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Abstract

Many catechol derivatives are currently used as drugs, even if they produce reactive oxygen species that may cause tissue dam:
Among them, apomorphine, a potent dopamine agonist, displays efficient anti-parkinsonian properties, but the consequences of its oxid
and toxic properties have been poorly investigatednovitro models. In the present work, we investigated apomorphine cytotoxicity by
incubating cultures of rat glioma C6 cells and primary cultures of neurons with different concentrations of the drug. Apomorphine-promote
cell death was proportional to its concentration and was time-dependentpdef apomorphine on C6 cell death after 48 hr was about
200 uM. The cytotoxic effects induced by apomorphine were correlated to its autoxidation, which leads to the formation of reactive oxyger
species, semiquinones, quinones, and a melanin-like pigment. C6 cells that underwent treatment with @0d0morphine for 6 hr
displayed features of necrosis, including loss of membrane integrity, degeneration of mitochondria, and DNA fragmentation. Thiols, suc
as cysteine N-acetyli-cysteine, and glutathione, significantly protected cultured neurons and C6 cells against apomorphine-inducec
cytotoxicity. Thiols also inhibited apomorphine autoxidation. These data strongly suggest that apomorphine cytotoxicity towards neuror
and C6 cells results from an intracellular oxidative stress. © 2000 Elsevier Science Inc. All rights reserved.
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1. Introduction oxidative stress in PD (for a review, see [2]). Accordingly,
mitochondrial complex | dysfunction [3] resulting in an
The selective degeneration of dopaminergic neurons inimpairment of cerebral energy metabolism [4], decreased
the zona compactaf substantia nigra is the primary pa- levels of GSH and increased free’Fdevels [5], as well as
thology of Parkinson’s disease (PD) [1]. The precise mech- increased lipid peroxidation in substantia nigra [6], cerebral
anism responsible for degenerative damage remains un-protein carbonyls [7], and DNA fragmentation [8], have
known, but several observations suggest a cerebralbeen associated with PD. Moreover, several toxic condi-
tions promoting side effects resembling PD symptoms, in-
cluding poisoning with manganese [9] and exposure to the
* Corresponding author. Tel.:+33-383-592753; fax:+ 33-383- N-methyl-4-phenyl-1,2,5,6-tetrahydropyridine (MPTP) me-
592621. tabolite N-methyl-4-phenyl-pyridinium (MPP) [10] or to
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superoxide dismutase. oxygen species that may cause tissue damage. Both normal
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toxic products and reactive oxygen species (for a review, 2.2. Culture of rat glioma C6 cells

see [12]). Apomorphine is a potent dopamine agonist which

displays anti-parkinsonian properties similar to those of Rat glioma C6 cells were obtained from the American
levodopa [13]. Repeated subcutaneous injections of apo-Type Culture Collection (ATCC) (Interchim). After thaw-
morphine reduce ‘off' periods in fluctuating patients [14]. ing, cells were suspended in DMEM mix FAMEM 1:1
This compound, like other catechols, may undergo sponta-(v/V) containing 10% (v/v) FBS, 10Q.g/mL of streptomy-
neous autoxidation in neutral and alkaline solutions [15], €in, 100 unit/mL of penicillin, 0.25.g/mL of amphotericin
and reactive metabolites may be produced during this non-B: 2 MM L-glutamine, and 1 ng/mL of BFGF and plated on
enzymatic oxidative mechanism. Moreover, apomorphine 75-cnf flasks. The number of passages varied between 26
i OV Garage by S oy ana 70 20,2001 D) by o v o v ol
also deoxyribose degradation by°*FeEDTA + H,0O, in ue e ' . R

vitro, although it was also found that apomorphine scav- with a humidified atmosphere of 5% Gn air at 37°. Al

. . . .. .._confluence, cells were incubated at 37° for 10 min in a
enges peroxy radicals in an aqueous medium and |nh|b|tsCulture medium containing 0.05 ma/mL of trvosin and 0.53
microsomal lipid peroxidation [16,17]. Moreover, catechols g°. g yp '

¢ with " ies (ROS) in th M EDTA, and further dissociated by mechanical agitation
may react with reactive oxygen species ( ) in the Iores'through a fire-polished Pasteur pipette. C6 cells were diluted
ence of ferrous ions to form significant amounts of other

! ' and seeded into plates at a density of 3.1.0* cells/cnt.
neurothm cqmpounds such as the neurotoxin 6-hydroxy- afiar the cells had become confluent again, the medium was
dopamine quinone [18].

