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Abstract

Although the etiology of Parkinson's disease (PD) is not fully understood, there are numerous studies that have linked the increased risk for
developing PD to pesticides exposure including paraquat (PQ). Moreover, the exposure to a combination of compounds or chemical mixtures has
been suggested to further increase this risk. In the current study, the effects of PQ on the nigrostriatal dopaminergic system in male C57BL6 mice
exposed to 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) were examined to assess the impact of toxic substance mixtures exposure on
neurochemical and behavioral changes. In this study, a low non-toxic dose of MPTP (10mg/kg) was injected once a day for 5days and was
followed by PQ (7mg/kg) once a day for 6days (subacute protocol) or once a week for 10weeks (chronic protocol). The results from the subacute
protocol showed that PQ reduced the turnover of dopamine (DA) as indicated by a 21% and a 22.3% decrease in dihydroxyphenyl acetic acid
(DOPAC), homovanillic acid and increased S-adenosyl methionine/S-adenosyl homocysteine index (SAM/SAH) by 100%. However, the
administration of PQ to MPTP primed mice resulted in the decrease of DOPAC, HVA, DA, by 35.8%, 35.2% and 22.1%, respectively. In addition,
PQ decreased the total number of movements (TM) by 28% but MPTP plus PQ decreased TM by 41%. The SAM/SAH index showed that MPTP
increased methylation by 33.3%, but MPTP plus PQ increased methylation by 81%. In the chronic protocol, the data showed that MPTP
administration did not affect DA, DOPAC, and HVA levels. The administration of PQ led to significant decrease in DOPAC, HVA, and TD by
31.6%, 19.9%, and 21.2% respectively with no effect on DA levels. The MPTP plus PQ group showed reduced DA, DOPAC, HVA, and total
distance traveled by 58.4%, 82.8%, 55.8%, and 83.9%, respectively. Meanwhile, PQ administration caused a reduction in tyrosine hydroxylase
immunoreactivity in the substantia nigra, and this effect was more pronounced in MPTP pretreated mice. It was concluded from this study that
prior treatment with MPTP potentiated the effects of PQ in reducing DA, DOPAC, HVA, TH immunoreactivity, locomotor activity, and increasing
the methylation index. The enhanced effects of PQ following MPTP administration further support the role of toxic substance mixtures in causing
Parkinson's disease.
© 2006 Elsevier Inc. All rights reserved.
Keywords: Parkinson's disease; Paraquat; Dopamine; Methylation; MPTP
1. Introduction

Parkinson's disease (PD) is a neurodegenerative disorder,
which affects approximately 1.5 million Americans (Standaert
and Stern, 1993). The symptoms of PD include tremor,
hypokinesia, and rigidity, caused by the degeneration of
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dopaminergic neurons in the nigrostriatal pathway with
subsequent depletion of dopamine (DA) in the neostriatum
(Hornykiewicz, 1966). Generally, the cause of non-familial PD
is unknown; however, there are numerous studies that linked
pesticide exposure to the increased risk of developing this type
of PD (Tanner, 1989, 1992; Tanner and Goldman, 1994, 1996).
Non-familial PD represents over 90% of all PD cases and its
onset typically occurs after 50years of age (Moghal et al., 1994;
Langston, 1998; Olanow and Tatton, 1999; Tanner and Ben-
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Shlomo, 1999). A recent study of male twins has confirmed that
genetic heritability is not the basis of sporadic PD with onset
over age of 50 (Tanner et al., 1999). Although it has been
proposed that PD may be caused by a single toxic environ-
mental exposure (Langston et al., 1983) recently it was
suggested that the vast majority of PD cases probably result
from interactions between genetic make-up and environmental
exposures to certain toxins (Greenamyre et al., 2003). These
findings led to the hypothesis that PD may be initiated or
precipitated by environmental or endogenous toxins in
genetically-predisposed individuals (Matsubara et al., 1995;
Corrigan et al., 2000).

The environmental factors hypothesis has been given
credence by the identification of the pre-toxin 1-methyl-4-
phenyl-1,2,3,6-tetrahydropyridine (MPTP). This substance was
discovered as a chemical contaminant of synthetic heroin that
produces an acute parkinsonian syndrome in humans, and in
mice similar to idiopathic PD (Davis et al., 1979; Langston et
al., 1983; Duvoisin et al., 1986; Freyaldenhoven et al., 1995).
Upon entering the brain, MPTP is converted to 1-methyl-4-
phenyl-4-phenylpyridinium ion (MPP+) by monoamine oxidase
B (Fahn, 1988). MPP+ is then accumulated into the dopami-
nergic neurons by the high affinity DA uptake system
(Frederickson, 1989). Biochemically, MPTP administration
causes damage to the nigrostriatal system, with subsequent
DA depletion similar to that seen in PD (Hallman et al., 1985),
and therefore, it is possible that compounds similar to MPTP
may cause Parkinson's disease.

