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ABSTRACT

Background: Several in vitro studies have suggested levodopa (L-dopa) to be toxic to dopaminer-
gic neurons and that it can modulate the aggregation process of �-synuclein. We investigated the
relationship between cumulative lifetime dose of L-dopa and nigral neuronal count and Lewy body
(LB) pathology in Parkinson disease (PD).

Methods: Density of pigmented neurons was measured unilaterally in a single section of substan-
tia nigra (SN) with delineation of the dorsal and ventral tiers in 96 cases of PD with well-
documented clinical records relating to antiparkinsonian drug treatment. Cortical and nigral LB
densities were determined using a morphometric approach.

Results: Mean lifetime dose of L-dopa correlated significantly (p � 0.001) with duration of PD in
the entire study population (n � 96) and it was not possible to disentangle their individual effect.
This was not the case in a subgroup analysis of younger onset patients with a longer duration of
PD (n � 40) who showed no significant correlation between L-dopa and total SN neuronal density
(p � 0.07), after adjustment for duration of illness. There was, however, a lower neuronal density
in the ventral (p � 0.02) but not in the dorsal (p � 0.27) tier detected with the cumulative dose of
L-dopa. We found no difference in L-dopa dose between Braak PD stages (p � 0.58). Furthermore,
the subgroup analysis showed no relationship of L-dopa dose to either cortical (p � 0.47) or nigral
(p � 0.48) LB density.

Conclusion: Chronic use of L-dopa in PD does not enhance progression of PD pathology as far as
can be determined by our observations with SN neuronal counts and LB densities. Neurology®

2011;77:1420–1426

GLOSSARY
CI � confidence interval; DAQ � dopamine-quinones; ERR � estimated relative rate; ICC � intraclass correlation coefficient;
LB � Lewy body; PD � Parkinson disease; QSBB � Queen Square Brain Bank; SN � substantia nigra.

Although levodopa (L-dopa) is the most effective symptomatic agent for the treatment of
Parkinson disease (PD),1 the possibility that high-dose chronic L-dopa treatment may be neu-
rotoxic to dopaminergic neurones and enhance cell death has been noted. Evidence for this is
mainly derived from tissue culture systems which lack glial cells, neurotrophic factors, and
antioxidants and furthermore, the concentrations of L-dopa used in most of these studies have
been much higher than the peak plasma concentrations measured in patients with PD.2 In vitro
studies with lower L-dopa administration into glia-conditioned media with ascorbic acid, glu-
tathione, and neurotrophic peptides have failed to demonstrate comparable toxicity with L-
dopa.3–6 In vivo animal models of PD have also failed to demonstrate L-dopa toxicity to SN and
have in fact suggested a neurotrophic effect on the surviving nigral neurons with an increased
density of tyrosine hydroxylase–positive fibers in the striatum.7,8 In healthy primates, chronic
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oral administration of high-dose L-dopa was
not toxic for dopaminergic neurons.9 A large,
placebo-controlled L-dopa trial in de novo PD
patients was carried out to determine if L-dopa
influences the rate of progression of PD.10 The
results were difficult to interpret as L-dopa–
treated patients did clinically better (i.e., as as-
sessed by Unified Parkinson’s Disease Rating
Scale) after drug withdrawal compared to those
on placebo, but neuroimaging patients with
SPECT showed reduced �-CIT dopamine up-
take after L-dopa treatment. Despite these find-
ings, concerns still linger in some clinicians’

minds about the potential neurotoxicity of the
drug and as a consequence initiation of treat-
ment may be inappropriately delayed.11 We
have addressed this question by examining the
relationship between lifetime cumulative doses
of L-dopa and neuropathologic findings in a large
well-characterized group of patients with PD.

METHODS Case selection. We identified 203 patients
with an initial clinical diagnosis of parkinsonism and a patholog-
ically proven diagnosis of PD12 from the records of donors to the
Queen Square Brain Bank (QSBB) for Neurological Disorders,
UCL Institute of Neurology, from the period 2000–2008. All
patients had been assessed by UK hospital specialists (neurolo-
gists or geriatricians). Cases were excluded if the medical records
did not contain regular and well-documented reports of the clin-
ical symptoms and doses of pharmacologic treatments through-
out the course of their illness.

Standard protocol approvals, registrations, and patient
consents. All study subjects provided written informed consent
to participate and London Multicenter Research Ethics Com-
mittee has approved procedures for the donation of brains to the
QSBB as well as retention and access to clinical records.

