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THRESHOLD NEUROTOXIC AMPHETAMINE EXPOSURE
NHIBITS PARIETAL CORTEX EXPRESSION OF SYNAPTIC

LASTICITY-RELATED GENES
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bstract—Compulsive drug abuse has been conceptualized
s a behavioral state where behavioral stimuli override nor-
al decision making. Clinical studies of methamphetamine
sers have detailed decision making changes and imaging
tudies have found altered metabolism and activation in the
arietal cortex. To examine the molecular effects of amphet-
mine (AMPH) on the parietal cortex, gene expression re-
ponses to amphetamine challenge (7.5 mg/kg) were exam-
ned in the parietal cortex of rats pretreated for nine days with
ither saline, non-neurotoxic amphetamine, or neurotoxic
MPH dosing regimens. The neurotoxic AMPH exposure

three doses of 7.5 mg/kg/day AMPH (6 h between doses), for
ine days] produced histological signs of neurotoxicity in the
arietal cortex while a non-neurotoxic dosing regimen
2.0 mg/kg/day�3) did not. Neurotoxic AMPH pretreatment
esulted in significantly diminished AMPH challenge-induced
RNA increases of activity-regulated cytoskeletal protein

ARC), nerve growth-factor inducible protein A (NGFI-A), and
erve growth-factor inducible protein B (NGFI-B) in the pari-
tal cortex while neither saline pretreatment nor non-neuro-
oxic AMPH pretreatment did. This effect was specific to
hese genes as tissue plasminogen activator (t-PA), neu-
opeptide Y (NPY) and c-jun expression in response to AMPH
hallenge was unaltered or enhanced by amphetamine pre-
reatments. In the striatum, there were no differences be-
ween saline, neurotoxic AMPH, and non-neurotoxic AMPH
retreatments on ARC, NGFI-A or NGFI-B expression elicited
y the AMPH challenge. These data indicate that the respon-
iveness of synaptic plasticity-related genes is sensitive to
isruption specifically in the parietal cortex by threshold
eurotoxic AMPH exposures. © 2006 IBRO. Published by
lsevier Ltd. All rights reserved.

Corresponding author. Tel: �1-870-543-7194; fax: �1-870-543-7745.
-mail address: john.bowyer@fda.hhs.gov (J. F. Bowyer).
bbreviations: AMPH, amphetamine; ARC, activity-related cytoskel-
tal protein; FJ-C, Fluoro-Jade C; GAPDH, glyceraldehyde-3-phos-
hate dehydrogenase; GFAP, glial fibrillary acidic protein; METH,
ethamphetamine; NGFI-A, nerve growth factor inducible protein A

aka, Egr1, ZIF/268, KROX24); NGFI-B, nerve growth factor inducible
w
rotein B (aka, Nurr77, Nr4a1); NMDA, N-methyl-D-aspartate; NPY,
europeptide Y protein; t-PA, tissue plasminogen activator.

306-4522/07$30.00�0.00 © 2006 IBRO. Published by Elsevier Ltd. All rights reser
oi:10.1016/j.neuroscience.2006.08.076

66
ey words: activity-related cytoskeletal protein, amphet-
mine, nerve growth-factor inducible proteins, neurotoxicity,
ene expression, challenge.

he effects of amphetamine (AMPH) and methamphet-
mine (METH) in laboratory animals range from cata-
trophic neurodegeneration to neuroplastic changes such
s psychomotor sensitization, that have been extensively
sed to model human addictive behaviors (Robinson and
erridge, 1993; Nestler and Aghajanian, 1997; White and
alivas, 1998). The “classic” neurotoxicities produced by
MPH and METH include extensive neurodegeneration
ithin the basal ganglia, thalamus, sensory cortex and

imbic system (Commins and Seiden, 1986; Schmued et
l., 2005; Bowyer et al., 1998b; Eisch et al., 1998; David-
on et al., 2001; Jayanthi et al., 2002), or dopamine termi-
al damage (Seiden and Sabol, 1995). The magnitude and
egional specificity of either AMPH or METH neurotoxicity
re dependent on dose and environmental conditions dur-

ng exposure (such as environmental temperature), as well
s the physiological effects that are produced during ex-
osure (such as body temperature, stress and seizures)
Bowyer et al., 1992, 1994, 1998a; Miller and O’Callaghan,
994; O’Callaghan and Miller, 1994).

These findings in laboratory animals are commensu-
ate with the neurotoxicities seen in clinical studies of
ETH abusers that have described deficits in striatal and

ortical function (McCann et al., 1998; Volkow et al.,
001a,b). Specifically, decreased activation of the parietal
ortex has been described in human METH users during
ecision making tasks (Paulus et al., 2002, 2003). As well,

ncreased parietal cortex metabolism has been observed
n METH users (Volkow et al., 2001a).

