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Dopamine induces apoptosis-like cell death in cultured chick sympathetic 
neurons - a possible novel pathogenetic mechanism in Parkinson's disease 
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Abstract 
We report that exposure of cultured, postmitotic chick-embryo sympathetic neurons, to physiological concentrations of dopamine 

(0.1-1 raM) for 24 h initiates a cellular death process characteristic of apoptosis (= programmed-cell,death, PCD). Dopamine caused 
marked morphological alterations, mainly axonal disintegration and severe shrinkage and condensation of cell bodies. Flow: 
cytometric analysis of propidium-iodide-stained cell nuclei revealed the characteristic apoptotic nuclear fragmentation: increase in 
nuclear granularity and emergence of a large, distinct population of nuclei with reduced DNA content (subdiploid, apoptotic peak). 
These alterations were similar to changes induced by nerve growth factor (NGF) deprivation, a model of sympathetic neuronal PCD: 
Alterations were inhibited by the anti-oxidative agent DTT. Inappropriate, dopamine-induced activation of PCD might have a role 
in nigral neuronal degeneration in Parkinson's disease. 
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A major current hypothesis suggests that the etiology 
of the selective degeneration of nigrostriatal dopaminer- 
gic (DA) neurons in Parkinson's disease (PD) is linked 
to DA-induced excessive oxidant stress [17]. It is as- 
sumed that the generation of toxic free radical species 
during DA oxidation leads to lipid peroxidation, dys- 
function and rupture of cellular membranes, resulting in 
neuronal disintegration [17]. However, such mode of cell 
death by necrosis would be expected to cause rapid nigral 
degeneration, with cell swelling and rupture, uncon- 
trolled spillage of its contents into the extracellular 
space, associated with a marked local inflammatory re- 
action [2], features that do not characterize nigral histo- 
pathology in PD. 

Apoptosis or programmed-cell-death (PCD) is a mode 
of genetically-controlled, active cellular death process, 
with a highly characteristic chain of events, including 
loss of contacts among neighbouring cells, their shrink- 
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age and condensation, nuclear fragmentation at internu- 
cleosomal sites, and degradation of cells to membrane- 
bound particles (apoptotic bodies) that are rapidly 
phagocytized by macrophages without an inflammatory 
response. It occurs in various cells [2,3] including sympa- 
thetic neurons following nerve growth factor (NGF) dep- 
rivation [13]. Apoptosis seems to have a major physio- 
logical role in the differentiation and organization of the 
nervous system during its development [1]. However, it 
is theoretically possible that it may also be involved in 
the pathogenesis of degenerative neurological disorders 
of older age. 

DA, the endogenous neurotransmitter of nigrostriatal 
neurons, is toxic to and kills melanoma and neuroblas- 
toma cells [20,9]. DA toxicity was also observed in cul- 
tured mesencephalic DA neurons [14], Several anticancer 
drugs may act through induction of PCD [6]. We there- 
fore hypothesized that DA-induced, inappropriate acti- 
vation of PCD in nigral cells, might have a role in the 
pathogenesis of nigrostriatal DA neuronal death in PD. 
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We now report that DA is indeed capable of initiating 
a death process, characteristic of  PCD, in cultured, post- 
mitotic chick sympathetic neurons. 

Paravertebral sympathetic ganglia of chick embryo at 
embryonic day 9 (E9) were dissected out and cells were 
dissociated by trypsinization (0.25% in EDTA). Cells 
were then plated on coverslips, fitted within polylysine- 
coated 24-well tissue culture plates (Corning Ltd., cell 
density of 3 x 10 6 cells/well), and grown with serum free 
medium DCCM-1, containing 0.5% horse serum, 20 #g/ 
ml fluorodeoxyuridine (FDU) and 50 #g/ml uridine (to 
kill nonneuronal dividing cells), 2 mM glutamine, 10 
ng/ml nerve growth factor (NGF), streptomycin, penicil- 
lin and amphothericin-B. On the 4th day in culture, cells 
were treated with DA (0.1-1 mM) for 24 h. Plates main- 
tained in the same conditions, but without exposure to 
DA served as controls. Exposure to ant i-NGF antibody 
(0.01%) was used for comparison as a model of apoptosis 
in sympathetic neurons [13]. Actinomycin-D (AMD, 0.1 
#g/ml) was used to assess effect of gene-transcription 
inhibition. Effect of antioxidant therapy was tested by 
adding dithiothreitol (DTT, 0.5 mM). DA-treated plates 
without FDU and uridine were used to assess the role of 
non-neuronal cells on DA effect. (NGF and anti-NGF- 
ab were kindly donated by EN Johnson, Washington 
University; other chemicals were obtained from Sigma, 
Israel). 

