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Abstract

Repeated abuse of stimulant drugs, cocaine and amphetamine, is associated with extraneuronal dopamine accumulation in spec
brain areas. Dopamine may be cytotoxic through the generation of reactive oxygen species, namely hydrogen pe@¥ide (H
resulting from dopamine oxidative metabolism. In this work, we studied the cytotoxicity in PC12 cells (a dopaminergic neuronal
model) chronically and/or acutely exposed to cocaine or amphetamine, as compap€3 &xplosure. Chronic cocaine treatment
induced sensitization to acute cocaine insult and increased cocaine-evoked accumulation of extracellular dopamine, although |
changes in dihydroxyphenylacetic acid (DOPAC) levels were observed. Moreover, dopamine was depleted in cells chronically
exposed to amphetamine and acute amphetamine toxicity persisted in these cells, indicating that dopamine was not involved
amphetamine cytotoxicity. PC12 cells chronically treated witdkwere totally resistant to acute,B,, but not to acute cocaine
or amphetamine exposure, suggesting that the toxicity induced by these stimulant drugs is unrelated to adaptation to oxidati\
stress. Interestingly, chronic cocaine treatment largely, but not completely, protected the cells agaBsthalenge, whilst a
decrement in intracellular ATP was observed. This study shows that chronic treatment of PC12 cells with cocamenrdifies
the cytotoxic response to an acute exposure to these agents.
© 2005 Elsevier Ireland Ltd. All rights reserved.
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1. Introduction amphetamine and cocaine are known to increase extra-
neuronal dopamine levels through different mechanisms.
The continuous abuse of drugs is sustained by the Amphetamine can redistribute the dopamine stored in
activation of the reward circuits in the brain, which is vesicles to the cytoplasns(lzer et al., 1995 inducing
mainly associated with changes in dopaminergic activ- non-vesicular release of dopamine, which is mediated
ity (Di Chiara and Imperato, 1988The stimulantdrugs by the plasma membrane dopamine transporter (DAT;
Kahlig et al., 200%. On the other hand, cocaine inhibits
DAT (Brown et al., 200}, preventing the reuptake of
~ * Corresponding author. Tel.: +351 239820190, dopamine to the nerve terminal, thereby increasing the
E-mail address: catarina@cnc.cj.uc.pt (C.R. Oliveira). levels of dopamine in the synaptic cleft.
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One of the mechanisms of removal of dopamine from stimulant drug may contribute to the behavioural sensi-
the extraneuronal space is via its metabolism, which may tization of drug addicts after acute cocaine exposure.
involve oxidation by monoamine oxidase (MAO), or
its auto-oxidation. Both these mechanisms involve the 2. Material and methods
generation of hydrogen peroxide {8»), which may
react with transition metal ions, via the Fenton-Haber 2.1. Materials
Weiss reaction, originating the highly toxic hydroxyl rad- _ _ _
ical ("OH). Thus, altered dopamine metabolism induces Cocaine was obtained from the “Instituto da Droga e da Tox-

oxidative stress and cell death in dopaminergic cells |cqqepenén0|a (I.DT’ L'Sbon’.Portugal)'Amphetam'ne’May'
Grunwald and Giemsa solutions were obtained from Merck
(Jones et al., 2000

. . (Darmstadt, Germany). PC12 cells were obtained from ATCC
Reactive oxygen species have been frequently aSSO'(Manassas, VA, USA). RPMI and MTT were purchased from
ciated with neuronal cell death due to the oxidation of gijgma Chemical Co (St. Louis, MO, USA).

carbohydrates, amino acids, phospholipids and nucleic

acids (reviewed bgadet and Brannock, 19R&ccord- 2.2. Culture and treatment of PC12 Cells
ingly, acute exposure to D, has been reported to
induce apoptotic cell death in PC12 celBefedi et al., PC12 cells were cultured in 75 érflasks, in RPMI 1640