Gene expression studies have identified commonali-
ies and differences between METH- and AMPH-induced
eurotoxicity with different exposure paradigms and within
he various brain regions where they produce damage
Jayanthi et al., 2002; Xie et al., 2002; Bowyer et al., 2004).

e have previously demonstrated gene expression
hanges (nerve growth factor inducible protein A (NGFI-A),
erve growth factor inducible protein B (NGFI-B), and neu-
opeptide Y (NPY)) that are specifically observed in pari-
tal cortex, and not in the limbic cortex or striatum, 16 h
ollowing a 2-day AMPH exposure regimen (Bowyer et al.,
004). This 2-day exposure paradigm, which did not pro-
uce hyperthermia, resulted in significant neurotoxicity

ithin layer IV of the parietal cortex.

ved.
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The present study was undertaken to compare AMPH
hallenge responsive gene expression changes in the pa-
ietal cortex after neurotoxic AMPH, non-neurotoxic AMPH,
r saline pretreatment. It was anticipated that neurotoxic
MPH pretreatment would either alter the gene expression

esponse to AMPH challenge and to a greater extent than
he non-neurotoxic dosing. A greater knowledge of the
olecular effects of neurotoxic and non-neurotoxic AMPH
dministration in the parietal cortex may provide insight

nto the persistent changes in parietal cortex function and
uman behavior observed in clinical studies.

EXPERIMENTAL PROCEDURES

nimal housing conditions and experimental design

ale Sprague–Dawley rats (Crl:COBS CD [SD] BR), 4–5 months
f age, were obtained from the National Center for Toxicological
esearch, U.S. Food and Drug Administration (NCTR/FDA, Jef-

erson, AR, USA). Studies were carried out in accordance with the
eclaration of Helsinki and the Guide for the Care and Use of
aboratory Animals as adopted and promulgated by the National
nstitutes of Health and was approved by the NCTR Institutional
nimal Care and Use Committee. This ensured that the minimal
umbers of animals were used with the least suffering to conduct
he studies. Rats were pair-housed in polycarbonate cages on
ood shaving bedding until the day before AMPH exposure, at
hich time each rat was individually housed until kill. Rats were
osed three times per day at 7:00 a.m., 1:00 p.m. and 7:00 p.m.
or 9-days with either 1 ml/kg normal saline, 2.0 mg/kg (free base)
MPH or 7.5 mg/kg (free base) AMPH and then on the 10th day
ith either 1 ml/kg normal saline or 7.5 mg/kg AMPH. The AMPH

d-AMPH sulfate, Sigma Chemical Company, St. Louis, MO, USA)
as dissolved in normal saline, and injections were delivered s.c.

Twenty-four animals were histologically evaluated for neuro-
oxicity. AMPH-exposed rats (3�7.5 mg/kg/day AMPH) were eval-
ated after either 5 (n�7) or 9 (n�11) days of AMPH at 10:00 a.m.
n the day following their last dose. These were compared with
aline-exposed rats [(n�3), 5 days; (n�3), 9 days). Also, 10 rats
ere given the non-neurotoxic (3�2 mg/kg/day) AMPH exposure

or either 5 (n�5) or 9 (n�5) days and histologically evaluated to
nsure that this lower AMPH exposure did not produce neurotox-

city.
Two sets of animals were generated for gene expression

xperiments as described in Tables 1 and 2. During dosing,
ccess to food was restricted for the animals receiving 3�1 ml/kg
aline/day or 3�2.0 mg/kg AMPH/day to 15 g of food per day for
he first 4 days and 25 g for the final 5 days to mimic the food
onsumption of the animals receiving 3�7.5 mg/kg AMPH/day.
hile food-restriction can effect c-fos expression in the striatum

Carr and Kutchukhidze, 2000), we did not observe any significant
ffects on the AMPH-induced changes in gene expression pro-
uced by the moderate food restriction used in our study (see
esults). The body temperatures and behavior were monitored at
and 2 h after every dose for the entire 9-day exposure. The core

able 1. Treatment groups for first set of gene expression experiments

reatment
roup

Treatment
days 1–9

Exposure
on day 10

n

eurotoxic
AMPH�AMPH

3�7.5 mg/kg/day AMPH 7.5 mg/kg AMPH 5

aline�saline 3�1 ml/kg/day Saline 1 ml/kg Saline 5
aïve�AMPH No treatment 7.5 mg/kg AMPH 5
c
aïve�saline No treatment 1 ml/kg Saline 5
ody temperatures were determined using a rectal thermistor as
escribed by Bowyer et al. (1994). To avoid AMPH-induced hy-
erthermia the environmental temperature was kept between 17
nd 18 °C. Animals having a body temperature above 39.6 °C at
ny time point during the 9-day exposure were removed from the
tudies. Behaviors and body temperatures were also monitored at
, 2, and 3 h after either AMPH or saline challenge.

ill and tissue harvest for cDNA array
ata collection

nimals were killed at 3 h after either saline or AMPH challenge by
ecapitation, and their brains were rapidly removed and chilled in
°C normal saline. The parietal cortex (50–65 mg per hemi-

phere) and striatum (40–50 mg per hemisphere) were dissected
n ice, immediately frozen on dry ice, and then transferred to
70 °C storage as previously described (Bowyer et al., 2004).
arietal cortex was excised between �0.0 to �2.5 anterior–pos-

erior coordinates (Paxinos and Watson, 1995).

