
Astrocyte-specific deletion of the transcription factor Yin
Yang 1 in murine substantia nigra mitigates manganese-
induced dopaminergic neurotoxicity
Received for publication, August 7, 2020, and in revised form, September 2, 2020 Published, Papers in Press, September 6, 2020, DOI 10.1074/jbc.RA120.015552

Edward Pajarillo1 , James Johnson, Jr.1, Asha Rizor1, Ivan Nyarko-Danquah1, Getinet Adinew1, Julia Bornhorst2,
Michael Stiboller3, Tania Schwerdtle3, Deok-Soo Son4, Michael Aschner5, and Eunsook Lee1,*
From the 1Department of Pharmaceutical Sciences, Florida A&M University, Tallahassee, Florida, USA, the 2Food Chemistry,
Faculty of Mathematics and Natural Sciences, University of Wuppertal, Wuppertal, Germany, the 3Department of Food
Chemistry, Institute of Nutritional Science, University of Potsdam, Nuthetal, Germany, the 4Department of Biochemistry and
Cancer Biology, Meharry Medical College, Nashville, Tennessee, USA, and the 5Department of Molecular Pharmacology, Albert
Einstein College of Medicine Bronx, New York, New York, USA

Edited by Paul E. Fraser

Manganese (Mn)-induced neurotoxicity resembles Parkin-
son’s disease (PD), but the mechanisms underpinning its effects
remain unknown. Mn dysregulates astrocytic glutamate trans-
porters, GLT-1 andGLAST, and dopaminergic function, includ-
ing tyrosine hydroxylase (TH). Our previous in vitro studies
have shown that Mn repressed GLAST and GLT-1 via activation
of transcription factor Yin Yang 1 (YY1). Here, we investigated
if in vivo astrocytic YY1 deletion mitigates Mn-induced dopa-
minergic neurotoxicity, attenuating Mn-induced reduction in
GLAST/GLT-1 expression in murine substantia nigra (SN).
AAV5-GFAP-Cre-GFP particles were infused into the SN
of 8-week–old YY1flox/flox mice to generate a region-specific
astrocytic YY1 conditional knockout (cKO) mouse model. 3
weeks after adeno-associated viral (AAV) infusion, mice were
exposed to 330 mg of Mn (MnCl2 30 mg/kg, intranasal instilla-
tion, daily) for 3 weeks. After Mn exposure, motor functions
were determined in open-field and rotarod tests, followed by
Western blotting, quantitative PCR, and immunohistochemis-
try to assess YY1, TH, GLAST, and GLT-1 levels. Infusion of
AAV5-GFAP-Cre-GFP vectors into the SN resulted in region-
specific astrocytic YY1 deletion and attenuation of Mn-induced
impairment of motor functions, reduction of TH-expressing
cells in SN, and THmRNA/protein levels in midbrain/striatum.
Astrocytic YY1 deletion also attenuated the Mn-induced de-
crease in GLAST/GLT-1 mRNA/protein levels in midbrain.
Moreover, YY1 deletion abrogated its interaction with histone
deacetylases in astrocytes. These results indicate that astrocytic
YY1 plays a critical role in Mn-induced neurotoxicity in vivo, at
least in part, by reducing astrocytic GLAST/GLT-1. Thus, YY1
might be a potential target for treatment of Mn toxicity and
other neurological disorders associated with dysregulation of
GLAST/GLT-1.

Manganese (Mn) is an essential trace element that is natu-
rally found in the environment and is a necessary cofactor for
several enzymes that support metabolism, development, and
neuronal function (1). However, chronic exposure toMn causes
a neurological disorder referred to as manganism (2), sharing

common clinical and pathological symptoms with Parkinson’s
disease (PD), such as dopaminergic dysfunction andmotor defi-
cits (2). Mn overexposure has been a public health concern due
to its widespread industrial usage and risk for environmental
contamination (3–5). High levels of Mn in South African mine
workers have been associated with increased parkinsonian
symptoms and poorer quality of life (4). Mn also lowers cogni-
tion and IQ in children (5) and adults (3, 6). Experimental ani-
mal studies have also shown that Mn impairs cognitive and
memory function in mice (7–9), indicating it is a risk factor for
neurodegenerative disorders associated with cognitive and
motor functions.
Although numerous studies have reported pathological

mechanisms of Mn-induced neurotoxicity, the molecular
mechanisms are not completely understood. Mn induces
oxidative stress (10), mitochondrial dysfunction (11), inflam-
mation (12), and apoptotic cell death (13). In addition, Mn-
induced excitotoxicity is critically involved in its neurotoxic-
ity, as N-methyl-D-aspartate (NMDA) receptor antagonist
MK801 attenuated its toxicity in the rat model (14).
Mn-induced excitotoxic neuronal injury may also be associ-

ated with astrocytic glutamate transporter impairment (15),
but the mechanisms of Mn-induced dysregulation of glutamate
neurotransmission has yet to be established. The glutamate
aspartate transporter 1 (GLAST) and glutamate transporter 1
(GLT-1) are responsible for the majority of glutamate reuptake
from the synaptic cleft, preventing the accumulation of excess
glutamate (16–19). GLAST and GLT-1 may be used inter-
changeably with their human homologs excitatory amino acid
transporters 1 (EAAT1) and 2 (EAAT2), respectively. Our pre-
vious studies have shown that Mn decreased astrocytic expres-
sion of both GLAST/EAAT1 and GLT-1/EAAT2 at the tran-
scriptional level (20, 21).
As astrocytes predominantly express GLAST and GLT-1,