2004; Jang and Surh, 2004n contrast, cells chroni-  medium supplemented with 10% (v/v) horse serum, 5% (v/v)
Ca||y exposed to low concentrations ob®, become bovipe serum, 50 U/mL p'eni(.:illin, and 5.0 mg/mL.s.tll'epto-
Davies, 1999 Thus, acute b, can be used as a model incubator containing 95% air and 5% GOThe cells were
of cytotoxicity, whereas chronic treatment of PC12 cells P/3€d on polye-lysine coated multiwells at a density of

with H20, is a model of cellular adaptatioddckson 50,000 cells/c_n"l for MTT studies and 160,000 cells/énfor
etal., 1994 HPLC analysis.

- . For chronic treatment, PC12 cells were cultured for 7-12
Chronic exposure to the drugs of abuse in humans mnanths in RPMI medium supplemented with non-toxic con-
induces long-lasting changes in gene expression, andcentrations of cocaine (30M), amphetamine (3@M) or
some of these changes may be correlated with the devel-H,0, (10.M). Toxicity studies revealed similar responses
opment of the compulsive behaviour associated with in cells chronically exposed to the drugs o5®3 from 7 to
drug addiction Rhodes and Crabbe, 2006r review). 12 months (data not shown). For acute treatment, the cells
Changes in gene expression induced by chronic drugWwere exposed to toxic concentrations of cocaine (3mM),
exposure may underlie changes in the cellular responsestmphetamine (1 mM) or ¥0, (50-75M), for 24-96 h. Con-
to stress. These alterations are also in the basis for thecentrations of the stimulant drug®liveira et al., 200p or
development of sensitization or tolerance, in human drug 202 (data not shown) for chronic or acute experiments were
abusers, in which the response to the same dose of aprewous'y established in PC12 cells.
drug is mcregsed or decrea;ed, respectively. These PrO~, o 4 ccessment o  cell viability
cesses contribute to the withdrawal symptoms and to
increased motivation to drug abuséstler, 2004 Thus, Cell viability was measured using the 3-(4,5-dimethyl-

we hypthesise that chronic drug exposure may also bethiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) reduc-
involved in altered responses to cytotoxic insults, such as tion assay at 570 nm, as described previoulijveira et al.,

an acute exposure to the same drug or to other cytotoxic 2002. Briefly, the cells were incubated with 0.5 mg/mIMTT in
stimuli, such as oxidative stress. Na" medium (in mM: 140 NaCl, 5 KCI, 1 MgG) 1 NaH,PQ,,
Taking this into account, we analysed the effect of 1.5CaC}, 5.6 glucose, 20 HEPES, pH 7.4) for 2 h and the pre-
chronic exposure of PC12 cells to non-toxic concentra- cipitated salt was dissolved with 0.04 M HCI in isopropanol.
tions of cocaine, amphetamine 03®, as compared to The capacity of treated cells to reduce the tgtrazolium salt was
PC12 cells non-exposed to the drugs of abusévéna expressed as a percentage of absorbance in control cells.
cells). The cells were further treated with toxic con-
centrations of cocaine, amphetamine ofGd (acute

exposure), based !n ourprevious stu.dles with PC12 cells The intracellular levels of dopamine and dihydroxypheny-
exposed to the stimulant druQ@I(\(e'ra et al., 2007 lacetic acid (DOPAC) were determined after cell extraction
Our data support that the cytotoxic responses of PC12 it 0.1 M perchloric acid (0-4C). The cells were centrifuged
cells are modified depending on the chronic exposure to at 15,800« g for 10 min, and the pellet was solubilized with
cocaine, amphetamine orBy. In particular, increased 1 M NaOH for total protein analysis using the Sedmak method
toxicity of cocaine in cells chronically exposed to this (Sedmak and Grossberg, 197The resulting supernatants,