| o ) switched to SFM, and experiments were initiated 24 hr later.
We considered the possibility that apomorphine shares goth control and treated C6 cells were directly examined

with levodopa and dopamine the mechanism of cytotoxicity ynder phase-contrast microscopy after incubation.
related to the oxidative damage triggered by some degrada-

tion products of catechols, such as quinones and ROS [19,2.3. Neuronal cell cultures

20]. The purpose of this study was to examine and to

characterize the mechanisms of apomorphine toxicity to-  Neuronal cell cultures were obtained from 14-day-old rat
wards rat glioma C6 cells, which have been largely used for embryo forebrain according to [22]. Pregnant female rats
the study of astrocyte properties [21] and which are, like were anaesthetized with halothane, and living embryos were
astrocytes, more resistant to oxidative stress than neuronsexcised by cesarean surgery under sterile conditions. Whole
We compared the effects of the presence of different con- embryos were placed in culture medium previously equili-
centrations of apomorphine on the viability of both cultured brated at 37°, and forebrains were carefully collected. Brain
primary neurons and C6 cells. Furthermore’ we confirmed tissues were dissected free of meningeal membranes and

previous observations brought about in othewitro sys-

gently dispersed in a mixture of DMEM and Ham’s F12

tems on the mechanism of catechol-induced cell death. Themedium 1:1 (v/v) supplemented with 5% heat-inactivated

effects of the presence of various antioxidant enzymes,

medium were also studied.

2. Materials and methods

2.1. Chemicals

DHR123, diethylenetriamine pentaacetic acid (DTPA),
SOD, MTT, DTT, GSH, N,N,N,N’-tetrakis (2-pyridyl-
methyl) ethylenediamine (TPEN), SDS, and routine chem-
icals were purchased from SigmeMEM, amphotericin B,
DMEM Mix F12, Dulbecco’s PBS, penicillin/streptomycin,
Trizol reagent, and trypsin were supplied by Gibco. FBS
was purchased from Boehringer Mannhein. DNA ladder-
plus (100 bp) was synthesized by MBI Fermentas. Iron

sulfate was obtained from Merck. SeaKem Gold agarose
was purchased from FMC Bioproducts. Treated disposable

sterile multiple-well plates were from Corning Costar.

FBS. After centrifugation at 70& g for 10 min, the pellet

reducing agents, metals, and metal chelators in the cultureVaS dispersed in the same medium and passed through a

46-um pore-size nylon mesh. The density of the cell sus-
pension was measured, and aliquots were transferred into
35-mm Petri dishes precoated with palyysine in order to
obtain a final density of fcells/dish. Cultures were kept at
37° in a humidified atmosphere of 95% air—5% {for 24

hr, and the medium was then replaced with a fresh hormon-
ally defined SFM consisting of the DMEM/Ham’'s F12
mixture enriched with 1 mM human transferrin, 1 mM
insulin, 0.1 mM putrescin, 10 nM progesterone, 1 pM es-
tradiol, and 30 nM sodium selenite. Subsequent medium
changes with this SFM were performed twice a week. As-
says were carried out on 9- to 11-day-old cultures, and their
purity was assessed by immunohistology using neuron-spe-
cific enolase (NSE) and glial fibrillary acidic protein
(GFAP) antibodies. Cultures typically contained more than
92% NSE positive cells without GFAP positive cells.

2.4. Apomorphine autoxidation

Neutral aqueous solutions of apomorphine rapidly un-
dergo spontaneous oxidative decomposition and turn green.
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Autoxidation is a multi-step reaction resulting in quinone number of viable cells excluding trypan blue was counted in
derivative formation [12], and a melanin-like polymer was a hemocytometer.

postulated to be formed as an end product when apomor-

phine was incubated with a rat brain mitochondrial fraction 5 g Electrophoresis of proteins and DNA

[23]. In the present study, spectral modifications resulting

from 330uM apomorphine autoxidation were repeatedly  after growth to confluence, C6 cells were washed three
recorded between 900 and 190 nm for 30 min. Autoxidation times W|th PBS’ and the Culture medium was Switched to
rates were measured at 343 nm in 50 mM phosphate buffer,spm. Cells were incubated 24 hr later with different con-
pH 7.4. Assays were repeated in the presence of 320 U/mLcentrations of apomorphine, and monocellular layers not
of SOD, 1134 U/mL of catalase, and thiol solutions (0.5 subjected to apomorphine were used as control. Cells were
mM DTT or 0.5 mM L-cysteine). Apomorphine oxidation |ysed in Trizol reagent, then DNA and proteins were iso-
was also monitored spectrophotometrically in rat glioma C6 |ated according to the manufacturer’s instructions (GIBCO-
cell cultures with a microplate reader at 405 nm, based on BRL). DNA samples were separated by electrophoresis on