NA isolation and cDNA array hybridization
nd imaging

ethods similar to those described by previously (Freeman et al.,
001a,b) as modified by Bowyer et al. (2004) were used to isolate
otal RNA from brain tissue and P32-cDNA generated from this
otal RNA to subsequently hybridize with cDNA macroarray
creens. Total cellular RNA was isolated using Tri Reagent (Mo-
ecular Research Center Inc., Cincinnati, OH, USA) (Chomczynski
nd Mackey, 1995). RNA quantity and quality were checked using
he Agilent 2100 Bioanalyzer using the RNA 6000 Nano Assay
Agilent, Palo Alto, CA, USA). Gene expression was evaluated
sing the Atlas 1.2K rat array (Clontech, Palo Alto, CA, USA, cat #
854) per the manufacturer’s protocol with slight modifications
Bowyer et al., 2004). As technical limitations limit array analysis
o four samples per batch, one from each of four treatments was
ncluded in each batch of arrays. An analysis of variance for
reatment and batch effects was performed ‘by probe’ on log2-
ransformed and normalized intensities. A median-within-subsets
ormalization was used to normalize across regions of the array
Delongchamp et al., 2004b). All genes were classified as ‘ex-
ressed’ or ‘unexpressed’ in the sample based on the magnitude
f average-over-arrays log2-intensities (Delongchamp et al.,
005). Within the ‘expressed’ genes, the false discovery rates and
alse non-discovery rates were computed to generate differentially
xpressed gene lists (Allison et al., 2002; Delongchamp et al.,
004a). Selection of a gene for QRT-PCR confirmation consid-
red the false discovery rate from the array data as well as
iological relevance. In the analysis of the parietal cortex cDNA
rray data (Fig. 3) significance among the four treatments is based
n Tukey’s Studentized range test applied to the least squares
eans of the treatments adjusted for batch effects. These genes
ere initially selected based on a low false discovery rate asso-

able 2. Treatment groups for second set of gene expression
xperiments

reatment
roup

Treatment
days 1–9

Exposure
on day 10

n

eurotoxic
AMPH�AMPH

3�7.5 mg/kg/day AMPH 7.5 mg/kg AMPH 8

eurotoxic
AMPH�saline

3�7.5 mg/kg/day AMPH 1 ml/kg Saline 6

aline�AMPH 3�1 ml/kg/day Saline 7.5 mg/kg AMPH 6
aline�saline 3�1 ml/kg/day Saline 1 ml/kg Saline 6
on-neurotoxic
AMPH�AMPH

3�2.0 mg/kg/day AMPH 7.5 mg/kg AMPH 7
iated with the overall F test for a treatment effect.
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RT-PCR analysis of gene expression

DNA synthesis was performed on total RNA using Superscript III
everse Transcriptase (Invitrogen, Carlsbad, CA, USA); 1 �g
NA, 500 ng Oligo (dT)12–18, and 10 mM each dNTP, were

ncubated for 5 min at 65 °C and then chilled on ice for 2 min. First
trand Buffer (5�, 250 mM Tris–HCl (pH 8.3), 375 mM KCL, and
5 mM MgCl2), 0.1 M DTT, 40 U RNaseOut, and 200 U Super-
cript III RT were then added. The 20 �l reaction was incubated
or 60 min at 50 °C followed by a final incubation at 70 °C for 15
in for termination.

Quantitative PCR was carried out on a real-time detection
nstrument (ABI 7900HT Sequence Detection System) in 384-
ell optical plates using TaqMan Universal PCR Master Mix
nd Assay on Demand primers and probes (Applied Biosys-
ems, Foster City, CA, USA). Primer/probe sets used included:
GFI-A (aka, egr1: Rn00561138_m1), NGFI-B (aka, Nr4a1:
n00561138_m1) and ARC (activity regulated cytoskeletal-asso-
iated protein: Rn00571208_g1). Reaction components included:
� TaqMan Universal Master Mix with UNG, 450 nM unlabeled
CR primers, 125 nM FAM dye-labeled TaqMan MGB probe, and
�l cDNA reaction product in a 10 �l total reaction volume. PCR

onditions were 2 min at 50 °C, 10 min at 95 °C and 40 cycles of
5 s at 95 °C and 1 min at 60 °C. Relative quantities were
alculated using ABI SDS 2.0 RQ software and the 2��Ct analysis
ethod (Livak and Schmittgen, 2001) with GAPDH (glyceralde-
yde-3-phosphate dehydrogenase: Rn99999916_s1) as the en-
ogenous control. GAPDH levels had been determined in prelim-

nary absolute quantitation experiments to be unchanged with
MPH treatment (data not shown). For the QRT-PCR data (Figs.
and 5) significance among the four treatments is based on

yan-Einot-Gabriel-Welsch multiple range test applied to the
eans of the treatments. When applicable, it is more powerful

han Tukey’s Studentized range test, which was used in Fig. 3.