impairment of these transporters can lead to excitotoxic neuro-
nal injury (22, 23). In fact, dysregulation of astrocytic glutamate
transporters GLAST and GLT-1 is associated with not onlyMn
toxicity, but also several other neurodegenerative diseases,
such as Alzheimer’s disease (AD) (24), PD (25), and ALS (26).
Accordingly, various pharmacological agents have been explored*For correspondence: Eunsook Lee, eunsook.lee@famu.edu.
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to restore these transporters and treat neurological disorders
associated with impairment of these transporters. For example,
ceftriaxone, a b-lactam antibiotic, increases GLT-1 expression
and affords protection against several neurotoxicants such as 1-
methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) (27) and 6-
hydroxydopamine (6-OHDA) (28, 29), as well as pathological
conditions such as ischemia (30), traumatic brain injury (31), and
AD (32). We have previously reported that estrogenic com-
pounds, such as 17b-estradiol and selective estrogen receptor
modulators including tamoxifen and raloxifene, and arundic acid
increased GLAST and GLT-1 mRNA/protein levels, and attenu-
ated Mn-induced impairment of these transporters in astrocyte
culture and in mice (15, 33–35). Histone deacetylase (HDAC)
inhibitors, such as sodium butyrate and valproic acid, also attenu-
ated Mn-induced dysregulation of GLAST/GLT-1 in astrocyte
culture and dopaminergic neurotoxicity in mouse models, indi-
cating that epigenetic modification could also play a significant
role inMn-induced neurotoxicity (34, 35).
Although pharmacological approaches may be effective in

increasing expression and function of GLT-1/GLAST and neu-
roprotection, they may also exert other unwanted effects by
binding to nonspecific sites. On the other hand, the identifica-
tion of target genes that modulate GLT-1/GLAST can provide
another avenue with more selective mechanisms, such as oligo-
nucleotide therapeutics (i.e. those based on antisense RNAs,
siRNA, and microRNA) (36). A transcription factor Yin Yang 1
(YY1) is known to activate or repress transcription of its target
genes, depending on the cellular context and co-factor availabil-
ity (37). Dysregulation of YY1 is implicated in various neurode-
generative disorders, such as PD, ALS, AD, Charcot-Marie-
Tooth disease, and Rett syndrome (38–44). YY1 repressed
GLAST promoter activity in chick cerebellar Bergmann glia
cells (45), which was reversed by HDAC inhibitor valproic acid,
indicating that YY1 interacts with HDACs to repress GLAST
(46). YY1 also interacts with astrocyte elevated gene-1 (AEG-1)
as a co-repressor to inhibit GLT-1 expression, leading to
reduced glutamate uptake in astrocytes (47). Importantly, we
have previously reported that Mn increased YY1 expression,
which recruited the epigenetic modifiers HDACs to repress
GLAST/GLT-1 by binding YY1 consensus sites in the GLT-1
and GLAST promoters in astrocytes (20, 21). This indicates that
astrocytic YY1 might be a potential target for genetic manipula-
tion to treat Mn toxicity, given that at least in vitro YY1 medi-
ated Mn-induced decrease in GLT-1/GLAST expression and
function (20, 21).
Adeno-associated viral (AAV) vectors are nonpathogenic

and efficient for transgene expression in vivo (48). Proper selec-
tions of AAV serotype, gene promoter, and region of interest
are critical for successful gene delivery. There are over 100
AAV serotypes that differ in the binding capacity of capsid pro-
teins to specific cell surface receptors, which can transduce dif-
ferent cell types and brain regions in the CNS (48). Several
AAV serotypes, such as AAV1, AAV2, AAV4, AAV5, AAV8,
and AAV9, have been expressed in the central nervous system
(CNS) (49). AAV vector serotypes 5 and 8 showed greater tro-
pism and efficiency in expressing transgenes in astrocytes (48,
50). The glial fibrillary acidic protein (GFAP) promoter has
been used to target astrocytes for AAV vector protein expres-

sion. Although GFAP is expressed in other cell types, such as
ependymal cells during development, and radial glial progeni-
tor cells in adult neurogenic niches (51), this gene is mainly
expressed in astrocytes and its promoter is commonly used to
express proteins in astrocytes (52). GFAP promoter-driven
expression of Cre recombinase (Cre) is widely used and recog-
nized for gene therapy as well as deletion of target genes in
astrocytes (53). Accordingly, in the present study, the GFAP
promoter was used to express Cre (AAV5-GFAP-Cre-GFP)
and delete YY1 in the astrocytes of YY1 loxP mice. Because Mn
preferentially accumulates in the basal ganglia, causes dopami-
nergic neuronal injury, and induces behavioral deficits and
impaired motor coordination (35), we deleted astrocytic YY1 in
the substantia nigra (SN), where dopaminergic neuronal cell
bodies are localized.
Our results demonstrated that astrocytic YY1 deletion atte-

nuated the Mn-induced impairment in locomotor activity and
coordination. Moreover, this YY1 deletion attenuated Mn-
induced reduction of TH-positive cells in SN, concomitant to
the mitigation of Mn-induced down-regulation of GLAST and
GLT-1 in SN, suggesting that Mn-induced activation of astro-
cytic YY1 may reduce expression of astrocytic GLT-1 and
GLAST, leading to excitotoxic dopaminergic neuronal injury.

