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Abstract

The herbicide paraquat (PQ) has been reported to enhance the risk of developing Parkinson’s disease (PD) from epidemiological
studies. PQ-induced reactive oxygen species (ROS) are linked with a selective loss of nigrostriatal dopaminergic neurons. Here,
we first report a unique mechanism of nigrostriatal dopaminergic degeneration, in which rapid intracellular Zn** dysregulation
via PQ-induced ROS production causes PD in rats. When the substantia nigra pars compacta (SNpc) of rats was perfused with
PQ, extracellular concentrations of glutamate and Zn** were increased and decreased, respectively, in the SNpc. These changes
were ameliorated by co-perfusion with Trolox, an antioxidative agent. In in vitro slice experiments, PQ rapidly increased
extracellular Zn>* influx via AMPA receptor activation. Both loss of nigrostriatal dopaminergic neurons and increase in turning
behavior in response to apomorphine were markedly reduced by coinjection of PQ and intracellular Zn>* chelator, i.e., ZnAF-
2DA into the SNpc. Furthermore, loss of nigrostriatal dopaminergic neurons induced with a low dose of PQ, which did not induce
any behavioral abnormality, was completely blocked by coinjection of ZnAF-2DA. The present study indicates that rapid influx
of extracellular Zn** into dopaminergic neurons via AMPA receptor activation, which is initially induced by PQ-mediated ROS
production in the SNpc, induces nigrostriatal dopaminergic degeneration, resulting in PQ-induced PD in rats. Intracellular Zn>*
dysregulation in dopaminergic neurons is the cause of PQ-induced pathogenesis in the SNpc, and the block of intracellular Zn**
toxicity leads to defending PQ-induced pathogenesis.
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Introduction

Parkinson’s disease (PD) is the second most common age-
related neurodegenerative disorder [1]. The majority (~90%)
of PD affecting more than 1% of the population over 60 years
of age is sporadic, and aging is the major risk factor [2]. PD is
characterized by a selective loss of dopaminergic neurons in
the substantia nigra pars compacta (SNpc) of the brain.
Howeyver, the exact cause of the neuronal loss remains unclear
[3]- The environment plays a critical role in the etiology of
sporadic PD. Human epidemiological studies have reported
that exposure to herbicides, pesticides, and heavy metals in-
creases the risk of PD [4, 5].
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Paraquat (1,1"-dimethyl-4,4'-bipyridinium dichloride, PQ) is a
herbicide widely used and is akey risk factor of PD. Epidemiologic
studies have indicated the association between chronic exposure to
PQ and increased risk for developing PD [6, 7]. The molecular
mechanisms of PQ toxicity in nigrostriatal dopaminergic neurons
are still well notunderstood [8, 9]. This molecule exists naturally as
adivalent cation (PQ**) and undergoes redox cycling with cellular
diaphorases such as NADPH oxidase and nitric oxide synthase to
yield PQ*, a monovalent cation that passes through dopamine
transporters. Superoxide and reactive oxygen species (ROS) are
produced from the redox cycling in both extracellular and intracel-
lular compartments, followed by oxidative stress-related neurotox-
icity [10, 11].

On the other hand, PQ induces the increase in extracellular
glutamate to initiate excitotoxicity of neuronal nitric oxide syn-
thase in the striatum of freely moving rats, resulting in Ca**
influx via N-methyl-D-aspartate (NMDA) receptor activation.
The influx of Ca®* into cells stimulates nitric oxide synthase,
and released NO induces long-lasting dopamine overflow in
the striatum [12]. The involvement of glutamate excitotoxicity
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in PQ-induced pathophysiology leads to an idea for the patho-
genesis. Ca®* influx through NMDA receptors has been believed
to be a trigger for neuronal death [13, 14], while it has been
recognized that the death signaling associated with neurological
disorders is mediated by not only Ca®* but also Zn** [15-19].
The rapid influx of extracellular Zn”*, which is dynamically
linked with Zn>* release from zincergic neurons, a subclass of
glutamatergic neurons, causes the selective and delayed degen-
eration of hippocampal CA1 pyramidal neurons after transient
global ischemia [20-22].

