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Abstract

Paraguat (PQ) is aherbicide to possibly induce Parkinson's disease (PD), since a strong
correlation has been found between the incidence of the disease and the amount of paraquat
used. In this study, we examined PQ toxicity in rat organotypic midbrain dlice cultures.
PQ dose dependently reduced the number of dopaminergic neurons in cultured dlices.
Since this damage was prevented by GBR-12909, the dopamine transporter could be an
initial step of the PQ induced dopaminergic neurotoxicity. The sequential treatments with
lower PQ and MPP™ doses, where each dose alone was not lethal, markedly killed dopamine
neurons, suggesting that the exposure of a lower dose of PQ could lead to the vulnerability
of dopaminergic neurons.  This cell death was prevented by the inhibitors of NMDA, nitric
oxide synthase (NOS), cycloheximide and caspase cascade. Neurons expressing NOS were
identified inside and around the regions where dopamine neurons were packed. The cell
death induced by the sequential treatments with PQ and MPP" was aso rescued by L-
deprenyl and dopamine D2/3 agonists. These results strongly support that the constant
exposure to low levels of PQ would lead to the vulnerability of dopaminergic neurons in the
nigrostriatal system by the excitotoxic pathway, and might potentiate neurodegeneration

caused by the exposure of other substances and aging.
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1. Introduction

Parkinson's disease (PD) is one of the most common neurodegenerative diseases, and
the prominent pathological feature of the PD brain is the selective deterioration of
dopaminergic neurons in the substantia nigra pars compacta of the midbrain and a resultant
decrease in dopamine levels in the striatum, the main target innervated by this neuronal
population.  After the discovery of 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP),
it is hypothesized that PD may be initiated or precipitated in genetically-predisposed
individuals by environmental and/or endogenous toxins through a mechanism similar to that
of MPTP (Betarbet et al., 2000; Brooks et al., 1999; Corrigan et al., 2000; Kotake et al.,
1995; Maruyama et a., 1996; Matsubara et al., 1995; Sanchez-Ramos et al., 1998;
Thiruchelvam et a., 2000a). Indeed, increasing evidence from epidemiological studies has
implicated the possible involvement of environmental chemicals or endogenous substances
(Kotake et a., 1995; Maruyama et a., 1996; Matsubara et al., 1995) in the selective
dopaminergic cell loss in the substantia nigra of non-familial PD. Non-familial PD
represents greater than 90% of all PD cases and its onset typically occurs after 50 years of
age (Langston, 1998; Moghal et a., 1994; Olanow and Tatton, 1999; Tanner et al., 1999).
Identified PD risk factors include herbicide and pesticide usage, farming and well-water
consumption (Fleming et al., 1994; Seidler et a., 1996; Semchuk et al., 1993). A recent
study of over 19,000 Caucasian male twins confirmed that genetic heritability is not the basis
of sporadic PD with onset at greater than 50 years old (Tanner et al., 1999). In addition,
there is increasing evidence that excitotoxic injury also plays a critical role in progressive
dopaminergic degeneration (Beal, 1998; Dawson and Dawson, 1998; Dugan and Choi,
1999). Theinflux of Ca2* induced by the activation of NMDA triggers the mobilization of
CaZ*-dependent intracellular processes including the activation of neuronal nitric oxide
synthase (NOS). Nitric oxide (NO) produced by NOS is suggested to play an important
role in excitotoxicity, probably through the formation of peroxynitrite anion by reaction with

superoxide radical (Canals et al., 2001; Gatto et al., 2000; LaVoie and Hastings, 1999;



Obata and Yamanaka, 2001). The series of radicals act as mitochondrial toxins inducing
selective dopaminergic cell death (Beal, 1998; Nakamura et al., 2001; Simonian and Coyle,
1996).

