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Experimental evidence supporting 1,1'-dimethyl-4,4'-
bipyridinium [paraquat (PQ)] as a risk factor for Parkinson’s dis-
ease (PD) is equivocal. Other agricultural chemicals, including
dithiocarbamate fungicides such as manganese ethylenebisdi-
thiocarbamate [maneb (MB)], are widely used in the same geo-
graphical regions as paraquat and also impact dopamine sys-
tems, suggesting that mixtures may be more relevant etiological
models. This study therefore proposed that combined PQ and
MB exposures would produce greater effects on dopamine (DA)
systems than would either compound administered alone. Male
C57BL/6 mice were treated twice a week for 6 weeks with
intraperitoneal saline, 10 mg/kg paraquat, 30 mg/kg maneb, or
their combination (PQ + MB). MB, but not PQ, reduced motor
activity immediately after treatment, and this effect was potenti-
ated by combined PQ + MB treatment. As treatments pro-
gressed, only the combined PQ + MB group evidenced a failure

of motor activity levels to recover within 24 hr. Striatal DA and
dihydroxyphenylacetic acid increased 1-3 d and decreased 7 d
after injections. Only PQ + MB reduced tyrosine hydroxylase
(TH) and DA transporter immunoreactivity and did so in dorsal
striatum but not nucleus accumbens. Correspondingly, striatal
TH protein levels were decreased only by combined PQ + MB
5 d after injection. Reactive gliosis occurred only in response to
combined PQ + MB in dorsal-medial but not ventral striatum. TH
immunoreactivity and cell counts were reduced only by PQ + MB
and in the substantia nigra but not ventral tegmental area. These
synergistic effects of combined PQ + MB, preferentially ex-
pressed in the nigrostriatal DA system, suggest that such mix-
tures could play a role in the etiology of PD.
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Parkinson’s disease (PD), a profound movement disorder resulting
from nigrostriatal dopaminergic (DA) system degeneration, has
been linked to living in a rural environment, farming, drinking well
water, and occupational exposure to agricultural chemicals, sug-
gesting an environmental exposure basis for the disease (Rajput et
al., 1987; Semchuk et al., 1992; Liou et al., 1997; Gorell et al., 1998;
Tanner et al., 1999). Correspondingly, a recent comprehensive
study of over 19,000 white male twins showed that genetic herita-
bility is not the basis of sporadic PD with onset over age 50 (Tanner
et al., 1999). The identification of MPTP, a synthetic heroin that
destroys substantia nigra DA neurons, has given additional cre-
dence to an environmental factor hypothesis (Langston et al., 1984;
Langston and Irwin, 1986; Tanner and Ben-Shlomo, 1999). MPTP,
however, is not found in the environment.

The herbicide 1,1’-dimethyl-4,4'-bipyridinium [paraquat (PQ)]
has emerged as a putative risk factor on the basis of its structural
homology to MPP ™, the active metabolite of MPTP. Occupational
PQ exposures have been associated with parkinsonism (Hertzman
et al., 1990; Liou et al., 1997). Although substantially impeded, PQ
does cross the blood-brain barrier, with higher levels evident 24 hr
as compared with 30 min after administration (Widdowson et al.,
1996a).
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PQ, however, is a member of only one class of agricultural
chemicals known to impact DA systems adversely and to be used in
overlapping geographical areas. Diethyldithiocarbamate fungicides
potentiate MP TP neurotoxicity (Miller et al., 1991; Walters et al.,
1999). Manganese ethylenebisdithiocarbamate [maneb (MB)], for
example, decreases locomotor activity (Morato et al., 1989) and
potentiates MPTP effects on locomotor activity and catalepsy
(Takahashi et al., 1989). Interestingly, at least two incidences of
parkinsonism in humans have been related to MB exposure (Fer-
raz et al., 1988; Meco et al., 1994). The heaviest use of both PQ and
diethyldithiocarbamates like MB occurs along the Pacific Coast and
in the Northeast, the Plains, the mid-Atlantic, the Southeast states,
and Texas (United States Geographic Service, 1998). PQ and
diethyldithiocarbamates are also used on many of the same crops
[e.g., tomatoes (Wilhoit et al., 1999)]. The geographical overlap in
use patterns and the fact that multiple pesticide residues can be
found in foods suggest that human exposures are to agrichemical
mixtures, raising the possibility of multiple-hit models of PD. In
such models, exposure to an individual chemical may be insufficient
to induce overt effects, whereas multiple concurrent exposures, by
provoking changes at multiple target sites of the nigrostriatal DA
system, could preclude the operation of homeostatic defense mech-
anisms leading to neuronal cell death.

