reduces
migroglial activation in mice. Furthermore, METH-induced microglia activation is

suggested to mediate the tolerance effect of METH in mice (Thomas and Kuhn, 2005a).

C. Studies with rats

Some of the early studies demonstrating METH-induced damage to
monoaminergic systems were also done in rats (see Krasnova and Cadet, 2009 review).
Hotchkiss and Gibb (1980) for example, revealed that METH reduced TH activity in the
striatum up to a month, and tryptophan hydroxylase (TpH) up to a week in the
hippocampus. Wagner et al. (1980) found that METH decreased rat striatal DA levels up
to two weeks, and DAT sites up to eight weeks after treatment. Furthermore, Ricuarte et

al. (1980) found reduced mesolimbic and nigrostriatal DA as well as 5-HT in multiple
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structures of the limbic and motor systems three weeks after treatment. The
overwhelming evidence from these animal models revealed that early (within the first
thirty-six hours) and long-term (more than three months) effects of METH include
reduced TH, and 5-HT and NE in the striatum and hippocampus (Bakhit et al., 1981,
Graham et al., 2008). These studies also provided evidence implicating monoaminergic
mechanisms in METH-induced neural damage. For example, Lorez (1981) found
swollen nerve fibers in the striatum at six and eleven days after METH, while Commins
and Seiden (1986) revealed cortical neuronal degeneration at two days. Morphological
studies of both DA and 5-HT terminals also revealed evidence of degeneration (Axt and
Molliver, 1991; Fukui et al., 1989; Ricuarte et al., 1982). However, the reduction of
striatal DA transporter (DAT) numbers (Eisch et al., 1992, Guillarte et al., 2003, Segal et
al., 2003), monoamine vesicle transporter-2 (VMAT-2) binding (Guillarte et al., 2003;
Segal et al., 2003 and 2005), and protein faction (Johnson-Davis et al., 2004) provided

the strongest evidence for the role of dopamine transport in METH-induced damage.

As in mice, studies in rats using TUNEL immunostaining also revealed METH-
induced cortical cell loss up to nineteen days after the first of a twelve-day regimen of
5mg/kg injections (Kadota and Kadota, 2004). A 40mg/kg bolus injection of METH also
resulted in cell death; however, this was seen in the striatum between 1 and 3 days after
the injection (Jayanthi et al., 2005). As late as 30 days after the last injection of an
escalating binge dose of METH there are signs of apoptotic damage. Kuczenski et al.
(2007) for example, found reactive gliosis as well as cortical and hippocampal neuron

death of calbindin interneurons in long-term studies with rats. Furthermore, neuron death
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was found in both the developing (Pu et al., 1996) and the adult rat brain in response to

METH (Eisch and Marshall, 1998)

As mechanisms of METH-induced damage were being elucidated, several studies
in rats also demonstrated ways in which the brain may be protected from METH. For
example, despite the extensive damage with binge or bolus dosing schedule, neural
systems can become tolerant in a manner such that monoaminergic depletion is
attenuated when animals were later given a challenge dose (Danaceau et al., 2007; Riddle
et al., 2002a). Moreover, protection has been seen from acute and long term DA and 5-
HT depletion in the striatum and cortex after a single high dose (bolus) challenge of
METH. The protection occurs if preceded by low dose treatments or increasing doses of
METH over a period of time (Gyqgi et al., 2006; Schmidt et al., 1985b; Stephans and
Yamamoto, 1996). Animals treated with these protective regimens also show lower
levels of methamphetamine concentration in the brain during the acute response

(Alburgess et al., 1990).

Additional protection from striatal DA terminal injury and cortical cell death was
revealed when Eisch and Marshall (1998) treated rats with a DAT inhibitor, and then
used fluoro-jade histochemistry to measure parameters of cell death. Furthermore, DA
receptor blockade reduced toxic damage and cell death (Broening et al., 2005; O’Dell et
al., 1993). However, as rodent models allowed more accessible ways of studying the
mechanisms of damage, as well as, protection from damage after METH, studies in non-
human primates provided the advantage of a closer approximation of the drug’s effects in

humans.
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D. Studies with non-human primates

Non-human primates have long been used to study the effects of
methamphetamine on neural systems. In 1976 Sieden and associates demonstrated that
rhesus monkeys given METH in escalating binge doses over time had reduced NE and
DA in several areas of the brain. It is notable that this dosing pattern is similar to the
human pattern of METH use and it is accompanied by long term-effects in the striatum.
For example, with the escalating binge method, Sieden et al. (1976) found up to 80% DA
depletion in the monkey brain after six months. Several follow up studies demonstrated
that similar dosing regimens also decreased 5-HT levels in the cortex, thalamus, striatum
and hippocampus, as well as, DA levels or binding sites in the striatum ranging from one
to six months after injections (Ando et al., 1985; Finnegan et al., 1982; Preston et al.,

1985a; 1985b; Villemange et al., 1998; Woolverton et al., 1989).

Like the previously cited studies in rodents, although METH affects 5-HT
systems, pronounced long-term effects in non-human primates are most evident on the
striatal DA system. Confirmation of these effects can be found in more recent studies
using positron emissions tomography (PET) imaging. For example, PET imaging of both
monkeys and baboons show reduced DA production, DA levels and DAT binding in the
striatum (Melega et al., 1997; 2000; 2008; Villemagne et al., 1998). Melega et al. (2008)
further demonstrated significant decreases in the percent of DA and DAT binding in the
striatum of vervet monkeys treated with a long term (thirty-three weeks) escalating doses

similar to the human pattern of use.
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While the previously described METH-induced effects on DA were observed in
the striatum, DA cell bodies in the substantia nigra remained intact after METH. This
provided evidence for striatal DA terminal toxicity specifically in response to METH
injections (Melega et al., 1997). Furthermore, the effects on both 5-HT and DA in non-
human primates persist after long-term abstinence (Woolverton et al., 1989). Despite the
many studies with animal models that have provided a significant amount of information
regarding METH action on neural systems, the mechanisms and even a complete time
course of events after METH are still poorly understood. As the previous sections have
shown, what is generally known and is still an active area of study, are the

neurotransmitter systems affected by METH exposure.

I11. Mechanisms of neural damage

A. DA overflow triggers a cascade of events

The precise molecular mechanisms of METH damage are still being worked out
in multiple research studies. However, based on the works already cited, it is clear that
METH?’s similarity to the chemical structure of dopamine implicates this
neurotransmitter. Several mechanisms of damage have been proposed to include toxic
substances and free radicals resulting from excess dopamine, glutamate and NO
signaling. Furthermore, activated glial cells, which can release additional damaging
substances, have also been suggested as a mode of damage (Kita et al., 2009 review;
Lavoie et al., 2004). Blood brain barrier (BBB) dysfunction, altered thermoregulation
(hyperthermia, in particular) and gene expression are among other proposed mechanisms

of damage (Boyer and Ali, 2006; Kiyatkin et al., 2007; also see review by Krasnova and
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Cadet, 2009). Pre and post-synaptic mechanisms triggered by altered DA trafficking and
subsequent DA overflow in the cytosol and extracellular space, result in increased free

radicals and multiple signaling cascades leading to damage.

METH inhibits monoamine oxidase (MAO), the enzyme that inactivates
monoamine neurotransmitters (Carlsson, 1970; Glowinski, 1970). METH also causes
reversed DAT mediated release of dopamine into the extracellular space and reduced
VMAT-2 uptake of DA from the cytosol of axon terminals (Cubells et al., 1994; Sulzer et
al., 2005). A direct result of METH effects on MAQOs and neurotransmitter trafficking is
excess extracellular and cytosolic DA. Excess DA leads to auto-oxidation and subsequent
reactive oxygen species (ROS) formation (Guillot et al., 2008; Larsen et al., 2002;
LaVoie and Hastings, 1999b). These events overwhelm antioxidant and free radical
scavenging systems leading to damage and cell death (Chen et al., 2007; Jayanthi et al.,
1998; Krasnova et al., 2001). Lavoe and Hastings (1999) for example, found that high
doses of METH led to increased cysteinyl-DA metabolites in the striatum. Furthermore,
MAO effects on DA increase hydroxol radicals and iron, (Cadet and Brannock, 1998;
Giovanni et al., 1995; Melega et al., 2007). The free radicals and iron increase lipid
peroxidation (Acikgoz et al., 1998) that damage terminal membranes, mitochondria and
nuclear DNA, which leads to terminal degeneration and cell death (Potashkin and

Meredith, 2006).

Evidence for free radical damage in response to METH was provided by studies
in which increased antioxidants conferred protection. Krasnova et al. (2001) for example,
found that mice overexpressing the antioxidant copper- zinc-super oxide dismutase

(CuznSOD) show less DA toxicity. In addition, pre-treating monkeys with powerful
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antioxidants like n-acetyl-L-cysteine before METH prevents terminal damage
(Hashimoto et al., 2004). These studies all suggest the need for significantly more than
the normal levels of antioxidants to counter increased free radical production after
METH. Based the role of transporters in DA overflow and subsequent damage, transport
manipulation offers another mechanism of protection. Studies in which TH or DAT are
inhibited or VMAT-2 function is enhanced have shown protection from METH-induced
damage. For example, inhibition of TH with alpha methyltyrosine prevents DA depletion
(Wagner et al., 1983). DAT inhibition with amphoneic acid protects against METH-
induced reduction in TH, DA and DAT binding in the striatum (Marek et al., 1990;
Schmidt and Gibb, 1985).

Studies also revealed that animals lacking DATSs do not have the levels of DA
depletion, astroglia upregulation or free radical damage that is common after METH
treatment (Fumagalli et al., 1998). Furthermore, although reverse DA transport appears to
alter vesicle uptake of cytosolic DA, treatment with DAT inhibitor methylphenidate
attenuates METH-induced reduction in VMAT-2 binding (Sandoval et al., 2003). The
result of attenuated VMAT-2 decrease is less damage. Post-METH treatment with
lobeline-an exogenous ligand for VMAT-2- also attenuates VMAT-2 deficits and confers
protection from METH-induced DA damage in the striatum (Eyerman and Yamamoto,
2005; Wilhelm et al., 2004). In contrast, knockout mice heterozygous for loss of VMAT-
2 show increased METH-induced toxicity (Fumigalli et al., 1999), increased DA
synthesis and ROS formation (Larsen et al., 2002). Additionally, while inhibition of

VMAT-2 with reserpine causes an increase in toxicity, DA receptor mediated activities
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seems to also play a role in vesicular alterations as well as other aspects of damage
(Albers and Sonsalla, 1995; Wagner et al., 1983)

Results from a study by Ugarte et al. (2003) suggested that D1 receptor antagonist
SCH23390 did not protect from METH-induced deficits in vesicular uptake. However,
other studies have demonstrated that D1R blockade confers protection from other
damaging effects of METH. For example, D1R blockade prevented DA depletion and
increased glial activity, inhibited FasL and caspase-3 cell death pathways in striatal
neurons, and reduced but did not eliminate cell death (Angulo et al., 2004; Jayanthi et al.,
2005; Xu et al., 2005). In the same study by the Ugarte group, D2 receptor antagonist
ecticlopride attenuated vesicular trafficking deficits along with hyperthermia induced by
METH (Ugarte et al., 2003). Interestingly, D2R activation by agonists like cocaine or
DAT inhibitor methylphenidate increased vesicular trafficking and redistributed VMAT-
2 protein (Riddle et al., 2002b; Sandoval et al., 2003; Truong et al., 2004; Ugarte et al.,
2003). These studies also suggests METH- induced damage involves interactions
between specific DA receptor subtypes and other regulatory mechanisms, and may
explain the slightly less damaging effects of cocaine.

Since DA plays a role in thermoregulation for example, (Balthazar et al., 2010;
Chaperon et al., 2003; Ito et al., 2008; Zarrindast, 1992), METH effects on DA function
involves body temperature changes. During the acute phase of METH, increases in core
body temperature upregulates DAT activity (Xie et al., 2000); further potentiating excess
DA and the subsequent biochemical cascades. For example, reactive species formation
and oxidative stress are components of METH damage affected by temperature (Albers

and Sonsalla, 1995; Bowyer et al., 1994; Miller and O’Callaghan, 1994). Evidence for
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the role of hyperthermia was revealed in studies that show hyperthermia is accompanied
by increased DA quinones and DA oxidation after METH (Lavoie and Hastings, 1999).
Hyperthermia may inhibit TH (Kuhn et al., 1999), as well as, proteins involved in
detoxification (Zafar et al., 2006). For example, Zafar et al. demonstrated that the
oxidation of dopamine by tyrosinease products inhibits proteosomes. The proteasome
inhibition was not reduced by the antioxidant superoxide dismutase but the addition of
quinine reductase and NADH protected against this effect, and it correlated with
temperature changes. Furthermore, hyperthermia induced changes in protein activity and
upregulation of toxic reactive species cause damage specific to DA cells (Montine et al.,
1997; Spencer et al., 2002). In contrast, reactive species formation is prevented in
animals kept at low environmental temperature (Lavoie and Hastings, 1999).

In addition to the study that demonstrated D2 receptor blockade induces
reduction of hyperthermia and toxicity, (Ugarte et al., 2003), DAT and 5-HTT-knockout
mice show reduced hyperthermic response to METH (Numachi et al., 2007). However,
the presence of the DAT or the 5-HTT genes is accompanied by hyperthermia in
experimental animals (Numchi et al., 2007). This suggests 5-HT activity also has a role in
the hyperthermic response and subsequent damage after METH. Furthermore, METH
increases interlukin-1p, and this protein also induces hyperthermia (Numchai et al., 2007,
Yamaguchi et al., 1991). For example, administration of interlukin-f receptor antagonist
blocks METH-induced hyperthermic effects (Bowyer et al., 1994).

A notable observation is that hyperthermia appears to increase oxidative damage
via blood brain barrier (BBB) dysfunction, which further exposes the brain to damaging

substances (Sharma et al., 2007; Sharma and Kiyatin, 2009). For example, Sharma and
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Kiyatin (2009) found abnormal cytoplasm and nuclear folding of epithelial cells of the
choroid plexus, and this finding correlated with hyperthermia after METH. Abnormal
cytoplasm and nuclear folding are significant for BBB permeability because epithelial
cells of the choroid plexus are actively involved in plasma filtering and the formation of
cerebrospinal fluid (Emerich et al., 2004). Bowyer and Ali (2006) corroborated findings
that implicated hyperthermia in BBB dysfunction when they failed to observe BBB
dysfunction in animals that did not have hyperthermia after METH. Consequently, BBB
dysfunction that correlated with temperature increases was observed in follow up studies
(Bowyer et al., 2008). However, studies in which hyperthermia is prevented only
provides partial protection from METH damage (Albers and Sonsalla, 1995; Ali et al.,
1996; Bowyer et al., 1994; Tata et al., 2007). These findings suggest that non-
hyperthermic mechanisms acting through either dopamine or other transmitter mediated

cellular cascades contribute to damage.

In addition to the previously reported DA transporter effects, evidence of a
dopaminergic trigger for damage are studies in which, D1 and/or D2 receptor blockade
protects against METH-induced neurochemical deficits and cell death (Angulo et al.,
2004; O’Dell et al., 1993; Sonsalla et al., 1986; Xu et al, 2005). For example, O’Dell et
al. (1993) gave rats D1R antagonist SCH23390 or D2 antagonist eticlopride 15 minutes
before injections in a binge-dosing regimen (4 X 10 mg/kg). D1 and D2R blockade
attenuated acute DA overflow, and subsequent DA depletion a week after treatment.
Using a single bolus treatment, Xu et al. (2005) demonstrated that D1R antagonist
SCH23390 or the D2R antagonist raclopride before METH completely prevented striatal

apoptosis, TH depletion and glial fibrillary acidic protein (GFAP) up regulation. In the
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same study Xu et al., also found that DA receptor blockade did not prevent hyperthermia
again suggesting both hyperthermic and non-hyperthermic mechanisms of damage
involving DA.

Suggestions that glutamate activity stimulated by DA may also induce
hyperthermia were revealed by studies with glutamate receptor antagonist MK-801. MK-
801 prevents hyperthermia and reduces DA terminal toxicity (Sonsalla et al., 1989).
However, another piece of evidence for non-hyperthermic mechanisms of damage is the
finding that treatment with glutamate receptor antagonists that do not prevent
hyperthermia also protects from damage (Bowyer et al., 2001; Fuller et al., 1992). As
with DA, these studies suggest glutamate-mediated damage in response to METH can be

temperature dependent and independent. The latter will be explored further below.

B. The involvement of glutamate.

As mentioned above, METH also increases glutamate signaling, which plays a
role in toxic damage. Increased glutamate signaling and the subsequent nitric oxide
upregulation it causes, results in additional reactive species and subsequent damage (see
Krasnova and Cadet, 2009 review). Evidence from blocking its mGlu5 receptors have
shown that inhibition of glutamate signaling either reduces dopamine overflow or have
no effect on DA overflow when accompanied by reduced toxicity. For example,
Battaglia et al. (2002) pre-treated mice with mGlul, mGlu 2 and 3 or mGlu 5 glutamate
receptor antagonists before METH administration. ROS formation and striatal DA
terminal toxicity were attenuated with mGIu5SR antagonist treatment without affecting

dopamine release. In contrast, blocking mGlul and Glu2 or 3 receptors did not alter
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METH-induced toxicity. Furthermore, in both primates and rodents, Tokunaga et al.
(2009) used the same mGlu 5R antagonist used in the Battaglia et al. study and
demonstrated significant decreases in dopamine overflow.

In addition to glutamate release, METH also increases glutamate transporters, and
intracellular calcium and calmodulin binding (Mark et al., 2007). This process also
induces excitotoxicity (Takano et al., (2003). Thus, glutamate receptor activity can
directly induce or exacerbate METH damage. Lending further evidence to the glutamate
hypothesis of damage, are findings which show that glutamate receptor agonist N-
methyl-D-aspartate (NMDA) administered with a non-toxic dose of METH results in
toxicity (Sonsalla et al., 1998). In contrast, treatment with NMDA receptor antagonists
without hyperthermia blocks METH-induced toxicity (Bowyer et al., 2001; Fuller et al.,
1992). These results suggest glutamate NMDA receptor activity as a specific mechanism
of damage. Metabotropic glutamate receptors (mGIluR) may also play role, as one
subtype -mGIuR type 5 is coupled with NMDA receptors and further enhances NMDA
activity (Kew and Kemp, 2005; Pisani et al., 1997). The activity of these coupled
receptors led to cell death (Bruno et al, 2000). The reduction in reactive species formation
after mGIlu5 blockade is probably because mGIu5 activity also increases DA release
(Imperato et al., 1990). Regardless of the reason, excess glutamate induces reactive
superoxide radicals to form that cause toxicity (Gunasekar et al., 1995). However, as

explained below, other transmitters and neuropeptides may also be involved.
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C. The involvement of substance P (SP) and nitric oxide (NO)

In addition to complex interactions between DA and glutamate in the damaging
effects of METH, SP and NO provide additional avenues for damage, particularly in the
striatum. The distribution of the neuronal phenotypes post-synaptic to striatal DA
releasing cells enhances NMDA receptor and SP receptor activity. These enhanced
receptor actions also increase NO and reactive species formation (Gunasekar et al., 1995;
Lafon-Cazal et al., 1993). D1 receptors for example, are found on striatal SP containing
projection neurons (Gerfen et al., 1990). Furthermore, both D1Rs and the neurokinin 1
receptor (NK-1R) for SP are found on striatal somataostatin, neuropeptide Y and nitric
oxide synthase (SST/NPY/NQS) containing interneurons. SST/NPY/NOS neuron
phenotype regulates neuronal nitric oxide synthesis through the presence of nNOS

(Gerfen et al., 1990; Kawaguchi et al., 1997; Le Moine et al., 1991; Li et al., 2001).

SP activity through its NK-1Rs has been shown to be involved in METH-induced
toxicity, reactive astrocytosis and apoptosis in the striatum (Angulo et al., 2004; Yu et al.,
2002; 2004). For example, our lab has shown that METH- induced damage is
significantly reduced in animals pre-treated with SP receptor antagonists (Wang et al.,
2008). Furthermore, DA terminal toxicity and apoptosis in the striatum were both
attenuated in mice pre-treated with the NK-1R antagonist WIN-51708 before METH
injections (Wang et al., 2008). In the same study, Wang et al. also found that the NK-1R
is almost exclusively internalized (endocytosis) into the NPY/SST/nNOS interneuron
after METH treatment. An interesting observation is that METH treatment increased
nNNOS production of neuronal NO by the same NPY/SST/nNOS cells but these particular

cells are spared the damaging effects of METH (Thiriet et al., 2005; Zhu et al., 2006).
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The NO mediated effect on METH damage may be due to interactions with
glutamate-induced oxygen species that form peroxynitrite (Pacher et al., 2007). This
reactive substance can damage axon terminals (Imam et al., 2001a). For example, using
3-nitrotyrosine as a marker of NO toxicity, Imam et al. (2001a) found METH treatment
increased NO and subsequently increased 3-nitrotyrosine. The same group also
demonstrated that NO and peroxinitrite knocknout mice have reduced expression of
“pro-apoptotic” and increased expression of “anti-apoptotic” proteins. This expression
profile is opposite of what is normally seen in the striatum in response to METH

treatment (Imam et al., 2001b).

In later studies, Imam et al. (2005) also found that animals with increased Nurr 1
protein involved in TH expression and subsequently DA synthesis, had increased nNOS,
and the 3-nitrotyrosine that are used as markers of NO mediated METH damage.
Multiple studies have demonstrated that NO inhibition reduced neural damage (Di Monte
et al., 1996: Eyerman and Yamamoto, 2007; Itzhak and Ali, 1996; Sheng et al., 1996). In
a recent study in which nNOS was inhibited, VMAT-2 protein oxidation and the altered
trafficking that normally accompanies METH were reduced (Eyerman and Yamamoto,
2007). These results also corroborated data demonstrating protection from METH
damage and cell death in nNOS knockout mice or mice overexpressing free radical
scavengers (Cadet et al., 1994b; Imam et al., 2001, Itzhak et al., 1998). For example,
evidence that a NO mediated toxicity separate from thermoregulatory changes or direct
DA release may be involved in damage, was observed in the Di Monte et al. (1996)
study. They prevented the production of nNOS by treating mice with nNOS inhibitor 7-

nitroindazole along with METH. This treatment prevented the loss of METH-induced DA
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and TH immunostain, even as temperature, DA release and the incidence of death

increased in the METH-treated animals.

D. Disparity in the time course of cell death

As the numerous studies described above indicate, reports of both striatal and
cortical neuronal damage and cell death in animals given METH have been
overwhelming (Eisch et al., 1998; Deng et al., 2001; Krasnova and Cadet, 2009 review;
Pu et al., 1996; Zhu et al., 2006;). The duration of death however, varies from study to
study. For example, using a TUNEL immunohistochemistry assay, our lab previously
demonstrated peak striatal cell death twenty-four hours after a neurotoxic dose of METH
(Zhu et al., 2006). There were few apoptotic cells at forty-eight hours but significant nissl
staining suggested a larger quantity of nuclei than would be expected after loss of
approximately a fourth of striatal neurons (Zhu et al., 2006). This led to questions
regarding the possibility that cells proliferate in response to METH damage and then also

undergo apoptosis.

Regardless of the method of METH administration, studies of METH-induced
cell death have established that it peaks between one and three days after administration
(see table 1). However, published reports show varying duration of cell death. For
example, as a measure of cortical damage, Eisch et al. (1998) found peak fluoro-jade
staining in cells with apoptotic morphology three days after METH treatment. Although
fainter and much less in number than at three days, fluoro-jade stained nuclei with
apoptotic morphology were also observed up to twenty-one days after METH treatment.

