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Rotenone targets midbrain astrocytes @
to produce glial dysfunction-mediated
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Abstract

Exposure to pesticides, such as rotenone or paraquat, is an environmental factor that plays an important role

in the pathogenesis of Parkinson's disease (PD). Rotenone induces PD-like pathology and is therefore used to
develop parkinsonian animal models. Dopaminergic neurotoxicity caused by rotenone has been attributed to

the inhibition of mitochondrial complex |, oxidative stress and neuroinflammation; however, the mechanisms
underlying selective dopaminergic neurodegeneration by rotenone remain unclear. To resolve this, we focused

on glial diversity and examined whether the brain region-specific glial response to rotenone could determine the
vulnerability of dopaminergic neurons using primary cultured neurons, astrocytes and microglia from the midbrain
and striatum of rat embryos and rotenone-injected PD model mice. Direct neuronal treatment with low-dose
rotenone failed to damage dopaminergic neurons. Conversely, rotenone exposure in the presence of midbrain
astrocyte and microglia or conditioned media from rotenone-treated midbrain glial cultures containing astrocytes
and microglia produced dopaminergic neurotoxicity, but striatal glia did not. Surprisingly, conditioned media

from rotenone-treated midbrain astrocytes or microglia monocultures did not affect neuronal survival. We also
demonstrated that rotenone targeted midbrain astrocytes prior to microglia to induce dopaminergic neurotoxicity.
Rotenone-treated astrocytes produced secreted protein acidic and rich in cysteine (SPARC) extracellularly, which
induced microglial proliferation, increase in IL-13 and TNF-a, and NF-kB (p65) nuclear translocation in microglia,
resulting in dopaminergic neurodegeneration. In addition, rotenone exposure caused the secretion of NFAT-related
inflammatory cytokines and a reduction in the level of an antioxidant metallothionein (MT)-1 from midbrain glia.
Furthermore, we observed microglial proliferation and a decrease in the number of MT-positive astrocytes in the
substantia nigra, but not the striatum, of low-dose rotenone-injected PD model mice. Our data highlight that
rotenone targets midbrain astrocytes, leading to SPARC secretion, which promotes the neurotoxic conversion of
microglia and leads to glial dysfunction-mediated dopaminergic neurodegeneration.
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Introduction
Parkinson's disease (PD) is a progressive neurodegen-
erative disease characterized by motor symptoms, such
as tremor, bradykinesia, rigidity, and postural instability
due to a loss of nigrostriatal dopaminergic neurons; and
non-motor symptoms, such as orthostatic hypotension
and constipation caused by peripheral neurodegenera-
tion. The cause of sporadic PD remains unknown, and
genetic and environmental factors may be contributing
factors. Epidemiological studies indicate that exposure to
pesticides, particularly rotenone and paraquat, increases
the risk of PD [16]. Studies have shown that rotenone, a
mitochondrial complex I inhibitor, induces PD-like fea-
tures and is therefore used to develop animal models of
PD [11, 22]. Dopaminergic neurotoxicity caused by rote-
none has been attributed, in part, to the inhibition of
complex I activity and the vulnerability of dopaminergic
neurons to complex I defects [11]. Moreover, oxidative
stress is thought to be involved in rotenone neurotoxic-
ity because rotenone-induced complex I inhibition pro-
duces reactive oxygen species (ROS) [10, 47]. However,
the mechanism underlying rotenone-induced selective
dopaminergic neurodegeneration remains unknown.

Glial cells, namely astrocytes and microglia, have
received attention as key players in non-cell autono-
mous pathological mechanisms in neurodegenerative
diseases [12, 28]. Astrocytes play important roles in the
central nervous system (CNS), such as providing energy
substrates for neurons, regulating extracellular ion con-
centrations, removing or releasing neurotransmitters,
and modulating synaptic transmission [37]. In addition,
studies have demonstrated the neuroprotective effects
of astrocytes via antioxidant production, neurotrophic
factor release, and the uptake of potentially neurotoxic
molecules [32, 42, 49]. To date, the function of astrocytes
under pathological conditions has been debated. Stud-
ies have shown the neurotoxic effects of astrocytes in
neurodegeneration, in which the cells secrete cytokines
and inflammatory mediators [20]. Conversely, various
studies, including our group, have demonstrated a neu-
roprotective function of astrocytes through the produc-
tion of antioxidative molecules [3, 32]. Microglia survey
the brain microenvironment and play important roles
in removing neuronal debris and protein aggregates for
neuroprotection [23]. Under stimulation, microglia can
change their morphology and release inflammatory cyto-
kines [43]. Recent studies have demonstrated crosstalk
and cooperation between astrocytes and microglia in
neuroinflammation; activated microglia convert astro-
cytes into neurotoxic Al astrocytes in neurological dis-
eases [27].

Astrocytes or microglia are morphologically and func-
tionally diverse and glial reactivity varies according to
brain region [8, 29]. In addition, the diverse roles of glial
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cells include modulating neuronal survival via neuron-
glia interactions. In this study, we focused on regional
differences in glial reactivity to explore the mechanism
of rotenone-induced dopaminergic neurotoxicity. We
examined the effect of glial diversity on vulnerability of
dopaminergic neurons to rotenone by using midbrain
neurons and midbrain or striatal glial cells containing
astrocytes and microglia. These regions were chosen,
because the cell bodies of dopaminergic neurons are
present in the substantia nigra pars compacta (SNpc)
and their axons extend to the striatum. In this study, cul-
tured cells were treated with low-dose rotenone (1, 2.5,
or 5 nM) for 48 h to mimic environmental exposure.
We demonstrated here that direct neuronal treatment
with low-dose rotenone did not induce dopaminergic
neurotoxicity. However, conditioned media from rote-
none-treated midbrain, but not striatal, glial cells (astro-
cytes + microglia) induced dopaminergic neuron-specific
neurodegeneration. The conditioned media from rote-
none-treated astrocyte or microglial monocultures could
not induce dopaminergic neurotoxicity. Furthermore,
rotenone targeted midbrain astrocytes prior to microglia,
leading to the production of secreted protein acidic and
rich in cysteine (SPARC), which induced neurotoxic con-
version of microglia followed by dopaminergic neuronal
death. Through astrocyte-microglia crosstalk, rotenone
exposure caused the secretion of inflammatory cyto-
kines and decreased the production of the antioxidant
molecule metallothionein (MT)-1 from/in midbrain, but
not striatal, glial cells; these results suggest that rotenone
induced brain region-specific glial dysfunction. We also
detected microglial proliferation and a reduction in the
number of MT-expressing astrocytes in the SNpc, but not
in the striatum, of low-dose rotenone-injected PD model
mice. This study unveils a novel mechanism of rotenone-
induced dopaminergic neuron-specific neurotoxicity.

Methods

Animals

All experimental procedures were conducted in accor-
dance with the NIH Guide for the Care and Use of
Experimental Animals and the Policy on the Care and
Use of the Laboratory Animals, Okayama University, and
were approved by the Animal Care and Use Committee,
Okayama University (approval reference numbers: OKU-
2017058, OKU-2017059, OKU-2020004, OKU-2020005,
OKU-2023032 and OKU-2023033). Pregnant Sprague—
Dawley (SD) rats at 13 days of gestation were purchased
from Charles River Japan Inc. (Yokohama, Japan) for
primary culture and housed for 2 days. Male and female
homozygous MT-1,2 knockout mice (#2211: 129S7/
SVEvBrd-MT1"™*MT2"'P"/]) and 129/Sv mice (wild-
type mice) (#2448: 129S1/Svim]) were purchased from
Jackson Laboratories (Bar Harbor, ME). The 129/Sv mice
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were used as control mice to match the genetic back-
ground of the MT-1,2 knockout mice. Male C57BL/6 ]
mice at 7 weeks of age were purchased from Charles
River Japan Inc. All the animals were housed with a 12-h
light/dark cycle at a constant temperature (23 °C) and ad
libitum access to food and water.

Cell culture
Primary cultured neurons, astrocytes and microglia were
prepared from the mesencephalon and striata of SD rats,
MT-1,2 knockout mice or wild-type mice embryos at
15 days of gestation using the method described previ-
ously [21, 33]. Briefly, to prepare midbrain neuronal cul-
tures (Mid neuron), the mesencephalon was dissected
and cut into small pieces with scissors. The tissue was
incubated for 15 min in 0.125% trypsin—EDTA at 37 °C
and then centrifuged (1500xg, 3 min). The resulting cell
pellet was treated with 0.004% DNase I solution con-
taining 0.003% trypsin inhibitor for 7 min at 37 °C and
then centrifuged (1500xg, 3 min). The resulting cell pellet
was gently re-suspended in a small volume of Dulbecco’s
modified Eagle’s medium (DMEM) with high glucose
(4.5 g/l D-glucose; Invitrogen, San Diego, CA, USA)
containing 10% fetal bovine serum (FBS), 4 mM L-gluta-
mine, and 60 mg/]l kanamycin sulfate (growth medium;
DMEM-FBS) and plated in the same medium at a den-
sity of 2x10° cells/cm? in 4-chamber culture slides or
6-well plates coated with poly-D-lysine (Falcon, Corn-
ing, NY, USA). Within 24 h of initial plating, the medium
was replaced with fresh DMEM-FBS supplemented with
2 uM cytosine-B-D-arabinofuranoside (Ara-C) to inhibit
glial cell replication, followed by incubation for 6 days.
To prepare midbrain or striatal glial cultures (Mid
glia or Str glia) containing astrocytes and microglia, the
mesencephalon or striata were dissected and treated
with 0.125% trypsin followed by 0.004% DNase I solu-
tion as described above. The cells from the mesencepha-
lon or striata were plated at a density of 2 x 10° cells/cm?
in poly-D-lysine-coated 6-well plates and cultured for
7 days in DMEM-FBS. Next, the cells were subcultured to
obtain glial cells and plated at a density of 3.6 x 10* cells/
cm? onto 6-well plates (Falcon) for preparation of the
conditioned media, complex I activity assay, or protein
extraction; at a density of 3.6 x 10* cells/cm? onto 24-well
plates for immunohistochemical analysis; at a density of
2x10* cells/cm? onto four-chamber glass culture slides
coated with poly-D-lysine (Falcon) for immunohisto-
chemical analysis; or at a density of 2 x 10* cells/cm? onto
96-well culture plates (Falcon) for ATP assay. After 7 days
of culture, the Mid glia contains 87.7% astrocytes and
12.3% microglia; the Str glia contains 98.6% astrocytes
and 1.4% microglia. Oligodendrocyte marker proteins
were not detected in glial cultures.
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To prepare cocultures of midbrain neurons and mid-
brain or striatal glia (Mid neuron+Mid glia or Mid
neuron + Str glia), glial cells were seeded at a density of
4x10* cells/cm? directly onto Mid neuron, which had
been cultured in 4-chamber culture slides for 4 days. The
cocultures were incubated for an additional 2 days before
any treatment was started.