Results

Infusion of GFAP-Cre-GFP AAV5 particles into murine SN
induces astrocyte-specific expression of GFAP-Cre
recombinase

We used YY1-loxP homozygous mice (8 weeks old) to delete
YY1 in astrocytes of the SN region of mouse brains to deter-
mine the effects of astrocytic YY1 inMn-induced dopaminergic
neurotoxicity. This model ensures that YY1 is deleted in the
area where the AAV particles were infused (Fig. 1). We used
equal numbers of male and female YY1 loxP mice, and they did
not exhibit sex-specific effects in our experimental conditions
(data not shown). After mice were randomly grouped, AAV5-
GFAP-Cre-GFP vectors to express Cre recombinase or AAV5-
GFAP-GFP vectors (as control vectors) were infused into both
sides of the SN region of themouse brain (Fig. 1A). This control
vector was used to eliminate potential effects of the AAV vector
injection itself (54). Because this YY1 loxP mouse model has an
insertion of loxP-flanked sequences on exon 1 of YY1 (55),
AAV5-GFAP-Cre vectors will delete exon 1 of the YY1 gene in
the Cre recombinase (Cre)-expressing astrocytes, resulting in
astrocyte-specific YY1 deletion (Fig. 1B).
Our previous in vitro studies have shown that astrocytic YY1

played a critical role in Mn-induced reduction of glutamate
transporters GLT-1 and GLAST. Here, we tested if astrocytic
YY1 deletion affords protective effects against Mn-induced do-
paminergic neurotoxicity in vivo after 3 weeks of Mn exposure
(Fig. 1C), concomitant with attenuation of Mn-induced repres-
sion of GLAST andGLT-1 in astrocytes.
To validate the sites of the viral vector infusion into the SN

regions where dopaminergic neuronal cell bodies are located,
we performed IHC 3 weeks after infusion of the vectors into the
SN region of YY1-floxed mice. The results showed that the
AAV5-GFAP-GFP vectors expressed the GFAP promoter-
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driven GFP protein as an indicator for the infused vectors in
astrocytes of the SN regions where TH-expressing dopaminer-
gic neurons are localized (Fig. 2A). YY1 expression was also co-
localized with GFP-expressing astrocytes and TH-expressing
dopaminergic neurons (Fig. 2B). Infusion of AAV5-GFAP-Cre-
GFP vectors into the SN of YY1-floxed mice expressed Cre in
GFAP-expressing astrocytes (Fig. 2C). We found that AAV5
was successfully injected, expressing GFP fluorescence protein
in the SN region of the mouse brain (Fig. 2A). In addition,
GFAP-expressing cells (astrocytes) were highly co-localized
with Cre (Fig. 2C, red), indicating that Cre is expressed in
astrocytes.

Intranasal instillation of Mn increased Mn levels in mouse
brain regions

To determine whether intranasal delivery of Mn exposure
reached the brain and increased Mn levels, particularly the
midbrain, where the AAV vectors were infused, we measured
Mn content in the midbrain, striatum, frontal cortex, hippo-
campus, and cerebellum by means of inductively coupled
plasma (ICP)-MS/MS. The results showed that Mn levels
were significantly increased in all brain regions except for the
hippocampal regions (Fig. 3). Mn levels were increased about
2-fold, depending on the regions. The highest increase of Mn
levels was in midbrain regions where dopaminergic cell
bodies are localized, followed by the cerebellum, striatum,
and cortex.
Because alteration of Mn levels can modulate other metals

that share the same transporters, Fe, Cu, and Zn contents were
also measured in mouse brain regions after 3 weeks of Mn ex-
posure via intranasal instillation. The results showed that ele-
vated Mn levels in the brain significantly decreased levels of Fe,

Cu, and Zn in the frontal cortex (Fig. 4). Mn also decreased Cu
and Zn levels in the cerebellum (Fig. 4, B and C). In addition,
Mn significantly decreased Cu levels in the hippocampus (Fig.
4B) and Zn levels in themidbrain (Fig. 4C).