On the basis of this premise, we examined the hypothesis that
combined PQ and MB (PQ + MB) exposures would produce
additive effects on the nigrostriatal DA system. A previous exper-
iment from our laboratory provided initial but limited support for
this assertion (Thiruchelvam et al., 2000). Combined PQ + MB
administered to mice once a week for 4 weeks potentiated reduc-
tions in locomotor activity and increased striatal DA, its metabo-
lites, and DA turnover. It also reduced tyrosine hydroxylase (TH)
density relative to either compound administered alone and did so
in the dorsal striatum but not the nucleus accumbens, suggesting a
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targeting of the nigrostriatal DA system. The current study sought
to validate this model and to determine the selectivity and sensi-
tivity of combined PQ + MB for the nigrostriatal system, the
impact of exposure duration, and the involvement of substantia
nigra DA cell bodies. Collectively the findings are consistent with
the conclusions that combined PQ + MB exposure is preferentially
neurotoxic to the nigrostriatal DA system, that this effect occurs via
enhanced DA activity, and that such combined exposures may
serve as environmental risk factors for PD.

MATERIALS AND METHODS
Animals

Male C57BL/6 mice 6 weeks of age purchased from Taconic (German-
town, NY) were housed in a room maintained under constant temperature
(72-74°F) and humidity conditions with a 12/12 hr light/dark cycle. Five-
month-old male C57BL/6 mice used in the studies to determine the extent
and nature of neurotoxicity associated with combined PQ and MB were
purchased from the National Institute on Aging aging colony (Harlan
Sprague Dawley, Indianapolis, IN). Those used for behavioral studies were
housed one per cage; all other mice were housed five per cage. Food and
water were available ad libitum. Mice were habituated to the vivarium for
at least 1 week before commencement of experiments. Body weights were
obtained daily over the course of the experiment. Animals were cared for
and treated in accord with National Institutes of Health and the University
of Rochester Animal Care and Use Committee guidelines.

Chemicals

Solvents for HPLC with electrochemical detection (HPLC-EC) were pur-
chased from Sigma (St. Louis, MO). All other chemicals, if not specified,
were at least analytical grade and were purchased from Sigma.

Drug administration

Mice were injected intraperitoneally with either saline (vehicle), 10 mg/kg
paraquat dichloride hydrate (Sigma), 30 mg/kg maneb (gift from DuPont
Agricultural Products), or PQ + MB. A range of LDy, values for PQ has
been reported for mice, extending from 30 to 60-70 mg/kg and suggesting
that strain, gender, and solution factors are important (Bus et al., 1976;
Drew and Gram, 1979; Yamamoto, 1993). Corresponding values for MB in
mice are not reported, although LDs, values for oral administration in rats
range from 4.5 to 6.7 gm/kg (Berg, 1977). Both PQ and M B were dissolved
in saline. Mice were injected twice a week for 6 weeks for a total of 12
injections. For combined injections, two separate injections were admin-
istered. Animals were killed at varying time points, ranging from 1 hr to
7 d after the last treatment.

Locomotor activity

Automated locomotor activity chambers equipped with infrared photo-
beams (Opto-Varimex Minor; Columbus Instruments International Cor-
poration, Columbus, OH) were used to quantify locomotor activity. Pho-
tobeam breaks were recorded each minute for 45 min for horizontal,
vertical, and ambulatory movements. Mice were initially habituated to the
locomotor activity chambers in three 45 min sessions occurring on con-
secutive days, with all mice receiving intraperitoneal vehicle injections
before the session. After the third habituation session, treatments began,
and effects on motor activity were assessed immediately and 24 hr after
each injection (sessions 1 and 2, respectively) in 45 min test sessions with
activity counts totaled in 3 min blocks across the session.

MPTP challenge

In a separate group of animals, 1 week after the 12th treatment, animals
from each treatment group (i.e., saline, PQ, MB, or PQ + MB) were
treated with either saline or 15 mg/kg MPTP (n = 5). Locomotor activity
was assessed either immediately (see Fig. 3) or 24 hr after treatment (data
not shown).

Permanent, progressive, or reversible effects of PQ +
MB neurotoxicity

To address the issue of reversibility of the adverse effects of combined PQ
and MB, 5-month-old mice were treated twice a week for 3 weeks with
either saline, 10 mg/kg PQ, 30 mg/kg MB, or PQ + MB (n = 6 per group).
Three months after the last injection, animals were killed, brains were
removed, and tyrosine hydroxylase protein levels were determined using
Western blot analysis (as described below).

Dopamine and metabolite analyses by HPLC

Neurotransmitter concentrations were measured 1 hr, 3 d, and 7 d after the
12th injection of either saline, PQ, MB, or PQ + MB. After rapid
decapitation, striatal sections were dissected and placed in 0.1N perchloric
acid. The tissues were sonicated and centrifuged for 8 min at 1000 X g. The
supernatants were stored at —80°C until analyzed for the concentrations of
DA, dihydroxyphenylacetic acid (DOPAC), and homovanillic acid by
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HPLC-EC. The pellets were digested in 1 ml of 0.5N NaOH for measure-
ments of protein concentration using Bio-Rad (Hercules, CA) assay re-
agents. For HPLC-EC analysis, samples were loaded onto a Waters 717
plus autosampler (Waters Associates, Milford, MA), and the mobile phase
was delivered at a constant rate of 1 ml/min by a Waters model 510 pump
through a C18, 5 mm, 250 X 4.6 mm analytical column (Alltech, Deerfield,
IL) placed in a column heater (35°C). The LC amperometric potential was
set to 0.75 V with reference to an Ag-AgCl reference electrode, and the
sensitivity of the detector was maintained at 2 nA. The mobile phase
consisted of 0.1 M disodium phosphate, 0.1 M citrate, 0.15 mm EDTA, 1.4
mM octyl sodium sulfate, and 12% methanol. The signal from the detector
was recorded, and the data were analyzed by the use of a Waters Millen-
nium 2010 Chromatography Manager. The concentrations of the neuro-
transmitters were expressed as nanograms per milligram of protein. DA
turnover was expressed as the ratio DOPAC/DA.

