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ABSTRACT: Cell death and reactive oxygen species production have been sug-
gested to be involved in neurodegeneration induced by the drugs of abuse. In
this study we analyze the toxicity of the following drugs of abuse: heroin, mor-
phine, d-amphetamine, and cocaine in undifferentiated PC12 cells, used as
dopaminergic neuronal models. Our data show that opioid drugs (heroin and
morphine) are more toxic than stimulant drugs (d-amphetamine and cocaine).
Toxic effects induced by heroin are associated with a decrease in intracellular
dopamine, an increase in DOPAC levels, and the formation of ROS, whereas
toxic effects induced by amphetamine are associated with a decrease in intra-
cellular dopamine and in ATP/ADP levels. In contrast with cocaine, both am-
phetamine and heroin induced features of apoptosis. The data suggest that the
death of cultured PC12 cells induced by the drugs of abuse is correlated with a
decrease in intracellular dopamine levels, which can be associated with an in-
creased dopamine turnover and oxidative cell injury.
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INTRODUCTION

Drug addiction is associated with a repeated use of a drug or a combination of
drugs. The dopaminergic system has been identified as a critical and shared pathway
involved in drug reward, and the drugs prone to abuse have been shown to elevate
synaptic dopamine levels in this pathway.! Dopamine can be oxidized by MAO g in
humans, giving rise to DOPAC and H,0,.2 Although not a free radical because it
does not contain unpaired electrons, H,O, can interact with transition metal ions and
produce the highly toxic hydroxyl radical ("OH) via the Fenton-Haber Weiss reac-
tion. Therefore, reactive oxygen species (ROS) have been frequently associated with
neuronal cell death due to damage to carbohydrates, amino acids, phospholipids, and
nucleic acids. Moreover, the rise in H,O, levels can be followed by a decrease in the
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levels of reduced glutathione (GSH), which can lead to the inhibition of mitochon-
drial respiratory chain activity and, subsequently, to cell death.3 In addition, dopa-
mine has been shown to induce cell death by apoptosis in several cell types,*~© and
to inhibit mitochondrial respiration.

In the present study, using PC12 cells as models of dopaminergic neurons,®° we
explored the effects of toxic concentrations of some opioid and stimulant drugs of
abuse—namely, amphetamine, heroin, and cocaine—that are known to cause severe
health problems in the Portuguese population. The data highly suggest that toxic ef-
fects induced by the drugs of abuse in vitro are associated with a decrease in intra-
cellular dopamine levels, probably related with an enhanced dopamine turnover and
oxidative stress.

METHODS

Culture of Undifferentiated PC12 Cells

PC12 cells'? were cultured in 75 cm? flasks, in RPMI 1640 medium supplement-
ed with 10% (v/v) horse serum, 5% (v/v) bovine serum, 50 U/mL penicillin, and 50
mg/mL streptomycin. Cultures were maintained at 37°C in a humidified incubator
containing 95% air and 5% CO,, and passed twice a week. The cells were plated on
poly-L-lysine—coated multiwells at a density of 50,000 cells/cm? for MTT studies or
at a density of 160,000 cells/cm? for other studies. For the analysis of chromatin con-
densation, the cells were incubated in suspension at 180,000 cells/mL. The cells
were further incubated with the drugs of abuse, morphine, heroin, cocaine and am-
phetamine, for 24, 48 or 96 h.

Analysis of Cell Viability

The integrity of the plasma membrane of PC12 cells was determined by monitor-
ing the leakage of lactate dehydrogenase (LDH), by following the rate of conversion
of NADH to NAD* at 340 nm, according to Bergmeyer and Brent.!! LDH release
into the extracellular medium was expressed as a comparison to the release observed
in control conditions. Cell viability was also measured using the 3-(4,5-dimethyl-
thiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) reduction assay at 570 nm.'?
The capacity of treated cells in reducing the tetrazolium salt was expressed as a per-
centage of absorbance in control cells.

