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Abstract:

Selective toxicity of 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP), a parkinsonism inducing compound, is well known to

be related to an uptake of its active metabolite MPP� into dopaminergic neurons by dopamine transporter (DAT). The aim of the

present study was to examine whether paraquat, a commonly used herbicide, which is an 1-methyl-4-phenyl-pyridinium ion (MPP�)

analogue, affects DAT in vivo in rats. Paraquat administered at a dose of 10 mg/kg ip decreased the binding of [�H]GBR 12,935 to

DAT measured by quantitative autoradiography in the dorsal and ventral caudate-putamen, but not in the substantia nigra pars

compacta. Moreover, this compound increased the level of 3-methoxytyramine (3-MT) and 3-MT/dopamine ratio in the anterior and

posterior caudate-putamen measured by HPLC with electrochemical detection. No other alterations in the levels of dopamine and its

metabolites were found in the caudate-putamen and substantia nigra. The present study seems to suggest that systemic paraquat

administration affects striatal DAT and dopamine metabolism in the nigrostriatal neurons in rats which may be crucial for its

neurotoxic effects on dopaminergic neurons.
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Introduction

Degeneration of dopaminergic nigrostriatal neurons

localized in the substantia nigra pars compacta and

a dramatic loss of dopamine in the striatum (nucleus

caudatus and putamen) are the main causes of symp-

toms of Parkinson’s disease [5]. However, a factor

which triggers degenerative process is not known, so

far. In the early 1980s, a few young drug-abusers were

poisoned by a home-made heroin contaminated with

1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)

and rapidly developed parkinsonian symptoms which

were indiscernible from symptoms of Parkinson’s dis-

ease [9]. This accident has prompted researchers to

hypothesize that Parkinson’s disease may be induced

by some unknown environmental compounds struc-

turally similar to MPTP.

Paraquat (1,1’-dimethyl-4,4’-bipyridinium dichlo-

ride), a potent, widely used herbicide is an analogue
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of 1-methyl-4-phenyl-pyridinium ion (MPP+), an ac-

tive metabolite of MPTP. This compound may be in-

volved in pathogenesis of Parkinson’s disease since

an epidemiological association has been found be-

tween its use in agriculture and incidence of this dis-

ease [for review see 4]. This compound is transported

to the brain by a specific neutral amino acid trans-

porter [18], where it reaches the levels 50–200 times

lower than that in the kidney [1]. This finding indi-

cates that paraquat may produce not only toxicity in

peripheral tissues but in the central nervous system, as

well. This suggestion has been supported by in vitro

studies that show that paraquat kills dopaminergic

neurons in the rat organotypic midbrain culture [17].

Moreover, in vivo studies have shown its moderate

deteriorative influence on dopaminergic neurons and

transmission in rodents [12, 16, 21].

Selective dopaminergic toxicity of MPTP has been

suggested to result from the intraneuronal uptake of

MPP+ via dopamine transporter (DAT) [19]. How-

ever, the involvement of this transporter in the paraquat

effects on dopaminergic neurons has not been proven

sufficiently. On the one hand, Shimizu et al. [16, 17]

have found that GBR 12,909, a selective DAT inhibi-

tor, reduces paraquat toxicity in organotypic midbrain

culture and inhibits paraquat uptake into the striatal

tissue in vivo. On the other hand, Barlow et al. [1] did

not find any effect of this pesticide on dopamine up-

take in striatal synaptosomes in vitro which may

speak against its influence on DAT.

The aim of the present study was to examine

whether paraquat may affect DAT in vivo in rats. To

this end, an effect of an acute treatment with this pes-

ticide on the binding of [3H]GBR 12,935 to DAT in

the striatum and substantia nigra was estimated auto-

radiographically. This ligand is among the most po-

tent and selective dopamine uptake inhibitors [7] and

it can be used to label selectively the DAT both in rat

and human brain [8, 10]. Moreover, in order to find

out whether paraquat may influence the function of

dopaminergic neurons, the levels of dopamine and its

metabolites were estimated. The dose of paraquat,

that does not induce any overt systemic toxicity, was

chosen according to earlier papers [2, 12, 16, 21].
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Materials and Methods

The experiments were carried out in compliance with

the Animal Protection Bill of August 21, 1997 (pub-

lished in Dziennik Ustaw no. 111/1997 item 724), and

according to the NIH Guide for the Care and Use of

Laboratory Animals. All efforts were made to mini-

mize the number of animals used, and their suffering.

Male Wistar rats weighing 250 g at the beginning of

the experiment were kept under an artificial light/dark

cycle (12/12 h; the light on from 7 a.m. to 7 p.m.) with

free access to food and water.

Paraquat dichloride (Sigma, Germany) was dis-

solved in physiological saline and administered at

a dose of 10 mg/kg/2 ml ip. Animals were killed by

decapitation 2 and 24 h or 7 days after the injection.