quinone and melanin-like pigment formation [19]. a 1% (w/v) agarose horizontal gel containing ethidium bro-
mide. Protein was quantified by the method of Bradford [26]
2.5. Assays of cell viability and separated on 12% SDS—PAGE slab gels. Conjugation

of apomorphine with proteins was evidenced by UV trans-
Cells were incubated in SFM containing apomorphine illumination at 312 nm before protein staining with Coo-

and either antioxidant enzymes, reducing agents, metals, omassie brilliant blue R-250.
metal chelators at different concentrations. For controls,
monocellular layers were incubated under the same condi-5 7 Fluorescence microscopy of cells
tions, but without apomorphine. Concentrations of apomor-
phine higher than the human therapeutic dosage (micromo-  pHR123 is a colorless, cell-permeant dye that is oxi-
lar range, but difficult to assess because of the very shortgized by reactive oxygen species to a fluorescent oxidation
half-life of the drug [24]) were used throughout to amplify product, rhodamine 123. The presence of this oxidation
the responses observiedvitro. Cell viability was quantified  product was used to visualize oxidative stress during apo-
by the conversion of yellow MTT by mitochondrial dehy- morphine autoxidation in C6 cells cultured on cover slips in
drogenases of living cells to a purple MTT formazan [25]. 24-well chambers. Cells were washed twice in PBS and then
MTT was dissolved at a concentration of 5 mg/mL in sterile jncubated in PBS containing DHR123 atu/mL. Then,
PBS at room temperature, and the solution was further cells were subjected to 4Q0M apomorphine for 1 hr at 37°.
sterilized by passing through 0,2m syringe filters and  Fluorescence of rhodamine 123 was measured at 530 nm
stored at 4° in the dark. The final concentration of MTT under a 488-nm excitation wavelength. Cells without apo-
added to each well or dish was 1 mg/mL. After 2 hr of morphine or with apomorphine in the absence of the dye
incubation at 37°, a same volume of lysing buffer was were used as controls.
added. Lysing buffer was prepared as follows: 20% (w/v)
SDS was dissolved at 37° in a solution of 50% (v/v) of both 5 ¢ E|actron microscopy
DMF and demineralized water, pH 4.7. After an overnight
incubation at 37°, optical densities were measured at 580 Cells were cultured in 12-well chambers and fixed with

nm. The viability of treated cultures was expressed as a, 5o, glutaraldehyde for 1 hrin 0.1 M cacodylate buffer, pH
percentage of the mean absorbance of control cultures, foI—7.2, and washed three times in this buffer. Samples were

lowing subtraction of the background absorbance of wells postfixed with 1% osmic acid (45 min), passed through a
without cells. graded series of ethanol solutions (30, 50, 70, 80, 90, and
Proliferation of C6 cells was measured by counting via- 100% for 15 min each), and treated with a 1:1 (v/v) Epon—
ble cells, defined as the cells that remained adherent to1009 ethanol for 30 min, followed by 2:1 (v/v) Epon—100%
culture wells and excluded trypan blue. At culture conflu- ethanol for 30 min, and in pure Epon overnight. Epon
ence, the medium was switched to SFM, and apomorphinepolymerization was obtained at 56° for 48 hr. Ultrathin
was added 24 hr later. Cell viability was quantified again sections {-65 nm) were cut, stained with uranyl acetate and
using trypan blue 48 hr later to confirm MTT assay. Non- Reynold’s dye, and examined with a Philips CM12 trans-
adherent cells were removed by two washes with ice-cold mission electron microscope.
PBS. Adherent cells were harvested by incubation with  Cells that underwent treatment with 4Q0M apomor-
0.05% trypsin—0.53 M EDTA for 10 min at 37°. Trypsin  phine were fixed 6 hr later. The cells which detached from
was neutralized by addition of DMEM mix FIZMEM 1:1 wells were centrifuged at 308 g for 5 min and were also
(v/v), containing 10% (v/v) FBS. Cells were centrifuged for examined. Cells treated with 1QM were fixed 24 and 48
5 min at 160X g and resuspended in the same medium. hr later. Control cells, which were not treated, were fixed
Trypan blue 0.04% (w/v) was added for 10 min, and the after 6 and 48 hr.
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Time (mm) Fig. 2. Cytotoxicity of apomorphine towards rat glioma C6 cells as a