2.4. Measurement of dopamine and DOPAC levels
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stored at-80°C, were extracted with alumina, using dihydrox- 1201 1 Naive
ybenzylamine (DHBA) as an internal standard, and assayed I Chronic cocaine

for dopamine and DOPAC analysis by HPLC with electro- =3 Chronic amphetamine
chemical detection, as described previougifatnhoff, 1983. Chronic H,0,
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and cells chronically exposed to the stimulant drugs or to
H,0, (1x 10° cells), before or after an acute exposure to 201

Dopamine accumulated in the cultured media upon acute expo- E’ & | HHE 5:-'
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50uM H,0,, were centrifuged at 209 g for 5min, ressus- E %’

pended in 3@l of FBS and placed on a slide for analysis at A | 2] B :

the microscope. Cell smears were stained with Mayir@rald Control Cocaine Amph H,0,
and Giemsa solutions. Cell morphology was analysed by optic (8 mM) (1 mm) (75 pM)

microscopy using a Leitz Dialux 20 microscope associated with

e Fig. 1. Acute effect of cocaine, amphetamine @4 on the viability
a digital camera.

of PC12 cells chronically exposed to the stimulant drugs of abuse or
H205. Naive PC12 cells or PC12 cells chronically exposed to cocaine,
2.6. Measurement of intracellular ATP levels amphetamine or D, for 7-12 months were incubated with 1 mM
amphetamine (amph) or 3mM cocaine for 4 days oplbH 0, for
Intracellular ATP was determined after cell extraction with 24 h. Cell viability was determined by the MTT reduction assay. Data
0.3 M perchloric acid (0-4C). The cells were centrifuged at ~ Were normalized in percentage of the resp?ctive controls, prically
15,800x g for 10min, and the pellet was solubilized with ~ With absorbance values (at 570nm) of 0.42iYe, 0.84 (cocaine),

1M NaOH for total protein analysis using the Biorad protein 0.83 (amphetaml_ne) and0.9046). patga_rethe me?h.S'E'M'o.f.at
least three experiments performed in triplicate. Statistical significance:

assay (Biorad). The supernatants were neutralized with 3M < P<0.001 as compared with the respective contftP <0.001
KOH in 1.5M Tris, and centrifuged at 15,860¢ for 10 min. compared to rige cells.

The resulting supernatants, stored-80°C, were assayed for
ATP determination, by separation in a reverse-phase HPLC, as

) . of dividing mammalian fibroblasts to low concentrations
described previouslyRego et al., 1997 9

of oxidants (3—1.M H20,) was previously reported to
stimulate cell growth and proliferatiob@vies, 1999
Thus, it is possible that the increase in MTT reduction
Data are the meaft S.E.M. from atleastthree experiments, OPbserved in cells chronically exposed to®; or to the
performed in duplicate or triplicate. Statistical analysis was Stimulantsis due to anincrease in cell proliferation rather
performed by the Studentistest (aP <0.05 was considered  than a direct effectin cellular reduction systems or in cell

2.7. Statistical analysis

significant). viability. Therefore, MTT reduction data were normal-
ized as a percentage of control for each sub-cell line
3. Results to evaluate the susceptibility induced by acute exposure
to the agents, after different long-term pre-treatments.
3.1. Chronic cocaine treatment sensitizes PC12 Acute cocaine exposure (3 mM, for 96 h) decreased the
cells to acute cocaine viability of naive cells by about 40%, whereas in cells

previously exposed to cocaine the decrement in cell via-
The toxicity of acute exposure to stimulant drugs bility was about 60%. Thus, chronic cocaine sensitized
was analyzed in rige PC12 cells and cells chronically PC12 cells to acute cocaine toxicity by about 20%. In

exposed to cocaine, amphetamine o, by follow- contrast, acute incubation with amphetamine (1 mM, for
ing the MTT reduction assayF{g. 1). The effect of 96 h) induced the same decrease in cell viability (about
long-term exposure to cocaine, amphetamined#in 40%) in nave cells or in cells previously exposed to

cell viability was not possible to assess using the MTT amphetamineKig. 1).