Paraquat (PQ) (1, 1-dimethyl-4, 4-bipyridium dichloride), a
widely used non-selective herbicide, is structurally similar to
MPTP and has been correlated with a high incidence of PD in
some regions of Canada (Barbeau et al., 1987). It is believed
that PQ would not cause PD because of its poor ability to cross
the blood–brain barrier to yield consistent results after its
systemic administration (Markey et al., 1986; Perry et al., 1986;
Bagetta et al., 1992). On the other hand, the entry of PQ to the
brain has been demonstrated through its ability to target the
dopaminergic system (Lindquist et al., 1988); but causes no
significant reductions in dopamine levels (Widdowson et al.,
1996).

Since it is known that PQ does not cross the blood–brain
barrier with ease and it is extensively used in the environment,
there must be other environmental determining factors which
influence the ability of this herbicide to cause PD. The
exposure to certain mixture of toxic substance has been
associated with Parkinson's disease (Miller et al., 1991). In the
present study, the effects of PQ for causing dopamine depletion
and behavioral impairments in mice which have been exposed
to MPTP were examined to assess the impact of toxic
substance mixtures. In this study, mice were primed with a
low-dose of MPTP (10mg/kg), which do not lead to significant
dopamine depletion and behavioral impairment, and were
followed by PQ injection. To assess neurochemical and
behavior changes, the levels of dopamine (DA), dihydrox-
yphenyl acetic acid (DOPAC), homovanillic acid (HVA)
measurements were performed, locomotor activity was eval-
uated and brain sections for TH-immunoreactivity were
stained. In addition, we measured the levels of the S-adenosyl
methionine (SAM)/S-adenosyl homocysteine (SAH) index to
determine whether methylation is increased by PQ. This was
assessed based on the observation that administration of S-
adenosyl methionine (SAM), the endogenous methyl donor,
causes neurological and biochemical changes that resemble PD
(Charlton and Way, 1978; Charlton, 1990; Crowell et al., 1993;
Charlton and Mack, 1994). Also MPP+, the toxic metabolite of
MPTP, has been shown to increase the effects of SAM (Lee
and Charlton, 2001).

2. Materials and methods

2.1. Animals

Male C57BL6 mice 3 to 4weeks old were purchased from
Harlan (Indianapolis, IN). Animals were housed four per cage
with food and water available ad libitum in a room maintained
under controlled temperature (21±2°C) and humidity with a
12:12 light–dark cycle. All mice were acclimated for at least
1week prior to commencement of experiments. All procedures
were approved by the Animal Care and Use Committee at
Florida A&M University.

2.2. Chemicals

Paraquat, S-adenosyl methionine, S-adenosyl homocysteine,
dopamine (DA), dihydroxyphenyl acetic acid (DOPAC),
homovanillic acid (HVA), and EDTA were purchased from
Sigma Chemical Co. (St. Louis, MO). Phosphoric acid,
perchloric acid, citric acid, octanesulfonic acid sodium salt
and methanol were purchased from Fisher (Norcross, GA).
MPTP was purchased from RBI (Natick, MA).

2.3. Drug administration

In the subacute study, 24 male C57BL6 mice were divided
into four groups (A, B, C, and D). Groups A and B were injected
intraperitoneally (i.p) with 10mg/kg MPTP once a day for
5days. Groups C and D were injected i.p. with phosphate
buffered saline (PBS) once a day for 5days. This was followed
by a 2day resting period (receiving no injections). After the
resting period, groups A and C received i.p. injections with
7 mg/kg PQ once a day for 6days while groups B and D
received i.p. injections with PBS once a day for 6days. The
treatment groups were control (PBS plus PBS); MPTP (PBS
plus MPTP), PQ (PBS plus PQ) and MPTP plus PQ. There were
a total of 6 mice per treatment group. Four mice per treatment
group were used for locomotor activity, and later combined with
two additional mice (time matched after injection) per treatment
group and used for neurochemical analysis.