Mn-induced increase in YY1 expression and its interaction
with HDACs were attenuated by astrocytic YY1 deletion in the
SN region

Because infusion of AAV5-GFAP-Cre-GFP vectors into the
SN region of the mouse brain leads to expression of Cre ex-
clusively in astrocytes, we tested if astrocytic YY1 is deleted by
Cre in astrocytes. We found that AAV5-GFAP-Cre vectors
decreased cells co-expressing both GFAP and YY1 in the SN of
the mouse brain, compared with the control AAV-GFAP-GFP
vector infusion (Fig. 5A), indicating that YY1 levels in GFAP-
expressing astrocytes were decreased by Cre expression. Other
cell types adjacent to astrocytes (GFAP-expressing cells) were
immunostained for YY1 expression (Fig. 5A, red), indicating
that YY1 is deleted only in astrocytes. Moreover, astrocytic YY1
deletion by Cre in the SN region of YY1-loxP mice decreased
YY1 mRNA and protein levels in the midbrain (Fig. 5, B and C).
Mn increased YY1 mRNA and protein levels in the midbrain,
whereas astrocytic YY1 deletion attenuated Mn-induced YY1
expression significantly (Fig. 5, B andC). Mn increased YY1 lev-
els in the astrocytic YY1-deletedmidbrain, indicating that these
increased YY1 levels could be from other cell types, such as oli-
godendrocytes, microglia, and/or neurons (Fig. 5C).
Because YY1 interaction with HDACs is involved in Mn-

induced repression of GLT-1 and GLAST in in vitro settings
(20, 21), we tested if astrocytic YY1 deletion in the SN also
inhibits the YY1-HDAC complex. We used HDAC1 as repre-
sentative class I HDACs and HDAC4 as class II. The results
showed that Mn significantly increased interaction of YY1 with
HDAC1 as well as HDAC4 in the SN/midbrain of mice infused
with AAV5-GFAP-GFP mice (Fig. 5D). On the other hand,
interactions of YY1 with HDAC1/4 were detected at low levels
in both control and Mn-treated astrocytic YY1-deleted mice
with AAV5-GFAP-Cre (Fig. 5D).
The proximity ligation assay (PLA) was also performed to

determine whether interaction of YY1 and HDAC1 occurs in
astrocytes of the SN. Results showed interaction of YY1 and
HDAC1 in astrocytes as well as other cell types (Fig. 5E). Mn
increased YY1-HDAC1 proximity ligation signals in astro-
cytes, but astrocytic YY1 deletion abrogated YY1-HDAC1
proximity ligation signals in astrocytes of the SN of Mn-
treated mice (Fig. 5E).

Astrocytic YY1 deletion in the SN attenuated Mn-induced
impairment of locomotor activity and motor coordination

Because nigrostriatal dopaminergic function regulates motor
function, and Mn-induced dopaminergic neurotoxicity is asso-
ciated with impairment of motor function (56, 57), we tested if
astrocytic YY1 deletion in the SN attenuates Mn-induced
motor deficits. Astrocytic YY1 deletion was bilaterally induced
in murine SN by infusion of AAV5-GFAP-Cre vectors into
both sides as to prevent potential motor impairments from a
unilateral YY1 deletion (58). First, we determined if astrocytic

Figure 1. Schematic diagram of the experimental paradigm. A, coordi-
nates of stereotaxic injection and bilateral infusion of AAV vectors into the
SN of the mouse brain. B, genomic deletion of astrocytic YY1 by GFAP-Cre
expression in astrocytes of the SN regions of YY1-loxP mice using a Cre-lox
method. To induce astrocyte-specific YY1 deletion, AAV5-GFAP-Cre-GFP vec-
tors were infused into the SN, using AAV5-GFAP-GFP vectors as control vec-
tors. C,Mn exposure (30 mg/kg, intranasal instillation, daily for 3 weeks) after
bilateral infusion of AAV5 particles into the SN regions of the mouse brain, as
described under “Experimental procedures.” 3 weeks after AAV5 infusion,
MnCl2 was administered intranasally into both nostrils alternately and dis-
tilled water was used as a vehicle.
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YY1 deletion itself couldmodulate motor functions of mice at 3
weeks after AAV5-GFAP-Cre particle infusion, and we found
no difference compared with the control AAV5-GFAP particle
infusion (data not shown). To determine whether astrocytic
YY1 deletion attenuates Mn-induced motor deficits, we
assessed open-field movement on total distance traveled and
motor coordination. As shown in Fig. 6, Mn decreased total
movement and distance traveled (Fig. 6, A and B) as well as la-
tency to fall from the rotarod (Fig. 6C), indicating that Mn
impaired locomotor activity and motor coordination, respec-
tively. On the other hand, astrocytic YY1 deletion in the SN
regions attenuated Mn-induced impairment of behavior and
motor coordination (Fig. 6).

Astrocytic YY1 deletion attenuates Mn-induced decrease of
dopaminergic TH expression in the SN of mouse brain

Given that Mn impairs locomotor activity in mice with con-
comitant reduction of TH expression in dopaminergic neurons
in both in vitro and in vivo experimental models (10, 35),
we determined if deletion of astrocytic YY1 modulates Mn-
decreased TH-expressing dopaminergic neurons in SN. Expres-
sion of Cre with AAV5-GFAP-Cre-GFP vector infusion did not
alter TH expression, showing similar TH expression to that of the
control AAV5-GFAP-GFP vector infusion (Fig. 7A). Mn expo-
sure decreased TH-positive cells in the SN of mice infused with
AAV5-GFAP-GFP vectors (Fig. 7A), whereas astrocytic YY1 dele-
tion by infusion of AAV5-GFAP-Cre-GFP vectors attenuated