In the SNpc, glutamatergic neurons are non-zincergic and do
not contain zinc in the presynaptic vesicles [23]. The basal (static)
concentration of extracellular Zn** is very low and estimated to
be approximately 10 nM in the hippocampus [24, 25]. Because it
is estimated that extracellular Zn®* concentration is not apprecia-
bly modified by glutamatergic excitation in the SNpc unlike in
the CAL, no attention has been paid to synaptic Zn>" neurotox-
icity in the SNpc. Here, we report a unique mechanism of
nigrostriatal dopaminergic degeneration, in which rapid intracel-
lular Zn** dysregulation via PQ-induced ROS production causes
PD in rats.

Fig. 1 In vivo imaging of ROS, intracellular Zn>*, and intracellular Ca**
after exposure to PQ. A, The substantia nigra and magnified substantia
nigra that are surrounded with the yellow line are shown in the coronal
brain image. B, Saline (control) or PQ (12 mM) in saline containing APF
(10 uM) or ZnAF-2DA (100 uM) + calcium orange AM (50 uM) was
bilaterally injected into the SNpc. The fluorescence of APF, ZnAF-2, and
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Materials and Methods
Animals and Chemicals

Male Wistar rats (10—15 weeks of age) were purchased from
Japan SLC (Hamamatsu, Japan). The rats were housed under
standard laboratory conditions (23 £1 °C, 55 + 5% humidity)
and had access to tap water and food ad libitum. All experi-
ments were performed in accordance with the Guidelines for
the Care and Use of Laboratory Animals of the University of
Shizuoka that refer to the American Association for
Laboratory Animals Science and the guidelines laid down
by the NIH (NIH Guide for the Care and Use of Laboratory
Animals) in the USA. The ethics committee of the University
of Shizuoka has approved all experimental protocols (approv-
al number, 136043).

ZnAF-2DA, a membrane-permeable Zn>* fluorescence
probe, was kindly supplied by Sekisui Medical Co., LTD
(Hachimantai, Japan). ZnAF-2DA is taken up into the cells
through the cell membrane and is hydrolyzed by esterase in
the cytosol to yield ZnAF-2, which cannot permeate the cell
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calcium orange was measured in the SNpc, which is surrounded by the
white dotted line. Each bar and line represents the ratio of APF (C, n =5),
ZnAF-2 (D, n =4), and Ca-orange (E, n =5) fluorescence intensity to
each control fluorescence intensity (APF, n=5; ZnAF-2DA, n=35; Ca-
orange, n = 7), which was expressed as 100%. One asterisk, p < 0.01, two
asterisks, p < 0.005, vs. control (¢ test)
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membrane [26, 27]. ZnAF-2 is selectively bound to Zn**, but
not bound to other divalent cations such as Ca”*, Mg2+, and
Cu?* [26]. Calcium orange AM, a membrane-permeable Ca**
indicator, was purchased from Molecular Probes, Inc.
(Eugene, OR). Aminophenyl fluorescence (APF), a ROS fluo-
rescence probe, e.g., hydroxyl radical and peroxynitrite, was
purchased from Sekisui Medical Co., LTD.