In the chronic study, 36 male C57BL6 mice were divided
into four groups (A, B, C, and D). Groups A and B were injected
i.p. with 10mg/kg MPTP once a day for 5days. Groups C and D
were injected i.p. with PBS once a day for 5days. This was
followed by a 2day resting period (receiving no injections).
After the resting period, groups A and C received i.p. injections
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with 7mg/kg PQ once a week for 10weeks while groups B and
D received i.p. injections with PBS once a week for 10weeks.
The treatment groups were control (PBS plus PBS); MPTP
(PBS plus MPTP), PQ (PBS plus PQ) and MPTP plus PQ.
There were a total of 9 mice per treatment group. Four mice per
treatment group were used for locomotor activity, and later
combined with two additional mice per treatment group (time
matched after injection) and used for neurochemical analysis.
The remaining mice (n=3 per treatment group) were used for
tyrosine hydroxylase immunohistochemistry.

2.4. Measurements of locomotor activity

The Digiscan animal activity monitoring system (Ominetech
Electronics Inc., Sydney, Australia) consisting of four chambers
(one animal per chamber) was used to measure locomotor
activity. Locomotor activity counts were assessed 1h after the
last injection (n=4 per treatment group). The locomotor activity
was recorded as total number of movements (TM) and total
distance traveled (TD).

2.5. Biochemical analysis

Mice (n=4 per treatment group) were sacrificed immediately
after the measurement of locomotor activities (2h after the last
injection) and an additional 2 animals per treatment group were
sacrificed (2h after the last injection) and were combined to
make a final sample size of 6 animals per treatment group for
biochemical analysis. Striatum of mice were dissected and
placed in 0.4M perchloric acid and the tissues were homoge-
nized and then centrifuged at 4°C for 15 min at 12,000×g. The
supernatants were filtered in 0.2μm filters (Fisher) for 2min at
10,000×g. DA, DOPAC, HVA were analyzed using high
performance liquid chromatography (HPLC, Shimadzu) with
a Coulochem II electrochemical detector (ESA) with a guard
cell set at +350mV; channel 1 set at −150mV; channel 2 set at
+220mV. SAH and SAM were detected using HPLC equipped
with a UV detector at a wavelength of 260nm. The mobile
phase consisted of w/v 0.84% sodium acetate, 1.2% citric acid,
0.015% octanesulfonic acid sodium salt, 0.02% disodium
EDTA (w/v) in 15% methanol in water and pH adjusted to
3.5 with phosphoric acid. The system included a solvent
delivery system and an auto-injector coupled to a pre-column,
and a Whatman C18 (5μm, 250×4.6mm) column. Concentra-
tions of DA, DOPAC, HVA, SAM, and SAH were determined
by assaying standards of known amounts of each compound and
extrapolating from a standard curve.

2.6. Immunohistochemistry for tyrosine hydroxylase (TH)

Two hours after the last injection of the chronic study, mice
(n=3 per treatment group) were anesthetized with chloral
hydrate and perfused intracardially with phosphate buffered
saline followed by 4% paraformaldehyde (PFA). Brains were
harvested and post-fixed with 15% sucrose in 4% PFA for
2days at 4°C. The brains were then cut on a freezing sliding
microtome at a thickness of 25μm. The sections were collected
in 0.1M phosphate buffer and stored at 4°C for at least 1week
before TH staining. Sections were stained for TH positive cell
bodies as described by Charlton and Mack (1994), with slight
modifications. Briefly, loose sections were washed three times
in 0.3% Triton X-100 in phosphate buffer for 5min. Sections
were then incubated for 1 h at room temperature in 0.5% Triton
X-100 in phosphate buffer containing 10% goat serum. The
sections were then washed twice in phosphate buffer and once
in 0.3% Triton X-100, in phosphate buffer, for 5min each wash.

The sections were incubated with primary antibody solution
containing a 1:200 dilution of rabbit anti-tyrosine hydroxylase
(Chemicon International, Temecula, CA) for 1h at room
temperature and then covered and placed in the refrigerator
maintained at 4°C for 72h. The sections were washed three
times in 0.1M phosphate buffer for 5min each wash. Sections
were then incubated for 1h at room temperature with secondary
antibody solution containing a 1:100 dilution of fluorescein
isothiocyanate (FITC) conjugated goat anti-rabbit IgG (Chemi-
con International, Temecula, CA) in 0.3% Triton X-100. The
sections were then washed three times in 0.1M phosphate buffer
for 5min each wash. Sections were mounted on 1% gelatin
coated slides. The slides were air dried on a slide warmer at
50°C for at least 20min. The dry slides were cleared by
immersion in xylene for 1min before covering with coverslip
(Corning Cover No. 1, 24×60mm) with DPX (Fluka,
Milwaukee, WI). TH positive cells were visualized with an
epifluorescent microscope (Nikon) with blue (450–490nm)
excitation light.