Clinical assessment. The collected demographic data in-
cluded gender, age at onset of PD (defined by the retrospective
report of first symptoms), disease duration of PD, and age at
death. Complete medication history was obtained, and an ap-
proximation of the cumulative lifetime dose of L-dopa was made
based on the following equation: (daily amount of L-dopa [mg]
at 1 year after commencement � 365) � 1⁄2 (maximum daily
amount L-dopa � daily amount L-dopa at 1 year after com-
mencement � 365) � (interval from 1 year after commencement
to reaching maximum dose in years) � (maximum daily amount
L-dopa � 365) � (interval from reaching maximum dose to death
in years) (figure 1).13 We also recorded the presence and duration
of any dopamine agonist usage.

Since people with older disease onset with shorter survival
rates may represent a more complex and aggressive phenotype
with concomitant pathologies,14 we examined in further detail a
more homogenous subgroup of patients with PD with “a
younger onset and typical long disease duration” who have sug-
gested to have a distribution of LB pathology which is more
consistent with the Braak staging of PD.15 We included 40 pa-
tients with PD into this subgroup analysis with age at onset
between 40 and 65 years and duration of PD �15 years, exclud-
ing 7 patients with PD with age at onset �40 years, 28 patients
with age at onset �65 years, and 21 patients with age at onset
between 40 and 65 years but duration of PD �15 years.

Neuropathologic assessment. All brains had been fixed in
10% buffered formalin and routinely dissected according to
standardized protocol used in the QSBB.16 A single, transverse
20-�m-thick section of the midbrain, taken at the level where
the fascicles of the third cranial nerve emerge from the SN, was
stained with the Luxol fast blue/cresyl violet method. This is an
optimal section of midbrain as it permits the evaluation of perti-
nent nuclear groups at that level. Single section counts of all
neuromelanin-containing neurons with or without a nucleus in
the SN pars compacta were obtained by using Image-Pro Plus
software package (MediaCybernetics, UK). Each SN pars com-
pacta was outlined and further divided into ventral and dorsal

Figure 1 The lifetime cumulative dose of L-dopa

An approximation (area under the dotted line) is based on the information derived from
1-year dose, maximum dose, interval from 1-year to maximum dose, and interval from max-
imum dose to death. PD � Parkinson disease.

Editor’s Note:
Does levodopa accelerate the pathologic process in Parkinson
disease brain?

Controversy has surrounded the use of levodopa for nearly 45 years, since its introduction
for treatment of Parkinson disease (PD). Initial controversy focused on whether to use
levodopa early or late in the symptomatic course. With the availability of dopamine agonists,
and then MAO-B inhibitors, the debate continued, with a crescendo, regarding which agent to
use first, in preference to levodopa, because of perceptions regarding dyskinesia potential and
hypothetical risks for actual neuronal toxicity from levodopa.

While Rajput reported no neuronal damage (nigral or otherwise) following chronic use of
levodopa in essential tremor, dopa-responsive dystonia, and a few patients with PD
(Neurology 1991;41:1422–1424, Parkinsonism Relat Disord 2001;8:95–100), the study by
Parkkinen et al. reported in this issue ofNeurology® squarely attempts to address this issue in
a large PD pathologic series. They stated they were unable to measure any levodopa-induced
damage. Despite these pathologic data, the pro and con commentaries suggest that there are
contingents that will continue levodopa’s controversial legacy.

We invite you to join the debate on the study and pro and con commentaries. Click on
“WriteClick” onNeurology’s home page (www.neurology.org) for instructions.
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tiers as described in detail elsewhere (figure 2).17 Pars lateralis was
excluded from the analysis as in this region there is a considerable
mixing of neuronal types. Software automatically divided each
examined area into a number of nonoverlapping counting
squares of equal size of 300 �m � 300 �m where all pigmented
neurons were counted in �200 magnification. The number of
these squares was used to determine the surface area and finally
the neuronal density was expressed as neurons/mm2. The single
section counting has been shown to be as reliable as the dissector
method in evaluating the neuronal loss from SN.18

�S immunohistochemistry was carried out as described be-
fore.19 For each case, a Braak stage (0–6) was assigned according

to the topographic distribution of �S-IR inclusions.15 In addi-

tion, LBs were systematically counted by 2 investigators (L.P.

and C.C.) within the total thickness of 5 cortical gray matter

regions (frontal, temporal, parietal, entorhinal, and cingulate

cortices) and in the SN and adjusted to the surface area (LB/

mm2) measured using Image-Pro Plus. In each case, the “total

cortical LB density” was determined as the sum of counts in 5

cortical areas divided by a sum of respective surface areas. All

pathologic analyses were done blinded to the clinical data.