In Vivo Imaging of ROS and Intracellular Zn**
and Ca**

The rats were anesthetized with chloral hydrate (400 mg/kg)
and individually placed in a stereotaxic apparatus. The skull
was exposed, a burr hole was drilled, and injection cannulae
(internal diameter, 0.15 mm; outer diameter, 0.35 mm) were
carefully and slowly inserted into the right and left SNpc
(5.3 mm posterior to the bregma, 2.0 mm lateral, 7.0 mm infe-
rior to the dura) to avoid cellular damages. Thirty minutes after
the surgical operation, saline or 12 mM PQ in saline, which
contains APF (10 uM) or ZnAF-2DA (100 uM) + calcium
orange AM (50 uM), was bilaterally injected into the SNpc
via cannulae at the rate of 0.2 pl/min for 5 min. Five minutes
after injection, the injection cannulae were slowly pulled out of
the brain in about 3 min and the rats were decapitated. The brain
was quickly removed and immersed in ice-cold choline-artifi-
cial cerebrospinal fluid (ACSF) containing 124 mM choline
chloride, 2.5 mM KCl, 2.5 mM MgCl,, 1.25 mM NaH,PO,,
0.5 mM CaCl,, 26 mM NaHCO3, and 10 mM glucose (pH 7.3)
to avoid neuronal excitation. Coronal brain slices (400 pm)
were prepared using a vibratome ZERO-1 (Dosaka, Kyoto,
Japan) in an ice-cold choline-ACSF and maintained in an ice-
cold choline-ACSF for 30 min. The brain slices were trans-
ferred to a recording chamber filled with ACSF [119 mM
NaCl, 2.5 mM KCl, 1.3 mM MgSO,, 1.0 mM NaH,POy,,
2.5 mM CaCl,, 26.2 mM NaHCOs, and 11 mM D-glucose
(pH 7.3)]. The fluorescence of APF (laser, 490 nm; emission,
500-550 nm), ZnAF-2 (laser, 488.4 nm; emission, 500—
550 nm), and calcium orange (laser, 561.4 nm; emission,
570-620 nm) was measured with a confocal laser-scanning
microscopic system (Nikon Al confocal microscopes, Nikon
Corp.) The region of interest was set in the SNpc.

In Vivo Microdialysis

A microdialysis probe (1-mm membrane, Eicom, Kyoto) was
inserted into the right SNpc (5.3 mm posterior to the bregma,
2.0 mm lateral, 7.8 mm inferior to the dura) of the rats as
described above. The SNpc was preperfused with ACSF
(127 mM NaCl, 2.5 mM KCI, 1.3 mM CaCl,, 0.9 mM
MgCl,, 1.2 mM Na,HPO,, 21 mM NaHCO3;, and 3.4 mM
D-glucose, pH 7.3) at 2.0 pl/min for 120 min to stabilize the
region; perfused with ACSF for 60 min in the same manner to
determine the basal concentration of extracellular Zn2+,

glutamate, and y-aminobutyric acid (GABA); and then per-
fused with 12 mM PQ in ACSF or 12 mM PQ + 1 mM Trolox
(6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid),
an antioxidative agent in ACSF for 60 min.

The perfusate was collected for 15 min, and the basal levels
and the levels during perfusion with PQ were averaged.
ZnAF-2 (1 uM, 50 ul) was added to the aliquot of the perfus-
ate (10 pl) for measuring extracellular Zn** levels. The fluo-
rescence of ZnAF-2 (Ex/Em; 485/535 nm) was measured
using a plate reader ARVO sx (Perkin Elmer, USA). The
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Fig.2 PQ modifies extracellular concentrations of glutamate and Zn* in
the SNpc in vivo. a The SNpc was perfused with 12 mM PQ in ACSF or
12 mM PQ + 1 mM Trolox in ACSF as shown in the coronal image of the
rat brain. Each bar and line represents the ratio of glutamate concentration
in the perfusate with PQ (n =5) or PQ + Trolox (n =5) (b) and ZnAF-2
fluorescence intensity in the perfusate with PQ (n =4) or PQ + Trolox
(n =4) (c) to the basal glutamate concentration (n=10) and ZnAF-2
fluorescence intensity (n =8) in the perfusate, respectively, which was
perfused with ACSF and expressed as 100%. Three asterisks, p < 0.001,
vs. the basal level (ACSF); one number sign, p <0.01, vs. PQ group
(Tukey’s test)
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perfusate samples (15 pl) were also analyzed for glutamate
and GABA contents by high-performance liquid chromatog-
raphy (HPLC) [column, CAPCELL PAK C18 UGI120A
(1 mm x 150 mm) (Shiseido Co Ltd., Tokyo, Japan); mobile
phase, 0.1 M potassium dihydrogen phosphate, 0.1 M di-
sodium hydrogen phosphate, 10% acetonitrile, 0.5 mM
EDTA-2Na, 3% tetrahydrofuran, pH 6.0] using the pre-
column derivatization technique with o-phthaldialdehyde
and a fluorescence detector (NANOSPACE SI-2, Shiseido
Co Ltd).