2.7. Statistical analysis

Statistical analysis was performed using one-way analysis of
variance (ANOVA) followed by Newman–Keuls multiple
comparison test. All values represent the mean±S.E.M. P
values (less than 0.05) were considered significant.

3. Results

3.1. The effect of subacute and chronic treatment with PQ
following MPTP treatment on locomotor activity

The results from the subacute study show that there was a
significant effect of treatments on locomotor activities, total
number of movements F(3, 15)=9.610, P<0.0016; total
distance traveled F(3, 15)=33.40, P<0.0001. The results
show that PQ significantly decrease (P<0.05) the total number
of movements (TM) by 28% (Fig. 1A) when compared to the
control. The administration of MPTP and then PQ decreased
TM by 41% (P<0.01) and by 38.8% (P<0.01) when compared
to the control and MPTP, respectively (Fig. 1A). PQ decreased
the total distance traveled by 64.1% (P<0.001), when
compared to the control (Fig. 1B). Meanwhile, the administra-
tion of MPTP and then PQ decreased TD by 78.1% (P<0.001);
by 72.7% (P<0.001) and by 38.9% (P<0.01) as compared to
the control, MPTP and PQ groups, respectively (Fig. 1B).

In the chronic protocol, ANOVA revealed a significant effect
of treatments on locomotor activities, Total number of
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Fig. 2. Effects of the i.p. administration of 7mg/kg PQ once a week for 8weeks
following priming with 10mg/kg MPTP (once a day for 5days) on mouse
locomotor activity. The total number of movements and total distance traveled
by mice was measured 1h after the last PQ injection. Values are expressed as
mean±S.E.M. Statistical comparison was performed using ANOVA with
subsequent Newman–Keuls post-hoc test (n=4 per treatment group). Total
number of movements, asignificantly different from the control group (PBS plus
PBS) P<0.001; bsignificantly different from MPTP plus PBS, P<0.001;
csignificantly different from PQ plus PBS, P<0.001. Total distance traveled,
asignificantly different from the control group (PBS plus PBS), P<0.01;
bsignificantly different from MPTP plus PBS, P<0.01; csignificantly different
from PQ plus PBS, P<0.01.
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Fig. 1. Effects of the i.p. administration of 7mg/kg PQ once a day for 6days
following priming with 10mg/kg MPTP (once a day for 5days) on mouse
locomotor activity. The total number of movements and total distance traveled
by mice was measured 1h after the last PQ injection. Values are expressed as
mean±S.E.M. Statistical comparison was performed using ANOVA with
subsequent Newman–Keuls post-hoc test. Total number of movements (n=4 per
treatment group): asignificantly different from control (PBS plus PBS) (PBS+
PBS vs. PQ+PBS, P<0.05; PBS+PBS vs. MPTP+PQ, P<0.01); bsignificantly
different from MPTP plus PBS (vs. PQ+PBS, P<0.05; vs. MPTP+PQ,
P<0.01). cSignificantly different from PQ plus PBS group. Total distance
traveled: asignificantly different from control (PBS plus PBS) (PBS+PBS vs.
PQ+PBS P<0.001; PBS+PBS vs. MPTP+PQ, P<0.001); bsignificantly
different from MPTP plus PBS (vs. PQ+PBS, P<0.001; vs. MPTP+PQ,
P<0.001); csignificantly different from PQ plus PBS group (vs. MPTP+PQ,
P<0.05).
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movements (TM) F(3, 15)=27.77, P<0.0001; Total distance
traveled (TD) F(3, 15)=8.879, P<0.0023. Animals receiving
MPTP and then PQ had a decrease in TM by 70.4% (P<0.001)
by 68.1% (P<0.001) and by 67.8% (P<0.001) as compared to
the control, MPTP and PQ, respectively (Fig. 2A). The same
group of animals showed a decrease in TD by 83.9% (P<0.01);
by 81.63% (P<0.01); and by 79.5% (P<0.01) when compared
to the control, MPTP and PQ groups, respectively (Fig. 2B).