Additionally, Sonsalla et al. (1996) found that administering the binge dose of METH
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induced cell loss over a period of five to eight days (summarized in table 1). These data
suggest a protracted phase of cell that needed to be investigated, and was one of the
reasons the specific studies in this thesis were undertaken. Despite the numerous animal
models, understanding of the mechanisms or time course of events following toxic
METH exposure is still limited. The need for more effective treatment methods for
human users underscores the gap in our current knowledge, but a review of findings in

humans is a step toward that understanding.
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Table 1

Summary of previous studies demonstrating METH-induced cell death in rodents

Treatment Neural Time after  Measure of cell Reference
regimen structure injection death
40mg/kg single Olfactory bulb 1 week Increased TUNEL Dengetal.,
injection positive cells 2007
30 mg/kg single Striatum 24 hours TUNEL positive Zhu et al.,
injection projection neurons 2006
ChAT and PV
interneurons

10 mg/kg Striatum 3 days TUNEL positive Thiriet et al.,
injections at 2 enkephalin 2005
hour intervals for a projection neurons
total of 4
injections
5 mg/kg injections  Parietal cortex 7 days Increased TUNEL Ladenheim et
at 2 hour intervals positive cells al., 2000
for a total of 4
injections
40 mg/kg single Striatum, 3 days Increased TUNEL Dengetal.,
injections hippocampus, positive cells 2001

cortex,

indusium

griseum,

medial

habenular

nucleus
10mg/kg Substantia 5and 8 Decreased cresyl Sonsalla et al.,
injections at 2- nigra days violet staining of TH 1996
hour intervals for a positive cells
total of 4
injections.
4mg/kg injections  Parietal cortex 3, 7,14 and Increased fluoro-jade Eischetal.,
at 2 hour intervals 21 days stain with apoptotic 1998
for a total of 4 cell morphology
injections

Note. The duration of cell death in the striatum by others shows that it peaks at 3 days.
We previously found cell death peaks at 24 hours with our treatment regimen (Zhu et al.,
2006). ChAT, choline acetyl transferase; PV, parvalbumin; TH, tyrosine hydroxylase;
TUNEL, Terminal deoxynucleotidyl transferase dUTP nick end labeling.
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E. The human data

The clinical consequences of METH use and ethical considerations have made
animal models an attractive method for studying its effects on neural systems. However,
a number of recent studies have been done that used post-mortem brains of human
METH users, brain images of both active and detoxified users, as well as individuals
prenatally exposed to the drug (Chung et al., 2010; Kim et al., 2005; McCann et al., 1998;
Thompson et al., 2004; Volkow et al., 2001a; 2001b; Wilson et al., 1996,). Some of these
studies have included cognitive or neuropsychological behavioral assessment. Although
they demonstrate partial recovery, some results raise an important concern regarding
METH-induced effects in what appears to be permanent structural and metabolic brain
changes. For example, Wilson et al. (1996) neurochemically assessed the post-mortem
brains of METH-exposed individuals and found decreased striatal DA terminal markers
such at DAT compared to non-exposed brains. VMAT levels however, appeared normal

in the METH groups, which is suggestive of a partial recovery.

Positron emission tomography (PET) imaging also revealed DAT loss in METH
users that correlated with duration of drug use (McCann et al., 1998; Sekine, et al., 2001,
Volkow et al., 20014, b). Additionally a PET study by Johanson et al. (2006) found 10%
decreases in striatal VMAT2 in former users who had abused METH for approximately
10 years. Even though participants in Volkow et al. (2001a) study had been abstinent for
periods ranging from 2 weeks to up to 3 years, high cortical but low subcortical glucose
metabolism (a marker for neural activity) were seen in these detoxified users compared to
controls. In the same group of subjects, lower dopamine 2 receptors (D2R) in the striatum

were also found, and it correlated with greater DA turnover in the orbitofrontal cortex
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(Volkow et al., 2001d). Similar alterations in striatal and cortical DA activity are
implicated in schizophrenia (Howes et al., 2007; O’Donnell and Grace, 1998 review) and
this neural disease shares some of the behavioral symptoms seen with high dose METH
exposure (see Kita et al., 2009 review). However a distinguishing feature of METH is the

level of cell death and axon injury after toxic exposure to the drug.

Studies of neuronal integrity measured with proton magnetic resonance
spectroscopy (MRS) revealed abnormalities of metabolite distribution suggestive of
axonal injury, neuronal loss and glial upregulation (Ernst et al., 2000; Nordhal et al.,
2002; 2005; Sailasuta et al., 2010). For example, normal cortical, but decreased basal
ganglia N-acetyl aspartate and creatine (respectively markers for neuronal integrity and
energy metabolism) were found in METH subjects compared to non-using controls (Ernst
et al., 2000). In the Ernst et al. (2000) study they also observed the presence of substances
typically found in glial cells, such as; choline-containing compounds and myoinositol in
cortical grey matter. The abnormal levels of these metabolites correlated with lifetime
METH use. Similar metabolite abnormalities were also found in the cingulate and visual
cortex of current and both recent and long abstinent METH users (Nordhal et al., 2002;

2005)

Glutamate increases coupled with decreased N-acetylaspartate in the frontal white
matter have also been found in humans exposed to METH (Sailasuta et al., 2010). These
results in humans corroborated animal models showing evidence of glutamate
involvement in METH-induced terminal toxicity and damage to DA systems. Moreover,
in METH exposed children, brain metabolite changes were seen in which basal ganglia

creatine levels increased and N-acetyl-aspartate in frontal white matter decreased. These
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metabolite changes are often observed when glia upregulation accompanies neural
damage and dysfunction (Smith et al., 2001). The results from these imaging studies
support evidence for increased gliogenesis, metabolic dysfunction and neuronal loss,
which may explain some of the cognitive- behavioral differences observed in individuals

exposed to METH.

Additional studies using magnetic resonance imaging (MRI) revealed structural
abnormalities in both active and detoxified METH users, and some of these changes were
found to correlate with cognitive performance. For example, along with performance
deficits on word-recall tests, Thompson et al. (2004) observed decreases in the volume of
the cingulate gyrus, subgenual cortex, and the hippocampus along with increased frontal
white matter and the right lateral ventricle of active users. This is suggestive of axonal
and or dendritic growth in some areas as well as cell loss. Interestingly, children exposed
to METH in utero had smaller striatal and hippocampi volume compared to non-exposed
children (Chang et al., 2004), while abstinent adult users had changes in the shape and

thickness of the corpus callosum (Oh et al., 2005).

The publication of two definitive studies in 2005 demonstrated that structural
changes in abstinent METH users were correlated with cognitive performance. Chang et
al. (2005) found enlargement of the striatum and globus pallidus in some abstinent
METH users compared to controls. METH subjects with the smallest striatal volumes had
the greatest neuropsychological deficits and longer duration of use. These data suggest
the possibility that enlarged basal ganglia structures like the striatum and globus pallidus
may be involved in recovery or compensation for neuropsychological deficits after

METH. As previously mentioned, these hypotheses need further testing because an
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alternative hypothesis is that the structural alterations may contribute to the long-term
deficits. However, the alternative is less likely if increased volume accompany
normalized behavior. Additionally, imaging studies by Jernigan et al. (2005) found that
striatal and parietal cortex volumes were enlarged in abstinent METH users compared to
drug naive controls. The younger individuals however, had larger striatal volume
increases, and those with the largest volume increases in the parietal cortex performed
more poorly on cognitive tasks. Thus, it seems enlarged cortex in contrast to enlarged

striatum may be involved in poor cognitive outcome for adults.

A reasonable explanation for the various alterations in neural structures,
particularly the enlarged striatal volume, could be the presence of new striatal glia or
neurons. Glia would hypothetically increase in response to the acute cell death and
damage, as would neuronal cells that attempt to replace and even exceed in number those
lost during the acute phase of METH-induced cell death, if such events were to be
considered compensation. Even if some of these new cells themselves may be lost
through cell death, excessive cell genesis would alter the volume of the affected neural
structure. These processes need not be mutually exclusive to other compensatory
processes. Compensation may occur via non-damaged long resident cells in a given
structure by synaptic plasticity and axonal growth. However compensation may also
occur via generation of new cells but additional evidence for cytogenesis as a METH

specific response to damage is lacking.

Chang et al. (2005) and Oh et al. (2005) have suggested both gliogenesis and
compensatory sprouting of surviving fibers as possible reasons for the increased volume

observed in their studies. The swelling and inflammatory response of glia is an acute
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effect and would not be expected after long-term abstinence. However, a change in the
number of glia cells is likely since new glia have been found in response to other types of
damage in the striatum (Mao et al., 2001); and thus, may also explain the altered volume
of neural structures. MRS, MRI and PET studies in humans described above, do suggest
gliogenesis in long-term effects of METH in the cortex. However, the return to
normalized behaviors in some adults may also include neuron replacement. Since the
striatum is damaged and enlarged in abstinent METH exposed adults, studies that employ
assays to observe the type of new cells that are generated are important for clarifying
these issues. The striatum is a structure that is clearly vulnerable to METH damage but
the same neurochemistry that influences this vulnerability may contribute to the
likelihood of cytogenesis. Animal models again provide a more accessible means for

studying these issues.

I11. Striatal neurochemistry: Vulnerability to damage with potential for cytogenesis

A. Glutamate from the cortex and thalamus.

Based on the reports of cell death and altered neural structures, it is obvious that, basal
ganglia monoaminergic systems are particularly vulnerable to METH damage (Axt and
Molliver, 1991; Hotchkiss and Gibb, 1980; Seiden et al., 1975). For example, the basal
ganglia nucleus, the caudate-putamen (striatum) suffers significant neurotoxic effects of
METH as measured by loss of the terminal markers tyrosine hydroxylase (TH) and DA
transporters (DAT) (Ricaurte et al., 1980; Schmidt and Gibb, 1985; Wagner et al., 1980).

Additionally, previously described neuron cell death also occurs in this structure. The
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striatum is the major dopaminergic input area of the basal ganglia (Weiner et al., 1991)
and plays a role in voluntary motor activity and cognition (Graybiel et al., 1994;
Knowlton, 2002; Squire, 2004). Striatal function also involves the activity of multiple
neurotransmitter systems that have been implicated in METH damage. For example, the
striatum receives dopaminergic afferents from the substantia nigra to its dorsal areas and
from the ventral tegmental area (VTA) to its ventral areas. Additionally, the striatum also
receives excitatory glutamate input and colecystokinin from the cortex and the thalamus
(Walaas, 1981; Zaborszky et al., 1985). Thus, when METH induces DA overflow, a
significant amount of DA is released into the striatum and damaging biochemical

cascades that involve other transmitters and substances become active.

B. Intrinsic striatal cells

Cells intrinsic to the striatum include gamma aminobutryic acid (GABA) spiny
projection neurons, which account for over 90 percent of striatal neurons. There are also
GABA and acetylcholine (ACh) aspiny interneurons that account for less than 10% of
striatal neurons (Kawaguchi, 1997). GABA spiny projection neurons synthesize the
neuropeptides SP, dynorphin and enkephalin. These projection neurons send axons via
the “direct pathway” (SP, dynorphin) to the substantia nigra and the globus pallidus-
internal or via the “indirect pathway” (enkephalin) to the globus pallidus-external and
subthalamic nucleus. When GABA (with SP and dynorphin) is released from the striatum
via the direct pathway, it inhibits the substantia nigra and globus pallidus-internal, which
normally inhibits the thalamus. Subsequently, the activated thalamus stimulates the
cortex, which responds by activating motor activity and sending glutamate to the

striatum. On the other hand, via the “indirect pathway” projection neurons release GABA
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(enkephalin) to the globus pallidus-external that acts on the subthalamic nucleus of the
basal ganglia. This action stimulates the substantia nigra and globus pallidus internal.
Subsequently, the stimulated substantia nigra/globus pallidus-internal inhibits the
thalamus and subsequent cortical release of glutamate to reduce motor activity. Basal
ganglia D1 and D2 receptor activity is believed to modulate the direct and indirect
pathways, respectively (Stocco et al., 2010). Therefore, striatal projection neurons
modulate basal ganglia output and subsequently enhance or inhibit cortical and thalamic
activity, glutamate release and influence behaviors to promote or inhibit motor learning
(Hasenohrl, et al., 2000). Furthermore, both enkephalin and SP are thought to play a role
in recovery of motor function after drug-induced sensitization (Steiner and Gerfen, 1998).
The other neuronal cells types in the striatum consist of several types of aspiny
interneurons (Kawaguchi et al., 1995). Although small in number, the interneurons are
very important in regulating the activity of projection neurons, and subsequently, basal
ganglia output (Kreitzer, 2009). For example, the largest interneuron cell type is the ACh
neuron. Striatal ACh cells immunostain for the enzyme choline acetycholine transferase
(ChAT), and receive inputs from the cortex, thalamus and the collaterals of striatal
projection cells. Their targets include other striatal interneurons and projection neurons,
exciting the former and inhibiting the latter (Tepper and Bolam, 2004). ACh interneurons
account for 1 to 3 % of striatal neurons and contain most of the striatal dopamine 2 (D2R)
and ACh muscarinic receptors. To a lesser extent but as important for METH mode of
action is the fact that ACh cells also contain dopamine 1 receptors (D1R), NMDA,
glutamate 1 (GlulR) and 2 (Glu2R), as well as, the neurokinin receptors (NK-1R) for the

neuropeptide SP (Kawaguchi et al., 1995). These striatal interneurons are involved in
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modulating both thalamic “feed forward” information to other striatal compartments, and
feedback integration of the direct and indirect pathways (Bolam et al., 1984; Kawaguchi,
1997; Kreitzer, 2009; Saka et al., 2002). Thus, striatal ACh neurons are hypothesized to
be the “associative” cells of the striatum (Kawaguchi et al., 1995), and normal activity is
necessary for procedural learning on a T-maze task (Kitabatake et al., 2003).

The other class of striatal interneuron contains GABA but with several subtypes.
They receive inputs from the cortex and target projection neurons in an inhibitory
manner. One type of GABAergic interneuron contains the calcium binding protein
parvalbumin (PV) that accounts for approximately .7 % of striatal neurons. These PV
cells receive inputs from the cortex (Tepper, et al., 2008). PV interneurons contain most
of the striatal glutamate 2, 3 and 4 receptor (GIuR) subtypes, along with twenty percent
of the striatal D2Rs (Kawaguchi et al., 1995). Despite their relatively small numbers
compared to other striatal neurons, they are very important for sensorimotor integration.
For example, they are involved in “feed forward” inhibition from the cortex to various
striatal regions and can also alter functioning of the spiny projection neurons (Koos and
Tepper, 1999). Reduced numbers of striatal PV interneurons are associated with
procedural learning deficits (Marrone et al., 2006).

Another GABAergic subtype, are calretinin cells that immunostain for the
enzyme glutamic acid decarboxylase (GADg7). These cells are also cholinergic and
immunostain for ChAT (Holt et al., 1999). Jayanthi et al. (2004) found significant loss of
this cell type within 7 days after METH, which suggest the possibility that motor activity
that require the function of these cells may be altered the first week after METH

exposure. Studies have shown that a small percentage of the calretinin cells also contain
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PV (Figueredo-Cardenas et al., 1996; Holt et al., 1999). Reduced calretinin cell density
is found to be associated with dystonia, a movement disorder believed to be due to striatal
disinhibition, in a rodent model of Huntington’s disease (Hamann et al., 2005). However,
little is known about the physiological properties of this cell type.

An additional striatal interneuron containing GABA is involved in nitric oxide
(NO) synthesis. As mentioned earlier, these NO producing cells also contain somatostatin
(SST) and neuropeptide Y (NPY)), otherwise known as NOS/SST/NPY cells that account
for 1-2% of striatal neurons (Kawaguchi et al., 1995). These cells express NK-1 and D1
but not D2 receptors. They receive inputs from the cortex and target projection neurons
as well as other interneurons. Via NO, these interneurons are thought to regulate striatal
ACh, GABA and glutamate (Kawaguchi, 1997; Le Moine et al., 1994; McKinney and
Kent, 1994). Interestingly, of the striatal neurons lost to METH, Zhu et al., (2006) found
that 45% were the PV containing GABA interneurons in the dorsal striatum, followed by
29% of the ChAT/calretinin immunostained cholinergic cells, along with 21% DARPP-
32 projection neurons. The nNOS/SST/NPY cells were resistant to METH damage and
follow up studies have implicated SP and nNOS in METH-induced cell death (Wang et
al., 2008). In contrast to SP and nNOS, NPY has been found to protect from METH-
induced striatal apoptosis and its MRNA is increased after METH treatment (Thieret et
al., 2005). Furthermore, NPY promotes proliferation and adult neurogenesis under
normal and injury conditions in the SVZ and the hippocampus (Agasse et al., 2008;
Decressac et al., 2009; Howell et al., 2007; Laskowski et al., 2007).

Our lab is currently investigating the role of SST in protection from METH

damage. It is reasonable to hypothesize that SST and NPY may counteract the damage
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due to SP and nNOS activity, but convincing evidence remains to be determined.
However, since NPY has been shown to play a permissive role in adult neurogenesis and
is released by the same cells that respond to SP, a reasonable expectation of neurogenesis
in response to METH-induced damage can be made. Therefore, experiments that
measure not only proliferation, but also whether proliferating cells differentiate into the
PV or ChAT neuron subtype as a compensatory response to METH-induced apoptosis

became a focus of our studies. Striatal neurons are summarized in table 2.
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Intrinsic striatal neuron phenotypes
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Cell phenotype
Transmitters/enzymes

Receptors

Function

GABA medium size;
contains PV and GADg;

GABA medium size;
contains calretinin, and
GADg;

ACh Large interneuron;
contains ChAT and
DARPP-32

SST/NO/NPY
interneuron; contains
NADPH-diaphorase,
NPY, GADg; and ACE

GABA, SP/dynorphin
neurons to GPe, GPI and
SNpr, some to SNpc;
contains DARPP-32

GABA enkephalin
calbindin neurons to
GPe; contains DARPP-
32

Aspiny interneurons

D2, GluR1, GluR2, 3 and 4
Potassium channel

ND

D1, D2, m1, m2, m4, Glul,
Glu 4, NMDAR?, NK-15-HT,
Trk-A, § opioid, GAP,

D1, M1, M4, NMDA-R1
NMDA-R2B, NK-1, GABA,
a2?, Calbindin

Fast spikes. Feed forward inhibition
from cortex and synchronization of
inhibitory cell activity.

ND

Feed forward modulation from
thalamus and feedback integration
of striatal projection neurons.

Low threshold spikes.

Feed forward modulation from and
DA inhibition of the cortex.
Regulation of local blood-flow.

Medium spiny projection neurons

u opioid, GluR-2, GIuR3,
NMDA-R1, NMDAR-2A,
NMDAR -2B. D1 receptor

u opioid, GIuR-2, GIuRS3,
NMDA-R1, NMDAR-2A,
NMDAR -2B, D2R

Integrate cortical inputs
Regulation of direct pathway
Phasic inhibition of dopamine cells
and basal ganglia output.

Integrate cortical inputs
Regulation of indirect pathway.

Note. Adapted from tables found in Kawaguchi et al. (1995) and Kawaguchi (1997). ACE,

acetylcholine esterase; GPe, globus pallidus external, GPi, globus pallidus internal, NADPH,

nicotinamide adenine dinucleotide phosphate; nd, not described. SNpr Substantia nigra par

reticulata; SNpc, substantia nigra par compacta.
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IV Cytogenesis in response to neural damage

A. Proliferative zones in the adult brain

As the previously cited works indicate, most studies that look at METH effects in
the striatum have primarily focused on terminal damage and mechanisms of cell death.
Behaviorally, some studies have looked at psychomotor and cognitive changes (see Kita
et al., 2009 review). However, significant evidence for a proliferative response to various
types of injury in the adult brain exists (see Litchenwalner and Parent, 2006 review) but
has not been studied in the context of METH-induced damage. For example, proliferation
in the subventricular zone (SVZ) that borders the striatum or the subgranular layer of the
hippocampus dentate gyrus (SGZ) occurs under normal physiological conditions in the
adult brain (Sohur et al., 2006). This process allows for constant replacement of
hippocampus and olfactory bulb neurons as a part of physiological activity. Both the SVZ
and SGZ are considered germinal zones. Increased proliferation also occurs in these
areas after cortical aspiration (Szele and Chesselet, 1996) and transection (Willis et al.,
1976); inflammation-induced demyelination (Calza et al., 1998), stroke (Arvidsson et al.,
2002; Dihne et al.,2001; Jin et al., 2001; 2003; Parent et al., 2002a; 2002b; Takasawa et
al., 2002 and Zhang et al., 2001) and finally, excitotoxin or psychostimulant-induced

damage (Collin et al., 2005; Mao and Wang, 2001; Mao et al., 2001; Tande et al., 2006).

B. Cytogenesis after ischemia-induced damage

It appears from many studies of damage-induced proliferation that the fate of new
cells depend on the cause and location of damage; sometimes even the species under

consideration (Arvidsson et al., 2002; Collin et al., 2005; Dihné et al., 2001; Jin et al.,
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2001; 2003; Mao and Wang 2001, Mao et al., 2001; Parent et al., 2002b; Takasawa et al.,
2002; Tande et al., 2006; Van Kampen and Robertson, 2005, 2005). For example, in a
focal ischemia injury model, Jin et al. (2001) demonstrated a proliferative response to
neural damage in the SVZ and SGZ over a two-day period in rats. They also saw that
within three weeks a significant number of the new cells were no longer present.
Although the remaining new cells expressed nascent migratory neuron marker
doublecortin (DCX), they did not express mature neuron marker neuron nuclear protein
(NeuN), suggesting the new cells did not mature to neuron phenotypes. The same group
(Jin et al., 2003) also found proliferating neural precursors migrate to the stroke-damaged
rat cortex and striatum.

Also using a focal ischemic model, Takasawa et al. (2002) found increased
proliferation of progenitors in the SGZ areas of the rat hippocampus within one week.
Twenty-eight days later a significant number of these new cells failed to survive. Of the
remaining cells at twenty-eight days, 80% expressed mature neuron marker NeuN, and a
few expressed glial marker glial fibrillary acidic protein (GFAP). Zhang et al. (2001) also
used an ischemic model but they failed to observe proliferative changes in the dentate
gyrus. However, they observed peak proliferation after seven days in the SVZ and
cortex. Many of these cells immunostained for the polysialylated form of the neuronal
cell adhesion molecule (PSA-NCAM), suggesting they could be neurons. A few cells also
stained for astrocytic marker GFAP, and SVZ proliferation corresponded with increased
neural progenitors in the olfactory bulb and cortex twenty-eight days after treatment.
However, many of the new cells failed to survive, and none of the surviving new cells

expressed mature neuron markers. Parent et al. (2002b) however, found increased
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neurogenesis in the rat SVZ with neuroblasts extending into the striatum between 10 and
21 days after focal ischemia. By 35 days they found new cells with mature projection
neuron markers in the striatum, suggesting this area is amenable endogenous neuron

replacement by SVZ precursors after injury.

C. Cytogenesis after excitotoxin and psychostimulant damage

In contrast to the ischemic model of injury-induced proliferation, several studies
have measured proliferation after treatment with excitotoxins and psychostimulants
(Collin et al., 2005; Dihne et al., 2001; Mao and Wang, 2001; Mao et al., 2001; Tande et
al., 2006). For example, Dihné et al. (2001) examined proliferation in the striatum after
lesioning these areas with quinolinic acid. They found apoptosis as well as cell
proliferation in response to the striatal damage. However, only newly generated glial cells
were observed. Additionally, Mao and Wang (2001) found increased proliferation of
S100B-positive astroglia in response to a toxic insult of-methyl-4-phenyl-1, 2,3,6-
tetrahydropyridine (MPTP) in the striatum, while Collin et al. (2005) found neurogenesis
of DARPP-32 containing striatal projection neurons, as well as, PV and NPY

interneurons after quinolinic acid-induced striatal lesions.

Unlike the SVZ and SGZ derived progenitors seen in the earlier mentioned
experiments, the striatum is not normally considered a source for neural progenitors in
the adult brain, and is thus termed a non-germinal area (Greenberg and Jin, 2007; Lie et
al., 2004 for reviews) The stroke studies provide evidence that cells in the SVZ migrate
to the site of injury and differentiate into neuronal precursors or glial phenotypes.

However, Bédard et al. (2002) provided evidence that dividing cells in the normal
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monkey striatum can differentiate into mature neurons, while other studies further
confirmed that the rat striatum has a dormant population of progenitors that can be altered
under various conditions (Mao and Wang, 2001; Parent et al., 2002b). Furthermore, it
has been suggested that astroglia in non-germinal areas may retain progenitor properties
that become activated under different environmental conditions and promote cell genesis

(see Boda and Buffo, 2010 review).

Mao and Wang (2001) performed one of the few studies on the effects of
amphetamines on striatal cytogenesis in rats. However, without the drug they observed
low level BrdU staining as a measure of proliferation within 24 hours of BrdU injections.
Three weeks later the new cells expressed S100B marker for mature astrocytes in the
striatum. When they administered D-amphetamine in a dose that produces behavioral
changes, the Mao group actually saw a transient decrease in striatal BrdU staining but no
effects in the dentate gyrus or SVZ. This suggested that the possibility exists for dormant
progenitor cells in the striatum that can proliferate and differentiate into astrocytes. An
additional suggestion from this study is that striatal cytogenesis may be inhibited with

administration of the dopamine agonist D-amphetamine.

Interestingly, in another study, Mao et al. (2001) found robust striatal
astrogliogenesis and a few new neurons two months after MPTP induced nigro-striatal
lesions in mice. Additionally, Kay and Blum (2000) used the same treatment in mice and
also and found astrocytes in the striatum. It should be noted that like METH, MPTP
lesion depletes striatal dopamine. In contrast to the studies by the Mao group, a study by
Collin et al. (2005) found proliferating cells that mature as neurons, express projection

neuron marker DARPP-32 and interneuron markers NPY and PV in the injured adult rat
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striatum. This result was revealed after treatment with excitotoxic quinolinic acid. Others
have also observed new neurons in response to damage in a non-germinal area of
monkeys and rats (Bédard, et al., 2002; Van Kampen and Eckman, 2006; Van Kampen et

al., 2004; Van Kampen and Robertson, 2005).