In Vitro Dynamics of Intracellular Zn**

The brain was quickly removed from the rats under anesthesia
with chloral hydrate and immersed in ice-cold choline-ACSF.
Coronal brain slices (400 pm) were prepared and maintained in
ice-cold choline-ACSF for 15 min. To assess intracellular levels
of Zn**, brain slices were placed for 30 min in 10 uM ZnAF-
2DA in ACSF; rinsed in choline-ACSF for 15 min; placed in a
chamber filled with 12 mM PQ, 12 mM PQ + 10 mM
CaEDTA, a membrane-impermeable Zn?t chelator, or 12 mM
PQ + 10 uM 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX),
an o-amino-3-hydroxy-5-methyl-4-isoxazolepropionate
(AMPA) receptor antagonist, in ACSF containing 10 nM
ZnCl, for 10 min; rinsed in choline-ACSF for 15 min; and
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Fig.3 PQ increases intracellular Zn>* concentration in the SNpc in vitro.
A, the substantia nigra and magnified substantia nigra that are surrounded
with the yellow line are shown in the coronal brain image. B, brain slices
loaded with ZnAF-2DA were immersed in ACSF (control, n=10),
12 mM PQ in ACSF (n=11), 12 mM PQ + 10 mM CaEDTA in ACSF
(n=8), or 12 mM PQ + 10 uM CNQX in ACSF (n=6) for 10 min.
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transferred to a recording chamber filled with ACSF. The fluo-
rescence of ZnAF-2 was measured in the same manner.

In another experiment to assess the effect of a low dose of
PQ, brain slices were placed for 30 min in 10 uM ZnAF-2DA
in ACSF, rinsed in choline-ACSF for 15 min, and placed in a
chamber filled with 40 uM PQ, 40 uM PQ + 10 mM
CaEDTA, or 40 uM PQ + 1 mM Trolox in ACSF containing
10 nM ZnCl, for 10 min. The fluorescence of ZnAF-2 was
measured in the same manner.

Behavioral Studies

As described in the section “In Vivo Imaging of ROS and
Intracellular Zn** and Ca®*,” an injection cannula was inserted
into the right SNpc and 12 mM PQ or 12 mM PQ + 200 uM
ZnAF-2DA in saline was unilaterally injected into the SNpc via
the cannula at the rate of 0.2 pl/min for 5 min. Ten minutes after
injection, the injection cannula was slowly pulled out of the brain
in about 3 min. One and two weeks later, the rats were subcuta-
neously injected with apomorphine (0.5 mg/kg) and turning be-
havior in response to apomorphine was measured for 30 min
after the start of the turning behavior. In another experiment, an
injection cannula was inserted into the right SNpc and 40 pM
PQ or 40 uM PQ + 200 uM ZnAF-2DA in saline was unilater-
ally injected into the SNpc via the cannula at the rate of 0.2 pl/
min for 5 min. The rats were treated in the same manner.

Intracellular ZnAF-2 fluorescence was imaged in the SNpc. C, each bar
and line represents the ratio of ZnAF-2 fluorescence intensity to the con-
trol ZnAF-2 fluorescence intensity, which was expressed as 100%. Three
asterisks, p < 0.001, vs. control (ACSF); two number signs, p < 0.005, vs.
PQ group (Tukey’s test)
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Tyrosine Hydroxylase Immunostaining

The rats were anesthetized and perfused with ice-cold 4% para-
formaldehyde in PBS after the behavioral studies were finished,
followed by removal of the brain and overnight fixation in 4%
paraformaldehyde in PBS at 4 °C. The fixed brains were cryo-
preserved in 30% sucrose in PBS for 2 days and frozen in
Tissue-Tek Optimal Cutting Temperature embedding medium.
Coronal brain slices (30 um) were prepared at —20 °C in a
cryostat, picked up on slides, and adhered at room temperature
for 30 min. For immunostaining, the slides were incubated in
blocking solution (3% BSA, 0.1% Triton X-100 in PBS) for 1 h
and rinsed with PBS for 5 min followed by overnight incubation
with anti-tyrosine hydroxylase antibody (Abcam) at 4 °C. The
slides were rinsed with PBS for 5 min and incubated in blocking
buffer containing Alexa Fluor 633 goat anti-rabbit secondary
antibody (ThermoFisher) for 3 h at room temperature.
Following six rinses in PBS for 5 min, the slides were mounted
with Prolong Gold antifade reagent and placed for 24 h at 4 °C.
Alexa Fluor 633 fluorescence was measured in the SNpc and the
striatum using a confocal laser-scanning microscopic system.