Paraguat (1,1’-dimethyl-4,4’-bipyridinium, PQ), is widely used as a non-selective
herbicide, and bears structural similarity to 1-methyl-4-phenyl pyridinium (MPP*). This
herbicide adversely impacts on dopamine systems, and a strong geographical overlapping
has been found between the incidence of PD and the amount of PQ used (Lanska, 1997;
Liou et al., 1997; Rajput et al., 1987; Ritz and Yu, 2000). PQ induces dopaminergic
neuronal damage in experimental animals (Corasaniti et al., 1992; Corasaniti et al., 1998).
Interestingly, it has been demonstrated that the mixture of PQ and dithiocarbamate induces
selective dopaminergic neurotoxicity (Thiruchelvam et al., 2000a; Thiruchelvam et al.,
2000b). However, the impact of PQ on dopamine systems is equivocal, because its
neurotoxic mechanism has not been well documented. PQ is trandocated into the brain by
the neutral aminoacid transporter, and then is taken up in brain tissues by dopmaine
transporters (Shimizu et al., 2001; Shimizu et al., 2003). Furthermore, we have previoudly
reported, by the microdialyss method, that PQ stimulated glutamate efflux to initiate
excitotoxicity on dopaminergic terminals, resulting in continuous and long-lasting dopamine
overflow  (Shimizu et al., 2003). These findings indicate that constant exposure to low
levels of PQ may lead to the vulnerability of dopaminergic neurons.

Thus, it is essential to investigate the toxic mechanism of PQ on the dopaminergic
neurons in the substantia nigra.  In this study, we studied PQ toxicity on the dopaminergic
neurons in organotypic midbrain cultured dices. We aso investigated the effect of
sequential exposures of PQ and MPP, where each dose alone was not lethal, on the
dopamine neurons. The mechanism underlying the dopaminergic toxicity of PQ was
evaluated using chemicals to inhibit NMDA receptor, NOS and caspase cascade.
Furthermore, we evaluated whether the neural damage induced by the sequential exposures

of PQ and MPP* was protected by L-deprenyl or dopamine D2/3 agonists.



2. Materials and methods

2.1. Chemicals

PQ dichloride was obtained from Tokyo Chemical Industry (Tokyo, Japan). MPP*
iodide, L-deprenyl and dizocilpine (MK-801) were purchased from Research Biochemicals
International (Natick, MA, USA). GBR-12909 (1-(2-[bis(4-Fluorophenyl)methoxy]ethyl)-
4-(3-phenylpropyl)piperazine dihydrochloride) and cycloheximide, were obtained from
Sigma (Saint Louis, MO, USA).  Acetyl-L-leucyl-L-glutamyl-L-histidyl-L-aspart-1-al
trifluoroacetate (caspase 9 inhibitor) and acetyl-L-aspartyl-L-methionyl-L-glutaminyl-L-
aspart-1-al (caspase 3 inhibitor) were purchased from the Peptide Institute (Tokyo, Japan).
Cabergoline and talipexole were kindly gifted from Japan Pharmacia (Tokyo, Japan) and
Japan Boehringer Ingelheim (Kawanishi, Japan), respectively. The other reagents were of
analytical grade, and were from Wako (Osaka, Japan). GBR-2909 potently inhibits
dopamine uptake and demonstrates a nearly 400-fold greater selectivity for the inhibition of
dopamine over norepinephrine uptake in the synaptosoma preparation. MK-801 and
dinitroquinoxaline-2,3-dione (DNQX) are highly potent and selective non-competitive
NMDA and AMPA/kinate (non-NMDA), respectively, receptors. NG-nitro-L-arginine
methyl ester (L-NAME) is an analog of arginine that inhibits NO production.

2.2. Culture preparation

Organotypic dlice cultures were prepared according to the method of Stoppini et al.
(1991) and Katsuki et al. (2001) with dight modifications.  Briefly, a postnatal 2 - 3 days of
Wistar rat was anesthetized by hypothermia, the brain was removed from the skull and
separated into two hemispheres.  Five coronal dlices (350 um thick) of the mesencephalon
were prepared under sterile conditions with a tissue chopper, and transferred onto Millicell-

CM insert membranes in six-well plates. Culture medium, consisting of 50% minimum



essential medium with HEPES buffer, 25% Hank's balanced salt solution and 25% heat-
inactivated horse serum supplemented with 6.5 mg/ml glucose and 2 mM L-glutamine, was
supplied at a volume of 1 ml per well. The culture medium was exchanged with fresh
medium every 2-day. Slices were maintained for 13 - 15 days in a 5% CO» humidified
atmosphere at 34°C before drug treatment. The animal experiments were performed in
accordance with the guidelines for care and use of laboratory animals by the Committee of

Asahikawa Medical College.