Fig. 1. Time—course of apomorphine autoxidation. The concentrations of function of the duration of the incubation._ In_c_ubations were run for either
reagents were®, 330 uM apomorphinem, 330 uM apomorphine+ 320 ®, 6 hr;m, 12 hr; A, 24 hr; V¥, 48 hr. Cell viability was dgtermmed by the '
U/mL of SOD; A, 330 uM apomorphine+ 1134 U/mL of catalase¥, 330 MTT test and expressed as a percentage of controls without apomorphlne.
M apomorphinet+ 0.5 mM DTT; ¥, 330 uM apomorphine+ 0.5 mM Data_are (_axp_ressed as th_(-“‘T mem§D, N = 8. Data marked Wlth_two
cysteine. Autoxidation rate was monitored by spectrophotometry at 343 asterisks indicate a significant difference from the controls witk a
nm. Data are expressed as the meanSD of six separate assays for the ~V&lue < 0.001, and a single asterisk indicate® @alue < 0.01.

autoxidation of apomorphine and of duplicate for the autoxidation in the

presence of antioxidants.

3.2. Effect of apomorphine on cellular viability

2.9. Data analysis C6 cells displayed a typical growth curve, and cell con-
fluence was usually obtained 72 hr after seeding. After
Results are expressed as mean§D. Statistical analy-  treatment of cells with apomorphine concentrations up to

ses were performed using Studenttest, and aP value 100 uM for 48 hr, there was no Significant difference with
<0.05 was considered significant. controls in the number of viable cells when trypan blue was

used to quantify cell viability. By contrast, almost all cells

subjected to 40QuM apomorphine died after 48 hr (not

shown). Fig. 2 shows the effect of various concentrations of
3. Results apomorphine on cellular survival measured by the MTT
assay. C6 cell survival was inversely correlated to apomor-
phine concentration. C6 cell viability became significantly
lower 6 hr after treatment with 20QuM apomorphine

. L (81.3+ 7.5%, N= 8), or 48 hr after 10QuM apomorphine
The absorption spectrum of apomorphine in 0.01 M HCI (85.3 = 8.6%, N = 8). The cytotoxic effects of apomor-

exhibits two peaks at 229 and 264 nm. During autoxidation, ' . . .
phine were time dependent, and a maximal decrease in cell

two new peaks appeared in the absorption spectra that ._, .. . . : .
. . . viability was obtained 48 hr after incubation with 40/
slowly increased as a function of time at 412 and 614 nm y

) i ' apomorphine (11.2= 3.9%, N = 8). Theepg, of apomor
with another of much greater absorbance appearing at 343phine on cell death was about 2Q0/ after 48 hr, and the

nm (not shown). Due to their rapid polymerization to mel-  cy5toxicity was correlated to the formation of a melanin-
anin, we were unable to identify the oxidation products by |jxe pigment in the cultures (Fig. 3).

mass spectrometry techniques. The autoxidation rate of apo- - primary cultures of rat neurons were more sensitive to
morphine in 50 mM phosphate buffer, pH 7.4 at 343 nm was apomorphine cytotoxicity than C6 cells (Fig. 4). Neuron
practically linear with time (Fig. 1). The reaction was viability decreased to 67.8 20.4% and 28.1+ 4.0% in the
slightly inhibited by 1134 U/mL of catalase and efficiently presence of 100 or 20@M apomorphine for 6 hr, respec-
inhibited by 0.5 mM DTT and 0.5 mM cysteine, but the rate tively (N = 5). These results were significantly different
of autoxidation increased in the presence of 320 U/mL of when compared to C6 cell viability, which was 93:24.8%
SOD. and 81.3+ 7.5%, respectively, N= 8).

3.1. Non-enzymatic oxidation of apomorphine
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Fig. 3. Formation of a melanin-like pigment during apomorphine autoxi-
dation. Rat glioma C6 cell cultures were incubated with 0—60@
apomorphine for 48 hr. Measurement of pigment formation was monitored
by spectrophotometry at 405 nm. Data are meanSD, N = 8. Bars
marked with an asterisk indicate a significant difference from the controls
with a P value < 0.001, when compared with incubations without
apomorphine.
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3.3. Morphological observation of C6 cells

For phase-contrast microscopy, 3x110* C6 cells/cmi
were plated in 96-well plates and incubated as described in
the “Methods” section. For control culture, C6 cells were
incubated for 48 hr in standard SFM without apomorphine.
Fig. 5A shows that a confluent monocellular layer practi-
cally covered the whole surface of the dish. When 100
apomorphine was added to the medium, morphological de-
generation of the cells progressed as follows: 6 hr later, cells
began to be stained by the formation of a melanin-like
pigment (Fig. 5B); 24 hr later, cells displayed a brown-
greenish color and began to detach from the surface of the
well (Fig. 5C); 48 hr later, confluence was lost and gaps
representing areas where cells had detached from the mono-
layer were apparent (Fig. 5D).