To prepare midbrain or striatal astrocyte cultures (Mid
astrocyte or Str astrocyte), microglia were eliminated
from glial culture by incubation in DMEM-FBS supple-
mented with 8 pM Ara-C for 5 days, followed by treat-
ment with 30 mM L-leucine methyl ester hydrochloride
for 45 min [19]. After 1 day of culture, more than 99.9%
of the cells presented astrocytic marker proteins.

To prepare midbrain or striatal microglial cultures
(Mid microglia or Str microglia), the mesencephalon
or striata were treated with 0.125% trypsin followed by
0.004% DNase I solution, and then cultured in 6-well
plates for 12—14 days. Microglia were isolated by shaking
and collecting floating cells [21]. The cells were re-plated
at a density of 3.6 x 10* cells/cm? onto 6-well plates, or at
a density of 2x 10* cells/cm? onto four-chamber culture
slides coated with poly-D-lysine. After 1 day of culture,
all the cells presented microglial marker proteins.

To prepare astrocyte and microglia cocultures which
abundance ratio of astrocytes and microglia was adjusted
to that of Mid glia or Str glia, midbrain microglia were
seeded at a density of 1.2 x 10* cells/cm? or 1.1 x 103 cells/
cm? directly onto Mid astrocyte (8.7 x 10* cells/cm?) for
astrocyte (88%) and microglia (12%) coculture or astro-
cyte (98.8%) and microglia (1.2%) coculture, respectively;
striatal microglia were seeded at a density of 1.5x 10*
cells/cm? or 1.4 x 10° cells/cm? directly onto Str astrocyte
(11.3x 10* cells/cm?) for astrocyte (88%) and microglia
(12%) coculture or astrocyte (98.8%) and microglia (1.2%)
coculture, respectively. All the cultures were maintained
at 37 °C in a 5-95% CO,-air gas mixture.

Preparation of conditioned medium

Rotenone (Sigma-Aldrich, St. Louis, MO, USA) was
freshly prepared in dimethylsulfoxide (DMSO) for each
experiment and then diluted to final concentrations
in the medium (final concentration of DMSQO: 0.005%
(v/v)). Glial conditioned medium (GCM) was collected
from Mid glia or Str glia treated with rotenone (1, 2.5,
or 5 nM; Rotenone-GCM) or vehicle (0.005% (v/v)
DMSO; Control-GCM) for 48 h in DMEM-FBS. To mea-
sure cytokines and antioxidants in GCM, the cells were
treated with rotenone (1, 2.5, or 5 nM) or vehicle for 48 h
in serum-free DMEM. The astrocyte or microglial con-
ditioned medium (ACM or MCM) was collected from
Mid or Str astrocyte or microglia after treatment with
rotenone (5 nM; Rotenone-ACM or Rotenone-MCM) or
vehicle (Control-ACM or Control-MCM) in DMEM-FBS
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(See figure on previous page.)

Fig. 1 Midbrain, but not striatal, glia mediate rotenone-induced dopaminergic neurodegeneration. a Schematic illustration of cell culture and rotenone
treatment. Mid neuron, Mid neuron +Mid glia, or Mid neuron + Str glia was treated with vehicle or rotenone (1, 2.5, or 5 nM) for 48 h, and then TH-positive
cells were counted. b Cell viability of TH-positive dopaminergic neurons, expressed as a percentage of the control. *p<0.05, **p<0.01 versus control
group. n.s., not significant. ¢ Schematic illustration of cell treatment. The GCM was collected from vehicle- or rotenone (1, 2.5 or 5 nM)-treated Mid glia or
Str glia for 48 h (Control- or Rotenone-GCM). GCM + Rotenone: rotenone was added to GCM directly at the same concentration as control. Cell viability of
dopaminergic neurons was analyzed after treatment with Rotenone-GCM or GCM +Rotenone for 48 h. d Representative images of TH immunostaining
in Mid neuron after treatment with Mid or Str Control- or Rotenone (5 nM)-GCM for 48 h. Green, TH-positive neurons. Blue, nuclear staining with Hoechst
33342. Scale bar=50 pym. e Cell viability of TH-positive neurons, expressed as a percentage of the control. *p<0.05, **p<0.01 versus Control-GCM,
#p<0.05 versus dose-matched GCM +Rotenone. n.s,, not significant. All data represent mean = SEM, and are analyzed using one-way ANOVA followed by

post-hoc Fisher's PLSD test.

for 48 h. The conditioned medium (CM) of astrocyte
and microglia cocultures was collected from midbrain or
striatal astrocytes (88%) and microglia (12%) coculture or
astrocytes (98.8%) and microglia (1.2%) coculture after
treatment with rotenone (5 nM; Rotenone-CM) or vehicle
(Control-CM) in DMEM-FBS for 48 h. The Control- or
Rotenone-ACM-MCM was collected from Mid microglia
treated with Control- or Rotenone (5 nM)-ACM for 48 h.
The Control- or Rotenone-MCM-ACM was collected
from Mid astrocyte treated with Control- or Rotenone
(5 nM)-MCM for 48 h. The Rotenone-ACM +SPARC
Ab-MCM was collected from Mid microglia treated
with Rotenone-ACM pre-incubated with a mouse anti-
SPARC monoclonal antibody (Ab) (1:500, Santa Cruz)
for 1 h at 25 °C. The conditioned media were centrifuged
at 3,000x g for 3 min to remove cellular debris, and the
supernatants were stored at — 80 °C until use.

Cell treatments

To examine the effects of glial cells on rotenone-induced
dopaminergic neurotoxicity, Mid neuron, Mid neu-
ron+Mid glia or Mid neuron+Str glia was treated
with rotenone (1, 2.5, or 5 nM) or vehicle (0.005% (v/v)
DMSO) in DMEM-FBS for 48 h (Fig. 1a). To examine
whether rotenone-induced dopaminergic neurotoxic-
ity was mediated by glial cells, Mid neuron was treated
with Control- or Rotenone-GCM for 48 h. To exclude the
possibility that rotenone reacting with GCM promoted
neuronal damage, we added rotenone to GCM directly at
the same concentration (GCM + Rotenone) (Fig. 1c). To
examine whether intracellular dopamine (DA) is involved
in Rotenone-GCM-induced dopaminergic neurotoxicity,
Mid neuron was treated with the tyrosine hydroxylase
(TH) inhibitor, a-methyl-p-tyrosine (AMPT; 50 uM),
for 24 h, which caused DA depletion, and then treated
with AMPT (50 uM) and Mid Rotenone (5 nM)-GCM
for 48 h (Fig. 2d). To examine whether rotenone-induced
dopaminergic neurotoxicity required astrocyte-microglia
interaction, Mid neuron was treated with Control- or
Rotenone-GCM, ACM or MCM for 48 h (Fig. 3a). To
examine whether brain region-specific astrocyte-microg-
lia interaction promoted rotenone-induced dopaminergic
neurotoxicity, Mid neuron was treated with Control- or
Rotenone-CM from Mid or Str astrocyte (88%) and

microglia (12%) coculture or astrocyte (98.8%) and
microglia (1.2%) coculture for 48 h. To examine whether
rotenone acted first on astrocytes or microglia, Mid neu-
ron was treated with Control- or Rotenone-ACM-MCM
or MCM-ACM for 48 h (Fig. 4). To assess the contribu-
tion of SPARC secreted from rotenone-treated astro-
cytes to dopaminergic neurodegeneration, Mid neuron
was treated with Control-ACM-MCM, Rotenone-ACM-
MCM or Rotenone-ACM + SPARC Ab-MCM (Fig. 5c).
To examine whether the reduction in MT-1 secretion
from rotenone-treated Mid glia promoted dopaminergic
neurotoxicity, Mid neuron was treated with Rotenone-
GCM supplemented with rabbit MT-1 recombinant
protein (300 pg/ml, ENZO Life Sciences, Farmingdale,
NY) (Fig. 7b). To examine whether SPARC secretion
from rotenone-treated Mid astrocyte induces microglial
toxic conversion, Mid microglia was treated with Con-
trol-ACM, Rotenone-ACM or Rotenone-ACM + SPARC
Ab for 48 h. Furthermore, we prepared Mid neuron,
Mid neuron+Mid glia and Mid neuron + Str glia from
embryos of MT-1,2 knockout or wild-type mice; the cells
were treated with rotenone (1, 2.5, or 5 nM) in DMEM-
EBS for 24 h. To examine molecular events in glial cul-
tures after rotenone treatment, Mid glia or Str glia was
treated with rotenone (1, 2.5, or 5 nM) in DMEM-FBS for
6-48 h.