Zhao et al. (2003) found newly generated DA neurons under normal physiological
conditions in the substantia nigra, a basal ganglia nucleus that provides DA input to the
striatum and is considered a non-germinal area. More interesting are the series of studies
after substantia nigra lesions by the Van Kampen group working with a rodent model of
Parkinson disease. In their studies, the substantia nigra was lesioned with 6-OHDA
followed by treatment with D3 receptor agonist 7-hydroxy-N, N-di-n-propyl-2-
aminotetralin (7-OH-DPAT). Van Kampen and colleagues observed increased SVZ
proliferation and neurogenesis in the striatum (Van Kampen et al., 2004) and the
substantia nigra (Van Kampen and Robertson, 2005). Additionally, they suggested the
new cells did not derive from the SVZ progenitors due to lack of migratory markers and
the wide distribution of the cells. Intriguingly, behavioral recovery of motor tasks
accompanied maturation of new substantia nigra cells after the 6-OHDA-induced lesion

(Van Kampen and Eckman, 2006).

It is also notable that 6-OHDA is produced in the striatum after METH treatment
(Seiden and VVosmer, 1984), which suggests striatal cytogenesis and neurogenesis may
increase after METH damage. However, because D3 agonist was given to the
experimental animals in the Van Kampen studies, it appears that the damage-induced
rather than physiological striatal and substantia nigral neurogenesis requires treatment

with additional substances to promote survival of the new cells. However, as the Parent et
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al. (2002b) and Mao and Wang (2001) studies suggests, another route for cell genesis-
induced recovery, is for progenitors in the germinal SVZ to divide via alterations in DA
receptor activity (Winner et al., 2009). These dividing progenitors then migrate to the
injured area where they may incorporate into the local circuits. Therefore, studies that
examine adult neurogenesis in normally non-germinal structures should test for both
migratory and non-migratory progenitors. A summary of cytogenesis after striatal injury

in rodents is presented in table 3.
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Cytogenesis after striatal injury in rodents
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Mode of injury Proliferation New cell fate in the Reference
striatum
Focal ischemia in Increased SVZ Projection neurons at 35 Parent et al.,
rats neuroblasts extending days (2002a)
into striatum at 10 and
21 days
Quinolinic acid Increased in the Microglia by 5 days but Dihné et al.,
striatal lesion in striatum 3-5 days some with apoptotic marker ~ (2001)
rats TUNEL at 10 days.
Astrocytes by 30 days
MPTP striatal Eight-fold increase in S100B astrocytes by 10 days Mao et al.,
lesion in mice the dorsal striatum at 3 that survive to 60 days. (2001)
days
Quinolinic acid Increased in the SVZ At 6 weeks DARPP-32 Collin et al.,
striatal lesion in projection neurons, NPY and 2005
rats parvalbumin interneurons
6-OHDA in rats Increased in SVZ and After 2 weeks, GFAP for Van Kampen
striatum within 3 days  astrocytes and TuJ1 (Beta Il et al., (2004)
tubulin) for neuron
progenitor
MPTP Increased in the GFAP astrocytes and Mac-1  Kay and
nigrostriatal lesion  striatum 3-14 days microglia. Blum, 2000.

in mice

Note. 6-OHDA, 6-hydroxydopamine; MPTP, 1-methyl-4phenly-1, 2,3,6-tetrahydropyridine;
SVZ, subventricular zone; NPY, neuropeptide Y; DARPP-32, dopamine- and cCAMP-regulated

neuronal phospho protein of 32 kilo daltons.

D. Dopamine involvement in cytogenesis

The works previously cited all establish that excessive DA overflow is damaging

to neural tissue but an elevation of D3 receptors is seen in the DA depleted striatum (Van
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Kampen and Stoessl, 2003). DA receptors may be important for cytogenesis in neural
damaged structures. Several lines of evidence, including the Van Kampen studies have
also suggested that DA is involved in proliferation and subsequent neurogenesis in both
the developing and adult brain. For example, it is thought that progenitor cell
proliferation in the developing striatum is activated by D1 receptors, and inhibited by D2
receptors, though some studies show the opposite in the adult brain (see, Borta and

Hoglinger, 2007 review).

In the neurogenic SVZ of the adult brain, there is a significant amount of D3
receptors. This receptor subtype belongs to the D2 receptor family and thus is sensitive to
substances that act on D2 receptors (Diaz et al., 1997). In addition, it appears from the
work by Diaz et al. that certain progenitor cells in the developing and adult brain respond
specifically to DA. For example, migrating “A cells” from the SVZ called neuroblasts;
end up as mature neurons in circuits of the olfactory bulb. Migrating neuroblasts
predominantly express D1 receptors (Hoglinger et al., 2004). The “A cells” are derived
from “C cells” in the SVZ, and “C cells” in turn, derive from special GFAP expressing
SVZ progenitors called “B cells”. B cells are astrocytes that produce both neuron and
glial cell types (see reviews by Boda and Buffo, 2010; Borta and Hoglinger, 2007). C-
cells have D2-like/D3 receptors and receive strong substantia nigra DA innervation in the
SVZ. These studies suggest that D2 receptors may promote multipotent progenitor cell
proliferation while D1 receptors promote the neuron fate determination of migrating
neuroblasts. These studies also suggest that METH should influence striatal cytogenesis
because of the increased DA overflow and subsequent depletion that accompanies this

substance.
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An issue with this hypothesis is that studies that pharmacologically manipulate
DA activity and measure cell genesis have so far provided contradictory results. D2
receptors have been shown to either increase, decrease, or have no effect on proliferation
and subsequent neurogenesis. For example, Milosevic et al. (2007) found no effect on
proliferation, survival or differentiation using rodent or human progenitor cells in
response to in vitro D2/D3 receptor stimulation. The Milosevic group like the Van
Kampen group used the DA agonist 7-OH-DPAT to enhance proliferation. In contrast,
treatment of cultured precursors or adult mice with D2 agonist bromocriptine and
apomorphine increased proliferation, while D2 antagonist sulpiride or lesion inducing 6-
OHDA decreased proliferation (Coronas et al., 2004; Hoglinger et al., 2004). The latter is
interesting in light of studies previously described by the Van Kampen group (2005),
which suggested that D2/D3 receptor subtype agonists enhance neurogenesis after a 6-
OHDA lesion. Hoglinger et al. (2004) also found, the D1 agonist SKF 38393 had no

effect on neurospheres suggesting specific DA receptor influences on proliferation.

A study by Yang et al. (2008) provided further support for the findings of the
Caronas et al. (2004) and Hoglinger et al. (2004) studies. Yang and colleagues
demonstrated that astrocyte derived cytokine ciliary neurotrophic factor (CTNF) act via
D2 dependent processes to increase proliferation. Although this was an in vitro study,
they also demonstrated in vivo that the selective D2/D3 receptor agonist quinpirole

increased proliferation in wildtype mice. Knockout mice lacking CTNF did not show

increased proliferation. Furthermore, when Yang et al. (2008) depleted substantia nigra
DA with a 6-OHDA lesion, then treated the animals with a D2 agonist, the wildtypes had

increased migratory progenitor cells but no effect was observed in DA depleted
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knockouts. This suggested that DA acting on D2 receptors induces cytogenesis in normal

animals.

In contrast, Wakade et al. (2002) and Kippin et al. (2005) used in vivo only
studies to show that D2 receptor antagonist increased proliferation and maturation of
progenitor cells in the adult. For example, Wakade et al. (2002) treated rats with either
chronic saline, or one of the D2 receptor antagonists: risperadone, olanzapine or
haloperidol. Olanzapine and haloperidol treated animals had significantly more SVZ
proliferation compared to controls, and surprisingly, risperidone animals did not show
this increase. Twenty-one days after treatment new cells were positive for the mature
neuron marker NeuN. It is notable that even though all three drugs have high affinity for
D2 receptors they also act on adrenergic, sigma and serotonergic receptors (Blin, 1999).
The latter also influences neurogenesis. For example, serotonin agonists used to treat
depression have been shown to increase adult neurogenesis in the dentate gyrus and SVZ
(Bansar et al., 2004), thus its blockade by the drugs used in the Wakade study could have

been a confounding issue.

Kippin et al. (2005), revealed that in rats, increased proliferation of neural
progenitors results in cells that become forebrain neurons in response to chronic
haloperidol administration. The results were also consistent with the group’s in-vitro
experiment in which cultured cells from rats were exposed to haloperidol. Kippin et al.
(2005) then treated D2R knockout and wildtype mice with haloperidol or saline.
Wildtypes that received D2 receptor antagonist had significantly increased proliferation

and subsequent maturation to new neurons compared to saline or D2R knockout animals;
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suggesting that D2 receptor inhibition but not receptor absence is necessary for

neurogenesis in the adult.

Further confirmation that D2 inhibition, rather than stimulation, induces
neurogenesis in the injured adult brain comes from two studies by the Winner group.
Winner et al. (2006) unilaterally damaged the medial forebrain bundle DA neurons by
injecting 6-OHDA into the substantia nigra. This caused near complete SVZ and striatal
DA depletion and region specific effects on neurogenesis. For example, they found a
25% decrease in SVZ cells expressing cell cycle marker PCNA. However, greater
expression of the cell signal involved in DA cell fate (PAX-6) was observed in the rostral
SVZ and rostral migratory stream (RMS) that transports new cells to the olfactory bulb.
The PAX-6 positive RMS cells also co-expressed migratory neural progenitor marker
DCX. Although the granule cell layer of the olfactory bulb had less proliferation two
weeks after the lesion, this normalized by six weeks. In the glomerular layer, however,
there was an increase in the number of new cells. A majority of the new glomerular cells
were immunopositive for mature neuron marker NeuN as well as TH, at both the two and
six-week time points after lesions, indicating the new cells were dopaminergic. This
suggest that even though there may be decreased SVZ proliferation in response to loss of
DA, there may be increased potential for progenitor cells to adopt a neuronal fate in other

areas of the adult brain after DA loss.

The same group (Winner et al., 2009) again used a 6-OHDA-lesion model of
Parkinson’s disease but with a chronic 10-day regimen of the D2R agonist pramipexole.
This treatment regimen induced greater SVZ progenitor proliferation in rats. Four weeks

after cessation of the D2 R agonist, animals had greater olfactory bulb maturation of DA
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neurons compared to controls. The increased DA neurogenesis also accompanied
recovered psychomotor performance measured in the open-field. In the same study they
also demonstrated that D2 and D3 receptors are present on progenitors cultured from the
rat SVZ (Winner et al., 2009). This suggest that D2 activation is necessary for increased
progenitor proliferation, but with the data from their previous study (Winner et al., 2006),
subsequent lack of D2 stimulation increases the potential for neuronal fate in the injured
adult brain. These actions may thus explain the contradictory results from many studies

of the effects of DA on cytogenesis.

The striatum is rich in both D1 and D2 receptors (Weiner et al., 1991). Thus, it is
reasonable to hypothesize that the initial METH-induced dopamine overflow may be
accompanied by proliferation of dormant striatal progenitors, while subsequent METH
induced DA depletion may increase the likelihood that new cells mature and adopt a
neuron phenotype. Alternatively, in response to damage, progenitors that derive from the
SVZ can proliferate then migrate to the damaged striatum, and with DA depletion are
more likely to adopt a neuronal fate. Since METH action includes both striatal dopamine
overflow then depletion, the working assumption in undertaking the studies described in
later chapters is that METH might in some way influence the generation of new cells
within the striatum. Therefore, it was not enough to show proliferation in response to
METH damage, but determination of the phenotypic fate of the new cells. Additionally
determination of whether behaviors improve over the same time course of cell maturation

would suggest a process for recovery.



51

E. ldentifying new cells.

Thymidine analog 3’5’ bromodeoxyuridine (BrdU) has been reliably used to
identify the time of birth of a cell. During the S-phase of cell replication, if BrdU is
present it will be incorporated into the DNA (figure 1). Cell birth can later be visualized
via immunohistochemistry with an antibody to BrdU (Gratzner, 1982). Knowing when
BrdU was administered provides the birthdate of new cells. The cells can then be
accurately quantified using unbiased stereological techniques proposed by West et al.,

(1992) and modified by Peterson (1999) and Mouton (2002).

neurogenesis

differentiation

cytog?nesis

BrdU
[3H]Thymidine

Figure 1. 3H thymidine analog 3’5’ bromodeoxy uridine (BrdU) is incorporated into DNA
during S-phase of mitosis (A). Note: BrdU can be incorporated during DNA repair. However,
according to Bauer and Patterson (2005) and Taupin (2007), fewer nucleosides are present to
incorporate BrdU, and immunostain to identify repair with BrdU are almost undetectable when

using proliferation protocols.
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All BrdU positive nuclei, which can clearly be seen to have divided is another
level of ensuring accurate counts of new cells (Cooper-Kuhn and Kuhn, 2002). Nuclei
displaying condensed pigmentation, with a shrunken, fragmented round or crescent
shaped nuclei consistent with pyknosis/apoptosis are described as being in the process of
process of dying (Kerr et al., 1972; Soriano et al., 1993). According to Zeigler and
Groscurth (2004), nuclei with swollen disintegrating nuclei and large vacuole that occur
when membranes are disrupted in necrosis, are also dying cells. Therefore,
morphologically pyknotic or necrotic BrdU positive nuclei would not be counted as
surviving cells. Since labeled thymidine analogs have long been used to study the birth of
new cells in the adult brain (Bacci and Gown, 1993; Bayer, 1983; Cooper-Kuhn and

Kuhn, 2002), there are established methods for measuring METH induced cytogenesis.

F. Issues with BrdU co-localization studies of new cells

A potential issue with co-localization studies involves the use of overlays as
evidence of the coexistence of two or more markers within same neuron. At times two or
three neurons can be stacked on top of each other in the z —plane of the section yielding
false positive results. In order to avoid this kind of error, co-localization must be verified
with data obtained from z-scanning and orthogonal rotation of the z-stacks, using the
confocal microscope and immunofluorescent histochemical staining (Cooper- Kuhn et
al., 2002; Taupin, 2007). When used in conjunction with unbiased stereology,
histochemical techniques provide more accurate estimates of neurogenesis within a given
area. There is some criticism regarding BrdU incorporation during DNA repair. However,

using proliferation/neurogenesis protocols, BrdU immunostaining is undetectable in
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DNA repair, because only some nucleosides are hypothesized to be replicated in contrast

to the entire DNA for proliferation (Bauer and Patterson, 2005; Taupin, 2007)

Of the possible neuron phenotypes to assess, two main reasons exist for
examining whether the population of any surviving new cells are PV and ChAT positive
interneurons; 1. A small but significant portion of striatal GABA cells are aspiny
interneurons that express PV and another small but significant population of striatal
interneurons is cholinergic cells immunopositive for ChAT (Gerfen, 1992; Kawaguchi, et
al., 1995). 2. Previous studies have found that most of the cells lost during the acute
phase of METH-induced cell death were the GABA-PV and ChAT positive interneurons
(Zhu et al., 2006). Although, previous studies by Betarbet et al. (1997) revealed increased
GABA synthesizing enzyme GADg; in the striatum after excitotoxic injury, they did not
look for co-localization with a mitotic marker. Co-label of GADg; with a mitotic marker
such as BrdU, would have given some indication of whether new GABA cells were being
produced in response to damage, as opposed to just increased synthesis of GADg;.
Furthermore, quantifying PV rather than GADg; neurons was important for assessing
functional recovery in the current work because reduced PVcell numbers in the striatum
accompany diminished procedural learning (Marrone et al., 2006). This type of behavior

is the topic of the next section.

V. The Striatum and Behavior

A. Motor and procedural learning

Striatal involvement in motor function and cognition makes studies of METH

damage and potential recovery in this area important for improving patient outcome. For
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example, the function of the striatum in what is termed “habit,” “procedural,” or,
“egocentric” learning and memory, been extensively studied (Albertin, et al., 2000;
Botreau and Gisquet-Verrier, 2010; De Leonibus et al., 2003b; 2005; Packard et al.,
1989; Tremblay and Schultz, 1998; Whishaw, et al., 1987). The striatum is necessary for
stimulus-response association when learning a maze task (Knowlton et al., 1996;
Packard, et al., 1989; Packard and Knowlton, 2002). The use of an internally generated
series of movements that lead to the food reward on a maze task (i.e. turn left after eight
steps) is considered an “egocentric response* or procedural learning (Restle, 1957;
Tolman et al., 1946). In contrast, using spatial cues in the environment (i.e. turn right at
checkered image) to locate a food reward is a form of declarative memory called “place,”

or “allocentric learning” (Packard and McGaugh, 1996; Squire, 2004).

The “place” strategy is thought to be under hippocampal control, while the
“response” strategy requires the striatum (Squire, 2004). Animals often shift from a
hippocampus-based cue or place strategy to a striatum-based response strategy once a
task becomes habitual. If forced to use a striatal strategy while learning, deficits
accompany striatal lesions (Packard et al., 1989; Packard and McGaugh, 1996; See
Packard, 1999 review). For example, Packard et al. (1989) revealed that lesions of the
striatum resulted in disruption of a procedural task but left hippocampus-dependent
declarative task acquisition intact. Thus, even though the hippocampus is often the target
structure in studies of spatial memory, the striatum is also used to acquire a spatial task

(De Leonibus et al., 2005; Yin and Knowlton, 2004).

As previously described, the effects of METH are thought to begin with

alterations in DA activity, particularly in the striatum (Kita et al., 2009 review).
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Numerous studies have shown that striatal DA signaling promotes both motor and
cognitive processes (Darvas and Palmiter, 2010; De Leonibus et al., 2003b; Featherstone
and McDonald, 2004; Hollerman et al., 2000; Hollerman and Schultz, 1998; Nakamura
and Hikosaka, 2006a; O’ Doherty et al., 2004; Schultz et al., 1989; Wolterink et al.,
1993). For example, after MPTP-induced DA depletion in the monkey striatum, Schultz
et al. (1989) observed deficits in task reaction times and eye-arm movement.
Furthermore, mice genetically deficient in DA perform poorly on motor as well as spatial
learning tasks, but performance is restored to near normal levels when only the dorsal

striatum is treated with a dopamine agonist (Darvas and Palmiter, 2010).

It should be noted that reward based spatial learning using the “response” or
egocentric strategy is accompanied by striatal ACh release, and additional
neurotransmitter systems may be involved (Kitabatake et al., 2003; Pych, et al., 2005a,
2005b). For example, mice with decreased immunostaining for ChAT, NE and 5-HT
neurons in the striatum show impaired spatial learning, and the neurochemical and
behavioral outcome was worse in aged mice (Stemmelin et al., 2000). Additionally,
ablation of striatal ACh interneurons impairs T-maze learning but not performance on a
rotarod task or habituated open-field activity (Kitabatake et al., 2003); suggesting a
differential role of ACh interneuron in motor activity and habit learning. Furthermore, a
reduction of striatal PV interneurons was observed in genetically modified mice deficient
in reelin protein (Marrone et al., 2006). These mice also had spatial learning deficits.
Reelin protein is involved in synaptic plasticity and neurogenesis (Hartfuss et al., 2003;
Weeber et al., 2002); suggesting a lack of this protein may result in deficient PV

interneuron formation in striatal circuits.
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In contrast to the ACh and PV effects on learning, asphyxia-induced interneuron
loss in the mouse striatum during the perinatal period, resulted in few motor deficits at six
weeks of age (Van de Berg et al., 2003). These results from the VVan de Berg group
suggested recovery from the perinatal PV interneuron loss. However, individuals with
Tourette’s syndrome, an inherited disorder in which voluntary motor activity is disrupted,
have decreased numbers of both PV and ACh interneuron phenotype in the striatum
(Kataoka et al., 2010). Because METH decreases PV and ChAT interneurons, studies that
measure motor and learning performance along with compensatory processes in adults
are needed. Motor activity and maze learning after METH treatment provides a reliable
avenue for such studies. One can expect that motor and learning performance would be
disrupted in adult animals after METH. However, if new neurons are then generated in
response to the damage, and functionally, this cytogenesis is a compensation for cell loss,
performance of motor and striatum-dependent learning tasks should improve as new cells

mature.

B. Efects of METH on behaviors that require the striatum

The behavioral consequence of a neurotoxic dose of METH includes increased
psychomotor activity during the early acute phase (ltzhak and Ali, 2002) but also long-
term decreases in some types of motor behaviors (Boger et al., 2007; 2009). For example,
although amphetamines initially increased open-field locomotor activity (Hall et al.,
2008), the long term effect has been shown to be a reduction in this behavior. Boger et al.
(2007) observed motor deficits in two- and- a- half- month old mice treated with METH.
The mice used in the study had partial deletion of the glial derived neurotropic factor

gene, and subgroups were tested at times ranging from ten weeks to a year after
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treatment. These animals also had reduced locomotor activity at the late-post treatment
times along with altered immunoreactivity of TH and DA metabolites in the striatum.
Therefore, long-term motor effects of METH treatment include less motor activity, which

should be a separate measure from anxiety on open-field tasks after striatal damage.

METH also impairs appetitive conditioning necessary for normal performance on
some cognitive and motor tasks (Achat-Mendes et al., 2005; Izquierdo, et al., 2010;
Krasnova et al., 2009). However, studies of the cognitive effects in the aftermath of
METH also revealed that performance depends on the post-METH time that the task is
measured. For example, in humans, Simon et al. (2010) found deficits during the early
abstinent period in former METH users compared to controls but with some improvement
one month later. In rodents, beginning one day after a neurotoxic regimen of METH,
Marshall et al. (2007) observed object recognition deficits up to three weeks after
treatment. Krasnova et al. (2009) observed no psychomotor deficits in mice tested in the
open field ten days after METH. However, open field performance worsened as the
animals aged because deficits were present at three and five months. Interestingly, DA
was depleted at ten days but partially recovered by the three and five-month time point;
suggesting that it is not just the lack of DA, specifically, that is driving psychomotor
deficits. In contrast, deficits in DA turnover and spatial maze task performance were
observed in rodents during the early post-METH period, followed by 80% recovery in
striatal DA turnover and no maze learning deficits two to six months after METH
(Friedman et al., 1998). The current work proposes that the cytogenesis may also play a
role in this recovery. Cytogenesis-associated behavioral recovery can be inferred from

studies that look at the behavioral changes over the same time-course of the proliferation
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and differentiation of any newly generated striatal cells following a neurotoxic dose of

METH.

Interestingly, two studies that employed the T-maze to test spatial learning in
METH-treated rodents revealed no difference from controls in maze task acquisition four
to seven weeks after treatment (Daberkow et al., 2007; 2008). These results provided
additional evidence that there is functional recovery of spatial learning as early four
weeks after METH. Alternative interpretations are that the task did not require the
specific striatal function disrupted by METH or the disruption occurred at earlier time
points and other unmeasured neuroadaptations are responsible for performance
equivalent to controls. For these reasons, more studies of behavior at both early and later
post-METH times are necessary. With the evidence available for the functional role of
the dorsal striatum in maze learning tasks (De Leonibus et al., 2005; Ragozzino et al.,
2001), the behavioral studies conducted for the current work was an important addition to
understanding the possible function of neurochemical changes in the striatum after

METH.

C. lIssues with testing motor performance and learning

An important consideration when conducting studies that disrupt motor systems is
that performance of some learning tasks can be affected (De Leonibus et al., 2005; 2007;
Dunham and Miya, 1957; Gerald and Gupta, 1977; Jones and Roberts, 1968a; 1968b;
Reiter and McPhail, 1982). Performance can also be affected by psychomotor changes
such as anxiety (Denenberg, 1969; Kuczenski & Segal, 1997; Richards et al., 1993;

Whimbey and Denenberg, 1967; White et al., 2006). Therefore, it is important to use
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multiple measures in order to dissociate motor deficits from learning deficits. The
rotarod, open-field and T-maze have been used to test a variety of behavioral
performance in rodents with specific tasks measures for dissociating motor activity,

anxiety and learning (Crawley, 2007).

The rotarod for example, has long been used to measure motor performance
parameters such as coordination and balance (Jones and Roberts, 1968a; 1968b). Tests
with an automatic rotarod involve placing rodents on a rotating cylinder at fixed or
variable speeds and the latency to fall off the rod is the measured outcome (Barlow et al.,
1996). Although damage to the cerebellum can affect rotarod performance, animals with
damaged striatum also perform poorly (Kalonia et al., 2009). Furthermore, normal
signaling in the striatum is critical for motor skill needed to do well on a rotarod task

(Bureau et al., 2010).

Rodent behavior in an open-field is used to measure two dimensions of
psychomotor performance: “emotionality” (anxiety) and stereotyped “exploration” or
movement/motor activity (Reiter and MacPhail, 1982; Whimbey and Denenberg, 1967).
For example, rodents have a natural tendency to thigmotaxic behaviors, in which they
spend more time closer to the walls, periphery zone or corners of the open-field than the
central zone (Simon et al., 1994). Dopamine agonist such as cocaine and amphetamines
increase thigmotaxis and increases are thought to indicate anxiety (Simon et al., 1994).
Freezing in an anxiety-inducing situation such as being placed in the center of an open-
field is also common in mice (Whimbey and Denenberg, 1967). However, motor system-
induced changes may result in increased freezing that is not due to anxiety. For example,

failures to explore or move in the open-field (freezing) due various types of motor
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dysfunctions have been described by Reiter and MacPhail (1982). Therefore, animals
treated with substances or are genetically modified such that motor function is disrupted,
may not move as often as control animals, despite accounting for anxiety (Crawley, 2007;
Reiter and McPhail, 1982). For these reasons center and periphery zone activity should
be assessed in conjunction with measures of distance traveled and ambulation activity in

the open-field.