When observed by fluorescence microscopy, control
cells incubated with DHR123 in the absence of apomor-
phine exhibited a faint fluorescence when excited at 488 nm,
presumably resulting from the basal production of reactive
oxygen species during mitochondrial respiration and perox-
idase activity (Fig. 6A). Cells incubated in the presence of
apomorphine only were not fluorescent (not shown). Cells
incubated with DHR123 in the presence of 4AM apo-
morphine for 1 hr at 37° presented a bright fluorescence
under excitation at 488 nm (Fig. 6, B and C).

When observed by transmission electron microscopy,
control cells showed intact plasma membranes, numerous
mitochondria, and ribosomes (Fig. 7, A and D). After treat-
ment with 400uM apomorphine for 6 hr, cells displayed
features of necrosis, including loss of membrane integrity,
alteration of mitochondria, and chromatin disintegration
(Fig. 7, B and C). Although we also observed necrosis in
some cells that were incubated with 10 apomorphine
for 24 hr (not shown), the plasma membrane of most of
these cells remained intact even after 48 hr (Fig. 7F) and the
chromatin was preserved. A strong pigmentation outlined
the formation of a melanin-like pigment (Fig. 7, E and F).

3.4. DNA electrophoresis

DNA damage caused by different concentrations of apo-
morphine (400, 300, or 20@M) to C6 cells was examined
by analysis of their genomic DNA on 1% agarose gel
electrophoresis. C6 cells treated for 6 hr with apomorphine
showed DNA fragmentation into small fragments of random
size (Fig. 8, lanes 3-5). This smear pattern of DNA frag-
mentation is consistent with necrotic cell death. DNAs from
control C6 cells showed a single band near the starting
origin of electrophoresis. Densitometric analysis showed
that areas beneath the curves between 100- to 500-bp bands

increased proportionally to the concentration of apomor-
phine.
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Fig. 5. Phase-contrast microscopy of control and apomorphine-treated rat glioma C®azligraphy A rat glioma C6 cells incubated with SFM for 48

hr in the absence of apomorphine display a normal monocellular Iierography B:many of the cells subjected to 1M for 6 hr began to be stained

by the formation of apomorphine autoxidation produddécrography C:rat glioma C6 cells subjected to 1QM apomorphine for 24 hr were all stained

in a brown-greenish color and had began to detach from Wedrography D: holes appeared in the monocellular layer when cells were subjected to 100
uM for 48 hr. Gaps in the monolayer represent areas in which cells have detached from the monolayer. Seal@®am.

3.5. Protein electrophoresis mM, L-cysteine oN-acetyl+-cysteine efficiently protected
C6 cells and neurons against 40/ apomorphine cyto-

A previous report [27] described the formation of apo- toxicity even after 48 hr of incubation. At this concentra-
morphine—protein conjugates when apomorphine autoxi- tion, survival increased from 8% in cells incubated only in
dizes in the presence of serum albumin. To determine if the presence of 40QM apomorphine to 78% in cells
apomorphine forms conjugates with intracellular proteins incubated in the presence of apomorphine and thiols (not
during autoxidation, we extracted proteins from cells incu- shown). These results are consistent with a thiol-mediated
bated with apomorphine. After electrophoresis, the gels inhibition of apomorphine autoxidation by depletion of re-
were observed under UV transillumination at 312 nm before active oxygen species.
staining with Coomassie blue. All proteins stained by Coo-  The presence of E€é significantly aggravated apomor
massie blue in control C6 cell extracts appeared green afterphine-induced cytotoxicity towards C6 cells (Fig. 12A), but
incubation with apomorphine, suggesting a non-specific did not increase the formation of quinones and of the mel-
apomorphine—protein conjugate formation by binding of anin-like pigment (Fig. 12B). We also tested three iron

apomorphine to intracellular proteins (Fig. 9). chelators and showed that both DPTA (diethylenetriamine
pentaacetic acid) and TPENN,N,N’ -tetrakis (2-pyridyl-
3.6. Effects of antioxidants and iron methyl) ethylenediamine were cytotoxic to C6 cells at 100

and 10uM, respectively. Deferoxamine at concentrations

Thiol compounds at concentrations of 1 and 10 mM up to 1 mM neither protected cells against apomorphine-
significantly prevented apomorphine-induced cytotoxicity induced cytotoxic damage nor inhibited the formation of
towards both neurons (Fig. 10) and C6 cells (Fig. 11A-C) quinones and melanin-like pigment (not shown). These re-
after 6 hr of incubation. Thiols also decreased the formation sults strongly suggest that iron is not involved in the cyto-
of quinones and the melanin-like pigment (Fig. 11D). At 10 toxicity or the synthesis of the melanin-like pigment, but its
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Catalase up to 50 U/mL, SOD up to 500 U/mL, and the
association of both enzymes at the same concentrations up
to 50 U/mL did not protect C6 cells against the cytotoxic
effects of apomorphine, suggesting that the extracellular
release of hydrogen peroxide and superoxide during apo-
morphine oxidation does not play an important role in the
toxic mechanism.