Data Analysis

For statistical analysis, Student’s # test was used for compari-
son of the means of paired or unpaired data. For multiple
comparisons, differences between treatments were assessed
by one-way ANOVA followed by post hoc testing using
Tukey’s test (the statistical software GraphPad Prism 5). A
value of p <0.05 was considered significant. Data were
expressed as means =+ standard error. The results of statistical
analysis are described in each figure legend.

Results

PQ-Induced ROS Production Causes Intracellular Zn?*
Dysregulation

To assess synaptic Zn>* dynamics under PQ-induced ROS
production in vivo, PQ was locally coinjected with APF into
the SNpc. Eight minutes later, APF fluorescence was marked-
ly increased in the SNpc, indicating that intracellular ROS is
rapidly produced with PQ in the SNpc (Fig. 1A, B). When
intracellular Zn>* dynamics was compared with intracellular
Ca** dynamics in the same manner after injection of PQ into
the SNpc, intracellular Zn** was significantly increased in the
SNpc, while intracellular Ca** was not significantly increased
(Fig. 1B, D, E).

To check glutamate neurotransmission under PQ-induced
ROS production in vivo, the extracellular glutamate level was
determined by in vivo SNpc perfusion with PQ. Extracellular
glutamate concentration was increased in the SNpc (Fig. 2b),

while extracellular GABA concentration was not influenced
in the SNpc (basal concentrations of glutamate and GABA in
the perfusate, 2.37+0.34 and 0.19+£0.07 uM, respectively).
On the other hand, the extracellular Zn** level was decreased
in the SNpc under the SNpc perfusion with PQ (Fig. 2¢). It is
estimated that a PQ-induced increase in extracellular gluta-
mate induces the influx of extracellular Zn’>* in the SNpc,
resulting in the decrease in the extracellular Zn** level.
Interestingly, the changes in extracellular levels of glutamate
and Zn>* were ameliorated under co-perfusion with Trolox,
suggesting that PQ-induced ROS production increases Zn**
influx via glutamate receptor activation in the SNpc.
Intracellular Zn®* dynamics was also assessed by changes
in intracellular ZnAF-2 fluorescence in brain slices after ex-
posure to PQ, which were bathed in ACSF containing 10 nM
Zn2+, an estimated concentration of brain extracellular Zn>*
[24, 25]. The basal level of intracellular Zn>* in the substantia
nigra pars reticulata (SNpr) was 78 + 17.8% when the basal
level of intracellular Zn** in the SNpc was expressed as 100 +
6.2% (ACSF image in Fig. 3B). Intracellular Zn>* was rapidly
increased in the SNpc after a 10-min incubation with PQ, and
this increase was suppressed in the presence of CaEDTA, an
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Fig.4 Turning behavior in response to apomorphine after injection of PQ
into the SNpc. Vehicle (control, n=15), 12 mM PQ (n=5), or 12 mM PQ
+ 200 uM ZnAF-2DA (n=7) in saline was unilaterally injected into the
SNpc. One (a) and two (b) weeks later, the rats were subcutaneously
injected with apomorphine (0.5 mg/kg) and turning behavior (the number
of times) in response to apomorphine was measured for 30 min after the
start of the turning behavior. Two asterisks, p <0.005, three asterisks,
p<0.001, vs. control (saline); one number sign, p <0.01, three number
signs, p <0.001, vs. PQ group (Tukey’s test)
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extracellular Zn>* chelator, and CNQX, an AMPA receptor
antagonist, suggesting that PQ rapidly increases extracellular
Zn* influx via AMPA receptor activation (Fig. 3B, C).