assay because cells chronically exposed to these agents Since cocaine and amphetamine are known to inter-
revealed an increased capacity to reduce MTT (about fere with the dopaminergic system, we evaluated the

two-fold), which can result from an increase in cell pro- effects of chronic and acute exposure to these psychos-
liferation and/or an increase in cell viability. Exposure timulants in the accumulation of extracellular dopamine
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Fig. 2. Dopamine and DOPAC levels upon an acute exposure to cocaine or amphetaming oélisor cells chronically exposed to cocaine (A,

C and E) or amphetamine (B, D and F), for 7-12 months. The cells were acutely exposed to cocaine (3 mM) or amphetamine (1 mM), for 24 h.
Intra and extracellular dopamine and DOPAC levels were determined by HPLC with electrochemical detection. Data aredt®. Enbarof at

least three experiments performed in triplicate. Statistical anal\Bis0.05,” P<0.01 and™ P <0.001, compared with the respective control;

#p <0.01 compared to fixe cells. n.d.—non-detectable levels.

(Fig. 2A and B), intracellular dopamine levelbif. 2C B). Concordantly, under these conditions, a decrease in
and D) and the endogenous levels of its metabolite, intracellular dopamine levels was observed in the pres-
DOPAC (ig. 2 and F). Acute cocaine (3mM) or ence of cocaine (decreased by 3.5-fold) or amphetamine
amphetamine (1 mM) exposure for 24 h invePC12 (decreased by 8.3-fold)F{g. 2C and D). Moreover,
cells, increased extracellular dopamine accumulation, by acute amphetamine treatment largely decreased DOPAC
about 7.6-fold and 5.6-fold, respectivelli§g. 2A and levels, compared to the control, by 4.7-foléid. 2F),
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whereas no significant changes were observed in cellsated by the stimulant drugs were independent of adap-

exposed to cocainé{g. 2E). The decrement of DOPAC

tive changes induced by oxidative stress. Interestingly,

levels in cells exposed to amphetamine is consistent with cells chronically exposed to cocaine were more resis-

the ability of amphetamine to inhibit MAGRamsay and
Hunter, 2002
In cells chronically treated with cocaine, further

tant to acute KO, than néve cells, showing a decrease
in cell viability by about 25% only Fig. 1). In con-
trast, cells chronically exposed to amphetamine were

exposure to cocaine evoked a significant increase in only slightly more resistant to acute exposure iy,

extracellular dopamine by about 18.5%id. 2A),
when compared to iine cells. This increase can be
related with a non-statistical increase (by 2.2-fold)
in intracellular dopamine levels in cells chronically
exposed to cocaine, when compared tdveacells
(Fig. 2C). DOPAC levels were not significantly changed
upon incubation with cocaine in cells chronically
treated with the same drug, indicating that the extra
dopamine was not metabolized by MAGrig. 2E).

(cell viability decreased by about 70%), in compari-
son with nédve cells. No significant changes in Bcl-
2/Bax were observed in PC12 cells chronically exposed
to cocaine, amphetamine or,8, (data not shown),
thus not explaining the different susceptibility of these
cells.

Since chronic cocaine appeared to mediate some
resistance to b, toxicity (Fig. 1), we also analyzed
the morphology of PC12 cells and the intracellular lev-

These data suggested that cocaine sensitization in cellsels of ATP upon an acute exposure ta@®3 in cells

chronically exposed to cocainEif. 1) was related with

chronically treated with cocaine, which were compared

an increase in cocaine-evoked extracellular dopamineto cells adaptedto+0,. Exposure of n&e cellsto BO»

accumulation.