4. Discussion

In everyday clinical practice, the most effective treat-
ment of PD remains levodopa therapy [28]. However, both
levodopa and dopamine easily autoxidize to semiquinone
and o-quinone derivatives [29] that may be activated by
NADPH-cytochrome P450 reductase in the presence of
oxygen, leading to the formation of superoxide [30,31]. On
the other hand, post-mortem samples of brains from PD
patients display features of oxidative stress, i.e. increased
lipid peroxidation, protein carbonyls and 8-hydroxyguanine
levels [6,7]. Therefore, levodopa therapy has been thought
to enhance the progression of PD, as the beneficial response
to levodopa decreases with time in most PD patients [28,
32]. Nevertheless, evidence fam vivo neurotoxicity of
levodopa remains lacking [33], and the loss of efficacy of
both levodopa and apomorphine may also be due to the
normal loss of remaining neurons that can recycle dopamine
and agonists. In fact, both levodopa and dopamineiract
vitro either as oxidants or antioxidants, depending on their
concentration. Levodopa at 100—-2pMM is toxic to cul-
tured neurons, and causes cell death by apoptosis or necrosis
through the production of oxygen radicals, as suggested by
the protective effect of thiol antioxidants [34]. By contrast,
at lower concentrations (5—-5(M), levodopa displays scav-
enger properties [35].

Other catechols that are either dopamine agonists or
catechol O-methyl transferase inhibitors, e.g. entacapone
and tolcapone, are used for the therapy of PD [36]. Apo-
morphine is a potent Pand D, receptor agonist that quickly
enters the brain and accumulates in the striatum [37]. As
reported during levodopa therapy, a decline in the response
to closely spaced administrations of apomorphine appears
[38], also suggesting that it may either induce a desensiti-
Fig. 6. Reactive oxygen species production by rat glioma C6 cells incu- zation of the receptors or aggrav_ate the loss of dOpammerg!c
bated in the presence of apomorphine. Rat glioma C6 cells were incubatedN€Urons. By contrast, other studies did not report changes in
in PBS containing 1ug/mL of DHR123 and examined under phase- apomorphine sensitivity after a long-term treatment [39].
contrast fluorescence microscopy in the presence or not of apomorphine.Nevertheless, only a few data concerning its eventual cyto-
Micrography A:control cells without apomorphine exhibited a faint fluo- toxicity are available. Recently, low concentrations of apo-

rescence, probably due to mitochondrial respiration and peroxidase activ- . _
ity. Micrography B:cells subjected to 40@M apomorphine for 1 hr at 37°. morphlne have been found to protect rat pheochromocy

Micrography C:when the same field seen Biwas photographed with a ~ toma (PC12) Ce_”S from the toxic effects of,@, and
fluorochrome excitation at 488 nm, cells became fluorescent, evidencing 6-hydroxydopamine [16]. The same authors also found that

the production of reactive oxygen species that oxidize DHR123 to the at higher concentrations, apomorphine is cytotoxi%(( =
fluorescent rhodamine 123. Scale bar0 um. 100 uM) and causes an almost complete cell loss in the
presence of KO,. In the same way, Ubedat al. [17]
presence in the culture medium aggravates the cytotoxicdescribed the ability of apomorphine to catalyze deoxyri-
effects of apomorphine. bose degradation through the generation of superoxide rad-
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Fig. 7. Changes in cellular structure of rat glioma C6 cells after incubation with apomorphicregraphy A:electron micrography of control C6 cells
incubated without apomorphine for 6 hr (scale ba.6 um). Micrography B:dead C6 cell that remained adherent to the culture well after incubation with
400 uM apomorphine for 6 hr, showing features of necrosis (scale=b&:7 um). Micrography C non-adherent dead C6 cell incubated with 400
apomorphine for 6 hr. Typical features of necrosis include loss of plasma membrane intégrityuclear chromatin disintegratiosk§, and organelle
degeneration (*) (scale bar 0.6 um). Micrography D: control C6 cell incubated without apomorphine for 48 hr (scale=h@:3 um). Micrography E rat
glioma C6 cell incubated with 100M apomorphine for 24 hr. The cell contains degenerated organelles (*) and the number of normal mitochondria is reduced
(scale bar= 0.3 um). Micrography F:rat glioma C6 cell incubated with 100M apomorphine for 48 hr. Normal mitochondria have disappeared, and their
degeneration leads to the formation of an important pigmentafignaithough the cell still has an intact plasma membraf¢ (scale bar= 0.3 um).
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Fig. 8. Effect of different concentrations of apomorphine on rat glioma C6
cell DNA. One microgram of DNA extracted from C6 cells subjected to
different apomorphine concentrations was separated by agarose gel elec- H