Intracellular Zn** Chelator Ameliorates PQ-Induced
Movement Disorder and Neurodegeneration

Turning behavior in response to apomorphine, an index of
movement disorder in PQ-induced PD in rats, was markedly
ameliorated 1 and 2 weeks after coinjection of ZnAF-2DA
with PQ (Fig. 4). Coinjection of ZnAF-2DA reduced PQ-
induced turning behavior to the control level.

PQ-induced loss of nigrostriatal dopaminergic neurons was
determined by tyrosine hydroxylase (TH) immunostaining af-
ter the behavioral test was finished. TH immunostaining was
not performed in the SNpc because of severe tissue damage in
the ipsilateral SNpc. Staining intensity was drastically reduced
in the ipsilateral striatum (Fig. 5). However, the reduction was
also markedly ameliorated by coinjection of ZnAF-2DA.

Intracellular Zn** Dysregulation Causes PQ Damage
Without Movement Disorder

We found a dose that is one 300th of the present PQ dose. This
dose did not show any changes in turning behavior, compared
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Fig. 5 Neuronal loss in the striatum after injection of PQ into the SNpc.
A, brain slices were prepared from the rats after the behavioral test was
finished in Fig. 4, and TH immunostaining with Alexa Fluor 633
fluorescence was performed in the striatum (S) that was surrounded by
the yellow line in the coronal brain image (right). B, each bar and line

@ Springer

b
110

(% of contralateral side)

to the control injected with vehicle. PQ-induced loss of
nigrostriatal dopaminergic neurons was determined by TH im-
munostaining in the same manner after the behavioral test was
finished. Staining intensity was reduced to approximately 50%
in the ipsilateral SNpc after injection of PQ into the SNpc
(Fig. 6a, b). This reduction was almost completely blocked by
coinjection of ZnAF-2DA. On the other hand, staining intensity
was not reduced in the ipsilateral striatum after injection of PQ
into the SNpc (Fig. 6a, ¢). Staining intensity was not also re-
duced in the ipsilateral striatum after coinjection of ZnAF-2DA.

Intracellular Zn** dynamics was assessed by changes in
intracellular ZnAF-2 fluorescence in brain slices bathed in
the low dose of PQ. Intracellular Zn** was rapidly increased
in the SNpc after a 10-min incubation with PQ (Fig. 7) as well
as the case of the high dose (Fig. 3), and this increase was
reduced to almost the control level in the presence of CaEDTA
and Trolox, suggesting that the rapid influx of extracellular
Zn** is due to PQ-induced ROS production.

Discussion

After chronic exposure to Zn, Zn accumulates in the
nigrostriatal tissues and induces oxidative stress via the acti-
vation of NADPH oxidase and depletion of GSH, which in

S; Striatum

100

[(e]
o

80
70
60
50
40
30
20
10

PQ
1ZnAF-2DA

Ipsilateral

Contralateral  Saline PQ

represents the ratio of Alexa Fluor 633 fluorescence intensity to Alexa
Fluor 633 fluorescence intensity in the control contralateral striatum,
which was expressed as 100%. Three asterisks, p <0.001, vs. control
contralateral (n=8) and ipsilateral saline (n = 8); three number signs,
p<0.001, vs. PQ group (n =6) (Tukey’s test). PQ/ZnAF-2DA, n=6
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Contralateral Ipsilateral

Fig. 6 Neuronal loss in the SNpc and striatum after injection of 40 M
PQ into the SNpc. a Brain slices were prepared from the rats in the same
manner as Fig. 5 after the behavioral test was finished and TH
immunostaining with Alexa Fluor 633 fluorescence was performed in
the SNpc and the ipsilateral striatum. Each bar and line represents the
ratio of Alexa Fluor 633 fluorescence intensity to Alexa Fluor 633
fluorescence intensity in the control contralateral SNpc (b) and striatum