Immunohistochemistry for tyrosine hydroxylase and the
dopamine transporter

Tissue preparation. After intracardial perfusion with heparinized saline
followed by 4% paraformaldehyde (PFA), brains were harvested and
post-fixed in 4% PFA for 2 hr and consequently cryoprotected in buffered
sucroses to 30% over 2 d. Brains were cut into 40 um sections and collected
in cryoprotectant. Sections were stored at —20°C until used for immuno-
histochemistry (IHC).

Immunohistochemistry. Sections were washed with 0.1 M phosphate
buffer (PB), blocked for nonspecific binding, and incubated with a 1°
antibody (Ab) either to TH (Chemicon, Temecula, CA) or to the DA
transporter (Chemicon) overnight at a dilution of 1:4000 in 0.1 m PB
containing 0.3% Triton X-100 and 10% goat serum. Sections were subse-
quently washed and incubated with avidin-biotin solution using the Vec-
tastain Elite kit (Vector Laboratories, Burlingame, CA) for 1 hr at room
temperature. Sections were quenched for endogenous peroxidase by the
use of hydrogen peroxide for 10 min. Sections were then developed in
3-3’-diaminobenzidine tetrachloride for 2-3 min. After several rinses,
sections were mounted out of PB, dehydrated, and coverslipped.

Immunohistochemistry and astrocyte counts for glial fibrillary
acidic protein

Tissue preparation was similar to that described for TH and the dopamine
transporter (DAT). Sections were washed with 0.1 M PB, blocked, and
incubated with anti-glial fibrillary acidic protein (anti-GFAP; Chemicon)
at a dilution of 1:500 overnight at 4°C. Sections were then washed and
incubated with an anti-rabbit Alexa 594 Ab (Molecular Probes, Eugene
OR) at a dilution of 1:500 for 2 hr. Sections were then washed and mounted
with mowiol (Polysciences, Warrington, PA). Fluorescent images were
viewed using a TRITC filter, and reactive astrocytes were counted without
the experimenter having knowledge of the treatment. The total number of
clusters and total number of astrocytes were quantitated in the dorsal—
medial striatum (n = 6 per treatment group). Clusters were defined as two
or more reactive astrocytes adjacent to each other. Only reactive astro-
cytes expressing abundant GFAP were counted. Astrocytes that were close
to white matter or were entangled with vasculature were omitted. The
average numbers of astrocytes and clusters per section from each animal
were used for statistical analysis.

Densitometric measurements of tyrosine hydroxylase and
dopamine transporter immunoreactivity

Six serial striatal sections and four nucleus accumbens sections were used
for densitometric measurements, with each treatment group represented
by an n = 6. Densitometric measurements were performed using NIH
Image software and with the experimenter blinded to the treatment
groups. Images were acquired at the same magnification to capture the
entire striatal area in a single field and converted to gray scale before the
staining intensity was analyzed. Two different areas from each half of a
section, encompassing 30% of the total area, were analyzed to ensure
adequate representation of the entire area of interest. The density of the
two regions was averaged to give a total mean density. Background was
established by determining the density of an area that did not stain with
anti-TH antibody.

Tyrosine hydroxylase protein levels by the use of Western
blot analysis

After rapid decapitation, the striatum was removed and stored at —80°C
until analysis. Protein concentrations were determined using the Bio-Rad
assay reagents. Each treatment group had an n = 8. For each sample, three
different concentrations of protein (5, 10, and 20 ug) were loaded onto
separate lanes. The samples were subjected to electrophoresis, transferred
to nitrocellulose, and immunoblotted with rabbit antiserum specific for
TH. Detection was performed with the ECL kit using autoradiography.
The autoradiograms were scanned, and the autoradiographic bands were
quantitated using NIH Image software to calculate the density. Only
density values that were within the linear range of the autoradiographic
film were used (Osterhout et al., 1997). The density for each TH protein
band was normalized to the amount of protein loaded onto the gel for that
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TH protein loaded onto that gel. TH protein values were expressed as
micrograms of TH protein per milligram of protein loaded.

Tyrosine hydroxylase staining intensity in the substantia nigra
and ventral tegmental area

Sections were stained as described under TH immunohistochemistry.
Quantitative estimates of TH immunoreactivity were made in the bilateral
substantia nigra pars compacta (SNc) and the ventral tegmental area
(VTA). Intensity measurements were done with the experimenter blinded
to the treatment and in random order to avoid any bias. A total of five
representative sections per animal were used to determine TH density
within the SNc, and two sections per animal were used for the VTA. Each
treatment group was represented by an n = 6. The analysis, using the NTH
Image software program, was done after encircling the SNc or VTA in
each sampled section at a magnification of 40X, permitting representative
visualization of each region. These parameters were constant across sam-
pled sections. The average of the density for each section was added and
divided by the total number of sections analyzed to give the mean TH
density for each animal.