erfusion and histological processing

or histological evaluation of neurotoxicity, the rats were killed
ith 150 mg/kg pentobarbital and perfused with 50 ml saline

ollowed by 250 ml of 4% formaldehyde in 0.1 M sodium phos-
hate buffer (pH 7.4). Brains were postfixed for at least 2 days,
nd then coronal sections 40 �m thick were cut and collected in
% formaldehyde with 0.1 M phosphate (pH 7.4) and stored at

ig. 1. Effects of AMPH on body temperature over the 9-day dosing re
ormal saline (open circles, n�15) or 3�7.5 mg/kg AMPH (solid circl

btained over the first two hours after each dose is shown. A two-way ANOVA
wo groups (see Results).
°C until processing. The Fluoro-Jade C (FJ-C) labeling proce-
ure was performed according to Schmued et al. (2005). The FJ-C
uorescent labeling was examined under an epifluorescent micro-
cope with a filter system designed for visualizing fluorescein
FITC). The isolectin B4-procedure was used to label microglia
nd identify those that were activated and phagocytic (Streit,
990). Sections were incubated overnight at 4 °C in a solution of
4 isolectin from Griffonia simplicifolia (10 �g/ml; Sigma) coupled

o horseradish peroxidase and the binding sites were visualized
ith 3,3=-diaminobenzidine and H2O2.

RESULTS

ody temperature and weight

he body temperatures of animals exposed to either saline
r 3�7.5 mg/kg per day AMPH for 9-days (neurotoxic
xposure) and used for gene expression experiments are
hown in Fig. 1. Animals exposed to the neurotoxic doses
f AMPH that had a body temperature above 39.6 °C at
ny time point (approximately 5% of all the neurotoxic
MPH-treated animals) were removed from the study. A

epeated measures analysis of variance shows that the
verage body temperatures over the time course did not
iffer significantly between AMPH- and saline-treated groups
P�0.77). Temperatures differed over time (P�0.0001) and
here was a significant interaction with treatment (P�
.0001), which appears to reflect a disruption of the circa-
ian temperature variation in AMPH-treated rats. The dose
f 3�2.0 mg/kg per day AMPH (non-neurotoxic exposure)
lso did not cause hyperthermia over the 9-day period
data not shown).

Due to food restriction in all groups other than the
eurotoxic AMPH, there were no differences in weights
rior to kill. A one-way ANOVA indicated there were no
tatistical differences in the modest weight losses between
he three groups (F2, 37�2.58, P�0.13). A 14% weight
oss (511�15 g to 442�12 g, n�15) occurred from the
-day neurotoxic AMPH exposure, an 11% loss in the

he profile of the temperatures of groups treated with either 3�1 ml/kg
) is shown over the entire 9-day exposure. The highest temperature
gimen. T
es, n�15
indicated there was no overall significant effect of time or dose for the
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-day saline group (89.0�1.5% of starting weight), and a
3% loss (87.0�1.5% of starting weight) in the 9-day
on-neurotoxic exposure AMPH group.

eurodegeneration immunohistochemistry

J-C� neurons and dendritic processes in the parietal
ortex were observed in 80% of the animals killed after
ither 5 or 9-days of neurotoxic (3�7.5 mg/kg/day) AMPH
xposure. However, the FJ-C� labeling (Fig. 2) was rela-

ively sparse and only a few (one to six) neurons per
ection were observed in all the animals. The number of
solectin-labeled phagocytic microglia was more prominent
one to 12 per section) than the number of FJ-C-labeled
eurons in the animals killed after the 9-day neurotoxic
MPH exposure, and occurred in the parietal cortex in all

he animals evaluated. No evidence of neurodegeneration
as seen in any of the animals given 3�2.0 mg/kg per day
MPH after either 5 (n�5) or 9 days (n�5).

ig. 2. Histological changes observed in the parietal cortex after expo
vidence of neurodegeneration in the parietal cortex of any animals gi
anel A. Also, there was no evidence of the presence of either phagoc
). In contrast, FJ-C labeling was seen at low levels in the parietal cor

n panel B (white arrows show the location of FJ-C-labeled neurons). T
endrites, axons and terminals in the region. Phagocytic (larger red a
lso present in all the animals receiving the higher dose of AMPH (pa