Chronic systemic rotenone exposure in mice

Male C57BL/6 ] mice (8 weeks old; approximately 25 g)
were subcutaneously injected with rotenone (2.5 mg/
kg/day) for 4 weeks using an osmotic mini pump (Alzet,
#2004; Durect Corporation, Cupertino, CA, USA) [34].
The mean pumping rate of the Alzet osmotic mini pump
was 0.25 pl/h (=6 pl/day). Therefore, the osmotic pump
was filled with rotenone (10.4 mg/ml) dissolved in the
vehicle solution, which consisted of equal volumes of
DMSO and polyethylene glycol. The mice were anesthe-
tized by isoflurane inhalation. A rotenone-filled pump
was implanted under the skin on the back of each mouse.
The control mouse was implanted with a vehicle solu-
tion-filled pump.
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Fig. 3 Rotenone requires both midbrain astrocytes and microglia to induce dopaminergic neurodegeneration. a Cell viability of TH-positive neurons
after treatment with Mid or Str Control- or Rotenone (5 nM)-GCM, MCM or ACM. Top, schematic illustration of cell treatment. The GCM, MCM, or ACM was
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All data represent mean +SEM, and are analyzed using independent ¢ test.

Immunohistochemistry

All the experimental procedures used for immunohisto-
chemistry are thoroughly described in Additional file 1:
Materials and Methods. The antibodies and appropriate
dilutions used for these methods are listed in Supple-
mentary Table 1.

Measurement of protein-bound quinone (quinoprotein)

Mid neuron was exposed to Control- or Rotenone
(5 nM)-GCM from Mid glia or Str glia for 48 h. Total cell
lysates were extracted using ice-cold RIPA buffer (PBS
pH 7.4, 1% NP-40, 0.5% sodium deoxycholate, and 0.1%
SDS) containing 10 pg/ml phenylmethylsulfonyl fluoride
(PMSF). Protein-bound quinones (quinoprotein) in the

lysates were detected using the NBT/glycinate assay, as
described previously [39], with minor modifications. The
detailed experimental procedures are described in Addi-
tional file 1: Materials and Methods.

Secretomics

Analysis using control- or rotenone-ACM from Mid
astrocyte

We analyzed increased proteins in the Mid Rotenone-
ACM. Mid astrocyte was treated with vehicle or rote-
none (5 nM) for 48 h in serum-free media. The ACM was
centrifuged to remove cellular debris, and the superna-
tants were stored at—80 °C until use. Aliquots (12 ml) of
Control- or Rotenone-ACM were concentrated to 200 pl



Miyazaki et al. Acta Neuropathologica Communications (2025) 13:234 Page 8 of 24
a
Rotenone Lossdarng -4 Losaeaend -] ns
<: R | R | -S-
Mid astrocyte tsaae Mid astrocyte tanee - 140
Y — Y - 2 ek
@* Rotenone-ACM ' ACM+Rotenone ' g . 120 - .
Astrocyte < // ya £ g 1oof s o e
- - = £
SsFo¥fod._ 48 h S 2,1~48h 88 80f
~, ~, m —
{;’i‘—ﬁ Mid microglia ¥ Mid microglia 25 eof
2.
Microglia o 40Ff
g [Rotenone-ACM-MCMFﬁ [ACM+Rotenone-MCMFE ey ol
7/ J [
4 e
(e ¢~ (SYo (o] ¢ Control Rotenone ACM+
Mid neuron Mid neuron -ACM  -ACM Rotenone
‘48h y48n -MCM  -MCM  -MCM
|ce|| viability (number of TH-positive cells) |
_:m |Rotenone|
Rotenone cezerers] R ererers] Y
= B = g n.s.
% Mid microglia o id microglia T 5 140r  ———
’ ' 2  120F o o
@ *** Rotenone-MCM MCM+Rotenone E_ 2 0
7 ’ S 100}
Microglia I 4// % = Ped oo
S --48h §555¢] -~ 48 h cg sof
@ Mid astrocyte ‘1 Mid astrocyte | E S 60}
@ 2
Astrocyte g~ 4or
[Rotenone-MCM-ACM [MCM+Rotenone-ACM T 20
7/ ’ =
’ 4
"/ SEE- <+ % Control Rotenone MCM+
Mid neuron Mid neuron -MCM  -MCM Rotenone
-ACM  -ACM -ACM

‘48h

‘48h

|ce|| viability (number of TH-positive cells) |

Fig. 4 Rotenone targets midbrain astrocytes prior to microglia to induce dopaminergic neurodegeneration. a Rotenone was added to astrocytes be-
fore microglia. Left, schematic illustration of cell treatment. The ACM was collected from vehicle- or rotenone (5 nM)-treated Mid astrocyte for 48 h
(Control- or Rotenone-ACM). ACM +Rotenone: rotenone (5 nM) was added to ACM directly as control. The Mid microglia was treated with Control-
ACM, Rotenone-ACM or ACM+Rotenone for 48 h, and then the conditioned media were collected as Control-ACM-MCM, Rotenone-ACM-MCM or
ACM + Rotenone-MCM, respectively. Cell viability of dopaminergic neurons was analyzed after treatment with Control-ACM-MCM, Rotenone-ACM-MCM
or ACM + Rotenone-MCM for 48 h. Right, the number of TH-positive neurons, expressed as a percentage of the control. ***p <0.001 versus Control-ACM-
MCM, #p <0.001 versus Rotenone-ACM-MCM. n.s, not significant. b Rotenone was added to microglia before astrocytes. Left, schematic illustration of
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of TH-positive neurons, expressed as a percentage of the control. n.s, not significant. All data represent mean =+ SEM, and are analyzed using one-way

ANOVA followed by post-hoc Fisher's PLSD test.

by using Amicon® Ultra-4 Centrifugal Filter Units (3 kDa
cutoff, Merck Millipore Ltd., Co Cork, Ireland). Each
sample was dialyzed for desalting, and then lyophilized
(Freeze Dryer Model FDU-2110, TOKYO RIKAKIKAI
Corporation, Ltd., Tokyo, Japan). The lyophilized sam-
ples were re-suspended in sampling buffer (0.1 M Tris—
HCI (pH 6.8), 4% SDS, 20% glycerol, 0.02% bromophenol

blue-methanol, and 10% 2-mercaptoethanol). Proteins
were separated on Any kD SDS-PAGE (Bio-Rad, Rich-
mond, CA, USA) and visualized by silver staining (Silver
Stain II Kit Wako, FUJIFILM Wako Pure Chemical Cor-
poration) according to the manufacturer’s instructions.
Increased bands in the Rotenone-ACM were sliced and
in-gel digested with trypsin (Trypsin Profile IGD Kit,
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(See figure on previous page.)

Fig. 5 Midbrain astrocytes secrete SPARC by rotenone exposure and induce toxic conversion of microglia resulting in dopaminergic neurodegenera-
tion. a Secretomics of Rotenone-ACM from rotenone-treated Mid astrocyte. Left, schematic illustration of experimental workflow. Control- or Rotenone
(5 nM)-ACM was concentrated, and then separated on Any kD SDS polyacrylamide gel. After the gel was silver stained, increased bands in the Rotenone-
ACM were clipped. Each band in the gel was digested with trypsin, and the resulting peptides were analyzed by LC-MS/MS. Right, the silver-stained
SDS-PAGE gels. Red arrows represent increased proteins in the Rotenone-ACM. Squares (No. 1-7) show clipped bands for LC-MS/MS analysis. b Western
blot analysis of SPARC using concentrated Control- or Rotenone (5 n)-ACM. The band of SPARC was indicated by red arrowhead. ¢, d Absorption of
SPARC in Rotenone-ACM by SPARC Ab significantly prevented Rotenone-ACM-MCM-induced dopaminergic neuronal death. ¢ Schematic illustration
of cell treatment. Mid microglia was treated with Control-ACM, Rotenone (5 nM)-ACM or Rotenone (5 nM)-ACM pre-incubated with anti-SPARC Ab
(Rotenone-ACM + SPARC Ab), and then each conditioned medium, Control-ACM-MCM, Rotenone-ACM-MCM or Rotenone-ACM + SPARC Ab-MCM was
added to Mid neuron. After 48-h treatment, TH-positive cells were counted. d Number of TH-positive neurons, expressed as a percentage of the control.
*%p < 0.001 versus Control-ACM-MCM, #*p <0001 versus Rotenone-ACM-MCM. n.s,, not significant. e-i SPARC secreted from rotenone-treated astrocytes
induced toxic conversion of microglia. e, g Representative images of Ibal (green) and CD11b (red) double-immunostaining (e) and IL-13 or TNF-a im-
munostaining (g) in Mid microglia after treatment with Control-ACM, Rotenone-ACM or Rotenone-ACM + SPARC Ab for 48 h. Blue, nuclear staining with
Hoechst 33342. Scale bar=50 um. f Changes in the number of Iba-1-positive cells in Mid microglia after treatment with Control-ACM, Rotenone-ACM or
Rotenone-ACM+SPARC Ab for 48 h, expressed as a percentage of the control. ***p <0.001 versus Control-ACM, ##p <0.001 versus Rotenone-ACM. n.s,,
not significant. h Representative confocal images of NF-kB (p65) immunostaining in Mid microglia after treatment with Control-ACM, Rotenone-ACM or
Rotenone-ACM + SPARC Ab for 48 h at two different magnifications. The bottom panels are high-magnification images of the top panels (squared areas).
Blue, nuclear staining with Hoechst 33342. Scale bar=50 um (top) or 25 um (bottom). i Western blot analysis of NF-kB (p65) using nuclear fraction of Mid
microglia after treatment with Control-ACM, Rotenone-ACM or Rotenone-ACM + SPARC Ab for 48 h. Each value represents the density of the specific pro-
tein signal relative to loading control Lamin B, and is presented as a percentage of the control group. **p <0.01, **p <0.001 versus Control-ACM, *p < 0.05

versus Rotenone-ACM. All data represent mean +SEM, and are analyzed using one-way ANOVA followed by post-hoc Fisher's PLSD test.