V. Proposed model and specific Aims (hypotheses).

A. Model

Based on all the previously cited works, the proposed model of events following a
neurotoxic exposure to METH includes early acute effects (twelve-twenty-four hours),
late acute effects (twenty-four to forty-eight hours), and long-term effects (weeks after).
Early acute effects previously reported are DA overflow and increased striatal glutamate
and NO activity, accompanied by increases in stereotyped motor behaviors and activation
of damaging molecular pathways. Late acute effects previously reported are: cell death,
dopamine depletion and decreased psychomotor activity, although there appears to be a
window between twelve and twenty-four hours where both early and late acute effects
may occur (see Krasnova and Cadet, 2009 review). The hypothesis proposed was that
cytogenesis follows late acute effects, and the long-term effects were expected to include
striatal volume changes that accompany survival and death of the new population of cells.
Additionally, new cells that survive would express mature neuron markers as well as glia
cells (see figure 1 for model). Recovery of any previously lost interneuron type would be

considered evidence of the potential for neurochemical recovery. Along with proposed
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neurochemical recovery, motor and habit learning behaviors that require the striatum
would be expected to improve over the time course of new cell maturation. An alternative
hypothesis was that no cytogenesis would result and thus a theoretical neurochemical

recovery of interneuron phenotype would be zero.
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Figure 2. Proposed model of striatal events after a neurotoxic dose of METH. Previously

reported events are indicated by solid rectangles. Hypothesized events investigated in the current

work are indicated within the broken rectangle. Note: gap between 12 and 24 hrs. Some studies

show DA depletion as early as 12 hours in primates and rats (See Krasnova and Cadet, 2009).

Findings from our lab with the same treatment regimen used with mice in the current work shows

that degeneration occurs between 24 hours and 3 days after METH (Zhu et al., 2005; 2006).
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Because there is significant striatal damage in response to METH and increased
striatal volume that accompany partial behavioral recovery, to test the cytogenesis
hypothesis, it was necessary to determine whether the model was correct. The working
hypothesis that was tested is that cytogenesis follows acute methamphetamine cell loss
and the function of cytogenesis and subsequent new cell maturation serves in part, as a

means for recovery that can be demonstrated by behavioral outcome.

B. Specific Aims.

1. Specific Aim | was to determine if cytogenesis occurs in the striatum in
response to METH-induced cell death. Three experiments were designed. In
each experiment, mice were exposed to a neurotoxic bolus dose of METH
previously demonstrated to cause DA depletion and cell death in the striatum, and

several parameters of cytogenesis were measured.

For Aim 1A, the time course of cell proliferation was assessed after

METH or saline exposure by using BrdU to label dividing cells at various post-
treatment times ranging from two hours to twenty-one days. Within five hours of
BrdU injection, striatal tissue was collected for processing via anti-BrdU
immunohistochemistry. BrdU-positive nuclei were then visualized with
histochemical assays for light and fluorescent microscopy and quantified using
unbiased stereology. Significant proliferation (defined as increased BrdU-positive
nuclei) was expected in METH-treated mice after 30-mg/kg single injection

compared to saline-injected mice.
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For Aim 1B, survival of newly generated cells in the striatum of METH-
treated mice were assessed using the same methods of METH exposure,
histochemical visualization and quantification techniques, except no additional
mice were treated with saline and BrdU was injected in all mice at the peak of
proliferation determined from the time course in aim 1A. Subgroups of animals
survived to one of several post-METH times (2.5 days, 1 week, 2 weeks, 4 weeks,
8 weeks, and 12 weeks), at which point they were sacrificed and striatal tissue
collected for use in histochemical assays. The baseline variable for comparison
was BrdU incorporation at the peak proliferation time in aim 1A. The outcome
variables measured in this experiment were percent of baseline BrdU-nuclei that
had no morphological features of a dying cell and were defined as surviving
nuclei. BrdU nuclei that had pyknotic or necrotic morphology as per Kerr et al.
(1972) and Soriano et al. (1993) were defined as dying. Many new cells were
expected to die via pyknosis and/or necrosis but some non-pyknotic and non-

necrotic cells were expected to remain at various post-treatment times.

For Aim 1C, striatal volume was measured in a subset of BrdU-stained
tissue from Aim 1B to compare with matched tissue from average volume of
saline control mice from Aim 1A (baseline volume). The variable measured was
percent difference in volume from baseline. Striatal volume was expected to

increase in conjunction with new cell generation.

2. Specific Aim 2 tested the hypothesis of neurochemical recovery via the

mechanism of cytogenesis. Recovery was defined as surviving new cells in the
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mouse striatum that differentiate from progenitors to phenotypes consisting of
astroglia, microglia, and neurons. Of particular interest were two neuron sub-
populations known to undergo the most apoptosis during acute METH damage
(ChAT and PV interneurons). To fulfill this aim, a series of three experiments
were carried out in a subset of tissue from the survival experiments in aim 1B.
Analysis accounted for the same post-METH time course used in Aim1B (2.5
days, 1 week, 2 weeks, 4 weeks, 8 weeks and 12 weeks). A double-label
immunohistochemistry assay was done to visualize phenotypes for progenitors,
glia and neurons. A percentage of the non-pyknotic and non-necrotic BrdU-
positive nuclei were expected to co-label with markers for neural progenitors
within the first two weeks, and mature glial and neuronal markers at later post-
METH times. In part, as a measure of neurochemical recovery, two neuron
subtypes that underwent apoptosis in response to METH were only assessed at 8

and 12 weeks when new neurons were expected to mature.

For Aim 2A, progenitor cells were identified using double label
immunohistochemistry for BrdU-positive nuclei co-localized with the following
histochemical markers: anti-nestin, and anti- g111-tubulin for neural progenitor
populations and anti-double cortin (DCX) for migratory progenitors. Variables
assessed were the percent of BrdU-positive nuclei co-labeled with each progenitor
marker over the same time course as aim 1B (2.5 days to 12 weeks).
Quantification was done using a modified version of unbiased stereology adjusted
for manual and partially computerized counts as described by (Mouton, 2002;

Peterson, 1999; West et al., 1991). As an indication of cytogenesis rather than just
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DNA repair, progenitor markers were expected during the early post-METH

times.

For Aim 2B, glial cells were identified using double-label
immunohistochemistry for BrdU-positive nuclei co-localized with the following
histochemical markers: anti-S100B for astrocytes and anti-1B4 for microglia.
Variables assessed were the percent of BrdU-positive nuclei co-labeled with each
glial marker. S100B was used instead of GFAP to identify astrocytes for several
reasons. S100B is primarily expressed by astrocytes and is involved alterations
of the cytoskeleton, cell proliferation and differentiation, as well as protection
from and promotion of damage under various neural injury conditions
(Rothermundt et al., 2003). Additionally, newly generated cells expressing S100B
were previously found following excitotoxic lesion to the striatum (Mao et al.,
2001). Quantification was done in the same manner as Aim 2A. In brief: a
partially manual and partially computerized version of unbiased stereological
techniques adjusted as described by (Mouton, 2002; Peterson, 1999; West et al.,

1991). Mature glia were expected at later post-METH times.

For Aim 2C, new neuronal cells were assessed by using
immunohistochemistry for BrdU-positive nuclei co-localized with the following
histochemical markers: anti-neuronal nuclear protein (NeuN) for mature neurons,
anti-parvalbumin (PV) for parvalbumin containing GABA interneurons, and anti-
choline acetyl transferase (ChAT) for ACh containing interneurons. The time
course measured for NeuN was the same as Aim 2A but different for PV and

ChAT. Since the interest was in recovery rather than a time course of
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differentiation of these two cell types, measures were taken only at the time point
where the most BrdU-positive mature neurons were likely present (8 and 12
weeks post-METH). Variables assessed were percent of BrdU positive cells co-
localized with each neuron marker (NeuN, PV, ChAT). Since recovery was
predicted for interneurons, the difference was expected to be significantly greater

than zero.

Specific Aim 3 tested the hypothesis that behaviors requiring striatal
function change as a measure of recovery in the following manner:
Deficiencies observed during early post-METH time, then improvement as
the new cells mature over the same time course as neurochemical studies in
Aim 2 (2.5 days to 12 weeks). To test this hypothesis, three experiments were
proposed: motor performance on the rotarod, psychomotor activity in the open-
field and spatial learning on the T-maze designed to test for striatal function.
METH-treated mice were expected to reveal deficits during the early post
treatment times (2.5 days to 2 weeks) but recover at later post-treatment time

when new cells were hypothesized to mature (4-12 weeks).

For Aim 3A, motor coordination on a rotating rod was assessed in all of
the adult male mice before injections. Animals then received either METH or
saline injections and sub groups from each treatment condition again received the
rotarod test at one of several post-treatment times corresponding to the survival
study time course (2.5 days, 1 week, 2 weeks, 4 weeks, 8 weeks and 12 weeks).
The average latency to fall off the rotarod was the variable measured. ANOVASs

assessed pre and post-treatment performance in both groups. METH animals were
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expected to perform poorly during early post-METH tests but improve new cells

matured.

For Aim 3B, psychomotor performance and anxiety in the open-field were
assessed in groups of mice receiving either METH or saline. One untreated group
of mice was tested for comparison with METH or saline treated animals to control
for injection effects. Test times following injection corresponded to the twelve-
week survival time course in Aim 2 (2.5 days, 1 week, 2 weeks, 4 weeks, 8
weeks, and 12 weeks). At the various post-treatment time points, mice were
placed individually in an automated open-field chamber for five minutes. The
variables assessed were software-generated scores from photobeam breaks that
measured motor activity (ambulation, distance traveled, and movement) and
anxiety (number of entries, freezing time and time spent) in the center and
periphery of the open-field. METH-treated mice were expected to show early

deficits but improvement over time as new cells mature.

For Aim 3C, learning was assessed over the time course that new cells
differentiate into striatal neuron phenotypes that were lost during acute METH
damage. Learning protocols began two weeks after treatment to allow the mice to
recover from the acute METH effects, and have sufficient time to regain appetite
before having food restricted. This was important because the spatial task is
appetitive and METH reduces appetite. At the same time, the mice needed to be
sufficiently motivated to eat the food reward used during maze training. Thus at
the designated time after METH or saline treatment, food availability was

decreased in order to facilitate weight reduction to 85% of free-feeding levels.
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Once target weight was reached, mice were trained to enter the non-preferred arm
of a T-maze for food reward. Variables measured were percent correct arm entry
per daily training sessions (learning progress), number of days of training
sessions to criterion, average latency to correct arm entry per trial at criterion
(latency), and the strategy (striatal or hippocampal) used to perform the task at
criterion. The latter was based on a probe trial in which the T-maze was rotated
180 degrees. METH treated mice were expected to perform poorly at time points
closer to injection time but improve at later time points when new cells mature.
Statistical analysis involved a series of tests depending on the variable being
measured and is described in the materials and methods section. Experimental

design is summarized in table 4.



Table 4

Summary of experimental design to test hypotheses for each Specific Aim.

Aimand#  Drug condition Test Time course variables
of animals
Aim 1
1A N=5-7 METH or Saline proliferation 2hrs-21 days # of BrdU nuclei
1B N=7 METH compared  survival, 2.5 days-12 weeks % BrdU nuclei
to baseline METH  pyknosis
at 1.5 days necrosis
1C N=5-7 METH compared volume 2.5 days-12weeks % change in
to saline baseline volume.
Aim 2
2A N=4 METH progenitor 2.5 days-12weeks % BrdU with BIII-
cells tubulin, nestin or
DCX,
2B N=4 METH glia 2.5 days-12weeks  %BrdU with 1B4 or
S100B
2C N=4 METH neurons 2.5 days-12weeks  %BrdU with NeuN
interneurons 8 and 12 weeks %Brdu with ChAT
or PV
Aim 3
3A N=6 METH, Saline, or  rotarod 2.5days-12weeks Latency to fall
no treatment
3B N=6 METH, Saline, or  open-field 2.5days-12weeks  distance;
no treatment ambulation;
movement; entries;
time and freezing
3C N=4-8 METH or Saline T-maze 2-12 weeks % correct arm

entries; days to
Criterion; task
latency per trial
and strategy

Note. Drug treatments were 30 mg/kg METH in 200ul saline or 200ul saline injected

interperitoneal. N, number of animals per treatment group for each time-point tested.
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C. Materials and methods

1. Animal care and use.

All procedures involving animals 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 Committee of Hunter College of the
City University of New York. Male Institute of Cancer Research mice (Taconic,
Germantown, NY) between 11 to 12 weeks of age were housed individually on a 12-h

light/dark cycle with food and water available ad libitum unless otherwise noted.

2. Drug preparation and treatment

For all experiments that required drug treatments, (+/-) Methamphetamine
hydrochloride (Sigma, St. Louis, MO) was dissolved in 10 mM phosphate-buffered
saline; pH 7.4 (PBS). Groups of mice were injected intraperitoneal with either saline or
one bolus METH dose (30 mg/kg of body weight) in a volume of 200 uL. Sacrifice and
striatal tissue collection were done by anesthetizing each animal with a 1:3 mixture of
ketamine/acepromazine (100mg/kg of body weight) then transcardially perfused with
25ml of PBS followed by 25ml of 4% paraformaldehyde in PBS. Brains were dissected
out and immediately post-fixed for 12 hours in 4% paraformaldehyde at 4 °C, followed
by cryoprotection in 30% sucrose in PBS solution at 4 °C for forty-eight hours. Tissue

sections were then stored at -80 °C until use in immunohistochemistry assays.

In addition to drug conditions for proliferation experiments (Aim 1A), 100 mg/kg
of the mitotic marker BrdU from Sigma (St. Louis, MO) was injected at one of the
following post-METH or saline injection time: 2, 24, 36 hours and 2, 3, 4, 5, 6, 7, 14 or

21 days. Sacrifice and tissue collection were done within five hours of BrdU injections
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using the transcardial perfusion method. Five hours was chosen to allow for cells
undergoing mitosis to incorporate BrdU into the DNA. For survival (Aim 1B and 1C),
phenotype (Aim 2), and behavior (Aim 3) experiments, BrdU was injected thirty-six
hours after the METH injection. This time point was chosen based on peak BrdU staining
determined in Aim 1A. Subgroups of phenotype study mice were randomly assigned to
survive until one of the following post-injection times: 2.5 days, 1 week, 2 weeks, 4
weeks, 8 weeks and 12 weeks. 2.5 days was chosen as the earliest point for phenotype
experiments because it was twenty-four hours after peak proliferation. Twenty-four hours
is sufficient time for mitotic cells to complete the cell cycle (cytogenesis). At the
designated survival time point, mice were sacrificed via the same transcardial perfusion
method described in the preceding paragraph. Striatal tissue sections were collected and
prepared for BrdU immunohistochemistry. For behavior studies, however, mice were not
sacrificed at those post-treatment times. Instead, subgroups of mice were randomly
chosen to begin post-treatment behavior tests at the time points corresponding to
phenotype study of Aim 2 (2.5 days, 1 week, 2 weeks, 4 weeks 8 weeks, 12 weeks) or an

adjusted time course for T-maze learning task (2 weeks, 4 weeks 8 weeks, 12 weeks).

3. Histochemistry assays for visualization of BrdU-positive nuclei

The same tissue collection method was used for both proliferation and survival
immunohistochemistry assays. Coronal sections from each striatal hemisphere were cut at
40um thickness and serially collected from the striatum between bregma - 0.30 and 1.4
mm. Every sixth sample per striata was collected into one of six adjacent sample wells
per mouse, for approximately thirty-six striatal samples per hemisphere. For each

immunohistochemical assay, we used two adjacent wells of samples per mouse from the
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ipsilateral hemisphere. One well was used for peroxidase + 3,3'-Diaminobenzidine

(DAB) assays for light microscopy and the other for immunofluorescence assays

For light microscopy immunostained BrdU-positive cells were visualized using
the Vectastain ® ABC peroxidase method with DAB. Sections were first washed in PBS
and antigen unmasking accomplished by incubation in a 1:1 solution of formamide and
4X SSC for two hours at 65°C, then followed by 30 minutes in 2N HCL at 37°C. Samples
were then rinsed with 0.1 M boric acid pH 8.5 at room temperature for 10 minutes.
Endogenous peroxidases were quenched in 0.3% H,0, for five minutes. Non-specific
binding was blocked according to instructions of the Vectastain® ABC elite sheep kit
(Vector Labs, Burlingame CA), followed by overnight incubation in primary antibody
consisting of 1:500 sheep-anti-BrdU (Novus Biologicals, Littleton, CO) at 4°C. Staining
was visualized with Impact DAB® substrate reaction (Vector Labs, Burlingame, CA).
Sections were then washed and mounted on coded superfrost glass slides. Dehydration
and clearing were done with two-minute incubations in a 50% solution of xylene in
ethanol followed by 100% xylene. Slides were cover slipped with VectorMount™
permanent mounting medium (Vector labs, Burlingame CA) and stored until unbiased

stereological quantification was done.

Fluorescent immunostaining was visualized as follows: PBS wash, followed by
incubation in 65°C solution of 1:1 formamide in 4X SSC for two hours, then incubation
in 2N HCL at 37°C for thirty minutes. Following a ten-minute rinse in 0.1M boric acid at
pH 8.5, non-specific binding sites were blocked with 5% donkey serum in 0.2% triton X
and PBS at room temperature for an hour. Sections were then incubated in primary

antibody 1:500 sheep anti-BrdU (Novus biologicals, Littleton, CO) in 1% normal donkey
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serum overnight at 4°C. After two PBS washes, sections were incubated for one hour in
secondary antibody; 1:500 FITC donkey anti-sheep (Novus biologicals, Littleton, CO) at
room temperature. After two PBS washes, tissue sections were mounted on superfrost
glass slides. They were then sealed and cover slipped with Vectorshield hard set™
mounting medium for fluorescence (Vector laboratories, Burlingame CA). Each slide
was then coded and images taken via Leica TCS SP2 confocal microscope (Leica
Microsystems, Germany) for use in partial manual and computerized stereological
quantification to compare with full computerized stereology for accuracy of counts using

each method.

4. Histochemistry for BrdU-positive phenotype markers
All primaries were incubated at least overnight at 4°C. Labeling was done with
BrdU antigen retrieval steps for fluorescence as described for survival study. However,

additional steps specific to the second label per phenotype were done.

For progenitor phenotypes (33Tub, DCX, nestin), and microglia (IB4), an
amplification protocol was used according to the TSA-CY3 kit N5000 ® (Perkin Elmer,
Waltham, MA) before BrdU immunolabeling. Protocol proceeded according to the
following: Two quick PBS rinses followed by 1M citric acid in dH,0 at 100°C for 8
minutes were done before two additional PBS rinses. When using mouse based primary
antibodies with the TSA protocol, i.e. mouse anti-beta Il tubulin and mouse anti-nestin,
the one hour block step was done in MOM IgG. Overnight primary antibody incubation
solution required Vector Labs’ basic MOM kit BMK2200® (Burlingame, CA) according
to kit instructions. The antibody dilutions used with MOM diluent for overnight

incubation were 1:2500 mouse anti-beta I11-Tubulin (Millipore); 1:5000 mouse anti-



75

nestin (Millipore). For doublecortin (DCX) after citric acid step in TSA protocol, and
PBS rinse, a blocking step was done with tissue incubation in 3% normal donkey serum
in .3% triton X-PBS for one hour, followed by primary antibody solution of 1:2000 goat
anti-DCX, (Santa Cruz Biotech, Santa Cruz CA) in 1% donkey serum solution. On the
second day for mouse based antibodies, three quick PBS washes were followed by one-
hour incubation in secondary antibody solution of 4ul/ml biotin-anti Mouse IgG from the
MOM kit (Vector labs). For DCX, biotinylated-anti-goat 1gG from Vector Elite ABC kit
was used according to instructions, (Vector labs, Burlingame, CA). Visualization of all
the progenitor markers and microglia were done with 1:1000 Cy3 conjugate to secondary
antibody. Cy3 was according to TSA kit instructions (Perkin Elmer, Waltham, MA) for
an hour, followed by ten-minute incubation in a solution of 0.1% trypsin in 0.01M tris
buffer and 0.1 CaCl, at room temperature. After trypsin step, two quick washes were
followed by 2N HCL incubation for thirty minutes at room temperature. 3 PBS washes
preceded a one- hour blocking step in normal donkey serum and overnight incubation in
1:500 sheep anti-BrdU solution. On the third day of the assay, BrdU visualization
commenced with FITC secondary antibody as previously described in single label

immunofluorescence assay.

Isolectin B4 conjugated to horseradish peroxidase was used in a modified TSA
protocol to label microglia as follows: Two PBS washes followed by a 0.01M citric acid
incubation step was done. Following citric acid step, incubation was done in 3% H,0, at
room temperature for five minutes to quench endogenous peroxidase. Two washes in 1%
Tx-PBS followed peroxidase quench step then primary antibody incubation. Primary

antibody dilutions were 1: 2500 IB4-HRP (Sigma, St. Louis, MO) in 1% triton X-PBS
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overnight at 4°C. TSA protocol then commenced in the normal manner per 1:1000 Cy3

from TSA Kkit.

Mature phenotype markers: For NeuN, S100B, ChAT, and PV, the BrdU
immunofluorescence assay was done first according to steps previously described. On the
second day after BrdU visualization with sheep-anti-BrdU conjugated to FITC, three
washes were done followed by one- hour blocking step and incubation in second primary
antibody. For NeuN and PV, blocking was with MOM kit IgG from (Vector labs,
Burlingame CA). Five minutes in MOM diluent was followed by incubation in primary
antibodies: 1:1000 Mouse anti-NeuN (Novus Biologicals, Littleton CO) or 1:500 mouse
anti-PV, (Millipore, Billerica, CA) over night at 4°C. For S100B and ChAT, blocking
was done in 3% normal donkey serum in 0.2% tritonX in PBS. After blocking step,
primary incubation in 1:500 goat anti-ChAT (Millipore, Billerica, MA) or 1:500 rabbit
anti-S100B (Novus biologicals, Littleton CO). NeuN and PV were visualized using
secondary antibody 1:1000 CY 3 goat anti-mouse (Millipore, Bellerica CA) in 1% NGS in
0.2% triton X PBS. However, S100B was visualized with 1:1000 CY 3 goat anti-rabbit
(Millipore) in 1% NGS in 0.2% triton X PBS. After block with donkey serum, ChAT was
visualized using secondary antibody dilution 1:500 Cy3 donkey anti-goat (Millipore) in
1% donkey serum in 0.2% TxPBS. All secondary antibody incubation was 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, H-1400, Burlingame,

CA). Reagents used in histochemical protocols are summarized in table 5 and 6.
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Table 5. Aim 1 Summary of reagents used for BrdU histochemistry

Assay Antigen Block Primary Block  Secondary
retrieval AB AB
DAB- 1:1 0.3% H,O, 1:500 ABC Impact
peroxidase = formamide + atRT sheep- Elite Kit DAB®
4X SSC.2hrs anti-BrdU substrate
@ 65°C 4°C, ON reaction per
Vectastain kit
2N HCL ® ABC instructions
30 minutes elite sheep
@37°C kit per
instructions
1M Boric
Acid pH 8.
10 minutes @
RT
Immunofluo 1:1 5% NDS 1:500 - 1:1000 Fit
rescence formamide +  serum in sheep- C donkey
4X SSC.2hrs  Triton X+  anti-BrdU anti sheep
@ 65°C PBSfor1  innormal in 1% NDS
hours @ 1% NDS @ RT for 1
2N HCL ...30 RT @ 4°C hour
minutes ON
@37°C
1M Boric
Acid....10
minutes

Table 5 Summary of reagents and dilutions used in Aim 1. Two different staining assays
were used; DAB and fluorescent to measure accuracy of manual vs. computerized stereology.