Measurement of ATP/ADP Levels

Intracellular adenine nucleotides, ATP and ADP, were determined after cell ex-
traction with 0.3 M perchloric acid (0-4°C). The cells were centrifuged at 15,800 g
for 10 min, and the pellet was solubilized with 1 M NaOH for total protein analysis
using the Sedmak method.!3 The supernatants were neutralized with 10 M KOH in
5 M Tris, and centrifuged at 15,800 g for 10 min. The resulting supernatants, stored
at —80°C, were assayed forATP and ADP determination by separation in a reverse-
phase HPLC, as described previously.!#
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Analysis of Chromatin Condensation

Analysis of neuronal cell death by necrosis and/or apoptosis was assessed using
the fluorescent probes SYTO-13 (Molecular Probes) and PI (propidium iodide).
SYTO-13 labels RNA and DNA in living cells with an UV-excited green emission.
Propidium iodide is excluded from viable cells, with an UV-excited red emission.
The cells were loaded for 3 min with a solution of sodium medium (in mM):
140 NaCl, 5 KCl, 1 MgCl,, 1 NaH,POy,, 1.5 CaCl,, 5.6 glucose, 20 HEPES (pH 7.4),
containing 4 UM SYTO-13 and 4 pg/mL PI. The cells were visualized by confocal
microscopy.

Measurement of Intracellular Dopamine and DOPAC Levels

The levels of intracellular dopamine and DOPAC were determined after cell ex-
traction with 0.1 M perchloric acid (0—4°C). The cells were centrifuged at 15,800 g
for 10 min, and the pellet was solubilized with 1 M NaOH for total protein analysis
using the Sedmak method.!3 The resulting supernatants, stored at —80°C, were as-
sayed for dopamine and DOPAC analysis by liquid chromatography with electro-
chemical detection, as described previously.!>

Analysis of Intracellular Production of ROS

The cells were loaded with the membrane-permeant DCFH,-DA (2,7’-dichlodi-
hydrofluorescein—diacetate, 20 M), which allows the detection of intracellular re-
active oxygen species (ROS) after the cleavage of diacetate by cytosolic esterases.
In the presence of intracellular peroxides, DCFH, is oxidized to the fluorescent
dichlorofluorescein (DCF). The increase in cell fluorescence was measured during
10 min, at 37°C, with excitation at 502 nm and emission at 550 nm, using a SPEX
Fluorolog spectrometer. The changes in fluorescence were calculated in arbitrary
units in relation to the initial values.

Statistical Analysis

Data are the means = SEM from at least two experiments, performed in duplicate
or triplicate. Statistical analysis was performed by the one-way ANOVA test (p
<0.05 was considered significant).

RESULTS

FIGURE 1 shows the changes in cell viability induced by the opioid (heroin and
morphine) and stimulant (cocaine and amphetamine) drugs, as evaluated by the
MTT assay. All the drugs of abuse induced a dose-dependent decrease in cell viabil-
ity after four days of exposure. Nevertheless, the opioids were shown to be more tox-
ic to PC12 cells than the stimulant drugs, as determined by the analysis of the IC,
values: ICsq ~107*2 (street heroin) < ICsy ~1073-3 (heroin) < ICsq ~10732 (mor-
phine) IC5 ~10729 (d-amphetamine) < ICj ~10723 (cocaine). Interestingly, street
heroin was shown to be the most toxic of the drugs tested (FIG. 1), probably due to
the presence of toxic contaminants.
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FIGURE 1. Dose-response curves of cytotoxic effects induced by the drugs of abuse.
PC12 cells were incubated with increasing concentrations of street heroin, heroin, mor-
phine, amphetamine, or cocaine for four days, and the toxic effects were evaluated by the
MTT reduction assay. Data are the means £ SEM of 3-5 experiments performed in triplicate.
Statistical significance: *P <0.001 as compared to the control.