Cell viability was assessed by the MTT [3-(4,5-dimeth- 
ylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] test. 
Cells were thoroughly washed with PBS and treated with 
10 #1 of MTT solution (5 mg/ml) in 100 ,ul medium for 
4 h at 37°C. The extent of MTT convertion to formazan 
(by mitochondrial dehydrogenase), indicating cell viabil- 
ity, was determined by measuring optical density (O.D.) 
at 540/690 rim, using Bio-Tek microplate reader. Ratio 
of O.D. to mean O.D. of control plates was translated 
to percentage of surviving cells. 

Nomarski optics, fitted on an inverted microscope 
(Nikon) were used for morphological studies. Microgra- 
phs were taken using a 35 mm Nikon camera and Kodak 
Tri-x film (ASA 400). 

DA-induced nuclear changes were evaluated by flow- 
cytometric (FACS) analysis of propidium-iodide (PI)- 
stained cell nuclei. Nuclear purification and staining 
were performed by the method of Vindelov et al. [19]. 
Flow-cytometry was then performed on a FACStar (Bec- 
ton Dickinson, CA), using an argon ion laser (Coherent, 
Palo Alto, CA), adjusted to an excitation wavelength of 
488 rim. FACStar software was used for data acquisi- 
tion. Forward light scattering (FSC), orthogonal (side) 
light scattering (SSC) and fluorescence signals (FL2) 
were measured and stored in listmode data files; each 
measurement contained 104 cells, flow rate was 60 
events/sec. Apoptotic nuclear changes were evaluated ac- 
cording to criteria of Dive et al. [5] and Nicoletti et al. 
[16], ie. increase in SSC, reflecting increased nuclear 
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Fig. 1. MTT [3-(4,5-dimethyhhiazol-2-ylF2,5-diphenyltetrazolium bro- 
mide] test. Effect of dopamine (DA) on survival of cultured chick 
sympathetic neurons, measured by MTT conversion to formazan. 
Dose-response reduction in MTT conversion was observed up to DA 
concentration of 0.5 mM. At higher doses, increasing interference by 
dark DA-oxidative products was observed, not alleviated by thorough 
PBS washings, which led to artefactual progressive increase in the MTT 
reading. 

granularity, and the evolvement of a subdiploid, ~apop- 
totic' peak on the FL~ scale (reflecting emergence of 
nuclear particles with reduced DNA content). Results 
were replicated in at least three different sets of experi- 
ments. 

Exposure to DA (-< 0.5 raM) for 24 h caused a 
marked, dose-dependent reduction in MTT conversion, 
reflecting reduction in fraction of surviving cells to 
32 + 5% (mean + S.D.) in DA (0.5 mM)-treated plates. 
Calculated LDs0 (lethal dose for 50% of cells) was 0.1 
mM (Fig. 1). Exposure to levels beyond 0.5 mM (up to 
1 raM) was associated with increasing interference by 
dark DA-oxidative products, not alleviated by the thor- 
ough PBS washings, leading to arteEactual progressive 
increase in the MTT reading. DA concentration of 0.3 
mM was then chosen for further studies of the death 
process. 

Before treatment, all plates exhibited a well-develop- 
ped neuritic network with bright cell bodies, frequently 
in aggregates. These features were maintained in the con- 
trol plates (NGF-treated, without exposure to DA) 
throughout the study (Fig. 2A). Morphological altera- 
tions were evident at 12 h exposure to DA (0.3 raM), 
culminating by 24 h. There was thinning, tk~llowed by 
extensive disruption of neurites. Cell bodies became 
strikingly shrunken and condensed (Fig. 2B). However, 
cell bodies and neurite remenants remained attached to 
the culture dish for at least further 1 2 days before lifting 
up and floating in the medium. This complex of morpho- 
logical alterations was also observed following NGF 
deprivation. (though first apparent only alter 24 h), and 
is considered characteristic of PCD in cultured sympa- 
thetic neurons [13]. 
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Fig. 2. Efli~ct of dopamine (DA) on neuronal morpholog),: Nomarski optic morphology of cultured chick sympathetic neurons, a: control. Well 
developped neuronal network, bright cell bodies, b: DA efl'ecL Exposure to DA, 0.3 mM for 24 h: extensive neurite thinning and disruption, se~'ere 
shrinkage and condensation of cell bodies, x 300, Bar = 100 ran. 