Cell counts in the substantia nigra and ventral tegmental area

The sampled sections from all of the animals (n = 6 per treatment group)
were stained simultaneously by the use of the above described method for
TH IHC. After being mounted on gelatin-coated slides, the sections were
counterstained with cresyl violet to allow the visualization of TH-positive
neuronal nucleoli. Three representative sections containing the SNc and
the VTA were chosen. Quantitative counts of the total number of TH-
immunoreactive cell bodies counterstained with cresyl violet (TH/cresyl
violet-positive neurons) were made in the bilateral SNc and VTA. Counts
were performed manually and with the experimenter blinded to the
treatment received. The average number of neurons per section was added
to provide a measure of the total number of TH/cresyl violet-positive
neurons for each animal and then divided by the number of counted
sections to give a mean of the number of labeled neurons per section.

Lung histopathology

Because PQ is known to target lung (Bus et al., 1976), representative
sections of lung (n = 6) were prepared by formalin fixation, paraffin
embedding, sectioning at 4 um, and staining with hematoxylin and eosin.
Sections were examined without knowledge of the treatment group for
evidence of alterations in alveoli, respiratory ducts, bronchioles, and bronchi.

Statistical analysis

Overall effects of treatment on horizontal locomotor activity were first
analyzed with repeated measure ANOVAs (RMANOVAs) using treat-
ment as a between-groups factor and injections as a within-group factor.
This was followed by individual one-way ANOVAs using treatment as a
between-groups factor for each injection (see Fig. 1) and subsequent post
hoc Bonferroni-Dunn tests to compare treatment groups. Bonferroni—
Dunn tests control for numbers of comparisons and thus provide a con-
servative estimate of significance. To assess treatment-related changes
within an activity session (see Fig. 2), RMANOVAs with treatment as a
between-groups factor and time block as a within-group factor were used;
significant main effects of treatment or interactions were followed by
one-factor ANOVAs at each time point. Changes in DA, DOPAC, and
turnover (see Fig. 4) were first evaluated using treatment and time point (1
hr, 3 d, and 7 d) as between-groups factors for ANOVA. This was followed
by separate ANOVAs for each time point for each measure. Effects of all
other end points were analyzed using one-factor ANOVA with treatment
as the between-groups factor, followed by Bonferroni—-Dunn tests in the
event of significant main effects of treatment.

Body weight and lung pathology

No treatment-related changes in body weights were observed at any
point in the experiments, either (1) when body weights before each
motor activity session were compared across the entire experiment
or (2) when body weights from the final habituation session before
treatment were compared with (a) body weights on the 12 injection
days, (b) body weights on the day after each injection, or (c) body
weights on the last day of the experiment. Lungs were graded for
signs of alveolitis, bronchiolitis, bronchitis, lymphoid aggregation,
bronchiectasis, and fibrosis and found to be histologically normal.

Locomotor activity

Total ambulatory activity counts determined immediately after
injections (Fig. 14, session 1) were reduced only by PQ + MB
[main effect of treatment, F; 55, = 4.11 (p = 0.0132); F = 4.26
(p = 0.0113); F = 8.62 (p = 0.0002); and F = 12.39 (p < 0.0001),
for treatments 1, 4, 8, and 12, respectively]. By the 12th injection,
the motor activity levels of the combined PQ + MB group were
significantly lower than were those of all other groups, having
decreased to 9% of control. Although an emerging reduction in
activity in response to MB alone is suggested after treatments 8
and 12, these effects were not statistically different from control at
either time point.

An emergent failure in the recovery of motor activity measured
24 hr after injection was also observed in the combined PQ + MB
group (Fig. 1B). Although recovery was complete after the 1st, 4th,
and 8th injections, values of the PQ + MB group evidenced only
partial recovery by the 12th injection [main effect of treatment,
F (556, = 3.52 (p = 0.0245)] and were significantly lower than those
of the PQ-only group and marginally lower than those of the
control and MB-only groups.

Potentiated effects of combined PQ + MB were especially evident
across the course of behavioral sessions. As shown after the 4th and
12th injections (Fig. 24,C), PQ + MB significantly reduced motor
activity relative to that of the control and PQ-alone groups (not
indicated on figure) at virtually every time point and relative to that
of the MB-only group during the final half of the session at both time
points [interactions of time by treatment, Fi 504y = 223 (p <
0.0001); and F = 3.14 (p < 0.0001), respectively]. Parallel changes
were noted in both horizontal and vertical motor activity (data not
shown). A suggestion of lower motor activity levels during the first
half of the session after the 4th MB-alone injections was enhanced
with continuing treatment, producing significant reductions in motor
activity relative to that in controls with recovery to control levels
during the final half of the session after the 12th injection.