NDS, normal donkey serum; ON, overnight; RT, room temperature.
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Summary of reagents used for phenotype histochemistry
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Marker Antigen Block Primary AB Block Secondary
retrieval AB

BIl-tub 1M Citric ~ Vector basic  1:2500 4ul/ml biotin- 1:1000 TSA
Acid 8min  MOM kit mouse anti- anti Mouse IgG  CY3
@ 100°C BMK2200 beta I11- from the MOM  conjugated

for 1 hour tubulin 24hrs kit for 1hour. with anti-
TSA-CY3 @4°C mouse 1gG
Kit Perkin per kit
Elmer # instructions
N5000
1% trypsin in
.01M tris
buffer and 0.1
CaCl,

DCX IMcitric 3% NDSin  1:2000 goat biotinylated-
acid for 3% triton anti-DCX in anti-goat 19G
8min @ X+PBSforl 1% NDS 24 T from Vector
100°C hour hrs @ 4°C Elite ABC kit

conjugated to
TSA-CY3 TSA Cy3 per
Kit Perkin Kit
Elmer # instructions
N5000

Nestin 1M citric Vector basic  1:5000 4ul/ml biotin- 1:1000 TSA
acid for MOM kit mouse anti- anti Mouse IgG  CY3
8min @ BMK2200 nestin 24 from the MOM  conjugated
100°C for 1 hour hrs@ 4 °C 1hour with anti-

mouse 1gG
T_SA'CY_3 per kit
Kit Perkin instructions
Elmer #
N5000 1% trypsin in

.01M tris
buffer and 0.1
CaCl,

Continues on next page
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Summary of reagents for phenotype histochemistry continued.
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Marker Antigen Block Primary Block Secondary
retrieval AB AB
IB4 1M citric 3% H,0, 1: 2500 IB4-  -------m-mme- 1:1000 TSA
acid for for 5 mins HRP in CY3 per kit
8min @ 1%ftriton X instructions
100°C 0.1% TX +PBS
PBS @ RT 1% trypsin
TSA-CY3 for L hr in .01M tris
Kit (Perkin buffer and
Elmer # 0.1 CaCl,
N5000)
NeuN Per BrdU Vector 1:1000 3% NGSin 1:1000CY3
protocol MOM IgG Mouse anti-  0.2%Tx- goat anti-
and diluent ~ NeuN in PBS for 1 mouse in
from sheep MOM hour 1% NGS
kit diluent +PBS
ChAT Per BrdU 3% NDSin  1:500 Gt-X-  --------------- Cy3 DK
protocol 0.2% ChAT in 1% Anti-Goat in
tritonX in DK serum 1% DK
PBS +0.2% serum +
Tx+PBS 0.2% Tx +
PBS
PV Per BrdU Vector 1:500 mouse 3 % NGS 1:1000 CY3
protocol MOM IgG anti-PV in serum in goat anti-
and diluent  MOM 2%Tx-PBS  mouse in
fromsheep  diluent for 1 hour 1% NGS +
kit PBS

Table 6 Reagents used for phenotype staining in conjunction with BrdU immunofluorescent
staining (see table 5). BrdU assay preceded S100B, NeuN, ChAT, PV and S100B protocol, but

followed B111-tubulin, DCX, nestin and 1B4 staining. DK, donkey serum; NDS, normal donkey

serum; NGS, normal goat serum.
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5. Behavior Assays

Motor performance on the rotarod was measured over the same time course as
the surviving new phenotypes in Aim 2. The apparatus used was an ENV-575M five
station mouse Rota-Rod (Med associates, Georgia, VT). Rotarod performance is known
to correlate with the level of striatal cell death (Haelewyn et al., 2007). For this reason,
METH animals tested during the early post-treatment time were expected to perform
poorly. If cytogenesis was an indication a neurochemical recovery underlying motor
activity under striatal control, METH-treated animals were expected to show better
performance on the rotarod task as new cells mature. However, because unfamiliarity
with the apparatus may result in animals performing poorly the first time tested, pre-
injection latency to fall off the rotating rod was measured in each mouse in a three-
minute fixed (20 rpm) and a three-minute variable (2-20 rpm) speed test given five

minutes apart.

After pre-injection trials to get baseline performance, matched groups of
animals were semi-randomly assigned to receive either METH or saline injections then
tested again at one of six post-injection times over the twelve-week period. In order to
counter balance the groups and avoid bias toward high or low performers in one drug
condition at a given post-treatment time, animals were assigned to groups according to
the following: If six animals had an average latency score of fifty seconds and another six
had a latency score of a hundred and eighty seconds, one animal from each score group
was randomly assigned to receive METH or Saline injections and tested at one of the six
post-treatment test time. Post-treatment tests in the subgroups of animals were done using

the same pre-treatment fixed and variable speed rotarod test at either 2.5 days, 1 week, 2
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weeks, 4 weeks, 8 weeks and 12 weeks after METH or saline injections with the average
of the two trials used as one score. Because of early METH-induced deaths in some
animals that may have disrupted matching, analysis consisted of only 6 animals per drug
condition per post-treatment times. Testing was done in the home-cage room by an

individual blind to the drug treatment condition of the animals.

For, psychomotor performance and anxiety in the open-field, determination of
anxiety or motor deficits were done to see if these behaviors could later affect maze-
learning tasks. Performance in the open-field was assessed in groups of animals receiving
either METH or saline at the same time course as rotarod tasks. The tasks were based on
Whimbey and Denenberg’s (1967) interpretation of two dimensions of open-field
behavior. One dimension measured emotionality (here defined as “anxiety”) and the other
measured exploration (here defined as “movement” or “motor”) activities. The open-field
apparatus used was a Kinder Scientific SmartFrame™ activity chamber, with 32 infrared
photobeam detectors configured with 16 in the X and 16 in the Y orientation of the
chamber. The dimensions of the open-field were 32” x 16° x 32”. Because the novelty of
the open-field provides an approximation of anxiety, injected mice were tested only once,
and thus, did not receive a pre-treatment test. Instead, a separate group of untreated
animals were used to measure baseline performance as a control group for injection
effects different from METH or saline treatment. The same animals used on the rotarod
protocols were used for the open-field assays. Open-field testing was done in a room
different form normal housing, thus animals were habituated to the testing facility for at

least thirty minutes before the start of a trial.
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At the time of the test, each animal was individually placed in the center of the
automated open-field chamber for five minutes. If there were motor deficits, mice were
expected to spend less time ambulating or performing movement activities. Therefore,
motor performance variables were total ambulation, total movement and total distance
traveled in the open field. Anxious mice were expected to spend more time in the
periphery and less in the center or more time freezing in general. Therefore variables for
anxiety were the number of entries, the total time spent and the total time freezing in each
of two designated zones of the open field. METH animals were expected to have
movement deficits during the early post-treatment times but some recovery at later times
corresponding to time course of new cell maturation observed in the neurochemical

studies.

Learning a T-maze task was assessed over the time course that new cells
differentiate and neuronal phenotype become evident in animals treated with METH or
saline. However, since METH may affect appetite while it is in the bloodstream, and after
clearance results in exhaustion (Dean, 2004), waiting at least a week after drug treatment
allowed the animals time to recover from the physiologically stressful conditions before

being placed on limited food availability.

Maze-learning tasks are appetitive in that animals receive a food reward for
performing the task correctly. Reduced food availability over the training period, allowed
the animals to be sufficiently motivated to get the food reward (Tolman et al., 1946).
Approximately a week before training began, daily food availability was reduced until
85% of free feeding weight was achieved. A pilot study demonstrated that 15% weight

reduction requires approximately seven days of restriction to three grams of food daily
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(data not shown) after METH treatment. Once training on the actual task began, weight

was maintained between 85 and 90% of free feeding levels.

Training was done in a designated room separate from normal housing. A thirty-
minute habituation to the testing area was done before each session. In order to encourage
striatal rather than hippocampal strategy to solve the task, the testing room had minimal
spatial cues and testing was done in dim light. The apparatus was cleaned with 75%
alcohol in distilled water solution between trials to avoid odor cues for solving the task.
The apparatus was a black metal elevated radial arm maze modified to reflect T-maze
configuration for use in this experiment. The dimensions of each arm of the T-maze was
15" x 5" x 2" adapted from the Deacon and Rawlings (2006) but with longer arms and
shorter walls. The behavior protocol was adapted from a combination of two studies: Yin
and Knowlton (2004) and De Leonibus et al., (2005). In brief: animals were allowed a
5-minute habituation trial in which food was available everywhere on the maze and the
preferred arm was determined from the number of entries into a given arm. Food reward
consisted of Maypo™ brand maple syrup flavored instant oatmeal moistened with water.
Animals were then trained to enter the non-preferred arm and avoid the preferred arm.
The variables measured were: the number of correct arm entries per training session,
latency to enter the correct arm, the number of daily session to criterion, and the strategy
used at criterion. If an animal did not leave the start area of the T-maze within ninety

seconds, the trial ended immediately with no food reward and counted as an error.

Training sessions were done in blocks of five trials per session. No more than two
sessions were done daily because METH treated animals were found to tire easily and

stopped responding after the 10" trial daily. Eighty percent (4/5) correct arm entries per
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session, in two consecutive sessions was the designated task acquisition criterion. Once
this criterion was met, a probe trial was done in which the T-maze was rotated 180
degrees to see if a striatal or hippocampus based strategy was used. If the mouse entered
the arm that was always baited, even though it was spatially displaced 180 degrees, it was
using ego-centric or procedural (striatal) strategy to acquire the reward. If the mouse went
to the place where the arm was on the same side of the room they were trained to go, they
were using an allocentric or place (hippocampus) strategy, though they would fail to get

the reward on that trial.

6. Quantification for neurochemical and behavioral assays

For all histochemical assays (proliferation, survival, volume and phenotype)
slides were coded and two different individuals blind to the treatment conditions
performed counts to determine the number of BrdU nuclei and striatal volume estimates
using Stereologer ™ (Stereology Resource Center; Chester, MD) unbiased stereology
software for MAC. Hardware component of the stereology system included a Leica DM
2500 microscope (Leica Microsystems, Germany) attached to a Prior optiscan Il
motorized XYZ stage system (Prior Scientific, MA), a Sony CCD video camera and a
MAC pro computer with the settings described below. A cross section of the striatum
(example in figure 2) from one hemisphere per striata was outlined in 5X magnification
for each tissue sample. This outline allowed for an estimate of the area of the structure in
which cells were counted. Counts of BrdU nuclei were done at 100 X magnification. The
optical fractionator in Stereologer ™ was used with a cavalieri estimator for separate
counts of the mean number of BrdU-positive nuclei for the following: morphologically

intact but visibly mitotic (proliferation), intact (survival), morphologically pyknotic
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(apoptosis) and morphologically necrotic nuclei that fell within the inclusion lines of the
sampling frame. Sampling frame area was 50 mm? and the frame moved in steps
automatically set at (x-step - y-step = 100 um?®) in a raster pattern. Approximately 200
frames of striatal tissue per animal were counted with the first and last 2 pm excluded
from analysis. Therefore, the average section thickness analyzed was approximately 15
pm per section. For all groups, Stereologer ™ estimated sampling error (CE) was well

within acceptable range of less than 0.1.

For proliferation experiment mean BrdU positive nuclei were quantified for
approximately 7 METH and 5 saline treated mice at each of the following post-drug time;
2 hours, 24 hours, 36 hours; 1 day, 2 days, 3 days, 4 days, 5 days, 6 days, 7 days, 14 days,
and 21 days. Proliferating cells were defined as BrdU-positive nuclei that

morphologically appeared to have divided.

For survival experiment, non-pyknotic or non-necrotic, pyknotic and necrotic
BrdU-positive nuclei counts and striatal volume were estimated by stereologer for 6-7
mice at each of the following post-METH times: 2.5 days, 1 week, 2 weeks, 4 weeks, 8
weeks and 12 weeks. Surviving cells were morphologically BrdU-positive nuclei with
normal nuclear morphology (intact and not shrunken and fragmented or swollen, with
vacuole as seen in pyknosis and necrosis, respectively). Apoptosis was defined as
intensely stained BrdU-positive round or crescent shaped clumps of nuclei fragments that
occur during karyopyknosis. Necrosis was defined as enlarged BrdU-positive nuclei with
vacuoles, and/or fragmented membrane. As an extra level of confirmation for necrotic
morphology, tissue stained with RI11-tubulin from Aim 2A was also morphologically

examined for disrupted membrane components that occur when cells swell and lyse as
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they undergo necrosis. The estimated striatal volume was automatically calculated

concurrently with counts using the region point probe of stereologer.

For phenotype experiments, fluorescent signals were detected using a Leica TCS
™ 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 (see figure 3 for schematic of tissue section). To
avoid cross detection between the signals, the pinhole setting was less than 2um and z-
stacks between fifteen and thirty um thick were recorded sequentially between frames at
100X 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
also “analysis” mode. Using the equation for estimating volume by stereology (Mouton,
2002) the estimated volume of 4 striatal sections per animal was [V=T (3>A)] where “T”
is the average section thickness and “A” is the surface area. Leica TCS software
quantified both figures. Average surface area of striatum quantified per region was 1.5

mm?

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 mm? per z-stack with inclusion and exclusion lines was drawn on the computer
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monitor and counts were taken at 100X magnification after outlining the striatum at 5X.
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-co-labeled nuclei from the same tissue sections were taken from 4 mice per time
point (2.5 days, 1 week, 2 weeks, 4 weeks, 8 weeks and 12 weeks). These procedures
provided the mean counts per animal within an average Leica defined area of 1.5 mmZ.
After stereological quantification was complete, the total BrdU-positive nuclei per animal
and the total phenotype immunostained cell co-labeled with BrdU were used to calculate
percentage BrdU-nuclei co-labeled. Once phenotype percentages were done, coding was

revealed for statistical analysis.

Figure 3. Quantifying new cells. Schematic representation of a striatal cross section at .50
mm from bregma that was used for quantification of BrdU incorporation. Quantification of
proliferation, survival and volume were done for the entire area of the striatum borderd by
the corpus callosum, ventricle and anterior commisure. Nucleus accumbens was not inculded.
For phenotype studies counts were done from each labeled subregion. DM, dorsomedial; DL,
dorsolateral, VM,ventromedial and VL, ventrolateral. The total of a given phenotype within
an average of 1.5 mm?®was used to determine percentages. Schmatic modified from (Hof et
al., 2000).
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For rotarod performance, the latency to fall of the rod was generated
automatically by the timer on the apparatus. Since each test consisted of a fixed and
variable speed trial, the two scores were averaged to give one outcome variable “latency
to fall” off the rotarod. This score was used in the statistical analysis of rotarod

performance.

For open field performance, behaviors were automatically scored by motor
monitor™ quantification software (Kinder scientific, Poway, CA), based on the break in
photobeam on the opposite side of the chamber. The behaviors quantified were
photobeam breaks corresponding to X and Y ambulation, basic and fine movement,
distance traveled, number of entries, time spent freezing and total time spent in the
periphery versus the center of the open-field. The software was set to quantify behaviors
in one-minute blocks over the five-minute trial. However there was little difference in
behaviors between the first minute and the last minute of the trial. Thus the behavior
totals over the five minutes were used in the analysis. Movement behaviors quantified
were: the sum of X and Y ambulation for “ambulation” values; the sum of the basic and
fine movements for “total movement” and the sum of distance traveled in the periphery
and center for the total “distance traveled” values. The anxiety measures were, the
number of entries into the center and periphery, the time spent freezing in center and
periphery and the total time spent in the center and the periphery. Thus there were two

values, center and periphery for each anxiety measure used in statistical analysis.



89

7. Statistical analysis

For all statistical analysis, p< .05 was considered significantly different. Analysis
was done with Graphpad Prism software (San Diego, CA) except for multi-factor
ANOVA in the open field. For multi-factor analysis SPSS 18 software (IBM, Somers,

NY) was used.

For proliferation experiment, the dependent variable was the mean number of
BrdU-positive nuclei. A two-way ANOVA was done to compare the mean number of
BrdU-positive nuclei for each treatment condition (METH or saline) at each post-
treatment time. Post-hoc analysis was done using Bonferonni multiple comparisons test

of significant differences between groups at each time point.

For survival experiments baseline was set to the mean BrdU-positive nuclei
present at the peak proliferation time point in METH-treated animals from proliferation
study (100% at 36 hours or 1.5 day time point). Using stereologer™, separate counts
were done for each of the three morphological variables. Calculation of the percent
difference between baseline and each morphological variable was then done to get three
outcome variables. The morphological variables were percent surviving BrdU-positive
nuclei with non-pyknotic and non-necrotic morphology (survival analysis), percent
BrdU-positive nuclei with pyknotic morphology, and percent BrdU-positive nuclei with
necrotic morphology. A separate one-way ANOVA was done for each of the three
variables to compare differences per post-METH survival time (2.5days, 1 week, 2

weeks, 4 weeks 8 weeks, and 12 weeks). Significant F-values for the ANOVA were
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followed by Bonferroni multiple comparisons post-hoc test to compare significant

differences between mice at each post-METH time.

For percent change in volume analysis, the raw volume score at each post-
treatment time was estimated by stereologer then compared to the average volume from
saline treated mice in the proliferation experiment for calculation of percent change. The
average volume for all saline comprised a baseline of 0% change. The percent volume
change compared to saline in METH-treated mice was measured at 2.5 days, 1 week, 2
weeks, 4 weeks, 8 weeks and 12 weeks after drug treatment. Statistical analysis was
done using a one-way ANOVA with Bonferonni post-hoc test for significant differences

between groups of mice at each post-METH time.

For phenotype experiments, there were several outcome variables corresponding
to the percentage of BrdU-positive nuclei co-labeled with a given phenotype marker. The
phenotype markers were beta I11-tub, nestin, DCX, 1B4, S100B, NeuN, PV and ChAT.
With the exception of PV and ChAT, statistical analysis was done using a one-way
ANOVA followed by trend analysis and Bonferroni post-hoc to determine the differences
in percent of a given phenotype at various times after METH-treatment (2.5 days-12
weeks). For PV and ChAT, two separate one-way ANOVAs compared each phenotype to
the alternative hypothesis value of zero striatal interneurons generated. This was done
because the amount of these two interneuron types in the striatum is low compared to
other striatal neurons and it was important to know if they were significantly different
from zero as a measure of neurochemical recovery at the time when most of the new
NeuN positive neurons were present. Significant one-way ANOVA was followed by

Dunnett’s post-hoc test.
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For motor coordination on the rotarod, the variable analyzed was the average
latency to fall off the rotarod. It was important to analyze the pre-injection performance
separately to ensure that the latencies to fall were relatively the same regardless of what
group the mice were subsequently assigned for the post-treatment tests. This was done
with a two-way ANOVA for pre-treatment performance 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 conditions per post-treatment time.

Motor performance and anxiety in the open field were analyzed in a series of
multi-factor ANOVAs. Three movement variables and three anxiety variables were
measured. Movement variables were total ambulation, total movement, and total distance
traveled. Each movement variable was analyzed separately with a two-way ANOVA.
There were three levels of the drug treatment factor (no-injections, METH or saline
injections), and 6 levels of the post-test time factor (2.5 days, 1 week, 2 weeks, 4 weeks,
8 weeks, 12 weeks). Statistically significant interaction and simple effects were followed
by Bonferroni multiple comparison post-hoc tests. Anxiety variables were the number of
entries, time spent freezing and total time spent in each of the two locations (periphery
and center) of the open field. Each anxiety variable was analyzed separately with a
multi-factor ANOVA. There were two levels of the location factor (periphery versus
center), 3 levels of the drug-treatment factor (no-injection, METH and saline) in addition

to the six levels of the post-treatment time factor (2.5days, 1 week, 2 weeks, 4 weeks, 8
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weeks, and 12 weeks). For significant interaction effects, each anxiety measure was split
by open-field location (center and periphery) and planned contrasts by two-way ANOVA
were done for interaction effects between drug condition X time tested, drug condition
alone or time alone were done for each anxiety measure. Significant results were
followed up by post-hoc analysis using Bonferroni multiple comparison tests to

determine simple effect differences per time point.

For learning on the T-maze, scores per training session were recorded for
correct arm entries and the latency to perform the task. Calculated variables were the
percent correct entries per daily training session (learning progress), number of training
days to criterion, the average latency to enter the correct arm per session and the strategy
used to perform the task at criterion responding. Since a session was five trials, chance
performance was set at three out of five (60%) correct arm entries per session and
included in the learning progress analysis. Separate one-way ANOVAs for each post-
treatment training time (2 weeks, 4 weeks, 8 weeks, and 12 weeks post-treatment) was
used for percent correct arm entries over a ten-day training period. Two-way ANOVAS
were used for the number of training days to criterion and latency to correct arm per trial
at criterion. Pearson’s correlation was used to determine the relationship between strategy
used at criterion, days of training to criterion and latency to correct arm entry. Fisher’s
exact test was used to assess differences in number of animals in each treatment group

that used either the hippocampus or striatal strategy.
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Chapter 2

Cytogenesis after METH: A role in altered striatal volume and the disparity in the
time course of METH-induced cell death?

VII. Results

A. Effects of METH on measures of proliferation (BrdU incorporation).

Fluorescent green nuclei can be seen 36 hours post-METH throughout the striatum of a
METH-treated animal (Figure 4B) and in the subventricular zone of controls (Figure 4A).
The latter structure supports neurogenesis in the adult brain. BrdU-positive cells that
appear to have divided are observable throughout the striatum (Figure 4C). Statistical
analysis with a two-way ANOVA revealed significant interaction effects of drug
treatment x time on the mean number of nuclei that incorporated Brdu [F (10, 110) =
47.9, p< .001]. This accounted for 34% of the variance. A significant effect of drug
treatment [F (1, 110) = 88.8, p< .001] was observed but it only accounted for 6 % of the
variance. This small contribution to the variance was probably because there was no
difference between mice in the saline treated group over the entire study time course, and
a narrow time frame of BrdU incorporation in METH-treated mice. This was confirmed
with a significant effect of time [F (10, 110) = 47.2, p< .001]. Post-hoc analysis showed
these effects were due to robust BrdU incorporation between the 24 and 48-hour time
points in METH-treated mice. The difference between mean number of BrdU-positive
nuclei in saline and METH animals at 24 hours was significant [MD=139603, p< .01].
The greatest difference was at 36 hours [MD = .01 x10°, p< .001]. Although the
difference was smaller at 48 hours, it was still significant [MD= 211513, p< .001].

Significant differences in the mean number of BrdU-positive nuclei between groups of
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METH-treated only animals were observed at 2 hours compared to 36 (p< .0001) and 48
hours (p< .001), as well as at 24 hours compared to 36 hours (p< .0001) and 48 hours (p<
.001). No difference between the two types of treatments (saline or METH) or between

groups of METH animals at any of the other times was observed.

B. Survival of new cells

1. Non-pyknotic and non-necrotic morphology (intact nuclei).

One-way ANOVA revealed a significant number of the BrdU-positive nuclei
generated at thirty-six hours post-METH failed to survive within the twelve weeks
measured [F (6,36)=, 4.03, p< .004]. This accounted for 40% of the variance depending
on the post-METH time [Figure 5]. Post-hoc analysis showed that at one and two weeks
post-METH, there were no significant differences in the number of striatal BrdU-positive
nuclei compared to thirty-six hours post-METH. However, at four, eight and twelve
weeks after METH the surviving cells were significantly less than nuclei observed at
peak BrdU incorporation [MD=49.3% p<0.05]; [MD=49. 7%, p< .01] and [MD=61.6%,

p<.001], respectively.

2. Pyknotic morphology

Morphological analysis and one-way ANOVA showed that newly generated cells are
undergoing apoptosis as evidenced by the BrdU-positive nuclei with pyknotic
morphology (Figure 6). Approximately 40% of the total BrdU-positive nuclei underwent

apoptosis as measured by pyknotic morphology by twelve weeks and was significant [F



95

(6, 35) =7.517, p = .0001] accounting for 56% of the variance. Cell loss was a protracted
process. The highest numbers of BrdU-positive nuclei with pyknotic morphology were
observed at two, four and eight weeks post-METH. Post-hoc analysis showed the
differences at two, four and eight weeks were significant [MD= 7.9, p=. 01]; [MD=10.7,

p<.001], and [MD=10.0, p< .001], respectively.

3. Necrotic morphology

A population of the BrdU-positive cells displayed fragmented cell morphology
including swelling and fragmentation of the membrane and vacuolization shown in figure
7. At every time point after METH a significant percentage of BrdU-positive cells
displayed a necrotic morphology, one-way ANOVA [F (6, 35) = 7.693, p< .001]. By
twelve weeks post-METH, approximately 30% of the newly generated cells were lost by

necrosis.