Sigma-Aldrich). The resulting peptides were analyzed
by liquid chromatography-tandem mass spectrometry
(LC-MS/MS) (Agilent 1100LC/MSD Trap XCT Ultra,
Agilent Technologies, Santa Clara, CA) and identified by
searching in the NCBI database within Rattus norvegicus
species using Spectrum Mill MS Proteomics Workbench
software (Agilent Technologies). Proteins were consid-
ered on the basis of their molecular weight. A list of iden-
tified proteins is provided in Additional file 2.

Analysis using control- or rotenone-GCM from Mid glia

We tried to identify secreted proteins increased or
decreased only in the Mid Rotenone-GCM from rote-
none (5 nM)-exposed Mid glia. Mid glia or Str glia
was treated with vehicle or rotenone (5 nM) for 48 h
in serum-free media. The GCM was centrifuged, and
the supernatants were stored at-80 °C until use. Ali-
quots (8 ml for analysis of>20 kDa; 14 ml for analysis
of small-size protein (3—20 kDa)) of Mid or Str Control-
or Rotenone-GCM were concentrated, dialyzed, and
then lyophilized. The samples re-suspended with sam-
pling buffer were separated on 4-20% SDS-PAGE (Bio-
Rad) and visualized by silver staining. The increased or
decreased bands only in the Mid Rotenone-GCM were
in-gel digested with trypsin, and then analyzed by LC—
MS/MS. The proteins were characterized with LC-MS/
MS and identified by searching in the NCBI database.
Proteins were considered on the basis of their molecular
weight. A list of identified proteins is provided in Addi-
tional file 3. We selected some increased or decreased
proteins that have been reported to be related to neuron-
glia interaction or PD pathology.

Cytokine antibody array

To identify the expression profiles of multiple cytokines
in Rotenone-GCM, a membrane-based cytokine anti-
body array was used. Mid glia or Str glia was treated with
vehicle or rotenone (5 nM) for 48 h in serum-free media.
Media were centrifuged, and the supernatants were used
for assessment on the RayBio Rat Cytokine Antibody
Array 2 (Cat. #ARR-CYT-2, RayBiotech, Inc., Norcross,
GA), according to the manufacturer’s instructions. The
detailed experimental procedures are described in Addi-
tional file 1: Materials and Methods.

cDNA Microarray

Microarray were used to comprehensively explore
changes in gene expression by rotenone treatment (5 nM)
for 24 h in Mid glia or Str glia. The detailed experimental
procedures are described in Additional file 1: Materials
and Methods. We compared the differentially expressed
mRNAs between the control and rotenone-treated
groups. The gene expression ratio was expressed as the
fluorescence intensity of the rotenone-treated group/
fluorescence intensity of the control group. The ratio
Log?2 (ratio) > 1 was defined as increased genes, and Log2
(ratio) <-1 was defined as decreased genes. Increased or
decreased genes only in the Mid glia or Str glia by rote-
none treatment were selected using Microarray Data
Analysis Tool Ver 3.2 (Filgen, Inc., Aichi, Japan). The gene
list is provided in Additional file 4.

Protein preparation and western blot analysis

To measure protein levels of nuclear factor-kB (NF-kB)
(p65) or nuclear factor of activated T cells 3 (NFATc3),
nuclear or cytosol lysates from the cells were extracted
and prepared using the NE-PER™ Nuclear and Cyto-
plasmic Extraction Reagents (Thermo Fisher Scientific,
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Waltham, MA) according to the manufacturer’s instruc-
tions. Mid microglia was treated with Control-ACM,
Rotenone-ACM or Rotenone-ACM +SPARC Ab for
48 h. Mid glia or Str glia was treated with vehicle or rote-
none (1, 2.5, or 5 nM) for 24 h. To analyze the amount
of nuclear Nrf2, nuclear lysates from the cells were
extracted using the PARIS protein and RNA isolation
system (Ambion, Austin, TX). Mid glia or Str glia was
treated with vehicle or rotenone (1, 2.5, or 5 nM) for
6 h. For sample preparation from mice brains, the ven-
tral midbrain or striatal tissue was homogenized in ice-
cold RIPA buffer containing protease inhibitor cocktail
(Thermo Fisher Scientific). Protein concentrations were
determined using the DC protein assay kit (Bio-Rad).
Western blot analysis was performed as described pre-
viously [33]. The detailed experimental procedures are
described in Additional file 1: Materials and Methods.

Measurement of mitochondrial reactive oxygen species

To detect ROS production in mitochondria, we used the
mitochondrion-selective probe MitoTracker Red CM-
H2XRos (Invitrogen), which passively diffuses across the
plasma membrane and accumulates in active mitochon-
dria. Mid glia or Str glia was treated with vehicle or rote-
none (1, 2.5, or 5 nM) in DMEM-FBS for 6 h, and then
incubated with 200 nM MitoTracker Red for 45 min in
a CO, incubator. After incubation, the cells were washed
with PBS and observed under a laser microscope. The
fluorescence intensity was analyzed using Image] soft-
ware (NIH).

Complex | enzyme activity assay

To examine the effect of rotenone treatment on mito-
chondrial function in Mid glia or Str glia, we measured
complex I enzyme activity using the Complex I Enzyme
Activity Microplate Assay Kit (ab109721, Abcam, Cam-
bridge, UK), according to the manufacturer’s instruc-
tions. The detailed experimental procedures are
described in Additional file 1: Materials and Methods.

ATP assay

To examine whether rotenone treatment produced
cytotoxicity in Mid glia or Str glia, we performed an
ATP-monitoring luminescence assay using ATPlite Lumi-
nescence Assay System (6016943, Perkin Elmer, Akron,
OH), according to the manufacturer’s instructions. The
detailed experimental procedures are described in Addi-
tional file 1: Materials and Methods.

Determination of glutathione (GSH) content in GCM

GSH content in serum-free GCM was determined using
the enzymatic recycling method of Tietze [53] with some
modifications [35]. The detailed experimental procedures
are described in Additional file 1: Materials and Methods.
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Enzyme-linked immunosorbent assay (ELISA)

The MT-1 level in serum-free GCM was measured by
ELISA with rat MT-1 ELISA kit (SEB119Ra; Cloud-Clone
Corp., Houston, TX) according to the manufacturer's
instructions. The detailed experimental procedures are
described in Additional file 1: Materials and Methods.

Statistical analyses

All statistical analyses were performed using KaleidaG-
raph v5.0 software. Data are presented as dot plots with
individual values and bar charts with mean+ SEM. The
independent ¢ test was used for all comparisons between
the two groups. For comparisons between multiple
groups, we used one-way ANOVA followed by post-hoc
Fisher's PLSD test. p<0.05 was considered statistically
significant. The complete statistical information is pro-
vided in Additional file 5.

Results

Midbrain, but not striatal, glia mediate rotenone-induced
dopaminergic neurodegeneration

To examine the effects of regional differences of glial cells
on dopaminergic neurotoxicity after rotenone exposure,
Mid neuron, Mid neuron + Mid glia, or Mid neuron + Str
glia was treated with low-dose rotenone (1, 2.5, or 5 nM)
for 48 h (Fig. 1a). Direct exposure of Mid neuron to rote-
none (1-5 nM) did not reduce the number of TH-pos-
itive dopaminergic neurons. Conversely, TH-positive
neurons were significantly decreased by rotenone expo-
sure in the Mid neuron+Mid glia, but not in the Mid
neuron + Str glia (Fig. 1b).

To confirm whether rotenone-induced dopaminergic
neurotoxicity was mediated by midbrain glial cells, Mid
neuron was treated with Mid or Str Rotenone-GCM for
48 h. To exclude the possibility that rotenone reacted
with molecules in GCM and damaged dopaminergic neu-
rons, we added rotenone to the GCM directly at the same
concentration (GCM + Rotenone) and treated neuronal
cultures with the GCM + Rotenone (Fig. 1c). Treatment
with Mid Rotenone (5 nM)-GCM shortened the axons
and dendrites of dopaminergic neurons and reduced
the total number of TH-positive neurons; however,
GCM + Rotenone did not (Fig. 1d, e). In contrast, there
was no dopaminergic neurotoxicity following treatment
with Str Rotenone-GCM (Fig. 1d, e). These data support
the results from the cocultured cells shown in Fig. 1b.
Our findings indicate that extremely low-dose rotenone
cannot induce direct neurotoxicity, but midbrain glia
mediate rotenone-induced dopaminergic neurotoxicity.
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Rotenone-exposed midbrain glia increase DA quinone
formation in midbrain neurons resulting in dopaminergic
neuron-specific neurodegeneration
Next, we examined whether the Mid Rotenone-GCM
induced dopaminergic neuron-specific neurotoxicity.
The proportions of dopaminergic, GABAergic, and sero-
tonergic neurons were 1%, 46.8%, and 52.2%, respectively,
in Mid neuron used in our study (Fig. 2a). We demon-
strated morphological changes in GABAergic and seroto-
nergic neurons after Mid Rotenone-GCM treatment via
immunohistochemistry using anti-glutamate decarbox-
ylase (GAD) and anti-tryptophan hydroxylase 2 (TPH2)
antibodies, respectively (Fig. 2b). Interestingly, Mid Rote-
none-GCM did not decrease the number of GAD-posi-
tive GABAergic and TPH2-positive serotonergic neurons
but rather increased it; these results were completely dif-
ferent from the changes in TH-positive neurons (Fig. 2c).
Next, we examined whether endogenous DA was
required for midbrain glia-mediated rotenone-induced
dopaminergic neurotoxicity. Mid neuron was treated
with the TH inhibitor, AMPT, to deplete intracellular
DA, and then co-treated with Mid Rotenone (5 nM)-
GCM for 48 h. DA depletion significantly and completely
inhibited the Rotenone-GCM-induced dopaminergic
neurodegeneration (Fig. 2d). Furthermore, we measured
DA quinone formation (quinoprotein), which is a dopa-
minergic neuron-specific oxidative stress marker formed
by autoxidation of intracellular DA, in Mid neuron 48 h
after treatment with Mid or Str Control- or Rotenone
(5 nM)-GCM. Mid Rotenone-GCM, but not Str Rote-
none-GCM, significantly increased quinoprotein levels in
neurons (Fig. 2e). These findings suggest that rotenone-
exposed midbrain glia increase DA quinone formation
in neurons resulting in dopaminergic neuron-specific
neurodegeneration.