Statistical analyses. Statistical analysis was performed using

SPSS 17.0 software (SPSS Inc., Chicago, IL). Intrarater reliability

for the nigral neuronal counts (25%) and interrater reliability for all

LB counts (100%) was assessed with intraclass correlation coeffi-

cient (ICC). ICC coefficients were �0.80 for all the ratings per-

formed, thus reflecting high reliability. Group comparisons were

made using 2-tailed t test and Kruskal-Wallis test, as appropriate.

Bivariate correlations were assessed by means of Spearman coeffi-

cient. Generalized linear models were used to analyze the number of

pigmented neurons and LBs. Since we were analyzing count data

adjusted for area (/mm2) and the variances of these variables were

much larger than the corresponding means (i.e., overdispersed

data), we fitted the regression model based on the negative binomial

distribution. The estimated relative rate (ERR) was interpreted in a

similar way to the relative risk and odds ratio. Null hypothesis (i.e.,

cumulative L-dopa dose is not associated to nigral dopaminergic cell

loss or LB formation) was rejected at the 0.05 significance level.

RESULTS Study population. Of the 203 potentially
eligible cases, 107 cases were excluded due to incom-
plete medical records or lack of adequate brain mate-
rial. The study examined 96 patients with PD who
showed no significant differences in comparison to
cases excluded with respect to gender (female:male
ratio 26%:74%), age at onset (62.0 � 8.8 years),
duration of PD (14.0 � 5.4 years), or age at death
(76.0 � 7.4 years). The clinical data on the entire
study population (n � 96) and the patients of the
subgroup analysis (n � 40) are shown in table 1. In
the entire study population, the median time interval

Table 1 Relationship between the nigral neuronal density and all demographic variablesa

Variable

Entire study population (n � 96) Subgroup of patients (n � 40)

Mean � SD (range) ERR (95% CI) p Value Mean � SD (range) ERR (95% CI) p Value

Lifetime cumulative
dose of L-dopa, kg

3.3 � 3.4 (0–21.2) 0.95 (0.93–0.98) �0.001 5.3 � 3.7 (0.7–21.2) 0.97 (0.94–1.01) 0.14

Duration of
dopamine agonist
use, y

4.5 � 5.4 (0–24.8) 0.98 (0.97–1.00) 0.04 6.4 � 5.2 (0–17.1) 1.01 (0.99–1.04) 0.37

Gender

Female 31 (32%) 0.93 (0.77–1.13) 0.50 11 (28%) 1.11 (0.83–1.48) 0.48

Male 65 (68%) 1 — 29 (72%) —

Age at onset, yb 60.0 � 11.9 (17.9–84.2) 1.01 (1.00–1.02) 0.002 55.3 � 7.1 (40.5–65.0) 1.01 (0.99–1.03) 0.37

Duration of PD, yb 15.3 � 7.1 (3.2–31.2) 0.98 (0.97–0.99) �0.001 20.8 � 3.9 (15.0–31.2) 1.00 (0.97–1.03) 0.99

Age at death, y 75.3 � 9.0 (40.0–92.3) 1.01 (1.00–1.02) 0.30 76.1 �6.0 (61.5–87.8) 1.01 (0.99–1.04) 0.27

Abbreviations: CI � confidence interval; ERR � estimated relative rate; PD � Parkinson disease.
a Univariate model.
b Significantly different ( p � 0.001) for the cases selected to the subgroup analysis.

Figure 2 Transverse cut of the midbrain at the
level of the third cranial nerve

Picture shows how the 2 tiers of substantia nigra pars com-
pacta (dorsal, SNCd and ventral, SNCv) were depicted
(adapted from Halliday17). More ventrally positioned sub-
stantia nigra reticulata (SNR) and dorsolaterally located
pars lateralis (SNpl) are also indicated. CLi � caudal linear
nucleus; cp � cerebral peduncle; IF � interfascicular nu-
cleus; PBP � parabrachial nucleus; PN � paranigral nucleus,
R � red nucleus; RRF � retrorubral fields.
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between commencing and maximum dose of L-dopa
was 6.0 years (95% confidence interval [CI] 5.6–7.7
years) whereas the median time from reaching maxi-
mum dose to death was 4.7 years (95% CI 4.6–6.7
years). In the subgroup, the median interval from
commencing L-dopa to maximum dose was 9.5 years
(95% CI 7.6–11.2 years) and the median interval
from maximum dose to death 7.8 years (95% CI
6.2–6.7 years).