2.3. Drug treatments

Cultured dlices were exposed to various concentrations of PQ for 2 days. For the
second experiment, cultured slices were also sequentially incubated with 10 uM PQ for 2
days and then 1 pM MPP* for 1 day. In every experiment, sices from the contralateral
hemisphere from the same animal were used as controls.

Severa chemicals were tested to rescue the dopaminergic neurotoxicity induced by the
50 uM PQ or the sequential exposures of 10 pM PQ and 1 pM MPP*. These chemicals
were pre-incubated for 2 h prior to the PQ exposure, and continuously exposed to the dlices
during the experiment days. Chemicals used were GBR-12909, L-NAME, MK-801,
DNQX, caspase 9 inhibitor, caspase 3 inhibitor, cycloheximide, cabergoline, talipexole and
L-deprenyl. These drugs were dissolved in the culture medium. Control dices were also

administered these drugs without the toxin treatment.

2.4. Tyrosine hydroxylase (TH) immunohistochemistry

Dopaminergic neurons in the dice cultures were identified by tyrosine hydroxylase
(TH) immunohistochemistry using the avidin-biotin peroxidase method. Cultured dlices
were fixed with 0.1 M phosphate buffer containing 4% paraformaldehyde and 4% sucrose
for 2 h, and processed for TH immunohistochemistry according to the method of Maeda et



al. (1998). After rinsing with phosphate-buffered saline (PBS), fixed dices were exposed
to 0.02% H202 in 100% methanol for 30 min, then to 0.2% Triton X-100 in PBS for 30
min.  Slices were subsequently treated with 10% fetal calf serum for 30 min, then incubated
with rabbit anti-TH polyclonal antibody (1: 500 dilution) overnight at 4°C. After
incubation for 1 h at room temperature with biotinylated antirabbit 1gG, dlices were rinsed
with PBS, then treated for 1 h at room temperature with avidin-biotinylated horseradish
peroxidase complex. After a further wash with 50 mM Tris-buffered saline, peroxidase
was visualized with 0.07% 3,3-diaminobenzidine and 0.018% H2O». Specimens were
dehydrated through a graded ethanol series and mounted on dlide glasses with glycerol for
observation under a bright-field microscope. Positively stained cells bearing developed
dendrites that were at least greater than twice as long as the cell diameter were considered
to be viable dopaminergic neurons. The maximal number of viable dopaminergic neurons

in an area of 520 x 670 pm?2 in individual slices was counted.

2.5. NADPH diaphorase histochemistry

Double staining of dice cultures with NADPH diaphorase and TH was performed in
several dices. After rinsing with 0.1 M phosphate buffer (pH 7.4), fixed cultures were
incubated in 0.1 M phosphate buffer containing 1 mM R-NADPH, 0.1 mM nitroblue
tetrazolium and 0.3% Triton X-100 at 37°C for 1 h. The reaction was terminated by
rinsing the cultures with cold PBS. After exposure of cultures to 0.3% H20» in
PBS/methanol (1 : 1) for 30 min, subsequent procedures for TH immunohistochemistry,

starting with 10% fetal calf serum treatment, were performed as described above.

2.6. Statistical Analysis
The data were analyzed by Student's t-test or one factorial ANOVA followed by a
post hoc Dunnett t-test. A P vaue less than 0.05 was considered to be dtatisticaly

significant.



3. Results

3.1. Dose-dependent death of TH-positive (dopamine) neurons

When various concentrations (1 - 100 uM) of PQ were applied for 2 days, dopamine
neurons in midbrain cultured dices decreased in a dose-dependent manner (Figs. 1 & 2).
The treatments with greater than 50 uM PQ doses showed significantly reduced TH-positive
cells (P < 0.01). However, the treatment with lower doses than 25 uM PQ did not affect

the dopamine neurons.

3.2. Effects of GBR-12909, L-NAME, DNQX and cycloheximide

A significant TH positive cell death in the dices was observed by the exposure of 50
UM PQ (Figs 1 & 2). We tested the effects of 10 yM GBR-12909, 200 uM L-NAME, 10
MM DNQX and 10 uM cycloheximide on the cell toxicity induced by the exposure of 50 uM
PQ. These chemicals themselves without cycloheximide did not affect the number of TH
positive cells in the dice cultures (data not shown). Cycloheximide at 10 uM dlightly
reduced TH positive neurons in dlices (data not shown) The co-exposure with GBR-12909
or L-NAME rescued the dopamine neurona toxicity induced by the 50 uM PQ (P < 0.01,
Fig. 3). However, the treatment with 10 uM each of DNQX and cycloheximide did not

rescue dopaminergic cell death (Fig. 3).