00 �m. Magnification was the same in all four panels.
st Gene expression experiment

n the initial experiment gene expression analysis was
onducted on four groups of animals (Table 1). Naïve rats
hallenged with 7.5 mg/kg AMPH were compared with
aïve rats challenged with saline 3 h after injection. These
wo naïve groups had not been subjected to food restric-
ion nor injected with saline prior to challenge. Rats ex-
osed to neurotoxic AMPH for 9-days and challenged with
MPH were compared with rats exposed to saline for 9
ays and challenged with saline. Previously, we and others
ave demonstrated ARC mRNA induction by psychomotor
timulants (Tan et al., 2000; Freeman et al., 2002; Gonza-

ez-Nicolini and McGinty, 2002; Bowyer et al., 2004). To
stablish a baseline expression difference with AMPH
hallenge, ARC mRNA levels were measured in the pari-
tal cortex by QRT-PCR. Using this method, naïve animals
hallenged with AMPH showed an 8.0�1.8-fold (n�5/

9-day neurotoxic exposure to AMPH. FJ-C labeling did not detect any
0 mg/kg AMPH for either 5 or 9 days, an example of which is seen in
tivated microglia in the parietal cortex any of these animals (see panel
mals given 3�7.5 mg/kg AMPH for both 5 and 9 days, as exemplified
ous smaller FJ-C-labeled puncta indicate the location of degenerating
activated microglia (smaller red arrow) labeled by isolectin B4 were

he solid bar shown in the lower left-hand corner of panel A indicates
c

sure to a
ven 3�2.
ytic or ac
tex of ani
he numer
rrow) and
nel D). T
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roup) increase in ARC mRNA relative to their saline chal-
enged naïve controls. Only a 3.2�0.7-fold (n�5/group)
ncrease in ARC mRNA was observed with the AMPH
hallenge in the neurotoxic AMPH exposure group relative
o their saline-challenged saline-treated controls.

nd Gene expression experiment

second set of gene expression experiments was con-
ucted on the parietal cortex and striatum from five groups
f animals. In these experiments, the changes in gene
xpression after either a saline or a 7.5 mg/kg AMPH
hallenge on the 10th day were determined in animals
retreated with a 9-day exposure to saline, 9-day non-
eurotoxic AMPH exposure, or 9-day neurotoxic AMPH
xposure (see Table 2 for specifics on the dosing para-
igms and numbers of animals). The second set of gene
xpression experiments was conducted with saline-
reated animals rather than the naïve animals in the first
xperiment to obviate any effects of handling and injec-
ion. cDNA array analysis was conducted on the parietal
ortex and QRT-PCR was performed on the parietal
ortex and striatum.

cDNA array analysis was conducted to examine a large
umber of genes simultaneously. Array analysis was per-

ormed on the saline�AMPH, neurotoxic AMPH�saline,
eurotoxic AMPH�AMPH, and non-neurotoxic AMPH�
MPH groups. Genes were considered to be ‘expressed’ if

heir average log2-expression exceeded 5. This criterion
artitioned the genes into 582 ‘expressed’ genes and 594

not expressed’ genes. The P-value distribution of the 594
ot expressed genes did not differ significantly from a
niform distribution (P�0.26), which indicates little evi-
ence of treatment effects. The P-value distribution of the
82 expressed genes differed from a uniform distribution
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ig. 3. cDNA array analysis of changes in ARC, NGFI-A and B in the
evels of 32P-labeling of targets hybridizing to array probes were det
olyubiquitin. The bars represent the means and the error bars the S
he four groups were determined using Tukey’s Studentized range test
or details of statistical analysis see Experimental Procedures.
P�0.0001) indicating the presence of treatment effects. N
o determine statistically relevant changes in gene expres-
ion resulting from cDNA array analysis, P-values for treat-
ent effects were computed in ‘by gene’ analyses of co-

ariance. A set of six genes [NGFI-A, NGFI-B, ARC, NPY,
NA binding protein inhibitor I, and tissue-type plasmino-
en activator protein (t-PA)] had P-values less than
.0005, and an estimated false discovery rate less than
.028.

AMPH challenge did not produce significant differ-
nces in parietal cortex expression levels of ARC, NGFI-A,
r NGFI-B in the neurotoxic AMPH pretreatment group
Fig. 3). However, in the non-neurotoxic AMPH- and sa-
ine-pretreated groups, AMPH challenge induced signifi-
ant increases in gene expression of ARC, NGFI-A and
GFI-B. The cDNA array expression levels of t-PA and

our other genes [c-jun, Igfr2, GAP-43, and NPY] mRNA
pecies proposed to be involved in either synaptic plastic-

ty or learning are shown in Table 3. The expressions of
hese genes have been reported to be important in the
rocesses of either synaptogenesis or learning.