Rotenone requires both midbrain astrocytes and microglia
to induce dopaminergic neurodegeneration
Mid glia or Str glia contains astrocytes and microglia.
To examine whether both astrocytes and microglia are
required for rotenone-induced dopaminergic neurotox-
icity, we prepared monocultures with>99.9% microglia
or astrocytes from the midbrain and striatum. Mid neu-
ron was treated with Rotenone-MCM from rotenone
(5 nM)-treated Mid or Str microglia or Rotenone-ACM
from rotenone-treated Mid or Str astrocyte for 48 h as
well as Rotenone-GCM (Fig. 3a). Surprisingly, there was
no change in the number of TH-positive dopaminergic
neurons after treatment with Mid or Str Rotenone-MCM
or Rotenone-ACM,; in contrast, dopaminergic neuronal
death was induced by the Mid Rotenone-GCM (Fig. 3a).
Mid glia contained 87.7% astrocytes and 12.3% microg-
lia; in addition, Str glia contained 98.6% astrocytes and
1.4% microglia (Fig. 3b). Therefore, we explored the
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possibility that a high number of microglia in Mid glia
could lead to rotenone-induced dopaminergic neuronal
death. We constructed astrocyte and microglia coculture,
in which the content ratio was adjusted to Mid glia or Str
glia. Even though the microglial content ratio increased
to 12% in the striatal astrocyte and microglia coculture,
the Str Rotenone-CM did not reduce the number of
TH-positive neurons but rather significantly increased
(Fig. 3b). On the other hand, when the content ratio of
microglia in the midbrain astrocyte and microglia cocul-
ture decreased to 1.2%, the Mid Rotenone-CM failed to
induce dopaminergic neurodegeneration (Fig. 3b). These
data indicate that midbrain-specific astrocyte-microglia
interactions are required for rotenone-induced dopami-
nergic neurotoxicity.

Rotenone targets midbrain astrocytes prior to microglia to
induce dopaminergic neurodegeneration

To explore whether rotenone targeted astrocytes or
microglia, we prepared conditioned media from Mid
microglia that were treated with Control-ACM (con-
trol-ACM-MCM) or Rotenone (5 nM)-ACM (Rote-
none-ACM-MCM) (Fig. 4a); conversely, we prepared
conditioned media from Mid astrocyte that were treated
with Control-MCM (Control-MCM-ACM) or Rote-
none (5 nM)-MCM (Rotenone-MCM-ACM) (Fig. 4b).
To exclude the possibility that rotenone reacts with mol-
ecules in ACM or MCM and affects microglia or astro-
cytes, respectively, we added rotenone (5 nM) to the
ACM or MCM directly and treated microglia with the
rotenone-added ACM (ACM + Rotenone-MCM) (Fig. 4a)
or treated astrocytes with the rotenone-added MCM
(MCM + Rotenone-ACM) (Fig. 4b). Rotenone-ACM-
MCM induced dopaminergic neurotoxicity; however,
Rotenone-MCM-ACM did not (Fig. 4). ACM +Rote-
none-MCM had no effect on the cell viability of dopa-
mine neurons (Fig. 4a). These findings suggest that
rotenone targets midbrain astrocytes prior to microglia
to induce dopaminergic neurotoxicity.

Midbrain astrocytes secrete SPARC by rotenone exposure
and induce the toxic conversion of microglia resulting in
dopaminergic neurodegeneration

To investigate the molecules secreted from midbrain
astrocytes by rotenone exposure, which can act on
microglia, we performed secretomic analysis using Mid
Control- or Rotenone-ACM (Fig. 5a). Proteins in the
concentrated ACM were separated on SDS-PAGE and
visualized by silver staining (Fig. 5a). Increased bands
in the Rotenone-ACM were sliced and analyzed by LC—
MS/MS. The proteins were identified by searching in
the NCBI database within Rattus norvegicus species
and considered on the basis of their molecular weight
(Supplementary file 2). We focused on SPARC because
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the protein has already been reported to be secreted
from astrocytes and to induce immune cell activation
[45, 52]. An increase in SPARC in the Mid Rotenone-
ACM was confirmed by western blotting (Fig. 5b). We
also examined morphological changes in Mid astrocyte
after rotenone treatment by immunohistochemistry for
glial fibrillary acidic protein (GFAP), an astrocyte marker
(Fig. S1a). We did not observe apparent morphological
changes by rotenone exposure. GFAP signal density was
not changed by rotenone exposure (Fig. S1b).

To examine whether SPARC secreted from rotenone-
treated astrocytes induced the toxic conversion of
microglia and dopaminergic neurodegeneration, Mid
microglia was treated with Control-ACM, Rotenone-
ACM or Rotenone-ACM pre-incubated with anti-SPARC
Ab (Rotenone-ACM + SPARC Ab), and then each condi-
tioned medium, Control-ACM-MCM, Rotenone-ACM-
MCM or Rotenone-ACM + SPARC Ab-MCM was added
to Mid neuron (Fig. 5c). Absorption of SPARC in Rote-
none-ACM by SPARC Ab significantly prevented Rote-
none-ACM-MCM-induced dopaminergic neuronal death
(Fig. 5d). Treatment with Rotenone-ACM increased the
number of microglia, which was confirmed by immu-
nohistochemistry for the microglial markers Ibal and
CD11b; incubation with SPARC Ab completely inhibited
microglial proliferation (Fig. 5e, f). We performed mor-
phological analysis in Mid microglia by measuring area
(um?), perimeter (um), and circularity of Ibal-positive
microglia (Fig. Slc and d). Treatment with Rotenone-
ACM increased area and perimeter and decreased cir-
cularity; incubation with SPARC Ab had no effect (Fig.
S1d). Rotenone-ACM also increased the levels of inter-
leukin (IL)-1B and tumor necrosis factor (TNF)-a, which
were inhibited by incubation with SPARC Ab (Fig. 5g).
In addition, we examined changes in NF-«xB (p65) levels
and nuclear translocation in Mid microglia. Rotenone-
ACM treatment increased NF-kB (p65)-positive signals
around and in the nucleus (Fig. 5h and S2a). The NF-«B
(p65) signal density was significantly increased by Rote-
none-ACM treatment, which was completely inhibited
by SPARC Ab incubation (Fig. S2b). Furthermore, pro-
tein levels of NF-kB (p65) in the nucleus and cytoplasm
were measured by western blot analysis. Rotenone-ACM
significantly increased NF-kB (p65) levels not only in
the nucleus but also cytoplasm, which were significantly
inhibited by SPARC Ab (Fig. 5i, S2c and S2d).

Rotenone-exposed midbrain glia secrete NFAT-related
inflammatory cytokines

Considering that rotenone-induced dopaminergic neu-
rotoxicity was produced via midbrain astrocyte-microg-
lia crosstalk, we investigated events in glial cells after
rotenone exposure using Mid glia or Str glia. First, we
examined the morphological changes in astrocytes and
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microglia 48 h after rotenone exposure. The immunore-
activity of GFAP did not change both in the Mid glia and
Str glia after rotenone exposure (Fig. S3a); however, the
number of CD11b-positive microglia was significantly
increased by rotenone (2.5 and 5 nM) in Mid glia, but
not in Str glia (Fig. S3b). Microglial CD11b expression is
related to neuroinflammatory processes and is correlated
with microglial activation. These data suggest that rote-
none exposure alters microglia to a neurotoxic profile.

Rotenone is a well-known inhibitor of mitochondrial
complex I; therefore, we examined the effects of rotenone
(1, 2.5, or 5 nM) exposure for 6 h on mitochondrial func-
tion in Mid glia or Str glia. There was no change in the
fluorescence of the mitochondrion-selective probe Mito-
Tracker Red CM-H2XRos in Mid glia following rote-
none exposure, but 5 nM rotenone rather increased the
fluorescence signal in Str glia (Fig. S3c). Furthermore, we
measured complex I enzyme activity in Mid glia or Str
glia 48 h after rotenone treatment. Rotenone (1, 2.5, or
5 nM) did not decrease mitochondrial complex I activ-
ity in Mid glia, but 5 nM rotenone rather increased the
activity in Str glia (Fig. S3d). To examine whether rote-
none treatment produced cytotoxicity in glial cells, we
measured the ATP content in Mid glia or Str glia 48 h
after rotenone exposure. Rotenone (1, 2.5, or 5 nM) treat-
ment did not decrease ATP content both in Mid glia and
Str glia, but rather increased in Mid glia (Fig. S3e). These
results suggest that the extremely low-dose rotenone
(1-5 nM) used in this study did not induce cytotoxicity
and mitochondrial dysfunction in midbrain and striatal
glial cells.