Figure 2. Validation of AAV vector infusion into the murine SN and Cre recombinase expression in astrocytes. 3 weeks after AAV vector infusion, the
mouse brain was perfused and coronal sectionswere stainedwith antibodies for GFAP and Cre as described under “Experimental procedures.” A, cells express-
ing GFP (green, 4 3 magnification) depict the site of AAV vector infusion in SN regions where TH-expressing dopaminergic neurons are localized (red, TH;
green, GFP;310 magnification).White arrows, GFP-expressing astrocytes in SN. B, YY1 is co-expressed with GFP-expressing astrocytes (top panel), and the bot-
tom panel shows expression of YY1 (blue), TH-expressing dopaminergic neurons (red) and GFP-expressing astrocytes (green) in SN 3 weeks after AAV5-GFAP-
GFP (GFAP-control) vector infusion (320 magnification).White arrows show YY1 co-expressing with GFP. C, coronal sections immunostained with GFAP and
Cre antibodies showed co-localized expression of GFAP (green) and Cre (red) in the SN region, indicating that Cre was expressed in astrocytes (320 magnifica-
tion).White arrows show Cre co-expressingwith GFAP.

Figure 3. Mn exposure via intranasal instillation increased Mn levels in various regions of the mouse brain.Mice were treated with MnCl2 (30 mg/kg,
daily) for 3 weeks via intranasal instillation. Twenty-four hours after the last Mn treatment, mouse brain tissues were dissected, and Mn levels in each region
were measured by ICP-MS/MS, as described under “Experimental procedures.” CX, frontal cortex; HP, hippocampus; ST, striatum;MB, midbrain; CB, cerebellum.
**, p, 0.01; ***, p, 0.001; ****, p, 0.0001 comparedwith each other by Student’s t test; n = 7-10. Data are expressed as mean6 S.D.
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Mn-decreased TH-positive cells in the same region (Fig. 7A). Mn
also decreased TH mRNA and protein levels, whereas astrocytic
YY1 deletion attenuated Mn-decreased TH mRNA and protein
levels in the midbrain (Fig. 7, B and C). Interestingly, astrocytic
YY1 deletion in the SN region attenuated Mn-decreased TH
mRNA and protein levels in the striatal regions of the mouse
brain (Fig. 7, D and E), indicating that astrocytic YY1 deletion in
the SN region affects the striatal region where SN’s dopaminergic
nerve terminals are localized.

Astrocytic YY1 deletion attenuates the Mn-induced decrease
in GLT-1 and GLAST mRNA and protein levels in the SN of
mouse brain

Next, we determined if the in vitro effects of YY1 deletion on
GLT-1/GLAST are recapitulated in an in vivo mouse model.
The results showed that Mn significantly decreasedmRNA and
protein levels of GLAST and GLT-1 in the SN/midbrain of
mice treated with the control AAV5-GFAP-GFP vectors (Fig. 8,
A–D). In addition, astrocytic YY1 deletion by infusion of the
AAV5-GFAP-Cre-GFP vectors did not change GLAST and
GLT-1 expression levels in the midbrain. However, Mn-
decreased mRNA and protein levels of GLAST and GLT-1 in

the midbrain were significantly attenuated by astrocytic YY1
deletion (Fig. 8,A–D).
We also examined if astrocytic YY1 deletion modulated Mn-

induced microglial activation. The results showed that Mn sig-
nificantly increased Iba1-positive cells in the SN of control
mice (Fig. 9). However, Mn-enhanced Iba1-positive cells were
significantly attenuated in YY1-deleted astrocytes of the SN
(Fig. 9).

Discussion

Our findings demonstrate, for the first time, that astrocytic
YY1 deletion in the SN of YY1-floxed mice by infusing the
AAV5-GFAP-Cre particles attenuated Mn-induced impair-
ment of locomotor activity and TH reduction in dopaminergic
neurons in the nigrostriatal pathway. Astrocytic YY1 deletion
also attenuated the Mn-induced decrease in GLAST and GLT-
1 mRNA/protein levels in the midbrain, indicating that astro-
cytic YY1 plays a critical role in Mn-induced dopaminergic
neurotoxicity. The attenuating effects by astrocytic YY1 dele-
tion might be associated with the attenuation of dysregulation
of astrocytic glutamate transporters, and consequent glutamate
overstimulation in the synaptic clefts, which leads to excito-
toxic neuronal injury.

Figure 4. Mn elevation decreases accumulation of other divalent metals (Fe, Cu, and Zn) in the brain. A–C, after mice were treated daily with MnCl2 (30
mg/kg) for 3 weeks via intranasal instillation, levels of Fe (A), Cu (B), and Zn (C) were measured in various regions of the mouse brain by ICP-MS as described
under “Experimental procedures.” CX, frontal cortex; HP, hippocampus; ST, striatum; MB, midbrain; CB, cerebellum. #, p , 0.05; ##, p , 0.01; ###, p , 0.001,
compared with each other by Student’s t test; n = 7–10. Data are expressed asmean6 S.D.
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The infusion of AAV particles into the SN region of YY1
loxP mouse brain could be advantageous over the whole body
deletion of astrocytic YY1, an astrocyte-specific YY1 condi-
tional knockout (YY1 cKO) mouse model because manipulat-
ing gene expression in a specific region would only affect the
region of interest compared with the YY1 cKO mouse model,
which deletes astrocytic YY1 in the entire CNS.
AAV5 serotype among many serotypes works effectively to