Interestingly, no detectable levels of extracellular or
intracellular dopamineHRig. 2B and D) or intracellu-
lar DOPAC (ig. 2F) were observed in cells chronically

(50wM, for 24 h) induced a decrease in cell viability by
about 70% (data not shown), similar to & H2O2
(Fig. 1). Under these conditions, the cells showed mem-
brane blebbing and cell shrinkadgeid. 3A), indicating

exposed to amphetamine. Thus, amphetamine toxicity in some degree of lesion, compatible with the viability

cells chronically exposed to amphetamikgy( 1) cannot
be attributed to changes in extracellular or intracellular

dopamine. Amphetamine-induced depletion of endoge-

nous dopamine can be explained by long-term inhibition
of tyrosine hydroxylase, the rate-limiting enzyme in the
synthesis of dopamineBpwyer et al., 1998 On the

assay. In contrast, cells chronically exposed #®plor
to cocaine, showed a normal morphology after an acute
exposure to KO, (Fig. 3A). These data were in accor-
dance with data shown fRig. 1

Acute exposure of rige cells to HO, induced a
decrease in intracellular ATP levels, by about 23%,

other hand, amphetamine is also known to decrease DATwhereas in cells chronically exposed te®}, ATP lev-

activity (Kahlig et al., 200%, decreasing the reuptake of
released dopamine.

3.2. Cells chronically exposed to cocaine are
partially resistant to HyO;

Repeated exposure tg8- is known to induce cel-
lular adaptation to acute 4, in PC12 cells Jackson
et al., 1994 and in other cell typesWiese et al., 1995;
Seong et al., 2002In this study, we compared the toxi-
city of H2O in cells chronically exposed to the drugs of
abuse or to HO,. In nave cells, acute exposure te8;
(75p.M, for 24 h) induced a decrease in cell viability
by about 80%[ig. 1). In contrast, in cells chronically
exposed to HO, the same acute exposure did not signif-
icantly change cell viability, indicating that these cells
are completely resistant to2B,-induced toxicity and
thus adapted to oxidative stress injury. Moreover, upon
chronic exposure to $D,, the toxicity of cocaine or
amphetamine was similar to the toxicity observed in
nave cells Fig. 1), suggesting that toxic effects medi-

els were maintained after an acute exposure 1OH
(Fig. 3B), indicating a complete adaptation to oxidative
stress-mediated changes in energy metabolism. How-
ever, in cells chronically exposed to cocaine, ATP levels
were decreased by about 28% after exposurex0oH
Thus, although cells chronically exposed to cocaine were
more resistant to §D», intracellular ATP levels were
still affected, suggesting that this may account for the
increased susceptibility of cells chronically treated with
cocaine, compared to cells treated wits34, when sub-
mitted to an acute D, challenge Fig. 1). Endogenous
levels of ADP were not significantly affected by acute
exposure to KO, in naive cells or in cells chronically
exposed to cocaine o, (data not shown), suggesting

a decrease in ATP synthesis. The apparent lack of corre-
lation between the high toxicity of acute8, (Fig. 1)

and the moderate decrease in ATP levElg(3), under
similar experimental conditions, can be explained by the
normalization of ATP levels over the protein content,
which is not taken into consideration in the MTT reduc-
tion assay.
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Fig. 3. Effect of an acute exposure t@®h in cells chronically exposed to cocaine op®p. (A) Cell morphology: cell smears were stained
following May-Grunwald staining procedure and photographed undex I88gnification in a Leitz Dialux 20 light microscope associated with a
camera. Note the formation of blebs and cell shrinkage upon exposurévefaels to 5quM H,0, for 24 h. Images are representative of three
experiments performed in duplicate. (B) Intracellular ATP levels were detected by HPLC with UV detection, before or after incubatiopMith 50
H»05 for 24 h. Data are the meanS.E.M. of four experiments performed in triplicate. Statistical significahe:0.05 and™ P <0.01 compared

to the control.