Within 24 hr after treatment 4 (Fig. 2B), all groups exhibited full
recovery. By the 12th injection, however, the combined PQ + MB
group was no longer exhibiting full recovery of motor activity within
24 hr [Fig. 2D, main effect of treatment, F5 14y = 3.52 (p = 0.0245)],
with levels now remaining at only ~50% of those of controls.
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Figure 3. Effect of an acute dose of MPTP on locomotor activity. The
group mean (* SE) of total ambulatory locomotor activity counts in 45 min
sessions was measured immediately after intraperitoneal injections of saline
(n = 5) or 15 mg/kg MPTP (n = 5) after 12 treatments with vehicle
(CONTROL), 10 mg/kg PQ (PQ 10), 30 mg/kg MB (MB 30), or their
combination (PQ + MB). Data are plotted as the percent of the saline control
group values. Bonferroni—-Dunn post hoc tests for each treatment day indicate
differences: *, from the control saline group; +, from the PQ saline group; #,
from the MB saline group; ~, from the PQ+MB saline group.

MPTP challenge

Total locomotor activity counts after saline or a challenge dose of
15 mg/kg MPTP (Fig. 3) were modulated by treatment [main effect
of MPTP, F; 5 = 811 (p = 0.0016); treatment by MPTP
interaction, F; 5, = 4.74 (p = 0.0078)]. This dose of MPTP did
not affect motor activity levels of controls. MPTP significantly
reduced activity by 63-64% relative to control in both the PQ-
alone and MB-alone groups. Although the largest decline was

found in the PQ + MB group (95%), it was not significantly greater
than that detected in the PQ-alone and MB-alone groups.

Reversibility of PQ + MB neurotoxicity

Three months after the last treatment of PQ or MB alone, striatal
TH protein levels were comparable with those of saline-treated
animals. However, mice treated with PQ + MB showed a 39%
decrease in striatal TH protein levels relative to that in saline
controls [main effect of treatment, F5, = 5.555 (p = 0.0061)].
TH protein levels of the PQ + MB group were significantly lower
than those in control, PQ-alone, and MB-alone groups in post hoc
analysis (p = 0.004, 0.001, and 0.02, respectively).

Striatal dopamine, DOPAC, and turnover

Changes in levels of DA, DOPAC, and DA turnover, measured at
1 hr, 3 d, and 7 d after the 12th injection (Fig. 4), differed in relation
to time point [F 4 79y = 3.20 (p = 0.0078); F = 4.66 (p = 0.0005);
and F = 3.83 (p = 0.0023), for DA, DOPAC, and DA turnover,
respectively]. Subsequent one-factor ANOVAs at each time point
for each measure revealed that levels of DA were significantly
elevated by 20-30% 1 hr after injection in the PQ-alone, MB-
alone, and PQ + MB groups. Values in the PQ + MB group,
although somewhat higher, differed only marginally from the PQ-
alone and MB-alone groups (p = 0.09 and 0.10, respectively).
Corresponding increases in DOPAC at 1 hr were produced by MB
alone and by PQ + MB, with PQ + MB group values (>40%
control) significantly higher than the corresponding control and
PQ-alone group values. DA turnover was increased at 1 hr only in
the PQ + MB group, at least relative to PQ alone.

Three days after the 12th treatment, residual increases in DA
levels differed only marginally from control (p = 0.06), because of
both the MB-alone (p = 0.014) and the PQ + MB groups (p =
0.032). DOPAC had recovered to control levels. DA turnover was
significantly suppressed at this time point only in the PQ + MB
group [main effect of treatment, F(;,;, = 5.40 (p = 0.0048)],
compared with both the control and PQ-only groups (p = 0.0007
and 0.005, respectively).

By day 7, a trend toward reductions of DA, DOPAC, and turn-
over was suggested and was marginally significant for DOPAC
(p = 0.085) because of differences between controls and the PQ +
MB group (100 vs 73%; p = 0.014).
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bens were measured 5 d after 12 treatments with vehicle (CONTROL; n =
6), 10 mg/kg paraquat (PQ 10; n = 6), 30 mg/kg maneb (MB 30; n = 6), or
their combination (PQ 10 + MB 30; n = 6). Bonferroni-Dunn post hoc
analysis indicates significant differences: *, from the control group; +, from
PQ alone; #, from MB alone.

Striatal TH and dopamine transporter immunoreactivity

Levels of TH and DAT immunoreactivity determined 5 d after the
12th injection (Fig. 5) were reduced 15-17% by PQ + MB relative
to the levels in all other groups in the dorsal striatum [F 5 5o, = 24.7
(p <0.0001); and F = 54.1 (p < 0.0001), respectively; Bonferroni—
Dunn tests, all p values < 0.0001], whereas no effects of treatment
were detected in the nucleus accumbens (p = 0.18 and 0.22,
respectively). Striatal DAT immunoreactivity was also reduced
~6% by MB alone relative to the control and PQ-only groups (p =
0.0005 and 0.0032, respectively).