3.2. The effects of subacute and chronic treatment with PQ
following MPTP treatment on DA, DOPAC, HVA

In the subacute study, ANOVA demonstrated a significant
effect of treatment on the levels DA and its metabolites (DA: F
(3, 23) = 38.30, P< 0.0001; DOPAC: F(3, 23) = 50.40,
P<0.0001; HVA: F(3, 23)=47.97, P<0.0001). The PQ
treatment and the MPTP treatment groups did not have any
significant changes in DA levels when compared to the control
group (Fig. 3A). However, the MPTP plus PQ group showed a
22.1% decrease in DA levels when compared to that of the
control (P<0.01) (Fig. 3A). The PQ group showed a
significant decline (P<0.01) in DOPAC levels by 21%,
whereas MPTP plus PQ significantly decreased DOPAC by
35.8% (P<0.01); by 29.7% (P<0.01) as compared to the
control or the MPTP groups, respectively (Fig. 3B).
Meanwhile, the administration of PQ caused a significant
decline in HVA levels by 21.6% (P<0.01) as compared to the
control (Fig. 3C). Animals receiving MPTP plus PQ had a
35.2% significant decline in HVA (P<0.01) when compared
to the control; and by 32.4% (P<0.01) when compared to the
MPTP group (Fig. 3C).

Animals in the chronic protocol displayed a significant effect
of treatment on the levels of DA and its metabolites (DA: F(3,
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Fig. 4. Effects of the i.p. administration of 7mg/kg PQ once a week for 8weeks
following priming with 10mg/kg MPTP (once a day for 5days) on the levels of
dopamine (DA), dihydroxyphenyl acetic acid (DOPAC), and homovanillic acid
(HVA). Mice were sacrificed 2h after the last PQ injection. Post-mortem striatal
levels of DA, DOPAC and HVA were measured using HPLC. Values are
expressed as mean±S.E.M.; pmol/mg wet tissue weight. Statistical comparison
was performed using ANOVA with subsequent Newman–Keuls post-hoc test
(n=6 per treatment group). aSignificantly different from the control group (PBS
plus PBS). bSignificantly different from MPTP plus PBS. cSignificantly
different from PQ. DA: (MPTP plus PQ vs. control, P<0.001; vs. MPTP plus
PBS, P<0.001; vs. PQ plus PBS, P<0.001). DOPAC: (PQ plus PBS vs. control,
P<0.01; MPTP plus PQ vs. control, MPTP plus PBS, PQ plus PBS, P<0.001).
HVA: (PQ plus PBS vs. control, P<0.05; MPTP plus PQ vs. control, MPTP plus
PBS, PQ plus PBS, P<0.001).
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Fig. 3. Effects of the i.p. administration of 7mg/kg PQ once a day for 6days
following priming with 10mg/kg MPTP (once a day for 5days) on the levels
of dopamine (DA), dihydroxyphenyl acetic acid (DOPAC), and homovanillic
acid (HVA). Mice were sacrificed 2h after the last PQ injection. Post-
mortem striatal levels of DA, DOPAC and HVA were measured using
HPLC. Values are expressed as mean±S.E.M.; pmol/mg wet tissue weight.
Statistical comparison was performed using ANOVA with subsequent
Newman–Keuls post-hoc test (n=6 per treatment group). aSignificantly
different from the control group (PBS plus PBS), P<0.01. bSignificantly
different from MPTP plus PBS, P<0.01. cSignificantly different from PQ
plus PBS, P<0.01.
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23)=360.6, P<0.0001; DOPAC: F(3, 23)=54.04, P<0.0001;
HVA: F(3, 23)=109.8, P<0.0001). Similar effects as the
subacute study were observed in that the MPTP and the PQ
groups when administered alone did not show any significant
changes in DA levels when compared to the control group.
However, the MPTP plus PQ group exhibited significant
decrease (P<0.001) in DA by 58.9%, by 56.3% and by 58.7%
as compared to the control, MPTP or PQ groups, respectively
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(Fig. 4A). The PQ had a decreased DOPAC by 31.7%
(P<0.01) when compared to the control (Fig. 4B). In the
MPTP plus PQ group there was a significant decrease in
DOPAC levels by 82.8% (P<0.001) when compared to the
control (Fig. 4B). Moreover, the PQ group had a reduced
HVA level by 20% (P<0.05) when compared to the control
(Fig. 4C). However, MPTP plus PQ exposure was associated
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with a decline in HVA levels by 56% (P<0.001) when
compared to the control (Fig. 4C).