C. Effects of METH on striatal volume

METH treatment had a significant effect on the striatal volume as seen in figure 8.
METH-treated mice had significantly larger striatal volume than baseline in saline
control mice. Two-way ANOVA [F (1,72) = 17.22, p< .001]. Note that the enlargement
of the striatum normalizes to near saline-injected controls by twelve weeks post-METH

but was still significantly different (p< .001) at every post-METH time point.
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D. Figures summarizing Aim 1 results
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Figure 4. BrdU incorporation as a measure of proliferation (cytogenesis). Top panel (A-C)
histology with anti-BrdU conjugated to FitC 36 hours after injections. No BrdU incorporation in
the mouse striatum was observed after saline (Panel A), but robust BrdU incorporation after
METH injections (Panel B) was observed at 36 hours. scale bar = 300um. Cells can be seen to
divide within the striatum (Panel C), scale bar 78.1um. Quantification with unbiased stereology
revealed significant BrdU incorporation between 24 and 48 hours after METH injections (broken
line). After 48 hours and by 21 days proliferation declined to saline control levels (Panel D).
Two-way ANOVA. " indicates significant two-way interaction effects between drug treatment
and post-treatment time; # indicates significant effect of drug treatment; ** p<.01, ***, p<.001.

n=>5 saline and 7 METH animals per time point.
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Figure 5. Percent survival of BrdU-positive with morphologically intact nuclei (non-
pyknotic or non-necrotic) is observed over a time course of 12 weeks. There was a
protracted loss of BrdU-positive nuclei over the entire time course but significant decline
occurred at 4, 8 and 12 weeks after METH injections. Approximately 30% of new cells
remained at 12 weeks. # indicates significant one-way ANOVA; * p<0.05 and ** p<0.01.
n= 7 animals analyzed per time point. Note at 1.5 days the average BrdU-positive nuclei
correspond to 100% of cells that proliferated thus no error is included.
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Figure 6. BrdU-labeled nuclei with pyknotic morphology. Cells with pyknotic
morphology are shown at two weeks after METH in the striatum (Panel A), scale bar
=300um. A magnified area from panel A shows a fragmented nucleus as occurs during
karyopyknosis in apoptotic cell death (Panel B), scale bar =37.6um. Protracted cell loss
by pyknosis occurred from 2.5 days to 12 weeks. Post-hoc demonstrated significant loss
at 2, 4 and 8 weeks that totaled 39% of the new cells. # indicates significant one-way
ANOVA; * p<.05; ** p<.01 and ***, p<.001 (Panel C). n=6 animals analyzed per time
point. Note the total loss is sum of the average pyknotic nuclei from each time point thus

standard error for the total loss data set is not present.
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Figure 7. BrdU-labeled nuclei with necrotic morphology. Cells with necrotic morphology
shown at two weeks after METH (panel A). White solid arrow shows an example of BrdU-
positive disintegrated nucleus of a necrotic cell. Hollow arrow is an example of pyknotic nucleus
in the same tissue sample, and white rectangle indicates intact nuclei that survived, scale bar =
30um. There was a protracted loss with significant differences compared to baseline at every time
point, for a total loss of 29% by necrosis (panel B). # indicates significant one-way ANOVA, *,

p<0.05; ** p<0.01 and ***, p<0.001; n=6 animals per time-point.
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Figure 8. Striatal Volume. Quantification of the percent change in striatal volume for
mice given METH compared to baseline mice (average of saline mice from proliferation
study). Striatal volume in METH treated animals increased over the entire time course.
The greatest volume increase was at 2.5 days with an average of 58.7%. VVolume declined
by 12 weeks to near control levels but on average still larger than control animals. This
corresponds to the birth, the death and survival of some new cells; n=7 animals analyzed
per time point. # indicates significant effect of drug treatment in two-way ANOVA; ***,
p<0.001

E. Aim 1 Discussion

The results presented here demonstrate that a neurotoxic dose of METH induces
cytogenesis that results in two phases of cell death in the striatum. First, previously
reported by Zhu et al (2005), there is an acute phase of resident cell death that occurs 24
hours post-METH. At this time point after treatment, approximately 25 % of striatal
neurons undergo apoptosis. Secondly, as reported here, cell proliferation occurs between

24-48 hours post-METH (12 hours after the peak of acute resident cell death), followed
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by a protracted phase of apoptosis and necrosis of the newly generated cells extending
over 12 weeks. The proliferative response is in agreement with multiple studies
demonstrating cell proliferation in response to excitotoxic lesion in the adult brain (Gould
and Tanapat, 1997; Dihne et al., 2001). However, a protracted phase of cell death
consisting of the newly generated striatal cells in the aftermath of METH is novel and

provides opportunities to study the long-term effects of METH.

Of particular relevance to the results reported here, are published results
demonstrating that d-amphetamine and MPTP affect striatal cytogenesis. In contrast to
our results, acute exposure to d-amphetamine (10 mg/kg) suppressed spontaneous BrdU
incorporation (cytogenesis) in the striatum of rats (Mao and Wang, 2001). Unlike the
present study, BrdU was given 1, 24 and 48 hours after the single injection of d-
amphetamine and cells in one plane of the striatum were counted (Mao and Wang, 2001).
We gave the mice an injection of METH (30 mg/kg) followed by BrdU at various times
after METH. We observed some BrdU incorporation at 2, 24 and 48 hours, but the robust
peak of BrdU incorporation occurred at 36 hours post-METH (1.5 days). We observed
low levels of spontaneous BrdU incorporation in the mouse striatum. In the present study
we counted BrdU incorporation using automated unbiased stereology in all rostral-caudal
planes of the caudate-putamen. In contrast to d-amphetamine, exposure to systemic
MPTP (25 mg/kg, once daily for five days) augmented BrdU incorporation into striatal
cells and the newly generated cells survived for up to 60 days (Mao et al., 2001). It was
not determined in the above studies if d-amphetamine and MPTP exposure resulted in

loss of striatal neurons. In our study the robust incorporation of BrdU occurs 12 hours
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after the peak of METH-induced apoptosis (Zhu et al., 2009), and approximately 30% of

the newly generated cells survive up to 12 weeks post-METH.

The acute effect of METH has been reported to include dopamine overflow in the
striatum followed by dopamine depletion and toxicity (for review see Yamamoto and
Bankson, 2005; Krasnova and Cadet, 2009). Although we did not measure these aspects
of METH, the timing of proliferation is interesting when these studies are considered.
Some studies have shown that dopamine depletion persists up to 6 months (Seiden et al.,
1975) and 4 years (Woolverton et al., 1989) after METH treatment in non-human
primates. However, Cass and Manning (1999) showed partial DA recovery at 6 months
post-METH in rats. They also found full recovery measured as evoked dopamine
overflow and striatal tissue levels of dopamine by 12 months post-METH in rats. Since
we measured survival of the new cells up to 3 months, it is to be determined if the newly
generated cells contribute to the kind of dopaminergic recovery noted in the Cass and
Manning study. An interesting factor in the data reported here is that cytogenesis occurs
within a 12 hour window after previously reported loss of striatal neurons and acute
dopamine depletion begins (Zhu et al., 2005). Published studies demonstrate that D2/D3
receptors are involved in proliferation and neurogenesis as well as gliogenesis in both
developing and adult brain (Diaz et al., 1997: Van Kampen et al., 2004, 2005; Winner et
al., 2009). Our results suggest that METH-induced striatal dopaminergic changes may
play a role in the induction of cytogenesis observed in the present study but needs further

investigation.

The protracted cell death induced by METH is different from the initial phase of

cell loss occurring within the first 24 hours after METH. This initial phase involves the
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loss of approximately 25% of striatal neurons that include DARPP-32 projection neurons
and parvalbumin and cholinergic interneurons. The SST/NPY/NOS interneurons are
resistant to METH (Zhu et al., 2006). Other laboratories have also reported the METH-
induced loss of some striatal neurons using TUNEL (Deng et al., 2001) or Fluoro-Jade C
(Bowyer et al. 2008). In the current work, the protracted phase of striatal cell death

induced by METH is restricted to the newly generated cells.

Our results demonstrate that the production of new cells is associated with
enlarged striatal morphology. This observation is particularly significant in the light of
recent studies showing enlarged striatal volume in METH users (Jernigan et al., 2005;
Chang et al., 2005, 2007). One study reported that subjects with enlarged putamen and
globus pallidus had relatively normal cognitive performance compared to subjects with
smaller striatal structures; suggesting a compensatory response (Chang et al., 2005). A
recent in vivo imaging study reported enlargement of the striatum in rats exposed to
METH (Delis et al., 2010). Our data demonstrate that the enlarged striatal volume begins
to normalize over a period of three months in mice, the same amount of time associated
with the bulk of protracted cell death. A human study found enlarged striatal volume
(Chang et al., 2005) in recently abstinent METH users. However, a study assessing
abstinent METH users drug-free for approximately two years reported normal striatal
volumes (Oh et al., 2005). Our results show that the mouse striatum begins to normalize
over a period of three months as most of the newly generated cells die by apoptosis and
necrosis, suggesting that the enlarged striatal volumes observed in METH users may be

accounted for by inflammation and the production of new cells.



104

In conclusion, the data demonstrate that a single high dose of METH induces the
proliferation of new cells in the striatum during a narrow window occurring between 24-
48 hours post-METH. The bulk of the new cells die off gradually over a period of 12
weeks that was measured. The METH-induced cytogenesis coincides with the
enlargement of the striatum, which normalizes to near control levels by 12 weeks. At 12
weeks approximately 70% of the newly generated cells are lost by apoptosis and necrosis
combined. Characterization of phenotype differentiation of the surviving cells is

discussed in chapter 3 as a part of specific aim 2.
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Chapter 3

Are the phenotypes of newly generated cells indicative of neurochemical recovery?

IX. Results.

A. Progenitor cell phenotypes.

1. BrdU-positive Nestin progenitor cells.

BrdU-positive nuclei expressing neural progenitor marker nestin were observed
in the striatum (figure 9). Significantly more nestin positive cells were observed at 2.5
days and 1 week with a mean of 18.1 and 17.7% respectively. BrdU with nestin
immunostain declined over the rest of the study and by 12 weeks only 4.8% remained.
One-way ANOVA demonstrated that these differences were significant [F (5, 18) =6.63,
p =.0012], accounting for 65 % of the variance. There was a significant linear trend for
decrease over time [ = -1.5, p< .001]. 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< .05.
2. BrdU with Beta I11- tubulin for progenitor cells

BrdU-positive nuclei expressing beta I11-tubulin progenitor marker were observed
in the striatum (figure 10). Beta IlI-tubulin phenotype appeared early at 2.5 days but
peaked at 30% one week after METH. BrdU-positive nuclei co-labeled with beta 11l
tubulin declined over the rest of the study time course to 6.6% at 12 weeks. One-way
ANOVA showed these differences were significant over time [F (5, 18) = 11.5, p<

.0001]. Post-hoc revealed significant differences between the peak at one week and
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every other time point measured (p< .01). This was further confirmed by significant

decreasing linear trend [R=-1.07, p=.002].

3. BrdU with DCX for migratory progenitor cells.

BrdU-positive nuclei expressing DCX progenitor marker were only observed in
the SVZ as shown in figure 11. Although it appears that extremely low DCX may have
been in the striatum, orthogonal analysis with confocal microscopy demonstrated no

BrdU co-label in this structure over the entire study time course.

B. Differentiation of cells to glial phenotypes

1. BrdU-co-labeled with S100B for astroglia cells

BrdU-positive nuclei were observed in the striatum with S100B co-label for
astrocytes (figure 12). At 2.5 days after METH, approximately 9.8% of the BrdU-
positive nuclei expressed S100B astrocyte marker. Increases in new astrocytes peaked at
16.5% peaked at two weeks after METH treatment. This peak was followed by a decline
to 13.9% at 4 weeks and ended with 12.6 % at 12 weeks. One-way ANOVA revealed that
these differences in astroglia were not significant over time [F (5, 18) = 1.1, p = .39].
There were no significant linear trends suggesting a stable or limited astrocyte

differentiation [3= 0.19, p= .43].

2. BrdU nuclei with 1B4 for microglia cells

BrdU-positive nuclei reacting to the 1B4 marker were observed in the striatum
(figure 13). Cells adopted the microglia fate early, with a peak 10.3 % of BrdU nuclei co-

labeled with 1B4 2.5 days after METH. This peak was followed by small decline to 6.7%
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by 12 weeks. Like astroglia, the percentage of new microglia over the study time course
remained relatively flat after initial appearance. The lack of significant differences was
shown by one-way ANOVA [F (5, 18) = .75, p = .59], with no significant linear trend

[3=0.59, p=.09].

C. Differentiation of cells to mature neuron phenotype.

1. BrdU-positive cells expressing NeuN for mature neurons

BrdU-positive nuclei co-labeled with NeuN were observed in the striatum (figure
14). The co-labeled cells were mostly present at later compared to earlier post-METH
times. At 2.5 days after METH, very few (2.5%) of the BrdU- positive nuclei co-labeled
with NeuN. 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. One-way ANOVA demonstrated that
these differences were significant [F (5, 18) = 10.06, p = .0001] accounting for 73.6% of
the variance. A significant increasing linear trend over the 12-week time course [3=
0.907, p< .0001] further confirmed the differences. Bonferroni multiple comparisons
post-hoc revealed significantly more cells adopting neuron phenotype at the 4, and 8

weeks post-METH time points, p< .01 and p< .001, respectively.

2. BrdU-positive cells expressing PV and ChAT for interneurons

A very small percentage of the BrdU-positive cells were seen to express
markers for interneuron phenotypes at 8 and 12 weeks. Both phenotypes are presented on

graphs in figure 15. A one-way ANOVA revealed BrdU-positive nuclei co-labeled with
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ChAT was significantly different from zero [F (2, 9) = 73.04, p<.0001. New ChAT cells
were 1.3% of BrdU-positive nuclei at both 8 and 12 weeks after METH. Dunnett’s post-
hoc test comparing each time point to zero new ChAT-positive cells generated revealed
significant differences (p<.001) at both post-METH time points. BrdU-positive nuclei
expressing PV were also significantly different as revealed by one-way ANOVA [F (2, 9)
=14.7, p=.001]. At 8 weeks and 12 weeks, respectively, .89% and 1.2% of the BrdU-
positive nuclei were co-labeled with PV and post-hoc test revealed they were both

significantly different form zero (p<.01) at each post-METH time point.
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D. Figures summarizing Aim 2 results
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Figure 9. BrdU nuclei co-labeled with nestin. Z-stack images from representative striatal tissue
sections taken 2 weeks after METH. BrdU-positive nuclei are labeled in green with FitC (panels
A & D). Nestin positive progenitors are labeled with CY3 in red (panels B & E). Co-labeled cells
can be seen the same tissue section indicated by white arrows, panels C & F. Top panels (A-C)
scale bar 299.8= um at 40x magnification. In the middle panels (D-F), scale bar =77.9 um taken
at 100x magnification. Significant one-way ANOVA (#) revealed the percentage of BrdU-
positive nuclei co-labeled with nestin peaked between 2.5 days and 1 week. Post-hoc analysis
demonstrated that new nestin progenitors declined significantly at 8 and 12 weeks compared to

2.5 days and 1 week (panel G), * p< .05. n=4 mice analyzed.
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Figure 10. BrdU co-localized with R3111-tubulin. Confocal z-stack image taken from
representative striatal tissue section 1 week after METH. BrdU-positive nuclei are labeled in
green with FitC (panel A) and Rl11-tubulin positive progenitors are labeled with CY3 in red (panel
B). Co-labeled cells can be seen in the same striatal tissue section (panel C) identified by short
hollow arrows. While solid arrows identify necrotic cells, scale bar= 15.47 um taken at 100 x.
Significant one-way ANOVA (#), revealed the percentage of BrdU-positive nuclei co-labeled
with RI1-tubulin peaked at 1 week but was significantly less at all other times after METH (panel

D), ** p <.01, ***; p < .001, n=4 mice analyzed.
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Figure 11. BrdU 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 (panels A and D) and DCX-positive progenitors are labeled with CY3 in red
(panels B and E). No co-labeled cells can be seen in the same striatal tissue section (panel C) but
are present in the SVZ (panel F) top panel scale bar 300 um taken at 5x. Magnified SVZ image
(bottom panels D-F) scale bar = 47.3 um taken at 63 x. n=4 animals were analyzed and no co-

label found. CC, corpus callosum, SVZ, subventricular zone.
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Figure 12. BrdU nuclei co-labeled with S100B. Confocal z-stack images from representative
tissue section 12 weeks after METH. BrdU-positive nuclei are labeled in green with FitC (panel
A) and S100B-positive astrocytes are labeled with CY3 in red (panels B). Co-labeled cells can be
seen in the same tissue section (panel C) with solid white arrows showing astrocytes and hollow
arrows showing dying cells; top panel scale bar= 30um taken at 100x. One-way ANOVA
revealed no significant difference between percentage of BrdU-positive nuclei co-labeled with

S100B at various times after METH (panel D), n=4 mice analyzed.
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Figure 13. BrdU nuclei co-labeled with 1B4. Confocal z-stack images from representative tissue
section 12 weeks after METH. BrdU-positive nuclei are labeled in green with FitC (panel A) and
IB4-positive microglia are labeled with CY3 in red (panel B). Co-labeled cells can be seen in the
same tissue section (panel C). Long solid white arrows indicate microglia with the one on the left
in an activated amoeboid form. Short hollow arrows indicate dying cells; top panel scale bar =
30um taken at 100x. One-way ANOVA revealed no significant differences between any two

post-METH time point (panel D), n=4 mice analyzed.
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Figure 14. BrdU 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
(panel A) and NeuN-positive neurons are labeled with CY3 in red (panels B). Co-labeled
cells can be seen in the same tissue section (panel C). Solid white arrows indicate neurons
while hollow arrow shows a dying cell; top panel (A-C) scale bar = 30um taken at 100x.
Few co-labeled cells were present at 2.5 days and peak co-label was at 8 weeks.
Significant one-way ANOVA (#) and post-hoc shows BrdU-positive NeuN cells
significantly increased from 2.5 days to 8 weeks (panel D), * p<.05, ** p<.01, ***, p<

.001; n=4 mice analyzed.
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Figure 15. BrdU co-localized with ChAT and PV. Confocal z-stack image from representative
tissue sections that were taken 12 weeks after METH. BrdU-positive nuclei are labeled in green
with FitC (panels A and D). ChAT-positive interneurons are labeled with CY3 in red (panel B)
and PV positive interneurons are also labeled with CY3 in red (panel F). Co-labeled cells can be
seen in the same tissue section in panel C for BrdU+ChAT and panel in E for BrdU + PV.
Arrows indicate co-labeled interneurons. Top panel for Chat (A-C), with scale bar= 47.6um taken
at 100 x. Middle panel for PV (D-F) with scale bar=59.8um taken at 100x. Few BrdU-positive
cells with interneuron co-label can be seen. A one-way ANOVA (#) compared each phenotype to
the theorized alternative hypothesis of no new interneurons generated. The low percentage of new
ChAT (Panel G) and PV (Panel H) interneuron phenotypes are significantly different from zero at
both 8 and 12 weeks after METH. * p< .05; **, p<.01 and ***. p<.001. n=4 mice analyzed.
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Figure 16. Pie charts representing cytogenesis and surviving proportion of new cells
after a neurotoxic dose of METH. The entire pie on the left represents 100% of the BrdU
nuclei present at 1.5 days with light green proportion representing approximately 38.4%
of the new cells that survived to 12 weeks (A). Note that this survival could be as low as
30% surviving when taking into account the necrotic and pyknotic counts. The entire pie
on the right (B) represents 100% of the surviving cells at 12 weeks (38.4% of 1.5 days)
with the proportions that expressed various phenotype histochemical markers at 12
weeks. A significant proportion of the surviving cells (61.6%) remain unidentified at 12

weeks.

E. Discussion

BrdU-positive nuclei co-labeled with various phenotype markers were observed
over a twelve-week time course of new cell differentiation at times after previously
reported METH-induced cell death (Zhu et al, 2006). Most of the new cells first appear
as neural progenitors and glial cells that show peak levels respectively within one and

two weeks after METH. There were no migratory progenitors present. A significant
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proportion of progenitors differentiate into mature neurons at later post-METH times, and

a small subpopulation of the new cells displayed histochemical markers for interneurons.

During the early post treatment times at 2.5 days and 1 week, new cells expressed
nestin and BIl1-tubulin markers for progenitor cells. Combined, these progenitors
accounted for approximately 45% of the new cell phenotypes within the first week. No
BrdU co-localization with DCX was observed in the striatum or a gradient of BrdU cells
from the SVZ extending into the adjacent striatum. This lack of BrdU-positive nuclei co-
labeled with DCX was not due to assay failure because BrdU+DCX cells were seen in the
SVZ. We therefore conclude that there were no migratory progenitors and new cells did
not derive from SVZ. We suggest that the new cells derive from dormant striatal

progenitors.

In contrast to the prediction of glia cells appearing late after METH, most of
S100B positive new astrocytes were observed early at 2 weeks and most of the new 1B4
immunostained microglia were seen at 1 week. Together new glia cells accounted for
approximately 25% of new cells at 2 weeks after METH. Some new cells differentiate to
express NeuN histochemical marker for mature neurons mostly at 8 weeks, which
accounted for approximately 14 % of the new cells. However, the proportion of new
neurons declined to approximately 9% of the new cells by 12 weeks. A very small but
significant proportion of new the cells were ChAT and PV immunostained interneurons
at 8 and 12 weeks. Together these interneurons accounted for less than 3% of the new
cells. Because we did not do triple co-localization for BrdU+ NeuN + PV or ChAT we
could not say definitively what the percentage new NeuN cells were the interneuron

phenotypes, but if they were, the numbers of PV and ChAT would account for 7 and 12
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% NeuN cells respectively. Furthermore, many of the remaining new cells are
unidentified and may be projection neurons but this requires further analysis for

evidence.

These results are in agreement with suggestions of the generation of new striatal
glia in response to injury (Kay and Blum, 2000). Furthermore, it supports studies that
suggest a dormant population of progenitors in the mammalian striatum (Reynolds and
Weiss, 1992; Magavi and Macklis, 2002; Parent et al., 2002; Bédard et al., 2002; Mao et
al., 2001). For example, after identifying a low level of neurogenesis in the normal
monkey striatum (Bédard et al., 2002) , the same group demonstrated in 2005 that the
number of new neurons derived from striatal progenitors can be enhanced with
neurogenesis promoting substances, such as brain derived neurotropic factor (BDNF).
Furthermore, the new cells expressed morphological and chemical markers for striatal
projection neurons. In contrast to our results, however, they did not observe new striatal
interneurons. Mao and Wang (2001) also observed spontaneous cell proliferation in the

rodent striatum, but none matured to express mature neuron markers.

In addition to neural progenitors and later maturation to neurons, we observed that
a percentage of the new cells began expressing markers for astroglia and microglia within
the first week after METH. However, the levels of new cells differentiating into glia
remained flat over the 12-week period after they were generated with no significant
difference in proportions. This suggests a rapid activation, as well as, a limit on the
number of new cells that adopt a glial fate after METH damage. Boda and Buffo, in their
2010 review, suggested that glia in non-germinal areas like the striatum may acquire

progenitor properties in response to different environmental signals and reenter the cell
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cycle. However, there is a limit to the process. It appears from our results that this may
indeed be the case in the striatal microenvironment after METH. Glial activation has also
been shown to promote the generation, survival, and growth of new neurons, but can also
contribute to bystander damage (Streit, 2002). Furthermore, glial derived neurotropic
factor (GDNF) promotes striatal neurogenesis (Kobayashi et al., 2006). However,
microglia can also promote further damage due to cytokines and other substances they
release (Walter and Neumann, 2009, review). This suggests the necessity for a delicate
balance in the levels of glia cells that are generated in response to injury and glial
turnover have been shown to be restricted to a steady quantity (Kraus-Ruppert et al.,
1973). Therefore, it is not surprising that glia would be generated in the injured striatum
after METH exposure, or that they precede the differentiation neurons, while remaining

at a limited level after initial appearance.

Our results are somewhat contradictory to Mao and Wang’s (2001) finding that d-
amphetamine decreased striatal gliogenesis. However, the same group demonstrated that
MPTP, in contrast to d-amphetamine-induced striatal DA depletion, is accompanied by
robust and rapid gliogenesis (Mao et al., 2001). The slightly different chemical structure
and effect of METH compared to d-amphetamine (Shoblock et al., 2003), may account
for the differences between our results and that of Mao and Wang (2001). Furthermore,
glia are also needed for synaptogenesis (Allen and Barres, 2009, review). Given that our
results revealed less interneurons are generated than previously lost during acute METH-
induced apoptosis, synaptogenesis in surviving older cells might be a major part of the
compensatory response to damage. Both compensatory processes might also require

more glial cells during the early response, in order to enhance synapse formation in long
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resident and new striatal neurons. Our findings are novel in that the data suggest

gliogenesis that accompanies neurogenesis specifically after METH exposure.

The study taken as a whole shows a differentiation time course for neurogenesis
similar to that suggested by Cooper-Kuhn and Kuhn (2002). The work by this team was
in response to criticism that BrdU labeled cells might be DNA repair and not
neurogenesis. However, they demonstrated, as we do here, that a proportion of cells are
immunostained early with progenitor markers. Subsequently, over the progression of the
study time course, BrdU labeled cells display less progenitors and more mature neuron
markers. Furthermore, the level of BrdU detection is significantly higher than one would
expect with the low levels of nucleosides that incorporate BrdU during repair. Bauer and
Patterson (2005) revealed that high level of BrdU staining is not DNA repair because of
there is too much BrdU incorporation for it to be reflective of only a few nucleosides
being repaired. Moreover, and the methods of histochemical analysis for DNA repair is
different from that of cell proliferation and a proliferation protocol to detect BrdU for
repair resulted in near un-detectable BrdU incorporation (Bauer and Patterson, 2005;
Schmitz et al., 1999; Uberti et al., 2003). Our results point to a likely proliferative event
leading to neurogenesis because of the narrow timeframe in which the new cells are
generated and morphologically can be seen to divide in the striatum then mature to

neurons.

The generation of PV and ChAT interneurons suggests compensatory
neurogenesis that may be involved in neurochemical recovery from METH damage, but
within limits. With the exception of a few studies such as those by Van Kampen et al.

(2004, 2005, 2006); Tande et al. (2006), Mao et al. (2001) and Bedard et al. (2006), most
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research to date have shown that new neurons derive from SVZ progenitors where they
migrate to the injury site and mature to neuron and glia cell types (see, Kuhn et al., 2001
for review). Furthermore, like Kay and Blum (2000) found after lesions to the nigrostrial
DA pathway with MPTP, we also found many of the new progenitors fail to survive. The
low level of neurogenesis observed in the current study suggests additional substances are
needed to enhance the compensation and recovery process. The Van Kampen group
(2005; 2006) successfully demonstrated that a chronic two-week regimen of D3 receptor
agonist previously shown to promote neurogenesis (Acheson et al, 1995; Huang, 2001),
enhances neurochemical and behavioral recovery. In contrast to Hallbergson (2003)
statement that new striatal neurons in response to injury “survive only a short while”, we
find the new neurons surviving three months after birth even though some are lost from
the peak genesis time point. A longer time course would clarify whether new neurons

survive long-term.