Next, we sought to identify the key molecules secreted
from Mid glia in response to rotenone exposure that
caused dopaminergic neurodegeneration. We postulated
that there could be two possible mechanisms: the secre-
tion of neurotoxic factors; or the decrease in the levels of
neurotrophic or neuroprotective factors. We performed
proteomic analysis using Mid or Str Control- or Rote-
none (5 nM)-GCM (Fig. S4a). Proteins in the concen-
trated GCM were separated on SDS-PAGE and visualized
by silver staining (Fig. S4b). Increased or decreased bands
only in the Mid Rotenone-GCM were sliced and analyzed
by LC-MS/MS. The proteins were identified by searching
in the NCBI database within Rattus norvegicus species
and considered on the basis of their molecular weight
(Additional file 3). We listed some increased (Fig. S4c) or
decreased (Fig. S4d) proteins, which have been reported
to be related to neuron-glia interactions or PD pathology.
A few inflammation-related molecules were increased in
Mid Rotenone-GCM (Fig. S4c). On the other hand, neu-
rotrophic or neuroprotective molecules, including anti-
oxidants, growth factors, anti-inflammatory proteins,
chaperones, and protein degradation-related molecules,
were decreased in Mid Rotenone-GCM (Fig. S4d).
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Fig. 6 Rotenone-exposed midbrain glia secrete NFAT-related inflammatory cytokines. a Cytokine array analysis using GCM from vehicle- or rotenone
(5 nM)-treated Mid glia or Str glia for 48 h. Left, representative images of array membranes. Blue dotted squares represent the positive control. Right,
changes in cytokine levels in GCM after rotenone treatment, expressed as ratio of expression (Rotenone/Control). The dotted line shows control levels.
b NFATc3 immunostaining in Mid glia or Str glia after exposure to rotenone (1, 2.5, or 5 nM) for 15 h. Left, representative images of NFATc3 immunostain-
ing (red) after treatment with Control- or Rotenone (5 nM)-GCM for 15 h. NFATc3-positive signals were indicated by arrowheads. Blue, nuclear staining
with Hoechst 33342. Scale bar = 50 um. Right, quantitation of NFATc3-immunopositive cells, expressed as a percentage of NFATc3-immunopositive cells
to total cell number. **p < 0.01, ***p < 0.001 versus control. n.s,, not significant. ¢, d Western blot analysis of dephosphorylated NFATc3 (130 kDa) using
cytosol (c) or nuclear (d) fraction of Mid glia or Str glia after treatment with vehicle or rotenone (1, 2.5, or 5 nM) for 24 h. Left, full-length blots; 3-action or
Lamin B is used as a loading control. Right, quantitation of NFATc3. Each value represents the density of the specific protein signal relative to (3-actin or
Lamin B, and is presented as a percentage of the control group. *p <0.05, **p <0.01 versus control. n.s., not significant. All data represent mean + SEM, and
are analyzed using one-way ANOVA followed by post-hoc Fisher's PLSD test.

We screened for differentially expressed molecules in
GCM from Mid glia or Str glia 48 h after rotenone (5 nM)
exposure using a cytokine antibody array. There were
small changes in cytokine levels in the Str Rotenone-
GCM,; in contrast, many inflammatory cytokines were
increased in Mid Rotenone-GCM (Fig. 6a). The mole-
cules that were particularly increased in Mid Rotenone-
GCM were Fas ligand, granulocyte macrophage-colony
stimulating factor (GM-CSF), intercellular adhesion
molecule 1 (ICAM-1), interferon (IFN)-y, IL-1p, IL-1 R6,
IL-2, IL-4, IL-6, IL-10, IL-13, and leptin, which are reg-
ulated by NFAT [41, 51, 57]. L-Selectin, which activates
NFAT signaling, was also upregulated in Mid Rotenone-
GCM (Fig. 6a). We also performed cDNA microarray to
search for genes whose expression was upregulated or
downregulated only in the Mid glia after rotenone treat-
ment (5 nM) for 24 h. NFATc3 was significantly upregu-
lated in Mid glia by rotenone exposure (Additional file
4). Therefore, we examined the effects of rotenone on
NFATc3 in Mid glia or Str glia. Immunostaining revealed
an increase in NFATc3-positive cells in the Mid glia, but
not Str glia, after rotenone treatment for 15 h and 24 h
(Fig. 6b and Fig. S5). The NFATc3-positive signals were
observed mainly around nucleus (Fig. 6b). Therefore,
we measured NFATc3 protein levels in the cytoplasm of
Mid glia or Str glia after rotenone treatment for 24 h by
western blot analysis. Rotenone (2.5 and 5 nM) signifi-
cantly increased the level of dephosphorylated NFATc3
(130 kDa), which is the activated form, in the cytoplasm
of Mid glia (Fig. 6¢). Furthermore, we confirmed the
nuclear translocation of NFATc3 by western blot analy-
sis of the nuclear fraction of Mid glia or Str glia 24 h
after rotenone exposure. Rotenone (5 nM) significantly
increased the dephosphorylated NFATc3 levels in the
nuclei of Mid glia (Fig. 6d). In contrast, rotenone treat-
ment did not affect NFATc3 levels both in the cytoplasm
and nuclei of Str glia (Fig. 6¢c, d). These data were con-
sistent with the results showing the rotenone-induced
release of inflammatory cytokines from Mid glia (Fig. 6a).
These findings indicate that rotenone activates the NFAT
signaling pathway in midbrain glia to stimulate the
release of inflammatory cytokines into the extracellular
space.

Reduced secretion of the antioxidant MT from midbrain
glia by rotenone exposure contributes to dopaminergic
neurotoxicity

Compared with other neurons, dopaminergic neurons
are especially vulnerable to oxidative stress because
dopaminergic neurons contain DA, which can produce
ROS and DA quinone [4, 30]. Therefore, a reduction in
antioxidants may be particularly detrimental to dopa-
minergic neurons. The synthesis of GSH, a well-known
antioxidant, in neurons depends on the release of GSH
from astrocytes into the extracellular space [55]. In addi-
tion, GSH scavenges DA quinones directly [17]. MTs are
cysteine-rich metal-binding proteins [6]. MT-1, a major
isoform, possesses antioxidative properties by scaveng-
ing free radicals and exerts anti-inflammatory effects
by suppressing microglial activation in the brain [6, 40].
We previously reported that MT-1 quenched DA semi-
quinones in vitro [31] and that the protein was upregu-
lated specifically in astrocytes in response to oxidative
stress to protect dopaminergic neurons against DA qui-
none toxicity [32]. In this study, we examined the pos-
sibility that neuroprotective molecules secreted from
midbrain glial cells, mainly astrocytes, were decreased
following rotenone exposure. As shown in Fig. 2e, DA
quinone formation was increased by treatment with Mid
Rotenone-GCM. Therefore, we measured the GSH and
MT-1 levels in GCM from Mid glia or Str glia after rote-
none treatment for 48 h. Rotenone did not affect the GSH
content in the GCM from both Mid glia and Str glia (Fig.
S6a). MT-1 was significantly reduced in the GCM from
Mid glia, but not Str glia, following rotenone (1-5 nM)
treatment (Fig. 7a). Nuclear factor erythroid 2-related
factor 2 (Nrf2) regulates the expression of various GSH-
related molecules, such as y-glutamyl cysteine ligase and
GSH synthetase [48]. Our previous studies demonstrated
that MT-1 expression was regulated by Nrf2 [32, 33].
Therefore, we examined the effects of rotenone treatment
on the protein levels of Nrf2 in the nuclei of midbrain
and striatal glial cells. There was no change in nuclear
Nrf2 levels following 6 h of rotenone exposure (Fig. S6b).
These results suggest that rotenone inhibits MT-1 release
from Mid glia but not Nrf2-mediated synthesis.
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Fig. 7 Reduction in the secretion of the antioxidant MT from midbrain glia by rotenone exposure contributes to dopaminergic neurotoxicity. a Measure-
ment of MT-1 content in Control- or Rotenone-GCM from Mid glia or Str glia after treatment with vehicle or rotenone (1, 2.5, or 5 nM) for 48 h. **p < 0.01,
***p <0.001 versus control. n.s,, not significant. b Supplementation of MT-1 to Mid Rotenone-GCM inhibited dopaminergic neurotoxicity. Left, schematic
illustration of cell treatment. The Mid neuron was treated with GCM from vehicle- or rotenone (5 nM)-treated Mid glia with/without MT-1 recombinant
protein (300 pg/ml) for 48 h. Right, number of TH-positive neurons, expressed as a percentage of the control. ***p < 0.001 versus Control-GCM, #¥p < 0.001
versus Rotenone-GCM. n.s., not significant. ¢ Lack of MT-1,2 induced dopaminergic neurodegeneration mediated by rotenone-treated Str glia as well as
Mid glia. Cell viability analysis of dopaminergic neurons after treatment with vehicle or rotenone (1, 2.5, or 5 nM) for 24 h in the Mid neuron, Mid neu-
ron+Mid glia, or Mid neuron+Str glia of wild-type mice (top) or MT-1,2 knockout mice (bottom), expressed as a percentage of the control. *p <0.05,
***p <0.001 versus control. n.s, not significant. All data represent mean + SEM, and are analyzed using one-way ANOVA followed by post-hoc Fisher's PLSD

test.