To confirm the changes observed by array analysis,
uantitative RT-PCR analysis of the parietal cortex was
erformed (Fig. 4). An additional control group of saline-
reated and challenged animals (saline�saline) was in-
luded in the qPCR analysis. The saline�saline group
ould not be included in array analysis for technical rea-
ons but was added to the qPCR confirmation to determine
he relative transcript levels of non-AMPH-exposed ani-
als. ARC, NGFI-A, and NGFI-B were evaluated by QRT-
CR based on their statistical significance and relationship

o synaptic formation and learning processes. QRT-PCR
nalysis identified significantly lower levels of ARC, NGFI-A,
nd NGFI-B in the neurotoxic AMPH�AMPH group than the
on-neurotoxic AMPH�AMPH and saline�AMPH groups.

Saline + 
AMPH Challenge  

Neurotoxic AMPH + 
Saline Challenge 

Neurotoxic AMPH + 
AMPH Challenge 

Non-Neurotoxic AMPH + 
AMPH Challenge 

**
*

I-A NGFI-B

ortex of the treatment groups after AMPH challenge. Phosphor image
by AtlasImage 2.0 software (units arbitrary) and were normalized to
RC, NGFI-A and NGFI-B. Significant differences (* P�0.05) among
the least squares means of the treatments adjusted for batch effects.
*

*

NGF

parietal c
ermined
.E.M. of A
applied to
o significant differences were observed after saline chal-
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enge between the neurotoxic AMPH�saline and saline�
aline groups. The induction of ARC between saline�AMPH
nd saline�saline groups was similar to that observed
etween the naïve�saline and naïve�AMPH groups in the
st gene expression experiment. This suggests that nei-
her the moderate food restriction, nor daily saline injec-
ions significantly altered gene expression changes.

Several additional genes were also examined post hoc
n the parietal cortex by QRT-PCR (Table 3). These genes
emonstrated potential differences in expression with ar-
ay analysis. c-jun Expression was significantly higher in
he saline�AMPH as compared with the neurotoxic
MPH�AMPH. t-PA mRNA levels were significantly in-
reased by AMPH challenge regardless of the 9-day pre-
reatment. For t-PA, there was no effect of neurotoxic
MPH exposure on responsiveness. NPY demonstrated a
ifferent response profile with AMPH pretreatment (non-
eurotoxic and neurotoxic) resulting in significantly higher
RNA levels than with saline pretreatment regardless of

he challenge. c-jun AMPH challenge responsiveness was
lunted in the neurotoxic AMPH�AMPH group as com-
ared with the saline�AMPH group. No significant differ-
nces in the levels of GAP-43 and Igfr2 were observed by
RT-PCR. mRNA levels of glial fibrillary acidic protein

GFAP) were unchanged between neurotoxic AMPH�
MPH and saline�saline groups (relative quantities,
.19�0.13, n�8 versus 1.00�0.15, n�6).

The mRNA levels of ARC, NGFI-A and B were also
etermined by QRT-PCR in the striatum to determine an-
tomical specificity of the observed changes (Fig. 5). Un-

ike the parietal cortex, the increased expression of all
hree genes produced by the AMPH challenge was equiv-

able 3. Other genes related to synaptic formation or learning with al

reatment group Gene expression in the parietal cortex

t-PA c-JUN

cDNA
array

QRT-PCR cDNA
array

QRT-PCR

aline�saline
challenge

NM 1.0�0.2 NM 1.0�0.13

aline�AMPH
challenge

82�14 1.7�0.5a,b 66�17 1.3�0.3

eurotoxic
AMPH�saline
challenge

28�4 0.8�0.1 40�3 0.8�0.2

eurotoxic
AMPH�AMPH
challenge

54�5 1.4�0.6b 44�5 0.6�0.2c

on-neurotoxic
AMPH�AMPH
challenge

69�10 1.4�0.2b 54�4 1.2�0.6

Phosphor image levels of hybridization to array probes were determin
alues shown are mean�SEM. Mean QRT-PCR values are normalize

he endogenous control.
Significant difference from saline�saline.
Significant difference from neurotoxic AMPH�saline.
Significant difference from saline�AMPH (P�0.05, one-way ANOVA
lent regardless of the pretreatment. NPY mRNA levels 7
ere not significantly different among the treatment groups
n the striatum (data not shown).