Our results are also in contrast to the Tandé group’s (2006) conclusion regarding
striatal neurogenesis in response to damage. They found dividing cells within the striatum
after dopamine depletion induced by MPTP. These cells later expressed neuronal markers
tyrosine hydroxylase (TH) and dopamine transporters (DAT). Tandé et al. also reported
that the new TH positive cells were not aged over the time course of the study, implying
that they were new. Similar to the data presented here, the cells they examined appeared
in pairs like dividing cells, and did not show DCX immunoreactivity. However, because
the cells they examined had co-localization for BrdU and TH, but not BrdU and NeuN,
the authors suggested there was lack of evidence for neurogenesis. Therefore, they

concluded that their results represented a phenotypic shift of resident striatal cells,
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possibly even glia, into TH cells. Based on our results showing a time course of the
progression of cells from progenitors to neurons within the striatum, we doubt this is a
phenotypic shift, although this remains controversial. However, in the current study we
found that the proportion of new glia cells remained flat, and we indeed observed NeuN
co-localized with BrdU. Therefore, we report the novelty of a low level of neurogenesis
following our previously reported time of appearance of METH-induced striatal cell

death (Zhu et al, 2005, 2006).
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Chapter 4

Do behaviors that require striatal function recover over the time course of

cytogenesis in response to METH?
IX. Results.

A. Motor performance on the Rotarod

1. Pre-injection analysis of rotarod performance

Mean latencies to fall of the rotarod are presented in graphs for pre-injection and post-
injection performance (figure 17). 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) = .21, p=.96]. No effects of the
post-treatment test time later assigned [F (5. 50) = 1.3, p = .28] was observed, or later
drug-injection assigned [F (1, 50) = .28, p = .60]. Therefore, the mice were relatively

matched on pre-injection performance when they were assigned to different groups.

2. Post-injection analysis of rotarod performance

Analysis of the post-injection performance by two-way ANOVA revealed that
METH-injected animals performed worse on the task by scoring shorter latencies to fall

off the rotarod (figure 17). Although the comparisons showed no significant interactions
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between post-treatment time and the type of treatment [F (5, 50) = 1.04, p=.40], or the
post-treatment time alone [F (5, 50) = 1.06, p =.39], a very significant effect of drug
treatment [F (1, 50) =33.4, p< .001 was observed. The Bonferroni corrected post-hoc test
showed that METH-treated animals fell off the rotarod significantly earlier than saline

animals at twelve weeks post-injection [MD = -79.8 seconds, p <0.05].

B. Open-field Activities

1. Movement parameters in the open-field

a. Ambulation

For ambulation activity, the results revealed movement deficits in METH treated
mice at specific times after treatment (figure 18). A two-way ANOVA revealed no
significant interaction effects between drug x time tested on total ambulation [F (10, 75)
= 1.5, p=. 15], nor drug condition alone [F (2, 75) = 2.4, p=12]. However, a significant
effect of the post-treatment time was observed [F (5, 75) = 3.4, p< .01]. This suggested
performance at one time point might be influencing the results. Bonferroni multiple
comparisons post-hoc analysis revealed a significant difference in the ambulation of
METH-treated mice at 2.5 days after injections compared to untreated controls [MD = -
662, p< .01]. METH-injected mice also ambulated significantly less than saline injected
mice at 2.5 days [MD= -546, p< .01]. There were no significant differences in ambulation
between untreated animals and saline injected animals tested at any post-treatment time

point.
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b. Distance traveled

For distance traveled the pattern of behavior was similar to that of ambulation as
seen in figure 19. Results from the two-way ANOVA revealed that although there were
no interaction effects between drug treatment x time after treatment F (10, 75) =1.9, p =
.06], or significant effect of the drug alone [F (5, 75) =21.4, p=.29], there was a
significant effect of the post-treatment time tested [F (5, 75) = 2.7), p= .02]. Bonferroni
multiple comparisons post-hoc revealed that the differences were between METH-treated
mice and other treatment groups at 2.5 days. The distance traveled by METH-treated
mice differed significantly from mice receiving no treatment [MD= 2298, p< .05], and
saline treatment [MD=2670, p< .01] at 2.5 days. There were no significant differences

between untreated and saline-injected mice tested at any post-treatment time.

¢. Total movement

For total movement the pattern again suggested METH animals did not move as
much compared to the untreated or saline injected mice at 2.5 days, although they
recovered some frequency of movement over time (figure 20). No significant interaction
effects between treatment x time tested [F (10, 75) =1.9, p=.06] or effects of drug
treatment alone [F (5, 75) =2.0, p=.17] was observed. However, a significant effect of
post-treatment time tested [F (2, 75) =2.6, p=.03] was observed. Bonferroni multiple

comparison post-hoc revealed that at 2.5 days METH animals moved significantly less
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than untreated animals [MD= -520, p< .05] and saline treated animals [MD=642, p< .01].

There were no differences between saline injected and untreated control mice.

2. Anxiety parameters in the open field (periphery versus center)

a. Number of entries

For the number of entries into the periphery versus the center zone of the open-
field, untreated controls entered the periphery as often as they entered the center (figure
21). However, saline and METH injected animals entered the center more often at 2.5
days and less often at later post-treatment times compared to the one group of untreated
mice. Multi-factor ANOVA revealed significant three-way interactions between location
X treatment x post-treatment time [F (18,120) =10.6, p< .001]. Significant two-way
interactions between location and treatment [F (2,120) =20.7, p< .001] and treatment x
time [F (2, 5)] =14.4, p< .001] were also revealed. Because of these significant
interactions, the data were split by location and planned analyses were done with two-

way ANOVA:s.

Using a two-way ANOVA revealed a very significant effect of the interaction
between drug condition and time tested [F (10, 75) =5.3, p<.001]. Results also revealed a
very significant effect of just the time tested [F (5, 75) = 13.5, p<.001] and just the drug
condition [F (2, 75) = 14.6, p< .001] on the number of periphery entries. Bonferroni
multiple comparisons post-hoc analysis confirmed that METH-injected mice had
significantly less periphery entries at 2.5 days, 1 week and 2 weeks after injections ( p<

.001) compared to the one un-treated group of mice. Saline-injected mice also had
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significantly less periphery zone entries at 2.5 days and 1 week, post-injection compared
to the group of untreated mice (p< 0.001). There were no differences in periphery zone

entries between saline and METH treated mice at any post-treatment time.

The planned analysis of center entries with a two-way ANOVA revealed
significant interaction effects of drug treatment x post-injection time tested [F (10, 75) =
8.3, p< .001] for entries into the center zone. A significant effect of just the post-injection
time tested [F (5, 75) =22, p <.001], and the type of drug treatment [F (2, 75) = 9.7, p =
.002] was also revealed. Bonferroni post-hoc test results demonstrated that METH-
injected mice entered the center less than the group of uninjected mice at 2, 4, and 12
weeks after treatment, with p<.001, p< .05, p< .05, and p< .001, respectively. Saline
injected mice also entered the center less than the un-treated treated group of mice at 2,
4, 8, and 12 weeks with p< .01, p< .01, p< .05, p < .05, respectively. Additionally,
METH-injected mice failed to enter the center as often as saline injected mice at 2.5 days

after injections [MD= 33, p< .001].

a. Time spent freezing

The time spent freezing in the periphery versus the center are presented in graphs
(figure 22). Just like the number of entries, the multi-factor ANOVA demonstrated that
time spent freezing was also dependent on the location of the open-field. A significant
three-way interaction effect of location x drug treatment x time tested [F (18, 120) =2.3, p
=.004] was observed. Significant 2-way interaction effects of location x drug treatment

[F (18, 120) = 14.4, p< .001] and drug treatment x time tested [F (2, 5) = 2.5, p< .03]
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were also observed. Because of the significant 3-way interactions, planned analyses were

done with two-way ANOVAs after splitting the data by location.

Planned analysis of freezing in the periphery indicated that at 2.5 days after
injections, some METH treated mice were either anxious or unable to move and explore
compared to the other groups of mice. There was a significant interaction effect of drug
treatment x time tested on freezing behavior in the periphery [F (10, 75) = 2.5, p = .01].
There was also a significant effect of post-injection test time [F (5, 75) =1.8, p =.04], but
no effect of drug treatment [F (2, 75) = 0.82, p=. 61] on freezing behavior. Based on the
significant interaction and post-injection time effects, Bonferroni multiple comparisons
post-hoc was done. METH-injected mice froze more often in the periphery at 2.5 days
compared to the group of un-treated mice [MD=49.7, p < .01] and saline-injected mice
[MD=49.8, p<.01]. No significant differences between the untreated group of mice and

saline-injected mice were observed at post-injection times in the periphery.

Planned analysis of freezing in the center revealed no significant interaction
effects between drug treatment x time tested [F (10, 75) =1.9, p=.054] on this open-field
activity. Additionally, neither the post-injection time alone [F (5, 75) = 1.1, p=.38], nor
the drug treatment [F (2, 75) = 2.8, p=.09] revealed significant differences. All mice

avoided freezing in the center of the open-field in general.

b. Total time spent in the periphery and center

The total time spent in the periphery versus the center is presented in graphs
(figure 23). As expected, all mice spent more time in the periphery than the center zone

of the open-field. A multi factor ANOVA demonstrated significant 3-way interaction
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effects of location x drug treatment x post-treatment time tested [F (18, 120) = 2.2 p=
.005]. The results also demonstrated significant 2-way interactions between location x
drug treatment [F (3, 120) =583.6, p< .001], but no significant effects of drug treatment x
time tested [F (2, 5) = .41, p = .87]. Because of significant 3-way interactions, planned

analyses were done with two-way ANOVAs after splitting the data by location.

A two-way ANOVA for the total time spent in the periphery confirmed no
interaction effects of drug treatment x time tested for time spent in the periphery zone [F
(10, 75 =1.6, p = .11]. No significant effects for just treatment time [F (5, 75) = .90, p=
.48] or drug treatment [F (2, 75) =1.3, p=.31] were observed; suggesting the time spent
in the center was influencing the 3-way interactions effects of time spent when the multi-

factor ANOVA was done.

In contrast to time spent in the periphery, for time spent in the center, METH-
treated mice avoided spent less time in the center compared to the other mice. A two-way
ANOVA revealed significant interaction effects of drug treatment x time tested [F (10,
75) = 2.4, p=.01] but no significant effect of just the time tested [F (5, 75) =2.1, p=.069,
or the drug treatment [F (2.75) =1.3, p = .31] alone. Bonferroni multiple comparisons
post-hoc results revealed that at 12 weeks, METH-treated mice spent significantly less
time in the center [MD= 46.6 seconds, p< .05] compared to saline-treated mice. There

were no significant differences between groups of mice at any other post-treatment time.

The statistical results for all open-field measures that assessed “emotionality” or anxiety

are summarized tables in appendix A.
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C. Learning a T-maze task

1. Learning progress

Learning progress results are presented in graphs of figure 24. For training that
began two weeks after treatment, one-way ANOVA revealed significant differences in
the percent of correct arm entries per day of training between METH and saline injected
mice, as well as, a difference from the theoretical chance performance [F (2,29) =8.3, p=
.003]. Bonferroni multiple comparison post-hoc demonstrated, the mean correct response
over the 10 day training period was significantly greater for saline compared to METH-
treated mice [MD=15%, p< .01]. Saline-treated mice also performed significantly better
than chance overall [MD= 12.7%, p<. 05]. In contrast, METH treated mice were not
different than the 60% theoretical chance level in overall mean percent of correct entries
[MD= 2.3%, p>.05]. Saline-injected also began responding above chance by the second
day of training and reached criterion by day 6, compared to METH-injected animals. The
latter group began responding above chance on the seventh day of training and reached

criterion on day 9. All mice were responding at criterion on the 10" day of training.

Learning progress in mice that began T-maze training 4 weeks after injections
was the same for each treatment group, with little difference form chance when assessed

by one-way ANOVA [F (2, 27) =.16, p=.90].
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Learning progress in mice that began T-maze training 8 weeks after METH
revealed that both METH and saline-treated mice had correct arm entries less than or
equal to the theoretical chance levels. METH treated mice began responding above
theoretical chance level by the 10" day of treatment but a one-way ANOVA revealed
there were no significant differences between saline or METH-treated mice [F (2, 27) =

.18, p=.83].

Mice that began training at the 12-week post-treatment time began responding at
or slightly greater than theoretical chance levels by the second day of training. METH-
treated mice reached criterion of 80% correct earlier than saline-treated mice but these
differences in percentage of correct arm entries were not significant [F (2, 27) =2.2,p =

14].
2. Number of training days reach task criterion.

Days of training to reach criterion is presented on a graph (Figure 25). A two-way
ANOVA revealed no significant differences overall between treatment groups for the
number of days of training session. Interaction between drug treatments x post-injection
training time had no significant effect [F (3, 39) =1.7, p = .19]. Type of drug alone also
had no effect [F (1, 39) =.79, p = .38]; neither did post-treatment training time [F (3, 39)

=.16, p=.93].
3. Latency to choose the correct arm

Latency to choose the correct arm is presented on a graph (figure 25). A two-way
ANOVA revealed that the differences were not significant, F (3, 39) = 1.8, p = .16 for the

interaction between drug treatment condition and time post-treatment training began.
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There were also no significant drug treatment effects [F (1, 39) = .37, p= .54], or post-

treatment training time effects [F (3, 39) = .01, p = .44].

4. Strategy used at criterion.

All mice did not use the same strategy once they reached criterion responding as
shown in figure 27. Among the mice that began training 2 weeks after treatment, only 3
of 5 (60%) of the METH treated mice used a striatal strategy at criterion compared to 6 of
6 (100%) of the saline injected mice. For training at four weeks, 4 out of 6 (70%) of the
saline and 4 out of 8 (50%) of the METH-treated mice used a striatal strategy. For
training at eight weeks, 3 out of 6 (50%) saline and 2 out of 6 (30%) METH-treated mice
used the striatal strategy. When training began at twelve weeks, 3 of 4 (60%) saline-
treated and 4 of 6 (70%) METH-treated mice used the striatal strategy. However, results
from Fisher’s exact test revealed no significant differences in strategy used when training
began at 2 weeks (p=.44), 4 weeks (p=.63), 8 weeks (p = 1) or 12 weeks (p=1) after

injections.

5. Relationship between strategy and learning (Correlations).

It appears that the relationship between strategy and number of training days to
reach criterion varied depending on the time after injections that mice began training
(table 11). Pearson’s correlations revealed that regardless of treatment condition, the
relationship between striatal strategy and number of training days to criterion was
significant at 2 weeks r (8)=-0.70, p=.02], with mice that used the striatal strategy

learning the task in less time on average. At 4 weeks the relationship was the opposite [r
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(12) = .60, p< 0.02], with mice that used the striatal strategy needing more training days
to learn the task. In contrast, mice that began training at 8 or 12 weeks after injection did
not perform in a manner that revealed a relationship between using a striatal strategy and
the number of number of training days needed to reach criterion, [ r (10)=.27, p=.4 and

r( 8)=.10, p=.77, respectively].

No relationship between strategy and latency to choose the correct arm per trial
was observed. There were no significant correlations when T-maze training began at 2
weeks [r (8)=. 50, p=. 14], 4 weeks[r (12)=.34, p=.23], 8 weeks [r(10)=.13, p=.70)] or

12 weeks [( r (8)= .60, p=.66].

Note: Summary of statistical results for T-maze performance are found in Appendix B
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D. Figures summarizing Aim 3 results
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Figure 17. Latency to fall off the rotarod. Pre-treatment latencies to fall (panel A) were not
different between animals later assigned to the METH or saline condition, as well as a given post-
injection test time. In general, animals performed better after familiarity with the apparatus at
post-injection times (panel B). A two-way ANOVA revealed significant effects of the drug (#)
on post-treatment performance on the rotarod. METH-injected mice performed worse than
saline-treated mice, and post-hoc tests revealed a significant deficit at 12 weeks. Broken lines are
animals assigned to the METH group and solid lines are for animals assigned to the saline group.

*, p<0.05 for post-hoc test result. n=6 per group.



135

180
160
140
120
100
80
60
40
20

—» Untreated
-~ Saline
- METH

Total ambulation (beambreaks)

+ % °
$e° 06"" 0@" ee‘a" ee‘f'
1) N & N & )

Vv v ™ ® \q'

Post-injection time tested

Figure 18. Ambulation in the open-field. Significant two-way ANOVA and post-hoc test
revealed that mice injected with METH (broken black line), ambulated significantly less at 2.5
days compared to mice that had saline injections (solid black line) as well as one group of
untreated mice (grey arrow). However, METH-treated animals recovered to saline levels of
ambulation by 12 weeks. # indicates significant effect of time. b indicates post-hoc comparison
between METH and untreated mice. ¢ indicates post-hoc comparison between METH and saline

treated mice. **, p< .01 significant differences for post-hoc test result. n=6 per group.
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Figure 19. Distance traveled in the open-field. METH-treated mice (broken black line) traveled

for a significantly less distance than the other groups of mice as assessed by two-way ANOVA.

Post-hoc test revealed a significant deficit at 2.5 days for METH-treated compared to saline-

treated mice (solid black line), as well as one group of mice that had no injections (grey arrow).

From 1 to 12 weeks performance was the same for all groups of mice. # indicates significant

effect of time. b indicates post-hoc comparison between METH and untreated mice. c indicates

post-hoc comparison between METH and saline treated mice. *, p< .05 and **, p< .01 for post-

hoc test results. n=6 animals per group.
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Figure 20. Total movement in the open-field. Mice injected with METH (broken black line)
had significant movement deficits at 2.5 days compared to mice that received saline injections
(solid black line), as well as the group of untreated mice (grey arrow). However, they recovered
from 1 to 12 weeks. # indicates significant effect of time analyzed with a two-way ANOVA. b
indicates post-hoc comparison between METH and untreated mice; c indicates post-hoc
comparison between METH and saline-treated mice. **, p< .01 and *, p< .05 for post-hoc test

results. n=6 animals per group.
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Figure 21. Entries into the periphery and center zones of the open-field. Note the closer tests
were to injections (2.5 days and 1 week), the less frequent the entries into the periphery zone
(panel A), and the more frequent the entries into the center zone (panel B). However, in
comparison to animals that had no injection METH treated mice (broken black line) entered the
periphery significantly less than untreated mice (grey arrow) at 2.5 days, 1 week and 2 weeks
after injections, METH treated mice also entered the periphery significantly less than saline
treated mice at 2.5 days. Saline treated mice entered the periphery less than untreated mice at 2.5
days and 1 week. For center entries, METH treated mice also entered the center significantly less
than saline treated mice at 2.5 days and untreated mice at 2, 4 and 12 weeks (panel B), while
saline treated mice entered the center less than untreated mice from 2 to 12 weeks. ~ indicates
significant interaction effects. # indicates significant effects of time. Post-hoc: a is for
comparisons between saline and untreated mice. b denotes comparisons between METH and
untreated mice. ¢ denotes comparisons between METH and saline treated mice. *p<.05; ** p<

.01; *** p< .001 significant differences from post-hoc tests. n=6 animals per group.
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Figure 22. Freezing in the periphery and center zones of the open-field. All animals spent
more time freezing in periphery zone (panel A) compared to the center zone (panel B). At 2.5
days after METH-treated mice (broken black line) froze significantly more in the periphery than
saline- treated mice (solid black line) and untreated mice ( grey arrow), but returned to control
levels from 1 week to 12 weeks after treatment. Very little freezing occurred in the center zone of
the open field and there were no significant differences between treatment groups from 1 to 12
weeks for freezing in the center. ~ indicates significant interaction effects. # indicates significant
effects of time. Post-hoc results: b indicates comparisons between METH and untreated mice.

c indicates comparisons between METH and saline treated mice. **, p < .01 for significant post-

hoc results. n=6 animals per groups.
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Figure 23. Total time spent in the periphery and center zones of the open-field. All animals

spent significantly more time in the periphery (panel A) compared to the center (panel B) of the

open field. No significant differences were seen between METH (broken black line), saline (solid

black line) or untreated (grey arrow) mice in the time spent in the periphery. Time spent in the

center was significantly less for METH-treated mice compared to saline-treated mice * is for

significant interaction effects from the ANOVA. # indicates significant effect of time. c

compares METH and saline treated mice on post-hoc tests. *, p< .05 . n=6 animals per group.
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Figure 24. T-maze learning progress. Percent correct arm entries for each day of training
on the T-maze when training began at various post-treatment times. METH-treated mice
indicated by broken black lines. Saline treated mice indicated by solid black lines. Theoretical
chance performance (3/5 or 60% correct) indicated by the grey line. All animals reached at least
80% correct performance within 10 days of training. Mice that began training 2 weeks after
METH were significantly slower to learn compared to saline treated mice shown in the upper left
panel (A) and no different from chance. Note animals from both the METH or saline treatment
groups that began training at 4 weeks (panel B), 8 weeks (panel C) and 12 weeks (Panel D)
reached criterion performance after nine days of training and were not significantly different from
each other or chance. ~ indicates a significant one-way ANOVA. Post-hoc test results: a indicates
significant performance difference between saline - treated mice and chance, c indicates
significant differences between METH and saline treated mice at 2 week *, p <.05; **, p<.0l.

n=5-6 animals per group.
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Figure 25. Number of days training to T-maze criterion response. The number of
days it took METH (broken black line) or saline (solid black line) treated mice to reach
criterion responding on the T-maze is presented. Mice began training at one of the
following post-treatment times: 2, 4, 8 or 12 weeks after treatment. Although METH-
treated animals took almost twice as long to reach criterion at 2 weeks, two-way ANOVA

revealed no significant differences between the two treatment groups. n=5-6 animals per

group.
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Figure 26. Average latency to choose the correct arm per trial on the T-maze. The average
latency to choose the correct T-maze arm per trial was measured in METH (broken lines) or
saline (solid lines) treated animals. Mice began T-maze training at either 2, 4, 8, or 12 weeks after

treatment. Two-way ANOVA revealed the differences were not significant. n=5-6 animals per

group
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Figure 27. Number of animals using striatal or hippocampal strategy. The graphs reflect the
actual number saline-treated (white columns) and METH-treated (black columns) mice that used
the hippocampus or the striatum to solve the task at criterion. When training began at two weeks,
all saline-treated mice used the striatal strategy compared to 3 out of 5 METH-treated mice. For
training at four weeks, 4 out of 6 saline and 4 out of 8 METH-treated mice used a striatal strategy.
For training at eight weeks, 3 out of 6 saline and 2 out of 6 METH-treated mice used the striatal
strategy. When training began at twelve weeks, 3 of 4 saline-treated and 4 of 6 METH-treated
mice used the striatal strategy. Note no standard error is presented as it is a total number of
animals per strategy rather than the variability within and between groups. When assessed by

Fisher’s exact tests per post-treatment training time point, these differences were not significant.
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E. Discussion.

Using behavioral tasks that require striatal function, METH and saline-treated
mice were analyzed for motor coordination on the rotarod, two dimensions of
psychomotor activity in the open-field (movement and anxiety), as well as reinforced
habit learning on the T-maze. Data were collected over the same time course of METH-
induced neurochemical studies reported in the previous chapters. The results suggest that
METH-treated mice had persistent motor deficits as the new cells mature to neuron

phenotypes, but habit learning on the T-maze recovered.

Rotarod and open-field (Motor performance when controlled for anxiety).

Performance on the rotarod without injections revealed that statistically, all the
mice performed at similar levels. However, after injections, METH-treated mice had
significant motor deficits compared to saline injected mice, and were worse at 12 weeks
when they were approximately 6 months old. When considered with the movement
parameters in the open-field, these results suggest motor performance deficits that cannot
be fully accounted for by anxiety. For example, METH-treated mice failed to ambulate at
2.5 days, travel for much distance or generally move in the open-field compared to
control mice. This suggested that during the time that 25% of striatal neurons are lost to
apoptosis (Zhu et al, 2006) and new cells have just been generated (see chapter 2), the
animals are too fatigued to move. Furthermore, METH treated mice most likely lacked
the neurochemical support to more since our lab previously reported DA depletion at
these post-METH times (Xu et al., 2005). In general, METH mice recovered open-field

movement related behaviors to control levels by 12 weeks. This recovery contrasted with
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the rotarod performance, suggesting general movement recovers but motor coordination

worsens.

The results from anxiety measures in the open-field revealed that both METH and
saline treated mice had fewer entries into the periphery and center compared to untreated
controls. METH-treated mice entered the periphery less often than untreated mice from
2.5 days to 2 weeks. Saline-treated mice entered less than untreated controls at 2.5 days
and 1 week. These behaviors in saline-treated mice suggest that injections separate from
the type of drug may have affected the number of entries into the periphery and METH-
treated mice required more time than saline-treated mice to recover. Furthermore, in
contrast to the periphery entries, both saline and METH injected mice entered the center
less often compared to untreated controls but it was at later post-treatment times, (2, 4,8,
and 12 weeks) after injections. METH and saline-treated mice were also not different
from each other except at 2.5 days, when saline-treated mice entered the periphery more
than METH treated mice. Since this time point was when METH animals moved around
the least, open-field results were likely due to motor deficits, fatigue and injections rather

than a METH specific effect on anxiety.