trophoresisLane T DNA marker; Lane 2: DNA obtained from control Apomorphlne (MM)
cells shows a single band near the starting origin of electrophotesiss

3, 4, and 5:DNAs isolated from cells incubated with either 200, 300, or
400 nM apomorphine for 6 hr, respectively. Densitometric analysis sug-

gested that the degree of DNA disintegration, measured as a smear of 100-the absence (open bars) or the presence of 10 KbtetylL-cysteine

to 500-bp size, increased proportionally to apomorphine concentration. (hatched bars) as described in Fig. 4. Cell viability was determined by the
Densitometry values are arbitrary units MTT test and expressed as a percentage of controls without apomorphine.

Data are expressed as the meanSD, N= 10. (+), P < 0.001, compared
with cells incubated only with apomorphine.

0 100 200

Fig. 10. Effect ofN-acetyl+-cysteine on the cytotoxicity of apomorphine
towards cultured rat neurons. Neurons were incubated with apomorphine in

3 L e

T

2

Fig. 9. Polyacrylamide gel electrophoresis of rat glioma C6 cell proteins from control and apomorphine-treated cells. (A) Fluorogram (righthassi€o

blue staining (left) pattern showing proteins extracted from C6 cells treated with apomorphip#/30énes 1 and 2) and 400M (lane 3). Polyacrylamide

(12%) gels were loaded with 4&g protein. (B) Coomassie blue staining showing proteins extracted from C6 cells incubated without (lane 1) or with 50,
100, 200, 300, or 40@M apomorphine for 48 hr (lanes 2—6, respectively). Polyacrylamide (12%) gels were loaded with [B0tein.
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Fig. 11. Effect of thiols on the cytotoxicity of apomorphine towards rat glioma C6 cells. Cells were incubated with cySteiadetyl+-cysteine B), and

GSH (C) in the absence (open bars) or the presence ofiddCapomorphine (hatched bars) for 6 hr. Cell viability was determined by the MTT test and
expressed as a percentage of controls without apomorpBEip&ffect of thiols on apomorphine autoxidation. Cells were incubated with cysteine (open bars),
N-acetyl+-cysteine (black bars), and with glutathione (gray bars) in the presence gfMGpomorphine. A melanin-like pigment that absorbs light at 405
nm was formed during apomorphine autoxidation. Data are expressed as the-m&&naN = 8. (*), P < 0.001, compared with controls without added
thiol reagents or apomorphinet}, P < 0.001, compared with cells incubated with 4@M apomorphine without thiol reagents.

icals and to increase DNA damage by“Cuions, but noted romelanin associated witin vitro toxicity [19,20,40]. The
that apomorphine inhibited Bé&-promoted lipid peroxida apparent stimulatory effect of SOD on apomorphine autox-
tion. These observations suggest that like levodopa andidation probably results from a favorable reduction potential
dopamine, apomorphine displays scavenger properties abf apomorphine oxidation products, resulting in a semiqui-
low concentrations, whereas it causes cell death at highernone:superoxide oxidoreductase activity of SOD [41]. On
concentrations. the other hand, apomorphine autoxidation was slightly in-
In aqueous solution, apomorphine undergoes spontane-hibited by catalase, also indicating the involvement gDkl
ous oxidation at neutral pH, forming both superoxide radi- in the reaction, and it was largely inhibited by DTT and
cals and products that polymerize rapidly. This autoxidation cysteine. Thiols probably prevented autoxidation of apo-
process strongly resembles that already described for dopamorphine by depletion of reactive oxygen species, even in
mine, levodopa, and 6-hydroxydopamine, with a subsequentcell cultures where their formation may occur intracellu-
formation of oxygen radicals, quinone derivatives, and neu- larly, as C6 cells became fluorescent when incubated with
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not exclude the toxicity of oxygen radicals formed during
apomorphine autoxidation in the culture medium.