3.3. The effect of subacute and chronic treatment with PQ
following MPTP administration on DA turnover and
methylation

The DOPAC/DA and the HVA/DA ratios are markers of DA
turnover. The results from the subacute study showed that PQ
and MPTP plus PQ treatments did not have any significant
effects on DOPAC/DA and the HVA/DA indexes (Fig. 5A and
B). S-adenosyl methionine (SAM)/S-adenosyl homocysteine
(SAH) index is a measure of methylation. In the subacute study
ANOVA revealed a significant effect on methylation (F(3,23)
=71.46; P<0.0001).The results show that MPTP, PQ or MPT
plus PQ treatments significantly increased methylation by
33.3%, 100% and 81%, respectively when compared to the
control (Fig. 5C). MPTP plus PQ increased methylation by
35.7% (P<0.01) when compared to the MPTP treatment group,
demonstrating the potentiated effects of PQ on methylation
(Fig. 5C).

In the chronic study, ANOVA demonstrated a significant
effect of treatments on DOPAC/DA, HVA/DA and SAM/SAH
(DOPAC/DA F(3, 23)=23.86, P<0.0001; HVA/DA F(3, 23)=
8.263, P<0.0009; SAM/SAH F(3, 23)=48.91, P<0.0001). PQ
treatment caused a decrease in DOPAC/DA ratio by 31.8%
(P<0.01) when compared to the control (Fig. 6A). Meanwhile,
MPTP plus PQ treatment was associated with a decrease in
DOPAC/DA ratio by 57.7% (P<0.001) when compared to the
control (Fig. 6A). MPTP plus PQ treatment caused an increase
in HVA/DA by 34.7% (P<0.01) when compared to the PQ
treated group (Fig. 6B). The MPTP, PQ, MPTP plus PQ
treatment groups increased SAM/SAH by 7.7%, 23.1%
(P<0.05) and 30.9% (P<0.01) respectively when compared
to the control (Fig. 6C). In addition, MPTP plus PQ increased
SAM/SAH by 21.6% (P<0.05) when compared to MPTP
Fig. 7. Effects of the i.p. administration of 7mg/kg PQ once a week for 8weeks follow
(TH) immunoreactivity in the substantia nigra of mice. Arrows indicate staining of
demonstrating the potentiated effects of PQ on methylation
(Fig. 6C). Furthermore, as indicated by the white arrows, there
is a clear defined staining of substantia nigra pars compacta
(SN) neurons in the control animals (Fig. 7). MPTP appeared to
cause a slight decline in tyrosine hydroxylase (TH) immuno-
reactivity of the substantia nigra (SN) (Fig. 7). This effect
appears to be more pronounced in the PQ and PQ plus MPTP
treatment groups as indicated by the white arrows (Fig. 7).

4. Discussion

Epidemiological studies have linked pesticide exposure with
the increase in the incidence of PD (Lewin, 1985; Liou et al.,
1997). In fact, PD mortality rate distribution by geographical
regions has also been interpreted as consistent with the
environmental exposure to pesticides (Imaizumi, 1995; Lanska,
1997). Sanchez-Ramos et al. (1987) reported on a young farmer
who had been exposed to PQ and affected with PD. Although
pesticides are common to the environment, there must be other
determining factors such as the genetic make-up which
influence the ability of pesticides to cause PD and the associated
dopamine depletion. The present study examined the ability of
PQ to induce DA depletion and behavioral impairments in mice
exposed to a low dose of MPTP.

In the brain, DA is metabolized to DOPAC via monoamine
oxidase (Oreland, 1991) and/or HVA via catechol-o-methyl-
transferase (COMT) with the transfer of the methyl group of S-
adenosyl-L-methionine to the phenolic groups of the catechol
substrate in the presence of Mg2+ (Mannisto and Kaakkola,
1999). Thus DA, DOPAC, and HVA levels reflect the activity of
dopaminergic neurons. Results obtained from the subacute
study showed that PQ impaired dopaminergic function as
indicated by the decrease levels of dopamine metabolites HVA
and DOPAC in the striatum. These changes in DA neuronal
function are also reflected by the decrease in motor activity. PQ-
induced reductions in HVA and DOPAC in the subacute study
ing priming with 10mg/kgMPTP (once a day for 5days) on tyrosine hydroxylase
TH neurons.
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may be due to the ability of PQ to alter DA release and/or inhibit
DA reuptake. This notion is supported by the results which
indicate that a single injection of PQ induces DA overflow, and
pretreatment with the dopamine transporter inhibitor, GBR
12909, significantly reduced PQ uptake into striatal tissues
(Shimizu et al., 2003).