Relationship between the L-dopa dose and neuronal
density in SN. Using univariate models (table 1), the
lifetime cumulative dose of L-dopa (p � 0.001) and
duration of PD (p � 0.001) were found to be nega-
tively associated and age at onset positively associated
(p � 0.002) with the density of pigmented neurons
in the total SN. Duration of dopamine agonist use
was weakly positively associated (p � 0.04), but gen-
der and age at death were not associated with the
nigral neuronal density. The results from the multi-
variate model showed that L-dopa dose remained
negatively associated (p � 0.03, ERR � 0.97, 95%
CI 0.94–1.00) with nigral neuronal density after ad-
justments for gender, age at onset, and duration of
dopamine agonist use. However, as the lifetime cu-
mulative dose of L-dopa strongly correlated with the
duration of PD (p � 0.001, Spearman rho � 0.86)
(figure e-1 on the Neurology® Web site at www.
neurology.org), their individual effects could not be
separated and statistically evaluated in the entire
study population. A similar strong correlation (p �
0.001, Spearman rho � 0.86) between L-dopa dose
and duration of PD was observed in 21 patients with
PD with age at onset between 40 and 65 years and
duration of illness �15 years. These patients were
not included in the subgroup analysis due to their
duration of illness (see Methods).

When the negative binomial modeling approach
was separately applied to those patients with a more
homogeneous clinical course of PD (table 1), no fac-
tors were associated with the neuronal density in SN
in a univariate model. Furthermore, in this sub-
group, lifetime cumulative dose of L-dopa showed
only a weak correlation with duration of PD (p �

0.005, Spearman rho � 0.44) (figure e-1) and
therefore it could be included into our multivariate
analysis. This analysis showed no significant associa-
tion between the cumulative dose of L-dopa and total
SN neuronal density (p � 0.07, ERR � 0.96, 95%
CI 0.92–1.00) after adjustments for the gender, age
at onset, duration of PD, and duration of dopa-
mine agonist use (table 2). Nevertheless, when
subregions of SN were analyzed separately, the
neuronal density in the ventral tier (p � 0.02,
ERR � 0.89, 95% CI 0.81– 0.98) but not in the
dorsal (p � 0.27, ERR � 0.98, 95% CI 0.94 –
1.02) was significantly decreased with increasing
lifetime-cumulative dose of L-dopa.

The mean SN density of pigmented neurons in
the entire study population was 13.1 � 5.6/mm2

(range 4.0–38.2/mm2). Three patients were exposed
to a very high cumulative dose of L-dopa (11.4, 13.0,
and 21.2 kg) administered for 24, 31, and 28 years,
respectively and the mean density of SN pigmented
neurons in these patients was 10.1 � 3.7/mm2

(range 6.6–13.9/mm2). Our study population also
included 2 untreated patients with PD with 4.5 and
3.2 years of PD duration and nigral neuronal density
of 13.4 and 26.2/mm2, respectively. Due to their
short survival, these 2 patients were not part of the
subgroup analysis and therefore did not confound
any of our results.

Relationship between the L-dopa dose and LB pathology.
We found no difference in the lifetime cumulative
dose of L-dopa between Braak PD stages (p � 0.58,
Kruskal-Wallis). The mean lifetime dose of L-dopa
was 3.3 � 2.7 kg in 4 patients with Braak PD stage
3, 3.9 � 4.0 kg in 36 patients with stage 5, and
3.1 � 2.9 in 56 cases with stage 6. In univariate
model (table e-1), none of the examined factors were
associated with the cortical LB density but the L-dopa
dose (p � 0.001), dopamine agonist use (p � 0.001),
and duration of PD (p � 0.001) were negatively and
age at onset (p � 0.01) positively associated with the
nigral LB density. However, as before, due to strong
correlation between lifetime cumulative dose of
L-dopa and duration of PD (p � 0.001, Spearman
rho � 0.86), their individual effects on nigral LB
density could not be dissected in the entire sample.
When the negative binomial modeling approach was
separately applied to the subgroup (table 3), the uni-
variate modeling showed a significant decrease in the
LB density in the temporal cortex with increasing
L-dopa dose (p � 0.03, ERR � 0.81, 95% CI 0.66–
0.98). This association was however not statistically
significant after adjusting for gender, age at onset,
duration of PD, and duration of dopamine agonist
use. The multivariate model showed that patients
with PD with higher cumulative lifetime dose of