TH protein levels

Striatal TH protein levels (Fig. 6 B) were unaffected by treatment 1
hr after the 12th injection. However, by the 5 d time point, PQ +
MB treatment had reduced TH by ~35% [main effect of treatment,
F5,16) = 446 (p = 0.0185)]. These values were significantly lower
than were those of both the control and PQ-only groups (p = 0.005
and 0.007, respectively), as evident in the corresponding bands
from Western blots (Fig. 6A4), particularly at the higher protein-
loading levels.

TH immunoreactivity and cell counts in the substantia
nigra and ventral tegmental area

Levels of TH intensity and cell counts 5 d after the 12th injection
(Fig. 7) were reduced only by PQ + MB (~32%) relative to all
other groups in the substantia nigra [main effect of treatment,
F (550, = 32.23 (p < 0.0001); Bonferroni-Dunn tests, all p values <

cates significant differences: *, from the
control group; +, from PQ alone; #, from
MB alone.

0.0001], whereas there were no effects in the ventral tegmental area
[F(3.20) = 0.21 (p = 0.89)]. Cell counts were reduced only by PQ +
MB and only in the substantia nigra [main effect of treatment,
F350) = 339 (p = 0.038); p = 0.89 for ventral tegmental area],
dropping by 22% relative to the control group.

Glial fibrillary acidic protein immunoreactivity

GFAP IHC stains both resting and reactive astrocytes in the mouse
brain. Resting astrocytes are easily identified in white matter tracts
and several nuclei, but not in the striatum. Reactive astrocytes are
readily seen in the striatum of combined PQ + MB animals and
rarely seen in saline animals. Reactive astrocytes in the striatum
tended to occur in clusters of 2-20. Combined treatment with PQ
+ MB resulted in gliosis in the dorsal (Fig. 8) but not the ventral
striatum, as indicated by counts of either the total number of
reactive astrocytes or total number of clusters of reactive astrocytes
(Table 1). The total number of reactive astrocytes was nonsignifi-
cantly increased to 169 and 161% in response to PQ alone and MB
alone, respectively, but rose to 373% in the combined PQ + MB
group [main effect of treatment, F 5,9, = 4.63 (p = 0.0136)] com-
pared with controls. When counted as total numbers of “clusters,”
the combined PQ + MB group increased the number of clusters
relative to those in control, PQ only, and MB only to levels of 275%
of control [main effect of treatment, F 5,4, = 7.14 (p = 0.0019)].

DISCUSSION

This study examined the premise that protracted exposure to
subclinical or minimally effective doses of PQ and MB could, when
combined, produce additive or even synergistic effects by simulta-
neously impacting multiple target sites of the DA system and
precluding homeostatic reregulation. Indeed, combined PQ + MB
produced synergistic effects targeting the nigrostriatal DA system
that were progressive in nature and consistent with neurotoxicity,
validating the model suggested by our previous findings (Thiruch-
elvam et al., 2000). Sustained reductions in locomotor activity
immediately after injection and failure to evidence full recovery 24
hr later were observed only in the PQ + MB group. PQ + MB, but
not either alone, reduced striatal but not nucleus accumbens TH
and DAT immunoreactivity, striatal TH protein levels, and TH
immunoreactivity and cell counts in the substantia nigra but not in
the VTA and produced reactive gliosis in the dorsal striatum but
not in the nucleus accumbens. Furthermore, a dose of MPTP (15
mg/kg) without effects in control mice markedly decreased loco-
motor activity in groups receiving PQ, MB, or PQ + MB. Thus,
previous exposure to PQ and/or MB enhances nigrostriatal system
vulnerability to the adverse effects of the selective nigrostriatal
neurotoxin MPTP, further confirming adverse effects of PQ and
MB on this system.

These findings also indicate progressive neurotoxicity with con-
tinuing exposure. The more protracted exposures used here (12
injections) increased the magnitude of adverse effects relative to
those seen after 4 injections (Thiruchelvam et al., 2000). TH
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Figure 6.  Western blot analysis of TH protein in mouse striatum. A4,
The autoradiogram depicts striatal samples isolated 5 d after the last
treatment. For each sample, three different concentrations (5, 10, and
20 ug) of striatal protein were loaded onto separate lanes of the gel. In
addition, a known amount of purified TH protein standard (TH STD)
was loaded onto the Zeft lane and was used to normalize density units
between gels. B, Group mean (* SE) levels of tyrosine hydroxylase
protein levels (plotted as percent of control group values) were mea-
sured by Western blot analysis in the dorsal striatum 1 hr or 5 d after
the 12th injection of vehicle (CONTROL; n = 8), 10 mg/kg paraquat
(PQ 105 n = 8), 30 mg/kg maneb (MB 30; n = 8), or their combination
(PQ10+MB30; n = 8). Bonferroni—-Dunn post hoc analysis indicates
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Figure 7. TH immunoreactivity and neuronal cell counts in the substantia
nigra and ventral tegmental area. Group mean (*+ SE) levels of TH immu-
noreactivity (left) and total cell counts (right) were measured 5 d after the
12th injection of vehicle (CONTROL; n = 6), 10 mg/kg paraquat (PQ 10;n =
6), 30 mg/kg maneb (MB 30; n = 6), or their combination (PQ 10 + MB 30;
n = 6). Bonferroni—-Dunn post hoc analysis indicates significant differences: *,
from the control group; +, from PQ alone; #, from MB alone.