turn activates the apoptotic machinery leading to dopaminer-
gic neurodegeneration [28]. Effect of co-exposure to Zn and
PQ indicates some different mechanisms between Zn and PQ
leading dopaminergic neurodegeneration [29]. On the other
hand, the evidence that glutamate excitotoxicity may be in-
volved in progressive degeneration of dopaminergic neurons
in PD implies involvement of free Zn*" toxicity in PD patho-
physiology [30, 31]. Nonetheless, there has been no report on
the involvement of synaptic Zn** dynamics in nigral dopami-
nergic degeneration because of unappreciated extracellular
Zn** concentration in the SNpc. In the present study, we pos-
tulated that nigral dopaminergic neurons are sensitive to intra-
cellular Zn** dysregulation because intracellular Zn®* concen-
tration is estimated to be considerably low (~ 100 pM) in
nigral dopaminergic neurons, compared with the basal con-
centration of intracellular Ca®* (~ 100 nM) [32, 33]. We tested
a unique mechanism, in which PQ-induced ROS production
rapidly causes intracellular Zn** dysregulation, resulting in
nigral dopaminergic degeneration in rats.
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(c), which was expressed as 100%. Three asterisks, p < 0.001, vs. control
contralateral and ipsilateral saline; three number signs, p <0.001, vs. PQ
group (Tukey’s test). In the SNpc: contralateral saline, n = 16; ipsilateral
saline, n = 4; ipsilateral PQ, n = 8; ipsilateral PQ/ZnAF-2DA, n =4; in the
striatum: contralateral saline, n = 8; ipsilateral saline, n = 8; ipsilateral PQ,
n =38; ipsilateral PQ/ZnAF-2DA, n=4

It is unknown whether in vivo PQ-induced ROS produc-
tion modifies intracellular Zn** dynamics via glutamate neu-
rotransmission in the SNpc. When PQ was locally coinjected
with ZnAF-2DA into the SNpc, ROS production and the in-
tracellular Zn®" level, unlike the intracellular Ca®* level, were
concurrently increased in the SNpec, suggesting that PQ-
induced ROS production rapidly induces intracellular Zn**
dysregulation. It is possible that this dysregulation is due to
extracellular glutamate accumulation via PQ-induced ROS
production. We tested the possibility by using in vivo micro-
dialysis. Extracellular glutamate concentration was increased
in the SNpc under perfusion with PQ, while extracellular Zn**
concentration was decreased in the SNpc. The opposite
changes in extracellular levels of glutamate and Zn** were
ameliorated under co-perfusion with Trolox. These results
suggest that PQ-induced ROS production rapidly increases
Zn** influx via glutamate receptor activation in the SNpc.
Because PQ is taken up into dopaminergic neurons through
dopamine transporter as PQ*, a monovalent cation, PQ-
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PQ
/Trolox

Fig.7 PQ increases intracellular Zn>* concentration in the SNpc in vitro.
Brain slices loaded with ZnAF-2DA were immersed in ACSF (control,
n=7), 40 uM PQ in ACSF (n=7), 40 uM PQ + 10 mM CaEDTA in
ACSF (n=5), or 40 uM PQ + 1 mM Trolox in ACSF (n=4) for 10 min.
Intracellular ZnAF-2 fluorescence was imaged in the SNpc (left). Each

induced ROS is increased in both extracellular and intracellu-
lar compartments (Fig. 8). It is estimated that PQ-induced
ROS increases glutamate exocytosis via unknown mecha-
nisms. Alternatively, it is possible that PQ-induced ROS
blocks glutamate transporter activity. PQ rapidly increased
intracellular Zn®* in the SNpc of brain slices bathed in
ACSF containing 10 nM Zn2+, and this increase was blocked

Fig. 8 Proposed mechanism of
PQ-induced PD in rats. Rapid in-
flux of extracellular Zn* into do-
paminergic neurons via AMPA
receptor activation in the SNpc,
which is induced by PQ-mediated
ROS production, causes
nigrostriatal dopaminergic degen-
eration, resulting in PQ-induced
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in the presence of CaEDTA and CNQX, suggesting that the
rapid influx of extracellular Zn** occurs via AMPA receptor
activation in the SNpc after exposure to PQ, followed by in-
tracellular Zn>* dysregulation. It has been reported that the
rapid influx of extracellular Zn>* via AMPA receptor activa-
tion into dentate granule cells, which are innervated by non-
zincergic neurons, induces cognitive decline [34-36]. GluR2-
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lacking Ca*"-permeable AMPA receptors are involved in
Zn**-mediated neurodegeneration in the hippocampal CA1
[21, 37, 38]. Extracellular Zn** preferentially passes through
Ca’*-permeable AMPA receptors in the hippocampus. When
intracellular Zn®* concentration (~ 100 pM) in dentate granule
cells reaches near to extracellular Zn?>* concentration
(~10 nM), it may lead to cognitive decline. Thus, it is possible
that rapid intracellular Zn>* dysregulation leads to neuronal
death even under non-zincergic innervation (Fig. 8).