Table 2 Relationship between the cumulative dose of L-dopa and the nigral
neuronal density in the subgroup of patientsa

Neuronal count/mm2 Mean � SD Range ERR (95% CI) p Value

Total SN 11.4 � 4.5 4.0–24.1 0.96 (0.92–1.00) 0.07

Dorsal SN 13.2 � 4.9 6.1–27.5 0.98 (0.94–1.02) 0.27

Ventral SN 8.0 � 5.3 0–19.1 0.89 (0.81–0.98) 0.02

Abbreviations: CI � confidence interval; ERR � estimated relative rate; SN � substantia
nigra.
a Multivariate model adjusted for gender, age at onset, duration of PD, and duration of
dopamine agonist use.
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L-dopa showed no difference in LB densities in any
specific cortical region, the total cortical region (p �
0.47), or SN (p � 0.48). The only significant associ-
ation found in the multivariate model was between
LB density in the SN and duration of PD (p � 0.04,
ERR � 0.94, 95% CI 0.89–1.00).

DISCUSSION The effects of L-dopa on the neuro-
pathologic lesions of PD are difficult to study in a
controlled setting as almost all patients now receive
L-dopa treatment at some stage of their illness. The
major strength of this retrospective postmortem
study was the large and representative sample of pa-
tients with PD with well-documented reports of
both L-dopa and dopamine agonist therapies. The
potential limitation of the study was the approxima-
tion of the lifetime cumulative dose of L-dopa.
L-Dopa doses are not always increased in a linear
fashion and the maximum daily dose is rarely contin-
ued up until the time of death. Furthermore, reduced
adherence to the prescribed regimen may occur in
some patients. To try to overcome this, we used a
large study population and our calculation handled
patients with PD with low and high cumulative
doses of L-dopa in a similar way and thus the individ-
ually calculated approximation does not create incor-
rect distribution (which is important for correlating
L-dopa dose and neuropathologic findings).

As expected, the mean cumulative lifetime dose of
L-dopa significantly correlated with the duration of
PD, and therefore, their individual effects on density
of nigral neurons or LB pathology could not be eval-
uated for the entire study group. Nonetheless, there
was no such correlation found among the patients
with PD with younger age at onset and longer disease
duration that have recently been described as arche-
typal patients with PD where the clear hierarchical
pattern of LB pathology predicted by the Braak
stages can be seen.14,15 In this subgroup, we found

that patients with PD with higher cumulative life-
time dose of L-dopa did not show difference in the
neuronal densities of total SN, after adjustment for
gender, age at onset, duration of PD, and duration of
dopamine agonist therapy. We did, however, find a
modest decrease in the neuronal density in the ven-
tral but not in the dorsal tier of SN with increasing
dose of L-dopa. This suggests similar regional vulner-
ability reported before,20 further confirming that the
neuronal loss in PD is greatest and relatively selective
for the ventral tier. Based on our results, L-dopa may
slightly enhance this selective vulnerability, but as we
found no change in the total SN number, increasing
L-dopa doses may lead to less severe neuronal loss in
the dorsal tier of SN as a compensatory effect. These
results, however, should be cautiously interpreted as
our observations could be entirely independent of
the variables examined here. For example, increased
neuromelanin content in the dorsal tier of SN has
been suggested to function as a cytoprotective mech-
anism in PD.21

The mean density of SN pigmented neurons in 3
subjects who had been exposed to a very high lifetime
cumulative dose of L-dopa (�10 kg) administered
for 21 to 32 years was not significantly different from
the mean SN density in the entire study population.
No significant differences in SN density were found
between these patients and 2 subjects who had never
received L-dopa treatment. Although the number of
these subjects is small, we believe that the overlap-
ping SN neuronal densities support the main finding
that cumulative lifetime L-dopa dose is not an inde-
pendent risk factor for increased cell death in SN.
Although the human postmortem data are limited,
an autopsy study carried out a few years after L-dopa
had been introduced into clinical practice found no
discernible pathologic differences in general between
those treated with L-dopa and those not treated.22