4. Discussion ment with cocaine could be preserved. Dopamine has
been described to be cytotoxic to PC12 cells, inducing
4.1. Cocaine sensitization and dopamine toxicity oxidative stress and apoptosid/gng et al., 200p in a

process occurring through activation of NF-KBahet et

In this study, we showed that chronic cocaine al., 200} or the SAPK/JNK pathwayL{o et al., 1998
increases the susceptibility of PC12 cells to acute Nevertheless, no evidences of changes in dopamine
cocaine toxicity, occurring concomitantly with enhanced metabolization by MAO were found, as examined by
cocaine-evoked dopamine release. PC12 cells chron-the maintenance of DOPAC levels in cells exposed to
ically exposed to cocaine showed a non-statistical cocaine Fig. 2E). Importantly, the observed increase in
increase (by 2.2-fold) in intracellular dopamine levels, cocaine-evoked dopamine release may be related to the
which could help to explain the increase in cocaine- behavioral sensitization induced by this drijilfiams
evoked extracellular dopamine accumulation observed and Steketee, 2005vhich is defined by increased motor
in Fig. 2A, since dopamine release induced by cocaine activity after repeated administration.
is dependent on the vesicular pool of the neurotrans-
mitter (Pifl et al., 199%. Repeated cocaine administra- 4.2. Cocaine-induced partial resistance to H,0;
tion has been described to increase tyrosine hydroxylaseroxicity
activity, the rate-limiting enzyme in the biosynthesis of
dopamine, in brain areas affected by cocaine, such asthe Chronic cocaine treatment was shown to partially pro-
ventral tegmental are&06rg et al., 1998or the substan-  tect PC12 cells againstd®,-induced toxicity, despite
tianigra Vranaetal., 1998 Since reuptake of dopamine  the decrease in ATP (by28%), which reflects metabolic
is inhibited by cocaineRrown et al., 200}, increased  dysfunction. In contrast, chronic treatment with®p
intracellular levels of dopamine could be due to increased completely prevented #D, acute toxicity, as evaluated
dopamine biosynthesis. Furthermore, under control con- by MTT reduction Fig. 1), cell morphology Fig. 3A)
ditions, extracellular dopamine levelsin cells chronically and ATP levels Fig. 3B). Several mechanisms have
exposed to cocaine were not statistically different from been proposed to explain cellular adaptation @}
those in n&ve cells Fig. 2A). This observation could be  Moderate concentrations of@, (0.25 mM, for 24 h)
due to an increase in expression of plasma membraneincrease the capacity of oxidant degradation by antioxi-
DAT, as reported previously in cells subjected to low dant enzymes, whereas lower concentrations (0.05 mM,
concentrations of cocain&éhlig and Galli, 2003 for for 24 h) block the signaling pathways triggered by toxic
review). Thus, dopamine uptake during chronic treat- concentrations of b0, (1 mM) (Lee and Um, 19990n
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the other hand, D, adaptation may involve increased centrations of cocaine are unrelated to adaptive changes
translocation of NF-kB to the nucleus, which contributes induced by oxidative stress.

to increased cell survivakim et al., 20013 not involv-

ing an increase in Bcl-2 or Bcl-XLee and Um, 1999 4.3. Amphetamine-induced dopamine depletion and
Another signaling pathway regulated by,®b is the amphetamine toxicity

SAPK/INK pathway, which is activated by high con-

centrations of HO, and suppressed by low adaptive Chronic exposure to amphetamine-induced dopamine
concentrations of b, (Kim et al., 2001h. The interfer- depletion Fig. 2B and D). Nevertheless, acute
ence with these signaling pathways may conferincreasedamphetamine toxicity persisted in cells lacking
cell resistance to D, without increasing the capac- dopamine Fig. 1), indicating that dopamine is not
ity of degrading HO, (Lee and Um, 1999 Moreover, involved in amphetamine toxicity. In vivo studies
H2>0, adaptation induces cross-resistance to serum with- demonstrated that amphetamine toxicity is associated
drawal and C2-ceramide by blocking their ability to acti- with a decrease in striatal dopamine lev&l&agner etal.,
vate the SAPK/INK pathway{m et al., 2001h. Acute 1980, decreased tyrosine hydroxylase activiBllicon