Fig. 3 summarizes DA- induced  nuclear changes after 
24 h o f  treatment,  as evident in the FACS study. On 
anlysis o f  F L >  control  cells were characterized by sub- 
diploid events o f  30% o f  total counts ,  explained by natu- 
ral aging of  cells in culture. Exposure  to DA caused a 
marked,  distinct, subdiploid ' apop to t ic '  peak of  78% of  
events. W h e n  FL,_ was plot ted against  SSC (Fig. 3), D A  
appeared to cause a marked  reduct ion in the fraction of  
normal ,  diploid nuclei (region 1 ), with emergence of  two 
distinct popula t ions  o f  nuclear particles: (1) Area 2 (80% 
in the DA- t rea ted  cells vs. 30% in control);  particles with 
low Pl fluorescence (small D N A  content)  and increased 

SSC (enhanced nuclear granularity),  changes character-  
istic o f  apoptosis .  (2) Area  3 (8% vs. 4%, respectively), 
a small subpopula t ion  consisting o f  nuclei with increased 
SSC, but  no change in F L  2. The latter possibly reflects 
nuclei in the beginning o f  the apoptot ic  process, already 
with increased nuclear granularity,  but  no t  yet succumb- 
ing to f ragmentat ion.  Concomi tan t  exposure to D T T  
prevented the DA-evoked  nuclear changes (Fig. 3). N G F  
deprivat ion for 24 h resulted in the same nuclear altera- 
tions (Fig. 4). A M D  did not  alter D A  effect (similar to 
other  models  in which inhibition o f  protein synthesis 
does not  alter or  even induces the apoptot ic  process [4]). 
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Fig. 3. Dopamine (DA) effect on cell nuclei. Upper figures: propidium-iodide (PI) fluorescence (FLz) of isolated cell nuclei, Lower figures: F L  2 vs .  

side scatter (SSC); C = control, DA = dopamine (0.3 mM, 24 h), DA + DTT = dopamine (0.3 mM) + dithiotreitol (DTT, 0.5 mM), 24 h. Region 
1: normal diploid nuclei. Region 2: apoptotic nuclei. Region 3: nuclei with increased granularity but normal DNA content, probably in the beginning 
of the apoptotic process. 
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Fig. 4. Nuclear effects of  nerve growth factor (NGF) deprivation: Upper  figures: propidium-iodide (PI) fluorescence (FL,) of  isolated cell nuclei, 
Lower figures: FL, vs. side scatter (SSC); C = control, N G F  = treatment with an t i -NGF Ab for 24 h. See Fig. 3 for region legend, note Ihe similarity 

between the NGF-deprivat ion and DA-evoked nuclear alterations. 

Non-neuronal cells in culture did not confer protection 
from DA effect. 

Our study shows that exposure of cultured postmitotic 
sympathetic neurons to physiological concentrations of 
DA (0.1 1 mM, [11,14]) initiates morphological and 
flow-cytometric changes characteristic of apoptosis. DA 
caused extensive axonal disintegration, condensation 
and shrinkage of cell bodies with concomitant increased 
nuclear granularity and nuclear fragmentation. 

The mechanisms responsible for the activation of ap- 
optosis by DA remain to be elucidated. However, in an 
analogy to several anticancer drugs, it is possible that 
DA-induced DNA damage constitutes the trigger for 
activation of the death program [8]. DA has been shown 
to have a substantial genotoxic effect, probably through 
quinone-, semiquinone- and oxygen-free radicals formed 
during its oxidative metabolism [9,15], causing mainly 
strand breaks and base modifications. The inhibitory 
effect of the anti-oxidant DTT on DA effects in our study 
may support this possibility. DA-induced inhibition of 
enzymatic pathways crucial for the DNA repair process 
[21] can further augment the genotoxicity of this en- 
dogenous neurotransmitter. 

It is conceivable, that potent mechanisms normally 
prevent in vivo expression of the apoptotic potential of 
dopamine. These include, among others, intraneuronal 
systems that prevent interaction of DA and its oxidative 
metabolites with nuclear structures (e.g. DA xesicula- 
tion), extra- and intranuclear anti-oxidative pathways, 
DNA repair mechanisms and instruments that control 
the process of PCD. Glial cells might also have an impor- 
tant in vivo protective role. Our study suggests, thai DA 
constitutes a continuous challenge for the competence of 
these mechanisms in the nigrostriatal neurons, and there- 
fore a defect, either genetic ol- acquired, in any of these 
"restraints" of the apoptotic process may result in inad- 
vertent activation of PCD in this neuronal population. 
Such defect can therel\~re be responsible, at least in part, 
l\)r the selective neuronal degeneration of Parkinson's 
disease. It could result m slow accumulation of DA- 
induced, unrepaired DNA damage, capable of triggering 
apoptosis upon reaching a certain critical level [3,6]. This 
would explain the characteristic histopathology of PD of 
a protracted disease, unsynchronized death of individual 
neurons without inflammatory reaction. 

Nigral cell nucleus rather than cellular membranes 
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may therefore be the important scene of events in PD. 
Recently discovered PCD-control mechanisms include 
growth factors [12,18] and proto-oncogenes [7,8,10]. The 
control of apoptosis can be the common denominator 
linking DA with these distinct systems, all of which may 
interactively determine the fate of the nigrostriatal neu- 
ron to survival or degeneration. Further research in this 
field can therefore provide new insights on the etiology 
of Parkinson's disease and lead to development of novel 
therapeutic strategies. 
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