density declined 10% after 4 injections and 17% after 12 PQ + MB
injections. Although motor activity levels had returned to control
values within 24 hr after 4 injections, a failure to recover fully had
emerged by treatment 12. Furthermore, increases in DA and
DOPAC tended to remain elevated even 3 d after 12 injections,
whereas corresponding values after 4 injections were below control
group values. Moreover, these effects appear to be irreversible;
S5-month-old mice that received six injections of PQ + MB showed
39% reductions in striatal TH protein levels when measured 3
months after treatment ended. Reversibility, or the extent of re-
covery, may, however, depend on the age at which exposures are
imposed, and ongoing studies will assist in addressing this issue.
The collective findings suggest that PQ + MB may be an envi-
ronmental analog of the methamphetamine model of PD. Re-
peated methamphetamine produces surges of DA that ultimately
reduce DA and metabolites and DA transporter and TH activity
and produces reactive gliosis in the striatum and nigra (Kogan et
al., 1976; Sonsalla et al., 1989; O’Dell et al., 1991; Bowyer et al.,
1998; Escubedo et al., 1998). In one study, cell loss in the substantia
nigra was reported (Sonsalla et al., 1996). Indeed, DA infusions
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into striatum produce neuronal loss and reactive gliosis (Filloux
and Townsend, 1993; Hastings et al., 1996). PQ + MB injections
also engendered surges of DA and metabolites and of DA turnover
ultimately accompanied by reductions of TH and DAT density and
of TH protein in striatum, consistent with terminal dysfunction or
more likely a loss of terminals. Either of these outcomes could
further elevate DA and metabolite levels. Although the striatum
contains serotonergic and cholinergic neurons, the decreases of TH
and DAT immunoreactivity in the striatum and of TH immunore-
activity in the substantia nigra argue that GFAP elevations reflect
damage to DA components. DA might exert neurotoxic effects via
enzymatic metabolism forming H,O, that can be broken down to
free radical species in the presence of metals (Cohen, 1984; Spina
and Cohen, 1989; Olanow and Tatton, 1999) or via auto-oxidation
forming various reactive compounds (Halliwell and Gutteridge,
1984). Without direct evidence, however, the possibility that PQ +
MB exposure damages other striatal neurochemical systems cannot
yet be excluded.

The surges in DA observed 1 hr to 3 d after PQ + MB probably
underlie the corresponding suppression in motor activity. Indirect
DA agonists such as cocaine and amphetamine increase activity at
low doses but at higher doses decrease activity, probably reflecting
their ability to provoke stereotyped behaviors (Ansah et al., 1993;
Rosenzewig-Lipson et al., 1997). Although both PQ and MB alone
also increased DA 1 hr after the 12th injection, these effects had a
later onset in the course of treatment; they were not evident after
four injections as were increases in DA in response to PQ + MB
(Thiruchelvam et al., 2000) and thus may not have yielded sufficient
DA surges to evoke corresponding changes in motor activity or
nigrostriatal system neurotoxicity. Interestingly, only PQ + MB
also resulted in an increase in DA turnover after 12 injections,
indicating a more substantial involvement of DA system changes
with the combined exposure.

The basis for selective vulnerability of the nigrostriatal system to
PQ + MBiis not yet clear. PQ + MB reduced TH and DAT striatal
immunoreactivity in dorsal striatum, but not in nucleus accumbens,
and reduced TH immunoreactivity and cell counts in substantia
nigra pars compacta, but not in VTA. Reactive gliosis was ob-
served in dorsal striatum but not nucleus accumbens. In PD,
pigmented melanized DA neurons are targeted, and there is a
greater number of pigmented neurons in substantia nigra (>80%)
than in VTA (50%) (Hirsch et al., 1989; Hirsch and Faucheusx,
1998). PQ, like MP TP, has a propensity to accumulate in melanin-
containing neurons. However little neuromelanin exists in mouse
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Figure 8. GFAP immunoreactivity in dorsal
striatum. Representative photomicrographs de-
picting GFAP immunoreactivity 5 d after the
12th injection of vehicle (A4) or the combination
of 10 mg/kg paraquat and 30 mg/kg maneb (B)
in dorsal striatum. The combined treatment
shows distinguishable clusters of reactive glia
that were not observed after corresponding treat-
ment with vehicle or PQ or MB alone.