DISCUSSION

he results of these studies demonstrate that administra-
ion of 3�7.5 mg/kg AMPH per day for 9-days is at or just
bove the threshold for neurodegeneration in the parietal
ortex while 3�2.0 mg/kg AMPH administration for 9-days
oes not produce signs of neurotoxicity. The neurotoxic
MPH exposure but not the non-neurotoxic AMPH expo-
ure results in a significantly diminished AMPH challenge

nduced upregulation of the early-immediate genes ARC,
GFI-A, and NGFI-B in the parietal cortex. This diminished

esponse was not observed in the striatum. t-PA AMPH
hallenge induction was unaltered in the parietal cortex
nd NPY increases with AMPH challenge were augmented
y AMPH pretreatment. The inhibited upregulation of
GFI-A, NGFI-B, and ARC may indicate that a lessened
apacity for new synaptic formation occurs within the pa-
ietal cortex but not the striatum after the neurotoxic expo-
ure to AMPH. As well, this diminished responsiveness in
he parietal cortex could serve a neuroprotective effect for
urther damage due to AMPH exposure or other neurotoxic
nsults.

The 9-day AMPH neurotoxic regimen employed pro-
uced neurodegeneration with respect to histological end-
oints. The number of degenerating neurons (FJ-C la-
eled) and phagocytic microglia detected at the end of the
-day neurotoxic AMPH exposure were only 1/4 of that
bserved in previous studies with higher doses of AMPH
Jakab and Bowyer, 2002; Bowyer et al., 2004). Approxi-
ately 30% of the animals evaluated given the 3�

ression in the parietal cortex

-like growth
receptor 2

GAP-43 NPY

QRT-PCR cDNA
array

QRT-PCR cDNA
array

QRT-PCR

1.0�0.1 NM 1.0�0.1 NM 1.0�0.2

0.8�0.1 491�75 1.0�0.2 159�16 0.9�0.1

0.8�0.1 402�61 1.0�0.1 171�7 1.3�0.1a,c

0.8�0.1 387�38 0.9�0.1 207�22 1.4�0.3a,c

1.0�0.1 434�48 0.9�0.1 197�19 1.4�0.2a,c

lasImage 2.0 software (arbitrary units) and normalized to polyubiquitin.
lue of 1 for the Saline�Saline Challenge�SEM, with GAPDH used as

t-Newman-Keuls pairwise post hoc test). NM, not measured.
tered exp

Insulin
factor

cDNA
array

NM

88�17

46�9

57�5

61�6

ed by At
d to a va
.5 mg/kg AMPH dose had evidence of only one or two
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eurons degenerating per hemisphere. The lower dose of
�2.0 mg/kg AMPH produced no histological signs of
eurodegeneration. Therefore, it is likely that the
�7.5 mg/kg AMPH is near the minimal dose (less than
wofold) necessary to produce neurotoxicity in the 9-day
ime frame.

GFAP is used as a classical molecular marker for
etecting the neurotoxicity produced by amphetamines in

he presence or absence of hyperthermia (O’Callaghan
nd Miller, 1994; Jakab and Bowyer, 2002; Bowyer et al.,
004). In the present study, GFAP increases in the parietal
ortex and striatum were not sufficient to reach statistical
ignificance. However, this may also in part be due to the
iming of kill and the fact that mRNA levels were deter-
ined and not actual GFAP protein levels within regions of

he parietal cortex.
ARC, NGFI-A, and NGFI-B are known to be signifi-

antly upregulated in the striatum, and to a lesser extent in
he cortex after AMPH exposure (Nguyen et al., 1992;

ang et al., 1994; Kodama et al., 1998). In our previous
ork (Bowyer et al., 2004), we proposed that the de-
reases in the levels of NGFI-A and NGFI-B 16 h after a
-day neurotoxic AMPH insult are a homeostatic-type re-
ponse involved in returning expression levels back to a
re-AMPH exposure stature. While array analysis was
erformed in this study to discover novel changes in gene
xpression in response to AMPH challenge the most sa-

ient responses found by array analysis were ARC,
GFI-A, and NGFI-B, which have been previously de-
cribed by us and others. The present primary finding of
his study is that neurotoxic AMPH exposure inhibits ARC,
GFI-A, and NGFI-B induction by AMPH challenge. One
ommonality to the gene expression changes found in the
resent study is their relation to synaptic plasticity. ARC

nduction, in particular, has been implicated in the forma-
ion and strengthening of synaptic formation after N-methyl-
-aspartate (NMDA) receptor stimulation and learned be-
avior (Lyford et al., 1995; Guzowski et al., 2001; Steward
nd Worley, 2001; Ramirez-Amaya et al., 2005). In addi-
ion, NGFI-A (egr1, zif/268; (Cole et al., 1989; Wisden et
l., 1990)) has been implicated in synaptic formation and

earning (Wang et al., 1994, 1995), although it may not be
s closely linked as ARC (Guzowski et al., 2001).