As freezing behavior is a strong measure of anxiety (Crawley, 2007), the data is
interesting in that freezing was mostly in the periphery, while most of the fear behaviors
were expected in the center. METH animals froze a significant amount of time at 2.5
days in the periphery. Moreover, little to no freezing occurred in the center from any of
the mice and no differences between treatment groups were seen in the center at any time
point. Not many studies have measured the effects of METH on freezing behavior in the

open field. However, freezing under other stressful experimental paradigms is common in
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rodents and has been demonstrated in response to a repeated but not single dose of
methamphetamine when DA or 5-HT levels are relatively normal (Tsuchiya et al, 1996).
This suggests our data is novel in that freezing occurred in the stereotypically less
stressful location and that the METH-treated mice might not have been fearful per se, but

fatigued.

For time spent in the periphery versus center of the open-field, there were no
differences between METH and either of the two control groups except at 12 weeks when
compared to saline in the center. All animals spent most of the time in the periphery and
the least amount of time in the center. Avoidance of the center and more time spent in the
periphery is typical of thigmotatxic behavior in rodents (Simon et al., 1994). However,
the data on time spent in the center is unclear because both saline and METH- treated
animals statistically spent the same amount of time in the center as the untreated control
group when tested at 12 weeks, yet, METH and saline treated mice were different from
each other on this measure. This suggested the METH difference from saline may have
been due to individual differences or outliers within the METH group. This was
confirmed by looking at individual mouse performances. Two METH treated mice did
not spend any time at all in the center (data not shown). This skewed the data toward less

time in the center while the other four mice on average spent 39 seconds in the center.

It appears from the results for rotarod and open-field movement performance, that
anxiety-like behaviors were not METH specific. Motor rather than anxiety behaviors
were most affected in METH animals, and is in agreement with multiple studies that
revealed altered striatal dopamine, or damage to the striatum, results in motor deficits (De

Leonibus et al., 2003, Hollerman and Schultz, Hollerman et al., 2000; 1998; Feathersone
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and McDonald, 2004; O’Doherty et al., 2004; Nakamura and Hikosaka, 2006a; Schultz

etal., 1989; Wolterink et al., 1993).

Reinforced habit learning on the T-maze

Because METH is known to decrease cognitive performance based on appetitive
learning (Achat-Mendez et al., 2005; Izquierdo, et al., 2010; Krasnova et al., 2009a),
deficits for the T-maze habit-learning task were expected at the early post-treatment test
times (2.5 days-2 weeks). This was predicted because newly generated neurons that
survived would hardly begin to express mature histochemical markers or be functional at

the early post-treatment time.

The results from measures of cognitive performance on the T-maze task suggest
that the reward-based learning component of striatal function recovers. Recovery is
observed over the later part of the time course when the new cells mature (four to twelve
weeks) and METH-treated mice did not perform differently from controls. The only
significant difference from controls observed in METH-treated mice was a slower
learning rate when training began at the earliest measured time point at two weeks post-
injection. Furthermore, most of the mice generally used the striatal strategy when they
reached task criterion except at 8 weeks where only 30% used the strategy. However, the
8-week time-point also had the lowest proportion of saline animals using the striatal
strategy at 50%. Although some METH and saline treated mice used the hippocampus
strategy at task acquisition, the proportion of animals that used either of the two strategies
was not significantly different between treatment groups, as assessed with Fisher’s exact

test (table 10). However, when all animals performing at criterion levels were assessed
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together, animals that used the striatal strategy at two weeks learned faster. Mice that
used a striatal strategy at four weeks took a longer time to learn. This was revealed by a
significant negative and positive Pearson’s correlation between strategy and learning rate
at two and four weeks, respectively (table 11). The four-week correlational results on the
T-maze appear counterintuitive because METH-treated mice had slower learning
progress at two weeks. Furthermore, they responded at controls levels at later post-
treatment times. This result might be due to the high accuracy in saline treated mice at
two weeks since all the data were included in the correlations rather than split by

treatment.

However, given the animals were not separated by treatment group in the
correlation analysis, the apparent contradictory result at four weeks suggested that the
time it was taking to choose the correct arm at might have influenced making the right
choice. Animals that took longer to reach criterion may have entered any arm without
spending much time to make the choice. When we went back and looked at the trial-by-
trial latencies rather than the average use in the latency correlation, the animals that took
the shortest amount of time to make a response when trained at four weeks had more
errors. This suggested they quickly entered the arm opposite to the last one entered and
this would result in an error score. With greater errors, they would require more time to
begin responding at criterion even if the overall latencies to choose between groups were
not different. Such behaviors on the T-maze are not uncommon during learning. Rodents
with intact short-term memory tend to naturally avoid the last arm entered on a maze task
in a behavior called spontaneous alteration (Deacon and Rawlins, 2006). Because they

would have to keep the last arm visited in mind for over 90 seconds for the T-maze task,
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this suggested that the animals had intact short—term memory but some could not
correctly solve the choice conflict between alternating and entering the rewarded arm.
METH-induced deficits in choice conflict performance on the T-maze have been
demonstrated over a similar time course used in the current work (Friedman et al., 1998).
However, to clarify these results would require follow-up studies with better controls
specific for choice conflict. In addition more animals in the METH group would allow
strategy correlation analysis by drug treatment, since some died before reaching criterion.

This resulted in a smaller number of animals for analysis.

In general, there were no differences between METH and saline animals in T-
maze learning progress (percent correct arm entries, and days of training to criterion)
when training began four or more weeks after treatment. These results are in agreement
with studies showing improvement for reward-based maze learning tasks at least four
weeks after METH-induced striatal damage (Daberkow et al., 2007 and 2008; Friedman
et al., 1998). In the Friedman et al study, up to 80% recovery in striatal DA turnover at
the time of behavioral recovery was observed. However, multiple studies have revealed
significant DA depletion in the striatum at the same post-METH times measured in our
studies, and even as late as six months (Bittner et al., 1981, also see Krasnova and Cadet
2009, review) Therefore, the observed recovery may involve compensatory processes for
persistent DA depletion but measures of DA depletion would need to be done in the

animals tested in the current study, as this was not a part of the analysis.

Receptors and neurochemicals that are functional in newly generated cells, or the
long resident striatal cells that survived the initial damage, might be involved in

compensation or contribute to improvement on some behaviors that we observed. It is
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interesting that increased dopamine receptor sensitivity is accompanied by behavioral
recovery after nigrostriatal depletion with 6-OHDA (Neve et al., 1982). DA receptors
have also been observed at late post-treatment times after MPTP damage (Todd et al.,
1996), and DA receptor plasticity is suggested to play a role in the habitual behaviors of
addiction (see Chen, et al., and 2009 review). DA turnover or its receptor levels were
beyond the scope of the current study, however. More studies are needed regarding the

role of new cells in relationship to DA and the mechanisms of addiction.

The improved habit learning performance at the same time point new cells
express the most mature neurons markers (four to twelve weeks), suggests compensation
or recovery of reinforced learning behaviors, to the exclusion of a subtle choice conflict
deficit that needs further study. Furthermore, results suggest cytogenesis may play a role
in the process and is a METH specific novelty. In conclusion, reinforced habit learning
on a maze task recovers at the same time new striatal cells mature but motor coordination
worsens; revealing METH-induced cytogenesis in the mouse striatum facilitates only

partial recovery from damage.
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Chapter 5

Implications for future studies and conclusions

Cytogenesis and neurochemical studies.

Using immunohistochemical assays, psychomotor and habit learning tasks, a
study of cytogenesis in the context of neurochemical and behavioral effects following
METH-induced cell death in the striatum was presented. The results demonstrated that
METH induces robust cytogenesis in the striatum twelve hours after the previously
observed loss of approximately 25 percent of striatal cells (Zhu et al., 2006) or 36 hours
after METH treatment; a time when we previously reported DA terminals are depleted
(Xu et al., 2005). A significant proportion of the new cells die but many also survive as
animals show increased striatal volume over three months. A proliferative response
leading to neurogenesis in the rodent striatum after neurotoxic METH exposure is a novel
finding. Furthermore, maze learning recovery over the same time course as new cells
mature is also novel. These data also provide an additional process involved in the
observations of Chang et al. (2005, 2007) and Oh et al. (2005) studies, which revealed
that humans who previously used METH had enlarged striatal volume that accompany

normalized behaviors.

In these previous volume studies, gliogenesis and inflammation were explained
as the reason for volume increase. Our studies confirm the gliogenesis hypothesis since
new cells included astroglia and microglia. However, the results also provide evidence

that neurogenesis is a part of the process. One concern with the data presented is that the
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combined percentage of cells displaying necrotic and pyknotic morphology totaled
approximately 69.8% of BrdU-positive nuclei over the twelve-week time course, but the
percentage of surviving nuclei (non-pyknotic or necrotic morphology) was 38.4% at the
twelve-week time point. This is an 8.2% discrepancy which might be due to the some
necrotic cells appearing pyknotic that were counted as both types of cell death. Davidson
et al. (2001) summarized the evidence that both types of cell death occur in response to
METH. Additionally, Kroemer et al. (2009) recently reviewed the evidence that necrotic
cells can show moderate shrinking of the nucleus that is usually seen in apoptosis.
Although two different individuals blind to the conditions performed the stereological
counts, they had the same statistical results within 95% agreement. Furthermore, since
this is not a large error in terms of the amount of BrdU-positive nuclei generated at the
peak, we deem the results acceptable within an 8.2% error of cell death. Follow up
studies using histochemical markers specific for the type of cell death would further

clarify this discrepancy.

Another novelty of the data presented is the specificity of the cytogenesis to
neurotoxic METH exposure that provides an explanation for the disparity in duration of
METH induced cell death. The protracted death of new cells provides an additional
phenomenon for studies of METH toxicity. The results also confirm data from other
studies, which show injury-induced cytogenesis in the damaged striatum (Collin et al.,
2005; and Mao and Wang, 2001). Failure to observe DCX progenitors in the striatum
provides additional confirmation for a population of dormant progenitors within this
structure, which become activated under injury conditions. An alternative explanation is

that the times after treatment measured could have been too late to detect DCX. However,
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when we examined a few animals at 2 and 24-hour proliferation time points for DCX
staining (data not shown), none were present in the striatum. Since, previous studies also
suggest dormant striatal progenitors (Bédard et al., 2002; Mao and Wang, 2001; Parent et
al., 2002b), it is not unreasonable to find that the new cells fail to display the DCX

marker for migrating progenitors.

The results demonstrate that the striatum also generates specific cell types
previously lost to acute METH and suggest cytogenesis and neuron maturation of new
cells might be an attempt at neurochemical recovery. However, the levels of recovered
neurons were very low. Only two striatal subpopulations were examined because they
represented the largest population of neurons previously found to undergo apoptosis
during the acute METH response (Zhu et al., 2006). The interneurons we examined
immunostained for PV and ChAT but other striatal neurons can be generated in response
to damage (Collin et al., 2005; Parent et al., 2002a). For example, DARPP-32 and NPY
neurons were found after quinolinic acid lesions (Collin et al., 2005). Additional
phenotype studies would determine whether the remaining unidentified population of
cells includes other striatal interneurons and projections neurons. The low percentage that
we observed for PV and ChAT correspond to the distribution of striatal neurons
(Kawaguchi et al 1997) as they normally make up less than 3% of striatal neurons. If the
new PV and ChAT cells were also co-localized with NeuN, it would account for 7 and 12
% of NeuN cells respectively. However we did not do triple co-localization and the

numbers are not sufficient replacement for the amount of loss these cells undergo.

As METH has been previously shown to induce DA overflow, glutamate and

NO upregulation, and consequently DA depletion (Krasnova and Cadet, 2009 review;
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also Chapter 1: section Il of this document), a question regarding cytogenesis is what is
the actual trigger? Numerous studies have implicated DA activity in adult neurogenesis,
but as a whole the results from these studies are unclear (Borta and Hoglinger, 2007;
Mori et al, 2008 reviews). Our results however, are in agreement with data that show DA
agonist induce proliferation, and DA antagonist or depletion, induce survival and
maturation of cells that become neurons (Coronas et al., 2004; Hoglinger et al., 2004).
Since METH is a DA agonists and cell proliferation peaks at 36 hours; the same time our
lab previously reported the beginning of DA depletion (Xu et al., 2005), a case can be
made for lack of dopamine promoting the generation of new striatal cells. However, we
would have to take measures of DA levels in future studies of METH-induced
cytogenesis to clarify these issues. Furthermore, we propose lack of DA is less likely to
be driving proliferation of new cells because significant proliferation was already

underway at 24 hours.

There is evidence for the DA agonist reducing cytogenesis with the
amphetamine analog d-amphetamine. For example, Mao et al. (2001) found decreased
cytogenesis, but in the SVZ. The different microenvironment from the striatum may play
a role. Furthermore, the striatum has NPY cells that do not suffer cell loss in response to
METH. Striatal NPY mRNA is increased within three hours after acute and binge dose of
METH, and it is mediated by METH-induced D1 receptor activity (Horner et al., 2006).
In addition, NPY promotes the generation of new cells (Agasse et al., 2008; DeCressac et
al., 2009; Howell et al., 2007; Thiriet et al., in press). These data suggest that NPY may
contribute to the striatal cytogenesis and subsequent neurogenesis, but it needs further

testing in a similar context as the current study.
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Another interesting hypothesis to test, given the results reported here, is
whether the level of cytogenesis observed corresponds to the level of acute cell death of
old striatal cells following METH exposure. Alternatively, would animals that do not
experience significant METH-induced cell death but still have damage respond in a
similar manner? For example, if there are unidentified signals for proliferation that
accompany apoptotic cell death after METH, cytogenesis would not be expected after a
non-toxic dose of METH or cocaine. If, however, it is D1 receptor stimulation and/or
NPY activity that most influences the neurochemical results reported here, cytogenesis
may result regardless of the level of cell death. One indication that the levels of new cells
may not actually correspond to the level of cells that die is the PV and ChAT results.
However, since many new cells remain unidentified, the results of these interneuron types
do not provide enough information and further studies with other phenotypes are needed.
Another consideration is that NO via SP receptor activity may also influence the
generation of new cells. NO has been shown to both promote and inhibit neurogenesis
(Cardenas et al., 2005; Luo et al., 2010; Pena-Altimira et al., 2010). It is interesting that
D1 and SP receptors are on the NPY/SST/NO cells. Future studies that
pharmacologically manipulate this cell type, then measure cytogenesis can further clarify

these issues.

Cytogenesis and behavioral studies.

In a different group of animals we looked at behavior over the same time course
as the neurochemical studies. METH-treated mice had clear motor deficits on both open-
field and rotarod tasks compared to control mice but at very specific post-treatment times.

Over the entire time course of the study (2.5 days to 12 weeks), METH-treated mice
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performed worse than control mice, but particularly at 12 weeks on the rotarod. They
performed worse in the open field on movement measures at 2.5 days. Even though at 12
weeks METH animals performed equally well as controls on other open-field measures,
they did not fully recover motor function as assessed by the rotarod performance. Studies
have shown that reduced PV interneurons in the striatum are associated with persistent
motor deficits (Marrone et al., 2006; Kataoka et al., 2010). This suggests that even
though new PV interneurons are generated, they are not sufficient to counter the

behavioral function of the striatal cells lost during acute response to METH.

In contrast to the rotarod motor task and open-field psychomotor tasks,
METH-treated mice performed more poorly on the appetitive habit learning T-maze task
during early post-treatment times (two weeks). However, the improvement to control
from four to twelve weeks, suggest some level of recovery. Therefore, another novelty of
the results reported here is that the injury-induced cytogenesis and subsequent neuron
maturation is accompanied by partial behavioral recovery. This occurs without additional
substances to promote neurogenesis. Previous studies that found behavioral recovery
along with injury-induced neurogenesis in a basal ganglia nucleus, enhanced the process
with 7-OH-DPAT (Van Kampen et al., 2004; Van Kampen and Eckman, 2006; Van
Kampen and Robertson, 2005). By the end of the current study, approximately 9% of the
new neurons remained. This proportion of new striatal neurons could hypothetically be
enhanced by neurogenesis promoting substances like 7-OH-DPAT or BDNF to increase

the recovery outcome.

Striatal interneurons in general, and the ACh phenotype in particular, are

involved in procedural learning (Kitabatake et al., 2003; Pych, et al., 2005a; 2005b;
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Stemmelin et al., 2000). Therefore, the recovered T-maze learning at the same time point
new ACh cells are present indicate that they may be functioning. An alternate explanation
is that older striatal neurons that survived acute METH damage are capable of
compensating for the acute cell loss that affects cognitive, but not motor function. Thus, a
consideration of other compensatory processes that influence behavior is important
because we could not confirm whether the newly generated ACh and PV cells
incorporate into the circuits with the correct connections using the methods of the current

work.

Whether the new neurons incorporate into striatal circuits to directly affect
behavior is pertinent for future studies because some of the METH-treated animals failed
to use a striatal strategy on the habit learning task, even though most used a striatal
strategy and they all improved in general. Mice using the striatal strategy acquired the
task as quickly as those that used the hippocampus strategy. With the improved habit
learning on an appetitive spatial task at later post-METH times, one implication worth
exploring is how these data relate to the switch from drug exposure to the behavioral
habits seen in addiction. These new cells may contribute to compensatory mechanisms
that are involved in the switch from causal to habitual use and would be of clinical
significance. However, since our treatment regimen was a single dose, it remains to be
seen if similar events occur with an escalating dose over time that is closer to the pattern

of use in individuals that abuse METH.
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Conclusions

In conclusion, the data from the series of experiments reported here provides
evidence for cytogenesis as process for partial neurochemical and partial behavioral
recovery after METH- induced cell death. The results also address the gap that existed in
the literature regarding METH-induced enlarged striatal volume and the disparity in the
time course of cell death. With subsequent studies described suggested above, these
events might provide better understanding of the process of cell death and addiction, as
well as methods for improving the recovery outcome for those who suffer from the
effects of neurotoxic METH exposure. Therefore, the corrected model as depicted below
provides an updated timeline of significant events during the first three months after
METH exposure, which may be useful for future studies of cell death and repair using

neurochemical and behavioral assays.
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Figure 28. Corrected model of hypothesized events in the striatum following a neurotoxic

dose of METH. Note. Significant new additions to the hypothesized model of events after METH

are cytogenesis and death of new cells corresponding to volume changes, regeneration of some

new neurons, accompanied by persistent motor deficits but improved habit learning.
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Appendix A

Tables summarizing open-field statistical analysis

Table 7

Summary of multi-factor ANOVA results of anxiety-like behaviors in the open field

Behaviors and interactions ANOVA statistic Contribution to the
variance (R?)

Number of entries

Location x Treatment x test time  F(18,120) =10.6  *** 37
Treatment x location F(2,120) =20.7 ekl A7
Treatment x test time F(2,5) =144 faiaa A7

Time spent freezing

Location x treatment x test time F(18,120) = 2.3 ** 18

Treatment x location .18
F(2,120)=14.4 kol
Treatment x time tested

F(2,5) =25 * .08
Total time spent
Location x treatment x test time F(18,120) = 2.2 ** .02
Treatment x location

F(2,120) = 583.6 falaied .89
Treatment x time tested

F(2)5)=.41 ns .009

Note. Behaviors analyzed by the multi-factor ANOVA are the number of entries, time spent
freezing and total time spent in the open-field on three factors. Factor 1: treatment condition with
3 levels (untreated, saline, METH); Factor 2: post-treatment time tested with 6 levels (2.5days, 1
weeks, 2 weeks, 4 weeks, 8 weeks, 12 weeks), and Factor 3: open-field zone/ location (center,
periphery). Effects analyzed were interactions between the location x treatment x time tested;

treatment x location and treatment x time tested. ns, not significant; *, p<.05, **. p<.01,
*** p<.001
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Summary of planned contrasts results of periphery zone activity in the open-field
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Drug condition x post-drug time  Post-drug time Drug
and post-hoc tests
Entries R°=.12 R*=.16 R*=.35
F (10,75)=5.3 ** F(5,75)=13.5 *** F(2,75=14.6 ***
No treatment vs. Meth 2.5 day MD = 37 ***
1 week MD = 30 ***
2 weeks MD = 30 ***
No treatment vs. saline 2.5 day MD = 27.2 ***
1 week MD = 36.8 ***
Saline vs. METH ns ns
Freeze R®=.18 R* =.09 R? =.002
F(10,75)= 25** F(5,75)=1.8 * F(2,75)=.82 ns
No treatment vs. METH 2.5 day MD=-49.7 **
No treatment vs. saline ns ns
Saline vs. METH 2.5 day MD=49.8 ™
Time R*=14 R? =.039 R? =.025
spent F(10,75)= 1.6 ns F(5,75)= .90 F(2,75=13 ns
No treatment vs. METH No post-hoc
No treatment vs. Saline No post-hoc
Saline vs. METH No post-hoc

Note. Planned analysis included two-way ANOVAS and post-hoc results for 3 types of activity in

the peripheral zone of the open-field. Data for entries, freezing and time spent in the periphery

were analyzed for significant interactions and differences between effects of the drug condition in

an untreated group tested once compared to saline and METH treated animals tested at times

ranging from 2.5 days to 12 weeks. ns, not significant *, p<.05, **. p<.01, ***, p<.001.



Table 9

163

Summary of planned contrast results for center zone activity in the open-field.

Drug condition x post-drug time

Post-drug time

Drug Condition

Entries R°=.20 R?=.26 R?= .20
F (10,75)=8.3 *** F(5,75)=22.0 *** F(2,75)=9.7 X
No treatment vs. METH 2 weeks MD=-45 .0 F*hx
4 week MD= - 26.7 *
12 weeks MD= - 25.5 *
No treatment vs. saline 2 weeks MD = 31.8 falad
4 weeks MD = 29.3 okl
8 weeks MD = 26.0 *
Saline vs. METH 12 weeks MD = 26.7 *
2.5 days MD= 33.0 falaie
R®=.15 R? =.041 R? =.065
Freeze F(10,75)= 1.9 ns F(5,75) =1.1 ns F(2,75) =28 ns
No treatment vs. Meth ns ns
No treatment vs. saline ns ns
Saline vs. METH ns ns
Timespent R®=.18 R? =.077 R? =.030
F(10,75)= 2.4 * F(5,75)=2.1 ns F(5,75)=1.2 ns
No treatment vs. METH ns ns
No treatment vs. Saline ns ns
Saline vs. METH 12 weeks MD = 46.6 *

Note. Planned analysis included two-way ANOVAs and post-hoc results for activity in the

central zone of the open-field. Significant interactions and differences between effects of drug

condition and time tested (2.5 days to 12 weeks) were observed. ns, not significant; *, p<.05, **.

p<.01, *** p<.001.
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Appendix B

Summary of T-maze statistics

Table 10

Statistical analysis results for the number of mice using striatal versus hippocampus strategy

Strategy 2 weeks 4 weeks 8 weeks 12 weeks

Sal METH Tot Sal METH Tot Sal METH Tot Sal METH Tot

hippocampus | 0 2 2 2 4 6 3 4 7 1 2 3

Striatum 6 3 9 4 4 8 3 2 5 3 4 7

Total (n) 6 5 11 6 8 14 | 6 6 12 | 4 6 10

Fisher’s exact

0 p=.44, ns p=.63, ns p=1.0, ns p=1.0, ns

(Fisher’s exact test).
Note. The table summarizes the results of statistical analysis using Fisher’s exact test to

determine the differences in the number of mice that used striatal or hippocampus strategy to
solve the task at criterion. No statistically significant difference in the strategy used at any post-

treatment training time was observed. ns, not significant; Sal, saline; tot, total per strategy.
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Table 11

Summary of correlational relationship between strategy and T-maze behaviors at task
acquisition (Pearson’s R)

Test (rand R?) 2 weeks 4 weeks 8 weeks 12
weeks

Strategy and number of sessions to criterion

Pearson’s r and effect r=-0.70,R>=.49 r= 0.60, R>=.37 r=.27, R*=.07 r=-0.10,

R>=.01
Significance p=0.02 * p=0.02 * p=0.40 p=0.77
Number of pairs N=11 N=14 N=12 N=10

Strategy and latency to correct arm entry

Pearson’s r and effect  r=0.50, R>=.25 r=-0.34, R>=.12 r=-0.13,R*=.02 r=-0.16,

R’=.03
Significance p=.14 p=0.229 p=10.70 p=0.66
Number of pairs N=10 N=14 N=12 N=10

Note. For the relationship between the striatal strategy and performance all correlations are
Pearson’s R corrected for number of tests. Animals trained 2 weeks after treatment reached
criterion faster (negative relationship) if they used striatal strategy. At 4 weeks it was the
opposite; they took a longer time to reach criterion if they used striatal strategy. There were no
correlations between the strategy used and time it took to choose the correct arm to enter
(latency). However, animals that learned the task quickly (sessions to criterion) took longer to
choose the correct arm per trial when they were trained at 4 weeks after injections. No
statistically significant relationship between strategy and latency to choose was observed. *,
p<0.05
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