If neuronal integrity and compensatory mechanism are
intact, an initial increase in DA release or blockade of DA
uptake will result in activation of autoreceptors with a resultant
decrease in DA release, leading to the decrease in the
availability of DA in the synaptic cleft to undergo methylation
by S-adenosyl methionine (SAM). This in turn could be
associated with a decrease in SAM utilization resulting in the
decrease of SAM clearance from the synaptic cleft. This cascade
of events may explain the unaltered DA levels, DOPAC/DA,
HVA/DA indexes, and increased methylation seen after PQ
administration in the subacute study. However, the results of the
PQ group in the subacute study were obtained 2h after receiving
a total of six injections of PQ, and are likely to be influenced by
PQ remaining in the brain, since the biological half-life of PQ
was estimated to be 40.9h (Dey et al., 1990). The findings
obtained from the subacute study suggest that the neurochem-
ical effects of PQ would depend on the dose and the time after
administration.

The results from the chronic study showed that PQ
significantly reduced DOPAC and HVA levels when
compared to the control. This effect was associated with
apparent changes in the substantia nigra (SN) as demon-
strated by an apparent decline in tyrosine hydroxylase
immunoreactivity. In the chronic study, it is not known if
the effects of PQ on TH immunoreactivity reflect actual loss
of DA neurons. However, previous studies have reported that
using mice of the same strain and age treated with a similar
dose of PQ once a week for 4weeks consistently destroyed
DA substantia nigra (SN) neurons as determined by cell
counting of TH-immunoreactive cells in the SN using
stereological techniques and counterstained for Nissl sub-
stances (Fredriksson et al., 1993; Brooks et al., 1999;
McCormack et al., 2002). This dosage regimen produced
approximately 25% of cell loss (McCormack et al., 2002). In
the chronic study, mice were treated for a longer period of
time (10weeks) with a similar dose, thus it is likely that PQ
effect might be related to DA neurons damage. However,
PQ-induced neuronal damage of SN may not produce
dopamine depletion (McCormack et al., 2002; Thiruchelvam
et al., 2000, 2003). This is different from mice treated with
MPTP where nigral cell damage is consistently accompanied
by a substantial decrease in striatal dopamine (DA). In
addition, the extent of MPTP-induced DA depletion is
usually much greater than the extent of neuronal loss (Chan
et al., 1997; Di Monte et al., 2000). In the chronic study, PQ
failed to decrease DA levels, which suggest that PQ may
preferentially target DA cell bodies to a higher degree than
the terminals. This suggestion is supported by the finding
that methamphetamine damages nerve terminals and causes
dopamine depletion, but does not affect substantia nigra cell
bodies (Harvey et al., 2000). Whereas, the administration of
high doses of MPTP (≥20mg/kg) were associated with nerve
terminals (resulting in dopamine depletion) and the substantia
nigra cell bodies damage (Thomas et al., 2004).

The results from the chronic study demonstrate that mice
pretreated with 10mg/kg MPTP did not produce any significant
changes in dopamine, DOPAC, HVA, dopamine turnover or
behavioral parameters. This is consistent with the results
published from other investigators with similar doses of
MPTP (Walters et al., 1999). The observation that mice
pretreated with MPTP and later injected with PQ produced
more dramatic effects on DA levels, tyrosine hydroxylase
immunoreactivity, and locomotor activity when compared to the
control or PQ demonstrates that the dose of MPTP used in the
chronic study is suitable for priming the nigrostriatal system to
the neurotoxic actions of PQ in these animals.

The results are consistent with other studies which have
shown that low doses of MPTP have been shown to potentiate
the effects of dithiocarbamate pesticides (McGrew et al., 2000).
The current finding from the chronic study suggest that
exposure to a single agent such as MPTP might functionally
injure the SN neurons without structural changes, however
when another exposure occur (in this case PQ), it may lead to
neuronal changes. The notion of potentiated effects of PQ on the
dopaminergic system with nontoxic chemical mixtures with
different modes of toxicity is supported by the observation that
PQ potentiates the effects of the widely used herbicide maneb
(Thiruchelvam et al., 2000).

The mechanism of PQ toxicity remains unclear; however, the
involvement of cyclic reduction/reoxidation and production of
oxygen free radicals has been proposed (Bus et al., 1976; Trush
et al., 1981; Kadiiska et al., 1993; Hochman et al., 1998). This
production of free radicals subsequently might cause lipid
peroxidation and promotion of cellular death and apoptosis
(Fabisiak et al., 1997; Shimada et al., 1998; Yang and Sun,
1998). Meanwhile, the turnover/metabolism of dopamine has
been associated with the generation of free radicals (Berman
and Hastings, 1999). In the striatum, DOPAC/DA ratio is an
index of DA neuron activity associated with DA release,
reuptake, and oxidative metabolism (Westerink and Spaan,
1982, DeMaria et al., 1999), while the HVA/DA ratio reflects
the index of extraneuronal methylated metabolism of DAwhich
does not undergo reuptake by DA neurons.