Apomorphine toxicity towards rat C6 glioma cells and
neurons was clearly concentration- and time-dependent.
Treated C6 cells showed fluorescent proteins that were not
observed in controls, suggesting that apomorphine binds to
proteins, as already shown in the central nervous system
[27]. Apomorphine also irreversibly binds to albumin and
liver microsomes in polyacrylamide gels, coloring proteins
green [43]. Moreover, catecholamines can cross-link neu-
rofilament proteins, resulting in the formation of Lewy
bodies [44], and the formation of dopamine—protein adducts
has been associated with dopamine toxigityvitro [12].

The present work shows that C6 cell viability strongly
depends on the mechanism of formation of a neuromelanin-
like pigment during incubation with apomorphine. Thiol
reagents significantly protected C6 cells and neurons, sug-
gesting that quinone derivatives formed during apomor-
phine autoxidation react with sulfhydryls, resulting in ad-
duct formation. In accordance with this hypothesis, very
recent data showed the formation of levodopa and dopamine
conjugates with cysteine and GSH during exposure to su-
peroxide radicals [45].

A typical necrotic DNA degradation was found in C6
cells treated with 20QuM apomorphine for 6 hr. These
results are consistent with DNA damage promoted by apo-
morphine in a cell-free system [17]. Several studies on
dopamine and levodopa toxicity show that cultured neuron
death occurs by necrosis or apoptosis [32,46]. The present
results demonstrate that relatively high concentrations of
apomorphine promote necrosis. This does not exclude the
possibility that apoptosis may appear after exposition to
lower concentrations of the drug, as previously suggested by
studies on cultured neurons and on parkinsonian nigrostri-
atal samples [46].

Iron has been suggested as a catalyst of both catechol-
amine oxidation [18] and cytotoxic radical formation [47].
We observed that iron aggravates apomorphine cytotoxic-
ity, but deferoxamine alone did not protect C6 cells (not
shown). In the same way, neither SOD nor catalase pro-
tected C6 cells against apomorphine, althougfOHis
freely diffusible across the membrane, suggesting that the
reactive oxygen species-promoted damage occurred before
their efflux outside the cell.

Astrocytes contain more vitamin E, GSH, enzymes in-
volved in GSH metabolism, and SOD than neurons [48],
and are much less affected by an oxidative stress [49].
Accordingly, we showed that C6 cells are more resistant
than neurons to apomorphine, in accordance with other
results showing that C6 cells are more resistant than cul-
tured pheochromocytoma (PC12) cells [16]. Dopamine and

both apomorphine and DHR123. An intracellular protection levodopa appear to be more cytotoxic towards neuroblas-
against oxidative stress by thiols added to the culture me-toma SH-SY5Y cells [19] than is apomorphine towards C6
dium is possible, as GSH can cross astrocyte membranecells, as cell viability was approximately 60 and 30% in the
[42]. These results strongly suggest that apomorphine au-presence of 10uM dopamine or levodopa, respectively.
toxidation initiates an intracellular oxidative stress, but does Apomorphine is also less toxic than menadione, as exposure
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of astrocytes to 100.M menadione killed all cells within 12 [11] Cohen G, Heikkila RE. Alloxan, and 6-hydroxydopamine, cellular
hr [50]_ toxins. In: Packer L, editor. Oxygen radicals in biological systems.

In conclusion, the present study shows that apomorphine . Oriando: Academic Press, 1984. Vol. 105, p. 510-516.

. Lo . [12] Bindoli A, Rigobello MP, Deeble DJ. Biochemical and toxicological
induces cytotoxicity in both rat glloma C6 cells and rat properties of the oxidation products of catecholamines. Free Radic

cultured neuronsn vitro. However, there is neither evi- Biol Med 1992:13:391—405.

dence ofin vivo apomorphine neurotoxicity nor evidence [13] Di Chiara G, Gessa GL. Pharmacology and neurochemistry of apo-
that it alters the natural progression of the disease [39]. The = morphine. Adv Pharmacol Chemother 1978;15:87-160.

presenﬁn vitro results also show that apomorphine autox- [14] Corboy DL, Wagner ML, Sage JI. Apomorphine for motor fluctua-

R . . . . . tions and freezing in Parkinson’s disease. Ann Pharmacother 1995;
idation products irreversibly bind to intracellular proteins, 202828

forming fluorescent ConjUQa_-tes- As micrOdia_lySiS assays [15] Kaul PN, Brochmann-Hanssen E. Auto-oxidation of apomorphine.
showed that free apomorphine concentrates in brain cells  J Pharm Sci 1961;50:266—7.
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d . . 521 th hould i hi 1998;13:242-8.
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