Table 1. GFAP immunoreactivity in dorsal striatum

Total number of

% of control number

Total number of % of control number

Treatment astrocytes astrocytes clusters of clusters
Saline 1122 100 * 18.5 3+08 100 + 45.1
Paraquat (10 mg/kg) 20 5.4 169 * 46 4088 130 = 26.5
Maneb (30 mg/kg) 1943 161 = 36.5 5+0.62 140 = 18.4
Paraquat + maneb 44 + 11* 373 + 98.2* 9+ 1.4*# 275 + 42%F#

Numbers of reactive astrocytes 1 (n = 6), PQ (10 mg/kg; n = 6), MB (30 mg/kg; n = 6), and PQ + MB (n = 5) groups. Bonferroni—-Dunn post hoc analysis indicates significant

differences from either control paraquat alone or maneb alone.
Significantly different: *, from control; ¥, from paraquat alone; #, from maneb alone.

brain (Barden and Levine, 1983), suggesting that other sites must
be targeted. The cause(s) for the synergistic effects of PQ + MB
cannot be discerned from the current study. One possibility in-
volves alterations in kinetics and consequent brain uptake. Inter-
estingly, diethyldithiocarbamate can increase MPP " levels in brain
after MPTP administration (Irwin et al., 1987). It is conceivable
that MB, an ethylenebisdithiocarbamate, increases PQ uptake into
brain, because PQ is structurally similar to MPP . PQ injected
directly into nigra does produce neurotoxicity and nigrostriatal
system degeneration (Liou et al., 1996).

PQ + MB could act via several different mechanisms to alter DA
function. PQ, by redox cycling, can generate oxygen free radicals
(Clejan and Cederbaum, 1989) that exert cytotoxic effects by
disrupting mitochondrial complex 1 activity (Fukushima et al.,
1993; Tawara et al., 1996). MB can alter vesicular glutamate uptake
(Fukushima et al., 1993; Tawara et al., 1996; Vaccari et al., 1998,
1999) and storage and release of striatal DA (Vaccari et al., 1996).
The ethylenebisdithiocarbamate anion and not the manganese moi-
ety of MB appears to be the active component (Soleo et al., 1996)
and possesses chelating properties. Thus, it could chelate metals such
as iron, which have been shown to accumulate in brains of PD
patients (Lan and Jiang, 1997). These possibilities are consistent
with the assertion that targeting multiple sites of the nigrostriatal DA
system may impede homeostatic reregulation, resulting in toxicity.

Doses of PQ and MB used here were not associated with overt
toxicity, body weight changes, or lung pathology. The MB dose is
<1% and the PQ dose is possibly 10-33% of reported LD5, values
(Bus et al.,, 1976; Berg, 1977; Drew and Gram, 1979; Yamamoto,
1993). Information on actual human exposure levels to these com-
pounds, which may occur via dermal, inhalation, and/or oral expo-
sures, is not readily available. That PQ + MB exposures could
occur concurrently is suggested by overlap in geographical use and
the fact that maximal residue levels for both are established for
food products. Maneb and mancozeb occur as residues on foods
(Newsome, 1976; Patsakos et al., 1992; Yamamoto, 1993). Increases
in health complaints related to drifts of paraquat sprays have been
reported (Ames et al., 1993). Paraquat is used on cotton, and
cotton waste can be used as a food supplement for beef cattle.
Although presumably at much lower levels than used here, doses in
the current study were imposed over only a 6 week period, unlike

the much more protracted exposures that might be expected in
human populations. It also seems unlikely that the effects observed
here would be restricted to the combination of PQ + MB. MB is
only one member of a larger family of dithiocarbamates used in
geographical overlap with PQ. Numerous other agrichemicals, in-
cluding organophosphates, share these patterns of geographical use
and are also found as residues in foods. Thus, there is clearly a basis
to suppose that supramixtures of agricultural chemical exposures
may be likely. Our findings, therefore, may represent only a pre-
liminary assessment of the role of environmental agrichemicals as
risk factors for PD.

Evidence from this study also suggests that prolonged exposures
to PQ and MB alone may result in progressive effects. As exposure
progressed, systemic MB reduced locomotor activity, enhanced
DA levels and susceptibility to MPTP, and decreased DA trans-
porter density. Although effects of systemic PQ exposures have
been equivocal (Ames et al., 1993; Widdowson et al., 1996a,b), this
study appears to be the first to report that a behaviorally silent dose
of PQ can potentiate MPTP’s effects on motor activity and also
ultimately increase DA levels. Effects of PQ alone may be en-
hanced by blood-brain barrier disruption (Brooks et al., 1999),
raising questions about the extent to which such combined expo-
sures either early in development or during advanced age may
enhance brain uptake of these agrichemicals. Interestingly, mice
exposed to 0.36 mg/kg PQ at postnatal day 10—11 show permanent
hypoactivity and attenuated levels of striatal DA (Fredriksson et
al., 1993). Uptake of PQ into brain is age dependent, with higher
concentrations of PQ detected in very young (2-weeks-old) and old
(24-months-old) animals (Corasaniti et al., 1991; Fredriksson et al.,
1993; Widdowson et al., 1996a).

Risk assessment guidelines for human exposure to compounds
such as those used here are typically based on levels producing no
effect derived from exposures to single agents. Our findings show,
however, that such compounds, while having no or marginal effects
when administered individually, can produce synergistic effects
when given in combination. This obviously implies that the current
derivation of risk assessment guidelines needs to be reevaluated.
Finally, it is unlikely that such exposures per se produce PD. A
more probable etiological basis involves gene—environment inter-
actions, in which such exposures would act in conjunction with a
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susceptible genetic predisposition. Thus future studies imposing
such exposures on genetic backgrounds of potential vulnerability
could further advance the understanding of PD.
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