3.3. Sequential treatment of PQ and MPP™*

The number of TH positive neurons was not reduced by the treatment with 10 uM PQ
(Figs. 1,4 & 5) or 1 uyM MPP* (Figs. 4 & 5). However, the sequential treatments with 10



UM PQ for 2 days and 1 uM MPP™ for 1 day dramatically killed dopamine cells (P < 0.01,
Figs. 4 & 5). This toxicity induced by the sequential treatments with PQ and MPP* was
prevented by the treatment with 20 uM MK-801, 200 uM L-NAME, 100 uM caspase 9
inhibitor, 100 uM caspase 3 inhibitor or 10 uM cycloheximide (P < 0.01), but not by 10 uM
DNQX (Fig. 4). These chemicals themselves without cycloheximide did not affect the

number of TH positive cells in the dice cultures (data not shown).

3.4. Effects of L-deprenyl and D2/3 agonists on the neurotoxicity induced by the sequential

treatments with PQ and MPP*

The reduction of viable TH-positive dopaminergic neurons induced by the sequential
treatments with 10 uM PQ and 1 uM MPP* in the midbrain slice cultures was significantly
rescued by the co-treatment with 10 UM cabergoline, 50 uM talipexole or 2 UM L-deprenyl
(P <0.050r 0.01, Figs. 5 & 6). These drugs themselves did not show any effect on the

number of TH positive cells in the dice cultures (data not shown).

3.5. Distribution of NOS-containing neurons

It was essential to confirm that NOS containing neurons were co-expressed or around
the dopaminergic neurons. NADH diaphorase histochemistry is a useful marker in the
central nervous system that contains NOS (Dawson et al., 1991). We processed dice
cultures for double staining with NADPH diaphorase and TH in the midbrain dlice cultures.
NOS containing neurons showed scattered distributions throughout the midbrain dlices.
However, the neurons expressing NOS were also identified inside and around the regions
where dopamine neurons were packed (Fig. 7). Most NADPH diaphorase positive cells

displayed no TH immunoreactivity, but severa double-labeled cells were aso observed
(Fig. 7).



4. Discussion

Recently, various studies have increased interest in the possibility that environmental
neurotoxins such as pesticides may be related to the development of PD (Betarbet et al.,
2000; Giasson and Lee, 2000; Ritz and Y u, 2000; Thiruchelvam et al., 2000a), although the
major risk factor is aging. PQ is one of the possible herbicides that are involved in PD,
since a strong correlation has been found between the incidence of the disease and the
amount of PQ used (Lanska, 1997; Liou et a., 1997; Rajput et a., 1987; Ritz and Y u, 2000).
The concurrent exposure to PQ and some other chemicals could perturb the balance of
homeostatic defense mechanisms leading to neuronal degeneration, even if exposure to each
pesticide may be insufficient to induce overt effects (Thiruchelvam et a., 2000a). In
addition, repeated systematic PQ injections killed dopaminergic neurons in the substantia
nigra pars compacta (McCormack et al., 2002), and dopamine depletion in the striatal and
midbrain (Shimizu et a., 2003). However, the mechanism of the neuronal toxicity
occurring under continuous exposure to low levels of PQ for a long period has not been
determined. We previoudy reported using the striatal microdiaysis method that PQ
stimulated glutamate efflux to initiate excitotoxicity, resulting in evoked depolarization of
NMDA receptor channels (Shimizu et al., 2003). The influx of Ca2* into cells stimulates
NOS, followed by the released NO that would diffuse to dopaminergic terminals and induce
mitochondrial dysfunction, causing continuous and long-lasting dopamine overflow (Shimizu
et a., 2003). The elevation of extracellular glutamate concentration evoked by MPPT,
particularly under conditions of reduced dopaminergic ATP production, is expected to result
in excessive stimulation of NMDA and AMPA/kinate receptors leading to an influx of Ca2*
and excitotoxicity (Greene and Greenamyre, 1996; Novelli et a., 1988). In similar fashion,
PQ could cause excitotoxicity of dopaminergic neurons. PQ is known to be an inhibitor of
mitochondrial respiration chain (Tawaraet al., 1996).