The toxic effects of the drugs were further examined by following the leakage of
LDH to the extracellular medium (FI1G. 2), a known test that evaluates the changes in
cell membrane integrity. Concentrations of the drugs close to the IC5 values were
used. The drugs amphetamine, heroin, and cocaine were chosen because they are
known to cause severe health problems in the Portuguese population. The results
show that exposure to concentrations up to 600 UM heroin, 3 mM cocaine, or 2 mM
amphetamine for four days does not significantly alter the integrity of the plasma
membrane of PC12 cells, as compared to the controls, in the absence of the drugs of
abuse (FIG. 2).

Analysis of the ratio ATP/ADP is a good indicator of the metabolic status of the
cells. Although the exposure to cocaine or heroin did not significantly change this
ratio, amphetamine induced a significant decrease (by about 45%) in intracellular
ATP/ADP levels (FiG. 3).

Apoptotic cell death has been shown to play an important role in the pathogenesis
of several diseases in the central nervous system (CNS). However, the role of apop-
tosis in the toxic effect of drugs of abuse, heroin, amphetamine, and cocaine, in
dopaminergic cells has not been fully addressed. Accordingly, we have also analyzed
the condensation of chromatin, a characteristic feature of apoptosis, by using the
SYTO-13/PI assay. As a positive control, serum withdrawal for 48 h induced a pro-
nounced condensation of the chromatin in PC12 cells, as observed by the labeling
with SYTO-13. Similar features of apoptosis were observed in cells incubated in the
presence of heroin or amphetamine, but not in the presence of cocaine (FIG. 4). In-
terestingly, only a very small percentage of cells incubated in serum-free medium



OLIVEIRA et al.: TOXICITY OF DRUGS OF ABUSE 491

2549 A

2.0+

Change in LDH release
(compared to the control)

Control 500 uM 1mM 3mM
[Cocaine]

Change in LDH release
(compared to the control)

0.0

Control 100 yM 300 yM 600 uM
[Heroin]

2.5+

2.0

Change in LDH release
(compared to the control)

0.0

Control 500 yM 1mM 2mM
[Amphetamine]

FIGURE 2. Evaluation of membrane integrity upon exposure of the cells to different
concentrations of the drugs of abuse. Membrane integrity was measured by LDH release,
after exposure of the cells for four days to (A) cocaine (500 uM, 1 mM, and 3 mM); (B)
heroin (100 uM, 300 pM, and 600 uM); or (C) amphetamine (500 uM, 1 mM, and 2 mM).
Data are the means = SEM of two experiments performed in triplicate.

were shown to be labeled with PI, a nonpermeable fluorescent dye and a marker of
necrotic cells.

Because the drugs of abuse interfere with the uptake systems (cocaine!%), or the
synaptic vesicle accumulation of dopamine (amphetamine!” and cocaine'®), which
can induce changes in dopamine neuronal content, we have used the PC12 cells as
models of dopaminergic neurons®? to determine the changes in intracellular dopa-
mine levels upon incubation with heroin, amphetamine, or cocaine (FIG. 5). Exposure
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FIGURE 3. Intracellular ATP/ADP levels in PC12 cells incubated with 3 mM cocaine,
300 uM heroin, or 1 mM amphetamine for four days. Data are the means = SEM of four ex-
periments performed in triplicate. Statistical significance: “P <0.05 as compared to the control.
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FIGURE 4. Analysis of chromatin condensation in PC12 cells exposed to the drugs of
abuse. SYTO-13 and propidium iodide (PI) were used to evaluate apoptotic cell death upon
exposure to cocaine (3 mM), heroin (300 uM), or amphetamine (1 mM) for 48 h. The cells
were incubated in the absence of serum for 48 h (no serum). All PC12 cells shown in the
pictures are labeled with SYTO-13 (green fluorescence). Only a small percentage of cells
incubated with medium without serum were found to be labeled with PI (red fluorescence).
The arrows indicate PC12 cells showing chromatin condensation.
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FIGURE 5. Intracellular dopamine and DOPAC levels upon exposure to the drugs of
abuse. The cells were incubated with cocaine (3 mM), heroin (300 uM) or amphetamine (1
mM) for four days. Data are the means + SEM of four experiments performed in triplicate.
Statistical significance: “p < 0.05, as compared to the respective control.
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FIGURE 6. Analysis of ROS formation in cells incubated with the drugs of abuse. The
oxidation of the probe DCFH, (20 uM) to DCF was followed in cells incubated with 3 mM
cocaine, 300 UM heroin, or I mM amphetamine for 24 h. Data are the means = SEM of three
experiments performed in triplicate.