NGFI-B (Nr4a1, nurr77) upregulation by the AMPH
hallenge was also diminished by the 9-day neurotoxic
MPH exposure. However, the 9-day non-neurotoxic
MPH exposure did diminish NGFI-B upregulation by

he AMPH challenge as compared with saline-pretreated
nimals challenged with AMPH. Thus, the relationship of
GFI-B to histological neurotoxicity is not as clear as ARC
nd NGFI-A, but NGFI-B alterations remain important con-
idering the role of NGFI-B in memory consolidation (von
ertzen and Giese, 2005). The reduced ability to upregu-

ate these three genes after a neurotoxic AMPH exposure
ay indicate that the parietal cortex, and not the striatum,
as a reduced capability of forming new synapses and
trengthening existing synapses. Further experiments will
e required to determine if protein levels are altered in a

imilar manner. s
Several other genes examined demonstrated alterna-
ions with the different pretreatments. t-PA induction with
MPH challenge was unaffected by pretreatment, while
PY induction was only observed with AMPH pretreat-
ent. Increased c-jun expression with AMPH challenge
as inhibited by neurotoxic AMPH pretreatment. These
hanges are of interest as c-jun (Tischmeyer and Grimm,
999) and t-PA expression (Madani et al., 1999), have
een implicated in learning. In cortical regions, NPY has
een postulated to play a protective role against neurode-
eneration (Cheung and Cechetto, 1995; Kopp et al.,
999).

Unlike NPY, it is not known whether these decreases in
MPH-induced upregulation of ARC, NGFI-A, and NGFI-B
xpression after the threshold neurotoxic exposure subse-
uently serve a neuroprotective effect. Decreased neuro-
al NMDA receptor density due to ARC decreases would
e expected to be protective against NMDA-mediated neu-
otoxicity. The loss of gene induction responsiveness may
lso be a desensitization phenomenon resulting from the
ontinual and excessive vibrissae/barrel field and somato-
ensory forelimb region stimulation occurring with the
MPH-induced stereotypic grooming (O’Dell and Marshall,
002). This may limit the output from this area of the cortex
o the striatum and thalamus (Tracey and Waite, 1995)
hich are also damaged by AMPH and METH (Commins
nd Seiden, 1986; Stephans and Yamamoto, 1994; Sei-
en and Sabol, 1995; Bowyer et al., 1998a; Eisch et al.,
998).

The decreased AMPH-induced upregulation of ARC,
GFI-A, and NGFI-B expression might be considered to
e a tolerance effect (Kuczenski and Segal, 1997; Shilling
t al., 2000). While this is possible, rats challenged with
.5 mg/kg AMPH after twice daily injections of 7.5 mg/kg
MPH do not exhibit locomotor behavioral tolerance (Per-
ico et al., 1993). As well, the diminished responsiveness
o AMPH challenge is specific to ARC, NGFI-A, and
GFI-B as t-PA and NPY did not exhibit this profile in the
arietal cortex. Furthermore, the loss of gene induction
as not associated with the non-neurotoxic AMPH expo-
ure. This effect is also anatomically specific, as none of
he pretreatments (including neurotoxic AMPH exposure)
ffected the increases in ARC, NGFI-A, and NGFI-B ex-
ression with AMPH challenge in the striatum. Together,
hese observations appear to rule out a role of tolerance in
he data obtained in our study.

Further studies will be necessary to determine whether
hese changes relate to learning and decision making def-
cits seen in humans abusing amphetamines (Paulus et al.,
002, 2003; Volkow et al., 2001a,b). Deficits in learning
elated to object recognition and object placement memory
ave been reported after METH neurotoxicity (Bisagno et
l., 2002; Schroder et al., 2003). While such learning def-

cits are most commonly ascribed to altered hippocampal
nd limbic function (Steckler et al., 1998), tactile function’s

nteraction with memory may serve a role in the behavioral
ests involving object recognition that are disrupted by
ETH (Bisagno et al., 2002; Schroder et al., 2003). Deci-
ion making in the face of uncertainty has been found to be
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ltered in METH users and to correlate to parietal cortex
ctivation levels (Paulus et al., 2002, 2003). As the parietal
ortex has been shown to be critical, in addition to a
umber of other brain areas, for decision making gene
xpression changes related to synaptic plasticity may re-

ate to these behavioral outcomes (Paulus et al., 2001).
uture studies localizing these changes to specific neu-
ons characterized for their specific inputs and projections
re needed to conclusively determine their role in
ehavior.

CONCLUSION

n summary, our data indicate that the upregulation of
RC, NGFI-A, and NGFI-B response to AMPH challenge

s diminished in the parietal cortex by a 9-day threshold
eurotoxic exposure to AMPH. This effect is not produced
y a 9-day non-neurotoxic exposure to AMPH that does
ot produce histological evidence of neurodegeneration. In
he striatum, ARC and NGFI-A and B induction with AMPH
hallenge was unaffected by neurotoxic or non-neurotoxic
MPH exposure. The loss of responsiveness of ARC and
GFI-A, NGFI-B induction may indicate a diminished ca-
ability of this region to form new synaptic connections and
ubsequently may have a protective effect on parietal cor-
ex neurons against either AMPH- or NMDA-mediated
eurotoxicity.
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