In this study, we confirmed the dopaminergic toxicity mechanisms in organotypic
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midbrain cultures. The exposure of PQ reduced dopaminergic neurons in midbrain cultured
dices in a dose-dependent manner. However, relatively high doses of PQ required to
reduce dopaminergic neurons. The significant dopaminergic neuronal death in the dices
induced by 50 uM PQ was prevented by the co-treatment with GBR-12909, a dopamine
transporter inhibitor, indicating the transport of PQ into dopamine neurons could be
essential to induce cell toxicity. We aso showed that the neurons expressing NOS were
found inside and around the regions where dopamine neurons were packed. In contrast to
our previous findings (Shimizu et a., 2003) by the striatal microdialysis study, the DNQX
treatment, a non-NMDA receptor antagonist, could not rescue the dopaminergic cell death.
The dopaminergic neuronal toxicity was not attenuated by the treatment with cycloheximide,
a protein synthesis inhibitor.  This result suggested that dopaminergic cell death caused by
PQ alone might not be apoptosis.

The number of dopaminergic neurons was not reduced by the treatment with 10 uM
PQ or 1 uM MPP*. However, the sequential treatments with 10 uM PQ for 2 days and
1 pM MPP* for 1 day dramatically killed dopaminergic neurons. This result strongly
indicates that the exposure to a low dose of PQ could lead to the vulnerability of
dopaminergic neurons. The toxicity induced by the sequential treatments with PQ and
MPP* was prevented by the treatment with MK-801, an NMDA receptor inhibitor, L-
NAME, suggesting the excitotoxic pathway involved in NOS activation would be the
mechanism in this sequentia toxicity, although DNQX could not attenuate the toxicity.
Interestingly, it was reported that the most ventra midbrain dopamine neurons exhibit
glutamate immunoreactivity (Rayport, 2001). Glutamate and reactive oxygen species
(ROS) including NO have been postulated to play pivotal roles in the pathogenesis of the
neuronal cell loss that is associated with several neurological disease states including PD.
MPP* is also suggested to induce the glutamate-NO mediated cytotoxicity against
dopaminergic neurons in the cultured rat mesencephalon (Sawada et al., 1996a; Sawada et
al., 1996b). This dopaminergic cell death induced by the sequential exposure of lower
doses of PQ and MPP* was completely inhibited by the co-treatment of caspase 9 inhibitor,
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caspase 3 inhibitor or cycloheximide. These results indicate that the apoptotic cell
signaling would be involved in the dopaminergic cell death process induced by the sequential
treatments with PQ and MPP*.  In addition, PQ markedly accelerates the o.-synuclein fibril
formation in a dose-dependent fashion (Manning-Bog et a., 2002; Uversky et al., 2001).
Recently, o-synuclein-containing aggregates represent a feature of a variety of
neurodegenerative disorders, including PD.

The cell death induced by the sequential treatments of PQ and MPP* was rescued by
dopamine D2/3 agonists and L-deprenyl. D2/3 agonists protect cells from calcium influx,
nitric oxide, and peroxynitrite toxicity, which are suggested to be the mediators of glutamate
toxicity (see the references cited in Le and Jankovic, 2001). These neuroprotective effects
of dopamine agonists are suggested to be mainly mediated by presynaptic D3 receptors
(Ling et a., 1999). Dopamine D2/3 agonists also reduce the expression of NR1 mRNA
in the caudate (Canals et a., 2001). L-Deprenyl prevents the decrease in the mitochondrial
membrane potential caused by withdrawal of trophic support, resulting in the prevention of
apoptosis (Wadia et al., 1998), and may rescue neurons from dopaminergic neurotoxins,
including MPP™, by directly influencing mitochondrial electron transport (Matsubara et al.,
2001). Indeed, we previoudy reported that L-deprenyl prevents the toxicity of
dopaminergic terminals in the striatum (Shimizu et al., 2003). L-Deprenyl also attenuates
the nigrostriatal damage induced by the intranigral administration of PQ (Liou et al., 2001).
Recently, deprenyl and dopamine D2 receptor agonist have been reported that they increase
the levels of neurotrophins (Guo et al., 2002; Mizuta et a., 2000; Tatton et a., 2002).
Together with the present findings, it is suggested that dopamine D2/3 agonists and L-
deprenyl could be effective to prevent the neuronal damage caused by constant exposure to
low doses of PQ, which might be involved in the etiology of PD.