In order to minimize the number of animals, control

animals were treated with physiological saline ip and

killed 2 h after injection (a control group for 2 h and

24 h) or 7 days after injection.

The binding of [3H]GBR 12,935 to DAT was as-

sayed as previously described [13]. Briefly, after de-

capitation brains were rapidly removed, frozen in cold

heptane (–70°C) and cut into 10 �m coronal sections

using a cryostat microtome at –20°C. The sections

were then thaw-mounted on gelatin-coated micro-

scopic slides. Tissue sections were incubated at 4°C

for 20 h in 50 mM Tris-HCl buffer, pH = 7.5, contain-

ing 300 mM NaCl, 0.2% bovine serum albumin

(Sigma, Germany), 1 �M of cis-flupentixol (Sigma,

Germany) and 2 nM [3H]GBR 12,935 (Perkin Elmer

Life and Analytical Sciences, Boston, USA,

45 Ci/mmol). The non-specific binding was assessed

on consecutive sections in the presence of 50 �M

mazindol (Sigma, USA). The sections were rapidly

rinsed four times with 50 mM Tris-HCl buffer (pH = 7.5),

containing 450 mM NaCl, at 4°C. The tissue sections

were then exposed to Kodak BioMax MR film for

30 days at 4°C. Calibrated tritiated microscales

([3H]micro-scales, Amersham Biosciences, UK) were

simultaneously exposed with tissue sections. The ob-

tained autoradiograms were analyzed by a computer-

assisted densitometry using an image-analysis system

(MCID, St. Catharines, Ontario, Canada). The spe-

cific binding of [3H]GBR 12,935 after subtraction of

non-specific binding was estimated in the dorsal and

ventral regions of the anterior caudate-putamen and in

the substantia nigra pars compacta. Sections were en-

closed between A = 1.2 to 0.70 mm (CPd, CPv) and A

= –4.8 to –5.6 mm (SNc) from the bregma, according

to Paxinos and Watson [15] (Fig. 1A).

The levels of dopamine and its metabolites

3,4-dihydroxyphenylacetic acid (DOPAC), 3-meth-

oxytyramine (3-MT) and homovanillic acid (HVA)

were assessed using HPLC method with electro-

chemical detection in the caudate-putamen, frontal

cortex and substantia nigra [14]. The caudate-

putamen was divided into the anterior and posterior

regions at the level of globus pallidus (A = –0.2 to

–1.0 mm) [15]. Tissue samples were homogenized in

0.1 M perchloric acid containing 0.05 mM ascorbic

acid. Anterior and posterior parts of caudate-putamen

were homogenized in a volume of 1 ml, and substan-

tia nigra in a volume of 0.2 ml. Tissue homogenates

were then centrifuged at 15 000 × g for 20 min at 4°C.
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Structure DA
ng/g tissue

± SEM

DOPAC
ng/g tissue

± SEM

HVA
ng/g tissue

± SEM

3-MT
ng/g tissue

± SEM

aCP 2 h 12773 ± 443 1129 ± 64.6 570.3 ± 43.8 240.6 ± 14.9

7 days 12399 ± 203 1084 ± 57.1 383.5 ± 13.6 153.9 ± 11.6

pCP 2 h 9219 ± 361 701.5 ± 28.7 384.9 ± 19.8 218.7 ± 9.5

7 days 9365 ± 260 762.3 ± 39.9 378.9 ± 23.4 252.8 ± 11.0

SN 2 h 698.3 ± 66.1 103.9 ± 8.5 51.86 ± 3.5 17.5 ± 1.0

7 days 609.3 ± 55.9 92.50 ± 6.9 47.38 ± 3.2 16.4 ± 2.0

.������ ������� #��� ������� #��� ������������� ������ ip ��� !����� � � �	��� ��E������ 5� ������� ����� 	�� � � ��� �� �6 �� D ���� �	��� ��E������4
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The supernatant was filtered through 0.2 �m cellulose

membrane (Titan-MSF Microspin Filters, Lida Manu-

facturing Corp. UK), centrifuged again for 15 min un-

der the above conditions and injected into a Gilson

(France) chromatograph equipped with electrochemi-

cal detector (Gilson, France) and Hypersil BDS C18

column (3 �m, 4.6 × 250 mm, and 4 × 10 mm) (Ther-

moQuiest, UK). The mobile phase consisted of 75 mM

NaH2PO4 × 2H2O, 1.7 mM 1-octanosulfonic acid,

5 �M EDTA, 100 �l triethylamine/1 liter, 9.5% aceto-

nitrile, and phosphoric acid (pH = 3). Analysis was

carried out at 22°C. The flow rate was maintained at

0.7 ml/min and the potential was +700 mV. Peaks

were automatically integrated by the data module and

quantified as peak areas with the use of external stan-

dards.

The statistical analysis of results was performed by

one-way ANOVA and LSD post-hoc tests.