H»> O, toxicity has been reported to involve the inhibition et al., 1978 and loss of dopamine transporter activ-
of ADP phosphorylation, namely through the inhibi- ity (Saunders et al., 20D0Although toxic mechanisms
tion of glyceraldehyde-3-phosphate dehydrogenase, incaused by amphetamine have been largely associated
glycolysis, and the ATP synthase complex, at the mito- with the dopaminergic system, a more general mech-
chondrial respiratory chairtHyslop et al., 1988 This anism of toxicity for amphetamine was also described,
could account for the decrease in intracellular ATP lev- which involves disruption of the mitochondrial potential
els observed in rige PC12 cells and in cells chronically  due to the net positive charge of amphetamiba&Jdson
exposed to cocaine, following acute exposure @i etal., 200}. In accordance, we have previously observed

(Fig. 3B). that acute exposure of PC12 cells to amphetamine
Furthermore, proteomic analysis showed that adapta- (1 mM, for 96 h) resulted in a decrease in intracel-
tion to low concentrations of $#0, may induce upreg-  lular ATP/ADP ratio Qliveira et al., 2002 More-

ulation of proteins involved in energy metabolism, such over, increasing evidences suggest that amphetamine,
as ATP synthase and glyceraldehyde-3-phosphate dehy-or amphetamine derivatives, can have toxic effects
drogenaseSeong et al., 2002which may explain the  in non-dopaminergic cells, such as cerebellar gran-
maintenance of intracellular levels of ATPig. 3B). In ule cells exposed in vitro to 4 mM methamphetamine
addition, proteomic analysis also suggests that upregula-or methylenedioxy-methamphetamindinjenez et al.,
tion of translation and RNA processing, chaperoning and 2004 and rat medium spiny projection neurons in the
redox regulation may also be in the basis for adaptation striatum, upon in vivo exposure to four times 10 mg/kg

to HO, (Seong et al., 2002 p-amphetamineKrasnova et al., 2005
In cells chronically exposed to cocaine;®p toxi- In conclusion, this study provides further data
city seemed to affect cell metabolisrig. 3B). Thus, confirming functional alterations in dopaminergic

the mechanism involved in the partial resistance of these cells chronically exposed to amphetamine or cocaine.
cells to acute HO> is certainly not related to stimula- We showed that chronic treatment with amphetamine
tion of energy metabolism. Similarly toJ@,, chronic induced dopamine depletion, which did not affect
cocaine was also reported to induce the activation of amphetamine or D, cytotoxicity in these cells. Fur-
NF-kB (Ang et al., 2001 and AP-1 [ee et al., 200}, thermore, exposure to cocaine increased the sensitivity
two transcription factors described to be activated under to an acute cocaine exposure, along with cocaine-evoked
oxidative stress conditions. Furthermore, repeated expo-extracellular dopamine accumulation, which may be
sure to cocaine in rats was shown to increase the activ-related with increased motor activity after repeated
ity of glutathione peroxidase and superoxide dismutase, administration of this drug of abusaMJliams and

two antioxidant enzymed(etrich et al., 200h Thus, Steketee, 2005 Moreover, in contrast to prolonged
the mechanism of partial resistance te@d toxicity exposure to KHO,, chronic cocaine induced a partial
in cells chronically exposed to cocaine may possibly resistance to bO,-mediated cytotoxicity, which was
be explained by the activation of intracellular signal- not correlated with the maintenance of energy levels.
ing pathways involved in the adaptation te®p, by These data suggest that distinct cellular mechanisms
low concentrations of cocaine. Nevertheless, high con- operate during prolonged exposure to cocaine or
centrations of cocaine induced toxicity inp€,-treated H>0O,, implicating major changes in cell susceptibi-
cells, suggesting that toxic effects mediated by high con- lity.
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