Both PQ-induced loss of nigrostriatal dopaminergic neu-
rons and turning behavior in response to apomorphine were
markedly reduced by coinjection of intracellular Zn** chela-
tor, i.e., ZnAF-2DA, suggesting that the block of PQ-induced
rapid increase in intracellular Zn>* with intracellular ZnAF-2
protects nigrostriatal dopaminergic neurons against degenera-
tion. In 6-hydroxydopamine (6-OHDA)-induced PD in rats,
ZnAF-2DA also suppresses not only increased turning behav-
ior in response to apomorphine but also nigrostriatal dopami-
nergic neurodegeneration, which are due to 6-OHDA-induced
extracellular Zn** influx into nigral dopaminergic neurons
[39]. 6-OHDA-induced extracellular Zn>* influx is complete-
ly blocked in the presence of CaEDTA and CNQX. In con-
trast, PQ-induced increase in intracellular 7Zn*>* was also sig-
nificantly reduced in the presence of CaEDTA and CNQX,
while the reduction was partial, suggesting Zn>* release forms
internal stores in addition to extracellular Zn>* influx. PQ-
mediated mitochondrial dysfunction including ROS genera-
tion promotes intracellular Zn** mobilization, which origi-
nates in the mitochondria and metallothioneins [40, 41].
Among metallothionein isoforms, metallothionein III prefer-
entially releases Zn>* under oxidative condition [42]. ROS-
mediated TRPM?7 (transient receptor potential cation channel
subfamily M member 7) activation releases Zn>* from intra-
cellular vesicles after Zn>* overload [43]. It is likely that Zn**
release from metallothioneins and/or internal stores collabo-
rates with Zn** influx for neurodegeneration. PQ-mediated
ROS production leads to extracellular glutamate accumulation
and rapid intracellular Zn** dysregulation in the SNpc. Iron
and PQ are synergistic environmental risk factors in sporadic
PD and accelerate age-related neurodegeneration [44]. Iron
enhances PQ-induced dopaminergic cell death via increased
oxidative stress [45].

On the other hand, it is possible that the rapid Zn>* influx
via PQ-mediated ROS production in the SNpc is the cause of
PQ-induced dopaminergic cell death. To pursue the possibil-
ity, we used a low dose of PQ, which did not show any move-
ment disorder. Dopaminergic neurons were reduced to ap-
proximately 50% only in the ipsilateral SNpc after injection
of PQ into the SNpc, and this reduction was almost complete-
ly blocked by coinjection of ZnAF-2DA. It is estimated that
blocking toxic intracellular Zn** with intracellular ZnAF-2 is
effective for at longest 1 h after injection of PQ into the SNpc
[46]. Furthermore, CaEDTA almost completely blocked PQ-

induced rapid increase in intracellular Zn** in brain slices,
which was due to PQ-induced ROS production. Therefore,
rapid intracellular Zn** dysregulation via extracellular Zn**
influx, which is initially induced by PQ-mediated ROS pro-
duction, is critical for PQ-induced pathogenesis in the SNpc.
Zn** release from metallothioneins and/or internal stores
scarcely contributes to PQ-induced PD.

In conclusion, the present study indicates that rapid influx
of extracellular Zn** into dopaminergic neurons via AMPA
receptor activation, which is initially induced by PQ-mediated
ROS production in the SNpc, induces nigrostriatal dopami-
nergic degeneration, resulting in PQ-induced PD in rats (Fig.
8). Intracellular Zn** dysregulation in dopaminergic neurons
is the cause of PQ-induced pathogenesis in the SNpc. The
block of intracellular Zn* toxicity may be an effective strat-
egy for defending PQ-induced pathogenesis.
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