express Cre, which deletes loxP-flanked sequences in astrocytes
under control of the astrocytic GFAP promoter (Fig. 2), corrob-
orating a previous report (50) that this serotype efficiently
expressed transgene in astrocytes. Although gene delivery to
the CNS has largely been focused on neurons, targeting astro-
cytes might offer added advantages over neurons. It has been
shown that AAV-mediated gene delivery of glial cell line-
derived neurotrophic factor into astrocytes exerted protective
effects against dopaminergic neurotoxicity induced by MPTP
and 6-OHDA (52). Because gene delivery of neurotrophic fac-
tors to neuronal cells can be distributed through long-distance
neuronal projections (52), targeting astrocytes could exert the
same protection in dopaminergic neurons without spreading

gene expression in the regions where neurons innervate (52).
We used the GFAP promoter in AAV vector transduction into
astrocytes, as it has been widely used to express transduced
genes in astrocytes (53). Because GFAP is known to be
expressed in other cell types such as radial glial progenitor cells
and ependymal cells during developmental stages, the GFAP
promoter-driven AAV infusion into the adult brain can elimi-
nate this potential problem of expressing transgenes in other
cell types. Taken together, our results indicate that AAV gene
delivery strategies appear to develop cell-, region- and gene-
specific targeted treatments.
The Mn exposure paradigm used in the present study is

highly relevant to studying Mn-induced neurotoxicity, as the
motor deficits and neuropathology recapitulate many aspects
of human manganism (59). The intranasal delivery of MnCl2
(800 mg) increasedMn levels in the rat brain as well as in the ol-
factory bulb and tubercle (60). In our study, intranasal instilla-
tion of Mn exposure (30 mg/kg of MnCl2 or 330 mg of Mn) for
3 weeks accumulated Mn in the mouse brain, particularly the
basal ganglia including midbrain and striatum (Fig. 3), which
are closely associated with Mn-induced motor deficits and

Figure 5. Astrocytic YY1 deletion by infusion of AAV-GFAP-Cre-GFP viral vectors into the SN attenuatesMn-increased YY1 expression and YY1 inter-
action with HDACs. A, after AAV infusion, coronal sections were stained with antibodies for GFAP and YY1, followed by IHC as described under “Experimental
procedures.” Cells stained with GFAP (green) depict astrocytes and YY1 (red) indicates YY1 expression (340 magnification). B and C, after Mn treatment, mid-
brain samples were extracted for total RNA and protein, followed by qPCR andWestern blotting, as described under “Experimental procedures.” YY1mRNA (B)
and protein (C) levels in themidbrain were measured. GAPDHwas used as loading controls of mRNA and protein.D,midbrain samples were tested for interac-
tion of YY1 with HDAC1 and/or HDAC4 by co-IP as described under “Experimental procedures.” E, interaction of YY1 and HDAC1 in the SN of the mouse brain
was determined by proximity ligation assay (340 magnification). GFAP (green), YY1-HDAC1 proximity ligation signal (red), and DAPI (blue). *, p , 0.05 com-
pared with the controls; ##, p, 0.01; ###, p, 0.001; @@, p, 0.01 compared with each other (one-way ANOVA followed by Tukey’s post hoc test; n = 3). Data
are expressed as mean6 S.D.
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neuropathology of manganism. This Mn exposure paradigm
elicited dopaminergic neurotoxicity and movement impair-
ment inmice (61). Moreover, this Mn exposure route increased
Mn levels in olfactory bulbs, causing olfactory deficits (62). Mn
exposure via this route can be transported directly into the
brain through olfactory nerves without passing the blood-brain
barrier, although some of it could reach the brain systemically
(63, 64). Mn is known to accumulate in the SN of rats (65) and
mice (66). Given that the SN is embedded in the midbrain, Mn
can directly cause dopaminergic dysfunction. The highest
increase of Mn levels in the midbrain supports theMn’s prefer-
ential neurotoxicity in the nigrostriatal pathway (57, 67). In
addition to striatum and SN, Mn levels were significantly
increased in the frontal cortex and cerebellum (Fig. 3), corrobo-
rating previous reports of Mn’s distribution in the brain (67).
The anatomical pathways connecting the olfactory bulb to vari-
ous brain regions such as the cortex and basal ganglia (68) can
explain increased Mn levels throughout the brain regions.
Interestingly, hippocampal Mn levels were not significantly
increased in our experimental paradigm of Mn exposure. Stud-
ies have shown thatMn accumulatedmore in the hippocampus
of younger rats compared with older rats (69), indicating that
distribution of Mn differs between mature (adult) and imma-
ture (neonatal) animals. Nevertheless, hippocampal Mn levels
were significantly increased regardless of its route (70, 71).
Thus, Mn accumulation in the hippocampus may be delayed
compared with other regions depending on experimental
conditions.
Our findings show that Mn accumulation in the mouse brain

decreased levels of other divalent metals such as Fe, Cu, and Zn
in several brain regions (Fig. 4). These divalent metals compete