to cocaine decreased the dopamine levels by about 40%, whereas exposure to heroin
and amphetamine largely decreased dopamine levels, by about 80%. In addition, an
increase in intracellular DOPAC levels, suggesting an enhanced turnover of dopam-
ine by MAO, followed the decrement in dopamine upon incubation with heroin.
These data also suggested an increased formation of intracellular peroxides. There-
fore, we measured the intracellular oxidation of DCFH, (FIG. 6). Although not sta-
tistically significant, the results show an increase in intracellular peroxides in the
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presence of heroin, as compared to control conditions. Changes in basal DCF fluo-
rescence were not observed after the incubation with cocaine or amphetamine. These
data indicate that an increased formation of intracellular peroxides may follow the
increase in intracellular DOPAC resulting from dopamine metabolization upon ex-
posure to heroin.

DISCUSSION

In this study we show that cell death induced by the drugs of abuse involves a de-
crease in intracellular dopamine content in cultured undifferentiated PC12 cells,
without major changes in membrane integrity, suggesting an alteration in dopamine
metabolic pathways and/or an increase in extracellular dopamine accumulation.

Cytotoxic effects induced by cocaine were not very evident in PC12 cells, as
demonstrated by the maintenance of MTT reduction or ATP/ADP levels, the non-
appearance of apoptotic features or the small decrease in intracellular dopamine, in
contrast with heroin or amphetamine. Nevertheless, cocaine was previously shown
to induce cell death by apoptosis in several cell types, including fetal mouse cortical
neurons,'® fetal rat myocardial cells,'*2? bovine coronary artery endothelial
cells,zL22 or in rat testes.?3 Moreover, cocaine, and in particular its N-oxidative me-
tabolites, were shown to depress mitochondrial respiration.2*

Cytotoxic effects induced by heroin were associated with a large decrease in in-
tracellular dopamine, an increase in DOPAC levels, and an apparent, nonstatistical
increase in intracellular ROS production. In addition, toxic effects induced by am-
phetamine in PC12 cells were associated with a decrease in intracellular dopamine
and a decrease in ATP/ADP levels, suggesting a certain degree of metabolic dysfunc-
tion. Interestingly, both amphetamine and heroin induced chromatin condensation, a
feature of apoptotic cell death, which is in agreement with previous studies showing
the induction of apoptotic cell death by heroin? and amphetamine.2® Furthermore,
although our data show an attenuation of ATP production and the appearance of ap-
optotic features upon exposure to amphetamine, recent data reported by Lotharius
and O’Malley?” support the idea that amphetamine-induced toxicity in dopaminer-
gic neurons involves production of ROS, although neither protein oxidation, ATP
decrement, mitochondrial dysfunction, nor cell death was observed.

In conclusion, toxic effects of amphetamine and heroin in undifferentiated PC12
cells are associated with the induction of apoptotic cell death, which may be due to
a metabolic dysfunction induced by amphetamine or an increase in dopamine me-
tabolization and production of ROS induced by heroin. As for cocaine, further ex-
perimental approaches are needed to clarify the cytotoxic mechanisms. The results
reported in this study are compatible with the hypothesis that dopamine plays a ma-
jor role in reinforcing the toxic effects of the drugs of abuse.
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