In the chronic protocol, PQ treated group had a decrease in
DOPAC/DA and HVA/DA, and an increase in SAM/SAH.
Whereas, the MPTP plus PQ group had an increase in the HVA/
DA index when compared to the MPTP and PQ treated groups,
demonstrating the potentiation of methylation by these
compounds. However, MPTP plus PQ significantly reduced
the DOPAC/DA index when compared to the control, MPTP
treatment groups, further demonstrating the potentiated effects
of MPTP. This decrease in DOPAC/DA and increase in HVA/
DA induced by MPTP plus PQ treatment is probably a result of
striatal terminals damage which leads to DA uptake sites
reduction and possible increase in DOPAC diffusion into the
synaptic cleft to undergo methylated metabolism to homo-
vanillic acid. Thus, the increase in the methylation index as
indicated by the increase in SAM/SAH ratio in PQ and MPTP
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plus PQ groups may have resulted from the increase demand for
SAM needed to methylate DA or DOPAC. Meanwhile, the role
of methylation in DA catabolism has been demonstrated earlier
(Yassin et al., 1998).

SAM is required for growth and development and to
maintain basal metabolic functions, but both the synthesis and
the utilization of SAM are increased during aging (Mays et al.,
1973; Stramentinoli et al., 1977; Tuomisto, 1977; Gharib et al.,
1982; Sellinger et al., 1988). This is of considerable significance
since PD is an age-related disorder and phospholipid methyl-
ation activity increases in aging animals (Crews et al., 1980).
The increased product of phospholipid methylation, lysopho-
sphatidylcholine (lyso-PTC) a detergent-like, cytotoxic product,
can impair various biological functions such as plasmalemma
and vesicular membrane integrity, and may eventually cause
cell death. Results from our laboratory have shown that lyso-
PTC impaired locomotor activity and DA neurotransmission
(Lee et al., 2004).

Therefore, exposure to a slightly toxic endogenous and/or
exogenous agent followed by secondary exposure to a
moderately toxic environmental compound can increase SAM
dependent methylation and may precipitate the PD symptoms.
This notion is substantiated by the many results supporting
relationship between methylation and parkinsonism. For
example, a high N-methylation activity was found in PD
patients (Williams et al., 1993), and two endogenous methylated
compounds that induce neurotoxicity were found in the
parkinsonian brain and were structurally related to MPTP
(Collins et al., 1992; McNaught et al., 1995). Therefore, it is
plausible that in the current study the reported changes
following PQ may be related to the increase in methylation.
In addition, the experimental design used in these experiments
may be of significance with respect to human exposures in that
the MPTP plus PQ group decreased DA levels by 58.4% and
altered turnover indexes in the chronic exposure study, while
decreasing DA by 20.6% and not altering the turnover indexes
in the subacute exposure study. Furthermore, these finding
demonstrate that PQ may act as a slow-acting or delayed
dopaminergic toxicant, in which its effects increase with
duration of exposure. If this is the case, low level chronic
exposure paradigm vs. a subacute exposure paradigm may be
more suitable when accessing PQ induced dopaminergic
neurotoxicity, and may explain the greater effects seen in the
chronic protocol vs. the subacute protocol. In addition, a
chronic low level exposure paradigm may be a better reflection
of human exposures in that individuals are more likely to be
exposed to very low amounts of pesticides in the environment
over a long period of time.

In summary, the current study shows that PQ can alter DA
turnover, locomotor activity, and increase methylation. The
results obtained from the present study provides further
evidence that PQ has a central effect and exert biochemical
changes after its systemic administration. These effects were
more pronounced when the animals were primed with MPTP.
Additionally, the findings from these studies may demon-
strate how a moderately toxic agent may influence the
precipitation of PD symptoms and further support the
concept of chemical mixtures induced parkinsonism. Thus
the exposure of environmental compounds after the admin-
istration of a non-toxic dose of MPTP may be utilized as a
useful model for identifying potential genetic, biochemical,
or neurological markers responsible for the sensitizing effects
of MPTP, and possibly unmasking the mechanism(s)
associated with PD.
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