for the same transporters, including divalentmetal transporter-
1 (72), and therefore, Mnmay inhibit the accumulation of these
metals by inhibiting their transport. For example, Fe deficiency
has been shown to increase brain Mn levels in humans and
rodents (73, 74). Mn and Fe compete for transporters such as
divalent metal transporter-1 and transferrin receptor for
uptake (75). Mn accumulation in the brain has also been shown
to decrease Cu levels, corroborating earlier studies (76, 77). On
the other hand, studies showed that Mn increased or failed to
change brain Cu levels (70, 78). Regarding Zn, because Mn is
transported by the two ZIP proteins, ZIP8 and ZIP14 (79), Mn
may compete with Zn for those transporters, resulting in inhi-
bition of Zn uptake and accumulation in the mouse brain
regions, such as midbrain, cortex, and cerebellum. Mn expo-
sure also lowers Zn levels in the rat brain (67, 70, 80), which
could lead to low activities of Zn-containing enzymes, such as
acid phosphatase, alkaline phosphatase, and superoxide dismu-
tase (80). These findings suggest that Mn can induce a defi-
ciency of essential trace metals. Other studies reported that Mn
increased brain Zn levels (75, 81) or had no effect on Zn levels
in the rat brain (78). Interestingly, among Fe, Cu, and Zn, only
Zn levels were decreased in the midbrain by our Mn exposure
paradigm, suggesting further study is necessary to understand
the differential effects of Mn exposure on the levels of other
metals in themidbrain. This discrepancy could be due to differ-
ent experimental conditions, models, and settings.
Impairment of the astrocytic GLAST and GLT-1 might be

closely associated with Mn-induced dopaminergic neurotoxic-
ity. Astrocytic glutamate transporters GLT-1 and GLAST play
a critical role in glutamate uptake into astrocytes and clearance
to prevent excess glutamate accumulation in the synapse and

Figure 6. Deletion of astrocytic YY1 in SN attenuates Mn-induced impairment of locomotor activity and motor coordination. After Mn exposure
(MnCl2, 30 mg/kg, intranasal instillation, daily for 3 weeks), locomotor activity and motor coordination were measured as described under “Experimental pro-
cedures.” A, the traces show one mouse’s movement, and red dots depict vertical activity as a representative. B, total distance traveled, and C, time spent on
the rotating rod. ###, p , 0.001 compared with the controls. @, p , 0.05; @@@, p, 0.001 compared with each other (one-way ANOVA followed by Tukey’s
post hoc test; n = 12). Data are expressed as mean6 S.D.
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subsequent excitotoxic neuronal death (82). Dysregulation of
GLT-1/GLAST and aberrant glutamate neurotransmission
contributes to the pathogenesis of various neurological disor-
ders including Mn-induced neurotoxicity and PD (10, 24, 83,
84).We have previously reported thatMn decreased expression
of GLT-1 and GLAST mRNA and protein levels in astrocytic
cultures (15). It appears that impairments of glutamate trans-
porters are also associated with many other neurotoxins caus-
ing PD pathogenesis, such as 6-OHDA and MPTP (85). 6-
OHDA decreased striatal GLT-1/GLAST levels (84) and
increased glutamate activation on NMDA receptors in the rat
model (86). The NMDA receptor antagonist Ro 25-6981 atte-
nuated behavioral deficits of 6-OHDA and MPTP-treated ani-
mals (87), supporting the role of dysregulation of glutamate
neurotransmission in PD pathogenesis. GLT-1 up-regulation
was critical for protective effects of ginsenoside Rb1 on dopa-
minergic cells against MPTP-induced injury in mice (88).
There is also mounting evidence supporting the important role
of glutamate transporters in the glutamatergic excitotoxicity

seen in PD patients (89, 90). Moreover, higher astrocytic GLT-
1 expression was correlated with the improved cognitive func-
tion in human subjects with AD pathogenesis (91), underscor-
ing the role of GLT-1 in neurodegenerative diseases.
Mn activated the transcription factor YY1, leading to

decreased GLT-1/GLAST mRNA/protein levels in astrocyte
culture (21), indicating a potential role for YY1 in Mn-induced
neurotoxicity. Accordingly, the results from the present study
confirm that deletion of astrocytic YY1 attenuatedMn-induced
reduction of GLAST/GLT-1 and dopaminergic neuronal toxic-
ity in an in vivo mouse model, suggesting that YY1 could be a
highly relevant molecular target to treat Mn neurotoxicity. In
addition to astrocytic GLT-1/GLAST, YY1may directly repress
TH expression in dopaminergic neurons, but astrocytic YY1,
possibly via repression of astrocytic GLT-1/GLAST, plays a
central role in Mn-induced dopaminergic neurotoxicity. It has
been reported that increased YY1 levels were correlated with
reduced GLT-1/EAAT2 levels in an ALS animal model (44).
YY1 is essential in oligodendrocytic functions such as