There is also a case report in which chronic L-dopa
treatment (2 kg cumulative dose over 4-year interval)
did not cause nigral damage in a patient who presented
features of parkinsonism.23 Another study reported a
normal SN at autopsy in one subject with essential
tremor who had received 24 kg of L-dopa over 26 years
and slight depigmentation but a normal number of ni-
gral neurons in a further patient with dystonia who had
received 3 kg of L-dopa over 11 years.24

Recent in vitro evidence shows that dopaminergic
neurons lacking �S were resistant to L-dopa–induced
cell death, suggesting a complex interaction between
dopamine and �S that eventually can lead to selective
nigral degeneration.25 �S has been proposed to regulate
nearly every step of dopamine metabolism from biosyn-
thesis to vesicular storage and synaptic release.26,27 Thus,
a loss of functional, soluble �S in PD by its aggregation

Table 3 Relationship between the cumulative dose of L-dopa and the cortical
and nigral Lewy body densities in the subgroup of patients with PD

Brain region (LB/mm2)

Univariate model Multivariate modela

ERR (95% CI) p Value ERR (95% CI) p Value

Parietal cortex 0.66 (0.49–0.88) 0.05 0.71 (0.49–1.02) 0.06

Frontal cortex 0.86 (0.69–1.07) 0.17 0.89 (0.66–1.18) 0.40

Temporal cortex 0.81 (0.66–0.98) 0.03 0.89 (0.69–1.14) 0.35

Cingulate gyrus 0.95 (0.81–1.11) 0.51 0.97 (0.81–1.16) 0.75

Entorhinal cortex 0.92 (0.79–1.07) 0.28 0.96 (0.80–1.15) 0.64

Total cortex 0.91 (0.78–1.05) 0.20 0.94 (0.78–1.12) 0.47

Substantia nigra 0.95 (0.90–1.01) 0.09 0.98 (0.91–1.04) 0.48

Abbreviations: CI � confidence interval; ERR � estimated relative rate; LB � Lewy body.
a Adjusted for gender, age at onset, duration of PD, and duration of dopamine agonist use.
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as LBs and neurites could disrupt dopamine homeosta-
sis, ultimately leading to generation of neurotoxic
dopamine-quinones (DAQ) and reactive oxygen spe-
cies. Secondly, the DAQ can form covalent adducts
with �S that stabilize toxic �S protofibrils by inhibiting
their conversion to insoluble fibrillar aggregates.28–30 A
number of studies have suggested that it is the protofi-
brillar form of �S that is responsible for the neuronal
death rather than the “mature” fibrils (i.e., LBs).31–33

Furthermore, not only does dopamine inhibit �S fibril
formation but it also causes disaggregation of existing
�S fibrils generated in vitro.34 One might expect there-
fore that if exogenous dopamine increased neurotoxic-
ity by inhibiting LB formation, then patients with
higher lifetime cumulative doses should show increased
dopaminergic cell death in SN and overall less LB pa-
thology. However, our results do not support such a
hypothesis in regard to any difference in either total SN
cell loss or extent of LB pathology. The cumulative
doses of L-dopa were similar between subjects with dif-
ferent Braak PD stages, although as in most postmor-
tem studies of PD, the majority of our subjects (96%)
were already in Braak PD stages 5 or 6.15 We did, how-
ever, find that LB density in the SN increased within
time, suggesting that the accumulation of �S-IR inclu-
sions in this area is more dependent on the duration of
the disease than on the cumulative dose of L-dopa. The
lack of association between L-dopa dose and cortical LB
density is of importance in that high cortical LB burden
has been linked with cognitive impairment in PD.35

This unique clinicopathologic study examining
the effect of antecedent drug exposure to the changes
seen in postmortem provides further evidence that
concerns over L-dopa neurotoxicity in PD patients
are not warranted.
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Yébenes J. Glia protect fetal midbrain dopamine neurons
in culture from L-DOPA toxicity through multiple mech-
anisms. J Neural Transm 1997;104:317–328.

5. Cheng N, Maeda T, Kume T, et al. Differential neurotox-
icity induced by L-DOPA and dopamine in cultured stria-
tal neurons. Brain Res 1996;743:278–283.

6. Pardo B, Mena MA, Casarejos MJ, Paíno CL, De Yébenes
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