Results

An ip injection of 10 mg/kg of paraquat induced a de-

crease in the specific binding of [3H]GBR 12,935 to

DAT in the dorsal and ventral caudate-putamen, but

not in the substantia nigra. The decreases were re-

versible and observed only 2 and 24 h, but not 7 days

after paraquat injection (Fig. 1B). The averaged non-

specific binding was: in the striatum 32–37% (CPd),

39–44 % (CPv), and in the substantia nigra, 40–47%

of the total [3H]GBR 12,935 binding.

Paraquat induced also a slight influence on dopamin-

ergic transmission. This compound did not significantly

change the levels of dopamine, DOPAC and HVA in any

structure examined and at any time point measured (Fig.

2). The control values (in ng/g tissue) of dopamine and

its metabolites are shown in Table 1. However, paraquat

increased the level of 3-MT at 24 h after the injection by
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19.6% and 18.5% in the anterior and posterior

caudate-putamen, respectively (Fig. 2). The 3-MT/do-

pamine ratio was also significantly increased in the an-

terior (16%, p < 0.05) and posterior caudate-putamen

(15%, p < 0.05) 24 h after the administration.

Discussion

The present study shows that paraquat administered

systemically in rats persistently but reversibly influ-

ences DAT in the caudate-putamen which is sup-

ported by decreases in the binding of [3H]GBR

12,935 in this structure. Pharmacokinetic studies in

rodents have shown that this herbicide administered

systemically rapidly passes blood-brain barrier to

reach the highest brain levels as early as after 10–60 min.

Afterwards, its concentration declines and at 24 h al-

most 90% of paraquat is already eliminated from the

brain compartment [3]. Taking into account these

data, the decrease in the [3H]GBR 12,935 binding, ob-

served in the present study 2 h after paraquat injec-

tion, took place at the time of the peak brain level of

this pesticide, whereas that after 24 h was measured in

a wash-out period. Therefore, it seems that mechanisms

underlying each of these decreases may be different.

This view is supported by variable influence of

paraquat on dopaminergic transmission within 24-

hour period. While the levels of dopamine and its me-

tabolites, as well as dopamine turnover were un-

changed at 2 h after the injection, an increase in

COMT-dependent dopamine catabolism, i.e. the in-

crease in 3-MT level and 3-MT/dopamine ratio was

demonstrated in the caudate-putamen after 24 h.

Since COMT is localized mainly outside the dopa-

minergic neurons [cf. 11], the above-mentioned al-

teration may indicate an enhancement of extracellular

dopamine catabolism due to the increased dopamine

release and/or uptake inhibition. In fact, Shimizu et al.

[16] found that paraquat administered intrastriatally

via microdialysis probe for 1 h induced gradually in-

creasing and long-lasting dopamine outflow in this

structure which reached the highest value 24 h after

the start of perfusion. Therefore, it seems that the de-

crease in the [3H]GBR 12,935 binding to DAT ob-

served at 24 h may be an adaptation to an elevated ex-

tracellular dopamine concentration or may result from

displacement of this ligand from its binding site by

this neurotransmitter. In contrast, in the initial period

of paraquat action (2 h) the dopamine outflow has

been reported to be rather small [16], which is sup-

ported by the lack of any alterations in dopamine

transmission at that time in the present study. These

results may suggest that shortly after its injection

paraquat may influence DAT directly, e.g. by compet-

ing with the above ligand for its binding sites. How-

ever, it cannot be excluded that even a small increase

in synaptic dopamine may contribute to the decreases in

[3H]GBR 12,935 binding, observed in the present study.

Striatal dopaminergic terminals have been postu-

lated to be a primary site of DAT-dependent MPP+ up-

take into dopaminergic neurons which is essential for

toxicity of this compound [6, 19]. Although on the ba-

sis of the present results we cannot ascertain whether

paraquat, an analogue of MPP+, is actually trans-

ported into dopaminergic neurons via DAT, its influ-

ence on COMT-dependent dopamine catabolism re-

sembles that of MPP+ [20]. After being transported

into dopaminergic neurons, the latter toxin has been

found to increase dopamine release and to decrease

dopamine uptake, due to reversal and inhibition of

DAT [22]. The similarity of paraquat-induced effect

to that of MPP+ together with its inhibitory influence

on [3H]GBR 12,935 binding may suggest some con-

tribution of DAT to the paraquat-induced toxicity.

Moreover, the finding that this pesticide influences

DAT in the caudate-putamen but not in the substantia

nigra in vivo may indicate that, similarly to MPP+, the

striatum is a primary site of toxic action of this pesti-

cide after its long-lasting exposure.

Summing up, the present study seems to suggest

that even an acute systemic paraquat administration

affects striatal DAT and dopamine metabolism in the

nigrostriatal neurons in rats which may be crucial for

its neurotoxic effects.
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