From the present results, PQ stimulated midbrain neurons to release glutamate,
followed by the activation of NMDA receptor-channels. An influx of Ca2* would
stimulate NOS activities in NOS expressed neurons that existed around and inside dopamine

neurons. NO can diffuse to the dopaminergic neurons and then interact with ROS from
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other sources to generate highly reactive peroxynitrite (Beckman and Koppenol, 1996),
which uncouples mitochondrial electron transport enhancing mitochondrial production of
free radicals (Dykens, 1994). This PQ toxicity led to the vulnerability of dopaminergic
neurons. Indeed, significant cell death was induced by the sequential treatments with lower
dosesof PQand MPP*. The present results strongly support that a constant exposure to
low levels of PQ could lead to the vulnerability of dopaminergic neurons in the nigrostriatal
system, and might potentiate neurodegeneration caused by the exposure of other substances,
such as endogenous dopamine toxins, and aging. This also suggests that PQ could be

considered an exogenous neurotoxin involved in the etiology of PD.
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Legends for figures

Fig. 1. Dose-dependent effects of PQ on TH positive neurons in midbrain dices. TH
positive neurons in control dices are expressed as 100%. PQ was exposed to the dlices for
2 days. Note that the treatment with a 10 uM of PQ exposure did not affected the TH-
positive neurons. Values are presented as means A} SEM of 10 dlice cultures.  *P <

0.01.

Fig. 2. Typical photographs showing the dose-dependent toxicity of PQ exposure on TH
positive neuronsin midbrain dices. PQ was exposed to the dicesfor 2 days. A: Control,

B: 25 uM, C: 50 uM and D: 100 pM.

Fig. 3. Effects of GBR-12909 (10 pM), L-NAME (200 pM), DNQX (10 pM) and
cycloheximide (10 uM) on the PQ (50 uM) induced dopaminergic neurotoxicity. Slices
from the contralateral hemisphere from the same animal were used as controls. Control
dices were also administered these drugs without the toxin treatment. TH positive neurons
in control dlices are expressed as 100%. Data are presented as means + SEM of 10 dlice

cultures. * P < 0.01 vscontrol. P < 0.01 vs the neurotoxicity induced by the 50 uM
PQ.

Fig. 4. Effects of various antagonists on the dopaminergic toxicity induced by the
sequential exposuresof  PQ and MPP*.  Mid-brain dices were incubated with 10 uM PQ
for 2 days followed by 1 uM MPP* for 1 day.  During exposure to toxins, MK-801 (20
MM), L-NAME (10 uM), DNQX (10 puM), caspase 9 (100 puM), caspase 3 (100 uM) or
cycloheximide (10 uM) was co-incubated. Slices from the contralateral hemisphere from
the same animal were used as controls. Control slices were also administered these drugs
without the toxin treatment. TH positive neurons in control dices are expressed as 100%.

Values are presented as means + SEM of 10 dice cultures.  * P <0.01 vscontrol. 1P <
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0.01 vs the neurotoxicity induced by PQ with MPP™,

Fig. 5. Histochemical dopamine neurons rescued the dopaminergic toxicity induced by PQ
with MPP* by the dopamine D2/3 agonist, cabergoline. Note that 10 uM PQ or 1 uM
MPP* did not affect the number of TH positive neurons, but the sequential exposure of PQ
and MPP* strongly killed TH positive neurons.

Fig. 6. Dopamine D2/3 agonists, cabergoline and talipexole, and L-deprenyl rescued the
dopaminergic toxicity induced by PQ with MPP*.  Slices from the contralateral hemisphere
from the same animal were used as controls. Control slices were also administered these
drugs without the toxin treatment. TH positive neurons in control dices are expressed as
100%. Dataare represented as means = SEM of 10 dice cultures.  * P < 0.01 vs control.

+ P <0.05, +1 P < 0.01 vs the neurotoxicity induced by PQ with MPP.

Fig. 7. Histochemical localization of dopaminergic neurons and NOS-containing neurons
in  midbrain cultured dlice. Dopaminergic neurons were Vvisualized by TH-
immunohistochemistry (brown), and NOS-containing neurons were by NADPH-diaphorase
staining (blue). Several neurons were double stained for TH and NADPH diaphorase (dark

bule-brown).
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