Next, we examined whether the reduction in MT-1
secretion from Mid glia by rotenone exposure could
promote dopaminergic neurodegeneration. Rotenone
(5 nM) exposure reduced MT-1 in Mid GCM by 300 pg/
ml (Fig. 7a). Therefore, Mid neuron was treated with Mid
Rotenone (5 nM)-GCM with/without MT-1 recombinant
protein (300 pg/ml) for 48 h (Fig. 7b). Supplementation

of MT-1 to Mid Rotenone-GCM completely rescued
dopamine neurons from rotenone toxicity (Fig. 7b).
The MT family comprises four isoforms: MT-1, MT-2,
MT-3, and MT-4. The MT-1 and MT-2 isoforms share
very high sequence homology and have similar expres-
sion profiles and functions; therefore, they are usually
considered as a single isoform (denoted MT-1,2 in this
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Fig. 8 Glial response in the SNpc and striatum of low-dose rotenone-injected PD model mice. a Representative images of TH immunostaining in the
SNpc of vehicle- or rotenone (2.5 mg/kg/day)-injected mice at two different magnifications. The right panels are high-magnification images of the left
panels (squared areas). Scale bar=200 um (left) or 50 um (right). b Cell number of TH-positive neurons in the SNpc. **p<0.01 versus vehicle-injected
control group. c-f Regional differences in the response of astrocytes and microglia to rotenone treatment. ¢, e Representative images of GFAP (c) or
Iba-1 (e) immunostaining in the SNpc and striatum of vehicle- or rotenone-injected mice. Scale bar=50 um. Insets show higher magnification images of
astrocytes or microglia. Scale bar=10 um. d, f Number of GFAP (d) or Iba-1 (f) positive cells in the SNpc or striatum. *p < 0.05, ***p <0.001 versus vehicle-
injected control group. n.s., not significant. g-j Regional differences in MT-1,2-expressing astrocytes after rotenone treatment. g, i Representative images
of MT-1,2 and S10083 immunostaining in the SNpc (g) and striatum (i) of vehicle- or rotenone-injected mice. Green, MT-1,2. Red, S1003-positive astrocytes.
Scale bar=50 um. h, j Number of S100B3- or MT-1,2-positive cells in the SNpc (h) or striatum (j). **p<0.01, ***p <0.001 versus vehicle-injected control

group. n.s., not significant. All data represent mean +SEM, and are analyzed using independent t test

study). We prepared Mid neuron, Mid neuron + Mid glia,
and Mid neuron + Str glia using the mesencephalon and
striatum of embryos from MT-1,2 knockout or wild-type
mice. Cultured cells were treated with rotenone (1, 2.5,
or 5 nM) for 24 h, after which the number of TH-positive
neurons was counted. We detected a reduction in the
number of TH-positive neurons following rotenone treat-
ment in the Mid neuron + Mid glia from wild-type mice,
but no difference in the Mid neuron or Mid neuron + Str
glia (Fig. 7c), which coincided with our rat primary cul-
tured cell data (Fig. 1b). Conversely, in cultured cells
from MT-1,2 knockout mice, the number of TH-positive
cells was significantly decreased by rotenone exposure
not only in the Mid neuron + Mid glia but also in the Mid
neuron and Mid neuron + Str glia (Fig. 7c). These findings
indicate that MT-1,2 are important molecules that can
be targeted for the inhibition of rotenone-induced dopa-
minergic neurodegeneration. Furthermore, these data
strongly support the hypothesis that the loss of antioxi-
dant properties in glia, mainly astrocytes, produces rote-
none-induced dopaminergic neurodegeneration.

Increase in microglia and reduction in MT-expressing
astrocytes in the SNpc, but not in the striatum, of low-dose
rotenone-injected PD model mice

We explored regional differences in the glial response in
animal models of PD produced by chronic systemic expo-
sure to low-dose rotenone (2.5 mg/kg/day) for 4 weeks by
subcutaneous implantation of rotenone-filled osmotic
mini pump; the rotenone-treated mice reproduced the
behavioral and central and peripheral neurodegenera-
tive features of PD [34]. Rotenone treatment significantly
decreased the number of TH-positive dopaminergic neu-
ronal cells in the SNpc (Fig. 8a, b). We further examined
the morphological changes in astrocytes and microg-
lia in the SNpc and striatum of rotenone-injected mice
by immunostaining for GFAP and Ibal. The number of
GFAP-positive astrocytes was significantly decreased
in the SNpc but not in the striatum (Fig. 8c, d). In addi-
tion, the number of Ibal-positive microglia was sig-
nificantly increased in the SNpc but not in the striatum
(Fig. 8e, f). Next, we measured protein levels of SPARC
in the ventral midbrain and striatum of rotenone-injected
mice by western blot analysis. SPARC was increased in

the ventral midbrain, but not in the striatum (Fig. S7a).
Next, we examined changes in IL-1p and TNF-« in the
ventral midbrain by western blot analysis. The levels of
IL-1p and TNF-a tended to increase by rotenone injec-
tion, although those were not significant (Fig. S7b and
S7c). Furthermore, we examined the effects of rotenone
exposure on MT-1,2 expression in astrocytes in the SNpc
and striatum. To assess MT-1,2 expression in all types of
astrocytes, including protoplasmic astrocytes, we chose
an anti-S100p Ab as the astrocyte marker. The number of
S100B- and MT-1,2-positive astrocytes was significantly
decreased in the SNpc but not in the striatum (Fig. 8g—
j), which is consistent with the results of the cell culture
experiments (Fig. 7a).

Discussion

The present study revealed that low-dose rotenone can-
not induce neurotoxicity via direct exposure on neurons,
but midbrain-specific astrocyte-microglia crosstalk pro-
duces rotenone-induced dopaminergic neurodegen-
eration. Under normal conditions, astrocytes support
and protect neurons by supplying their energy source,
producing antioxidants and neurotrophic factors, and
removing potentially neurotoxic molecules, such as
excess glutamate, in the synaptic space [32, 37, 42, 49].
In addition, microglia maintain neuronal function by
the removal of neuronal debris and protein aggregates
[23]. Therefore, we hypothesized that glial cells protect
dopaminergic neurons against rotenone neurotoxic-
ity. However, we found that midbrain glia promoted
rotenone-induced dopaminergic neurodegeneration.
Interestingly, striatal glia had no effect on rotenone
neurotoxicity.

The mechanism of selective dopaminergic neurode-
generation induced by rotenone has yet to be elucidated.
Inhibition of complex I followed by ATP depletion can-
not fully explain the selectivity of dopaminergic neuronal
damage, and oxidative stress is considered to be involved
[10, 47]. Some studies have demonstrated that ROS are
produced via the inhibition of mitochondrial complex I
by rotenone [38, 47]. It has been suggested that dopami-
nergic neurons are vulnerable to mitochondrial defects
or oxidative damage. In this study, we showed that rote-
none altered the function of midbrain, but not striatal,
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glial cells to a neurotoxic profile without affecting mito-
chondrial complex I activity, which produced selective
dopaminergic neuronal death. In addition, we focused
on endogenous DA and DA oxidation as primary factors
of dopaminergic neuron vulnerability to rotenone. DA
is stable in synaptic vesicles under normal physiological
conditions; however, cytosolic-free DA is metabolized
by monoamine oxidase, followed by H,O, production. In
dopaminergic neurons, where transition metals are abun-
dant, H,0O, can react with metals, especially iron, to form
the most cytotoxic hydroxyl radical. In addition, cyto-
solic DA is spontaneously oxidized and produces O, and
reactive DA quinones [4]. DA quinones exert cytotoxicity
by binding with the sulfhydryl groups of various bioactive
molecules, such as the TH and DA transporters, to form
quinoproteins and inactivate these molecules [24, 26, 56].
We previously demonstrated that DA quinone is involved
in dopaminergic neurotoxicity in PD models [3, 4]. In
this study, we demonstrated that intracellular DA deple-
tion by a TH inhibitor completely inhibited the dopami-
nergic neurotoxicity induced by exposure to GCM from
rotenone-treated Mid glia. These data are in line with
previous studies that showed the involvement of DA
in rotenone-induced dopaminergic neuronal death [2,
46). Furthermore, treatment with Mid Rotenone-GCM
increased quinoprotein levels. The quinone formation is
closely linked to general oxidative stress, mitochondrial
dysfunction, inflammation, and proteasome impairment
[9, 25, 30, 58]. These findings suggest that dopaminergic
neurons are intrinsically sensitive to rotenone because
of the presence of intracellular DA and the resulting
oxidative stress. Furthermore, dysfunction of midbrain
glia would disclose the vulnerability of dopaminergic
neurons.

Here, we demonstrated that Rotenone-MCM from
Mid microglia or Rotenone-ACM from Mid astrocyte
did not affect dopamine neurons; in contrast, Rotenone-
GCM from Mid glia (astrocyte+microglia) induced
dopaminergic neurodegeneration. These results indicate
that rotenone requires midbrain astrocyte-microglia
interactions to induce dopaminergic neurotoxicity. In
our experiments, Mid glia or Str glia contained 12.3%
microglia and 87.7% astrocytes or 1.4% microglia and
98.6% astrocytes, respectively; thus, there were approxi-
mately ten times more microglia in the Mid glia than that
in the Str glia. This might raise a possibility that differ-
ences in the dopaminergic neurotoxicity of Mid and Str
Rotenone-GCM could be simply due to differences in
the proportions of astrocytes and microglia. Therefore,
we constructed astrocyte and microglial cocultures, in
which the content ratio was adjusted to Mid glia or Str
glia. Even though the microglial population in the stria-
tal astrocyte and microglial cocultures increased to 12%
to adjust to that of Mid glia, the Rotenone-CM did not
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cause dopaminergic neurotoxicity. When the content
ratio of microglia in midbrain astrocyte and microglia
cocultures decreased to 1.2%, the Rotenone-CM failed
to induce dopaminergic neurodegeneration. We conjec-
ture that neurotoxic effects might be undetectable due
to the low content of microglia. These data indicate that
rotenone-induced dopaminergic neurotoxicity is depen-
dent on a brain region-specific glial response to rotenone
exposure. Various reports, including our previous studies
of the regional heterogeneity of glia, support this hypoth-
esis. We demonstrated that MT-1,2 were upregulated
in reactive astrocytes specifically in the striatum, but
not in the cortex, in methamphetamine-injected mice
with dopaminergic nerve terminal degeneration [32]. In
addition, the administration of a serotonin 1A agonist
induced astrocyte proliferation and upregulated astro-
cytic MT expression in the striatum but not in the SN of
mice [33]. Furthermore, neurotoxin 6-OHDA treatment
upregulated Nrf2-regulating antioxidative molecules in
striatal, but not mesencephalic, astrocytes [5]. These find-
ings in our previous studies suggest regional differences,
especially in astrocytic responses to different stimuli, and
that striatal astrocytes are more reactive than midbrain
(mesencephalic) astrocytes. Like astrocytes, the regional
heterogeneity of microglia has also been recognized
[15]. The midbrain-specific microglia show an immune-
alerted phenotype, such as an increase in inflamma-
tory markers [1, 54]. It has been reported that midbrain
microglia highly express major histocompatibility com-
plex class II and toll-like receptor 4 than microglia in the
cortex, hippocampus, and striatum under basal condi-
tions [1]. The transcriptome profiles of microglia in the
midbrain are similar to those of inflammation-associated
microglia [54]. These findings suggest that regional dif-
ferences in astrocytes and microglia can contribute to
region-specific neuronal vulnerability.

Activated microglia are known to convert astrocytes to
neurotoxic Al astrocytes; Al astrocytes upregulate pro-
inflammatory factors, such as IL-1a, IL-1f3, and TNEF-q,
lose the ability to promote neuronal survival, outgrowth,
and phagocytosis, and induce neuronal death [27]. Con-
versely, astrocytes control microglial activation and
microglia-induced neuroinflammation [44]. Here, we
demonstrated that Rotenone-ACM-MCM induced dopa-
minergic neurotoxicity; however, Rotenone-MCM-ACM
did not. These results indicate that rotenone targeted
midbrain astrocytes prior to microglia in dopaminergic
neurodegeneration. As shown in Fig. 3, Rotenone-ACM
did not induce dopaminergic neuronal death. Taken
together, these results suggest that rotenone-exposed
astrocytes induce neurotoxic conversion of microglia.
To identify molecules secreted from midbrain astrocytes
by rotenone exposure that can act on microglia, we per-
formed secretomics using Control- or Rotenone-ACM
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from Mid astrocyte, and identified SPARC as a media-
tor from astrocytes to microglia. SPARC, a matricellular
protein, is known to be upregulated by reactive astro-
cytes and influences immune cell activation [45, 52].
Recent studies have demonstrated that SPARC converts
anti-inflammatory macrophages into a proinflammatory
phenotype [45]. In this study, Rotenone-ACM induced
microglial proliferation, increase in IL-1p and TNEF-
a, and NF-«xB (p65) nuclear translocation in microglia;
these effects were completely inhibited by incubation
with SPARC Ab. Furthermore, the absorption of SPARC
in Rotenone-ACM by SPARC Ab significantly prevented
Rotenone-ACM-MCM-induced dopaminergic neuro-
nal death. Taken together, these findings suggest that
midbrain astrocytes secrete SPARC by rotenone expo-
sure and induce the toxic conversion of microglia result-
ing in dopaminergic neurodegeneration. In this study,
we collected conditioned media by one-way transfer of
cultured media, i.e., astrocyte-to-microglia or microg-
lia-to-astrocyte; however, it is possible that microglia
influenced by rotenone-exposed astrocytes may fur-
ther act on astrocytes to convert them to neurotoxicity.
Therefore, bidirectional astrocyte-microglia interactions
could contribute to rotenone neurotoxicity. Furthermore,
we examined morphological changes in Mid astrocyte
after rotenone exposure and Mid microglia after treat-
ment with Control-ACM, Rotenone-ACM or Rotenone-
ACM +SPARC Ab. It is known that increase in GFAP
immunoreactivity indicates morphological activation of
astrocytes. In Mid astrocyte, GFAP signal density did not
change with rotenone exposure, suggesting that morpho-
logical activation of astrocytes did not occur by rotenone
treatment. In Mid microglia, area and perimeter of Ibal-
positive microglia were increased after treatment with
Rotenone-ACM, suggesting microglial activation; how-
ever, SPARC Ab did not inhibit the microglial activation.
These results suggest that morphological and functional
changes in astrocytes or microglia do not necessarily
coincide.

In this study, we sought to identify key molecules pres-
ent in the GCM from Mid glia in response to rotenone
exposure that promote dopaminergic neurodegeneration.
To verify brain region-specific glial reactivity, molecular
changes in GCM from Mid glia or Str glia were assessed
in this study. Secretomics identified inflammation-related
molecules as increased proteins and antioxidants, growth
factors, anti-inflammatory proteins, chaperones, and
protein degradation-related molecules as decreased pro-
teins, which were changed in Rotenone-GCM from Mid
glia but not Str glia. In addition, we detected an increase
in NFAT-related inflammatory cytokines and a decrease
in the antioxidant molecule MT-1 in Mid Rotenone-
GCM. Indeed, CDI11b-positive inflammation-related
microglia were increased in Mid glia after rotenone

(2025) 13:234

Page 20 of 24

exposure. MT-1,2 are expressed mainly in astrocytes and
secreted from the cells [14, 40], and astrocyte-derived
MTs can translocate to neurons [13]. MT scavenges
free radicals and DA quinone [31]. Our previous study
showed that MT-1,2 secreted into the extracellular space
from astrocytes protects dopaminergic neurons against
oxidative stress [32, 33]. Therefore, reducing MT secre-
tion from astrocytes into the extracellular space may sig-
nificantly impact dopaminergic neuronal survival due to
their vulnerability to oxidative stress. The present study
confirmed the contribution of MTs to glia-mediated rote-
none toxicity by supplementing recombinant MT-1 to
Mid Rotenone-GCM or by using primary cultured cells
from wild-type and MT-1,2 knockout mice.

Finally, we examined regional differences in the glial
response in PD model mice produced by treatment with
a lower dose of rotenone (2.5 mg/kg/day) compared
with previous reports [34]. The rotenone-treated mice
reproduced the behavioral and central and peripheral
neurodegenerative features of PD; the mice exhibited
motor deficits, gastrointestinal dysfunction, and neuro-
degeneration accompanied by accumulation of intracel-
lular a-synuclein in nigrostriatal dopaminergic neurons,
cholinergic neurons in the dorsal motor nucleus of the
vagus and the intestinal myenteric plexus [34]. How-
ever, mitochondrial complex I activity was not reduced
in these tissues [34]. This study demonstrated that the
number of GFAP-, S100B- and MT-1,2-positive astro-
cytes was significantly decreased in the SNpc, but not in
the striatum; in addition, the number of microglia in the
SNpc was increased. Furthermore, SPARC levels were
increased in the midbrain, but not in the striatum, of
rotenone-injected mice. These data were consistent with
the results of cell culture experiments. However, IL-1f
and TNF-a did not significantly increase in the midbrain
of PD model mice, although microglial proliferation was
observed. We examined the amounts of these proteins
in tissues in the chronic phase at 4 weeks after rotenone
administration, so the period during which the molecu-
lar events observed in the culture experiments may have
passed. Future studies at earlier time points after the
administration will be necessary. Previous studies dem-
onstrated the contribution of glial dysfunction to neuro-
degeneration in parkinsonian models [36, 50]. Solano et
al. reported that lack of a ubiquitin E3 ligase protein par-
kin, which is one of the genes responsible for early-onset
autosomal recessive PD, produced abnormal functions
of astrocytes leading to vulnerability of dopaminer-
gic neurons to oxidative stress [50]. In addition, several
reports have demonstrated that deficiency of astrocytic
DJ-1, whose mutations are also linked to autosomal
recessive PD, enhances rotenone-induced neurotoxic-
ity [36]. Moreover, inflammasome activation in microg-
lia promotes neuroinflammation and dopaminergic



Miyazaki et al. Acta Neuropathologica Communications

Midbrain Glia

Rotenone Astrocyte N
\ l,_

& L Oy

1 - AY

Vol \/n

*

SPARCT#

interaction

oo
2

Microglia

(2025) 13:234

Antioxidative
molecules *

Secreted molecules

Inflammatory
cytokines

Page 21 of 24

Oxidative stress

—————

euroinflammation

e S

Fig. 9 Schematic illustration of the possible mechanism of midbrain glia-mediated rotenone-induced dopaminergic neurodegeneration. Rotenone
targets midbrain astrocytes, which secrete SPARC and increase NF-kB (p65), TNF-a and IL-18 in microglia. The midbrain-specific astrocyte-microglia in-
teractions induce the release of inflammatory cytokines and a reduction in neuroprotective antioxidants, resulting in dopaminergic neuron-specific

neurodegeneration

neurodegeneration [7, 18]. Taken together, our findings
in this study suggest that rotenone causes brain region-
specific glial dysfunction, such as inflammatory response
and reduction in the antioxidative and neuroprotective
properties of midbrain (nigral) glia, producing dopami-
nergic neurodegeneration.

Conclusions

Our results demonstrated that rotenone targeted mid-
brain astrocytes and produced glial dysfunction-medi-
ated dopaminergic neurodegeneration. Rotenone-treated
midbrain astrocytes secreted SPARC and induced the
toxic conversion of microglia. The midbrain-specific
astrocyte-microglia interactions induced the release of
inflammatory cytokines and a reduction in neuroprotec-
tive antioxidants, resulting in dopaminergic neuron-spe-
cific neurodegeneration (Fig. 9). Our findings elucidated
the mechanism underlying selective dopaminergic neuro-
degeneration induced by rotenone. Moreover, this study
underscores the importance of recognizing the brain
region-specific glial crosstalk as a crucial promoter in
neurodegenerative diseases.
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