Figure 7. Deletion of astrocytic YY1 attenuates Mn-induced decrease of TH expression in SN/midbrain and striatum. A, after Mn exposure (MnCl2, 30
mg/kg, intranasal instillation, daily for 3 weeks), mice were perfused, and coronal sections of brain tissues were immunostained with TH antibody as described
under “Experimental procedures.” The expression of TH protein was shown as red fluorescence signals (TRITC) in the SN of the mouse brain (310 magnifica-
tion). B–E, after Mn treatment, midbrain (B and C) and striatal (D and E) regions were processed for THmRNA and protein levels by qPCR andWestern blotting,
respectively, as described under “Experimental procedures.” GAPDH was used as a loading control. *, p , 0.05; #, p , 0.05; ###, p , 0.001 compared with
GFAP-GFP/vehicle; @, p, 0.05; @@@, p, 0.001 compared with each other (one-way ANOVA followed by Tukey’s post hoc test; n = 3). Data are expressed as
mean6 S.D.
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myelination (92), indicating that YY1 plays various roles in dif-
ferent cell types.
YY1 is known to interact with epigenetic regulators such as

co-activators (i.e. histone acetyltransferases) and co-repressors
(i.e. HDAC) (93). HDAC1 as representative of class I as well as
HDAC4 of class II interacted with YY1 in midbrain/SN (Fig.
5D), indicating that HDACs serve as co-repressors of YY1 in
repressing target genes including GLAST and GLT-1. YY1-
HDAC complex regulated Mn-induced GLT-1/EAAT2 and
GLAST/EAAT1 repression (20, 21). These findings suggest
that interaction of YY1 and HDACs play a critical role in Mn-
reduced astrocytic GLT-1/GLAST expression in the mouse
brain, corroborating our previous studies in astrocyte cultures
(20, 21).
In addition to the dysregulation of astrocytic glutamate

transporters, astrocytic YY1 is involved in Mn-induced micro-
glial activation (Fig. 9) as astrocytic YY1 deletion attenuated
Mn effects. YY1 increased production of cytokines in astrocytes
(94), indicating that YY1 can possibly produce and release
some harmful factors such as cytokines, which may lead to acti-
vation of microglia. This is supported by the studies that astro-
cyte-microglia cross-talk plays an essential role in inflamma-
tory responses inMn toxicity (12).

Taken together, our findings that astrocytic YY1 deletion in
the SN region attenuated Mn-induced reduction of GLT-1/
GLAST mRNA/protein levels, with concomitant protection of
dopaminergic neurons againstMn toxicity, clearly demonstrate
the role of astrocytic YY1 in Mn-induced repression of GLAST
and GLT-1 and dopaminergic neurotoxicity (Fig. 10). Because
impairment of astrocytic glutamate transporters is also associ-
ated with many other neurodegenerative diseases, such as AD
and PD, identifying cellular/molecular targets, potentially
astrocytic YY1, to attenuate or restore astrocytic GLAST and
GLT-1 expression and thereby, preventing excitotoxic neuro-
nal injury is highly demanding. Our findings from the present
study open unique avenues to explore therapeutic interven-
tions targeting YY1 to treat Mn neurotoxicity, as well as other
neurodegenerative diseases associated with the dysfunction of
astrocytic glutamate transporters.

Experimental procedures

Materials

Reagents were purchased from Invitrogen unless stated oth-
erwise. Manganese chloride (MnCl2) was obtained from Milli-
pore Sigma. Antibodies for Cre-recombinase, YY1, Iba1, Alexa

Figure 8. Astrocytic YY1 mediates Mn-induced down-regulation of astrocytic glutamate transporters in the midbrain of mice. After Mn exposure
(MnCl2, 30mg/kg, intranasal instillation, daily for 3 weeks), midbrain tissues ofmice were processed tomeasuremRNA and protein levels by qPCR andWestern
blotting, respectively, as described under “Experimental procedures.” A and B,Mn decreased mRNA and protein levels of GLAST, whereas astrocytic YY1 dele-
tion attenuated these Mn effects on GLAST in the midbrain region. C and D,Mn decreased mRNA and protein levels of GLT-1, whereas astrocytic YY1 deletion
attenuated these Mn effects on GLT-1 in the midbrain region. GAPDH was used as a loading control. ##, p, 0.01; ###, p, 0.001 compared with the controls.
@, p, 0.05; @@, p, 0.01; @@@, p, 0.01 compared with each other (one-way ANOVA followed by Tukey’s post hoc test; n = 3). Bar graphs are expressed as
mean6 S.D.

Figure 9. Astrocytic YY1 deletion attenuates Mn-induced microglial activation in the SN of the mouse brain. After Mn exposure (MnCl2, 30 mg/kg,
intranasal instillation, daily for 3 weeks), mice were perfused, and coronal sections of brain tissues were immunostained with Iba1 antibody as described under
“Experimental procedures.” The expression of Iba1 protein was shown as red fluorescent signals in the SN of the mouse brain (340 magnification). Mn
increased Iba1 fluorescence intensity in the SN of the mouse brain, whereas astrocytic YY1 deletion attenuated these Mn effects. **, p, 0.05 compared with
the controls. @, p, 0.05 compared with each other (one-way ANOVA followed by Tukey’s post hoc test; n = 3). Data are expressed as mean6 S.D.
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Fluor 405, 488, and 568 were obtained from Abcam (Cam-
bridge, MA). Antibodies for GLT-1, GLAST, YY1, TH, and
GAPDH were from Santa Cruz Biotechnology (Santa Cruz,
CA). Antibodies for HDAC1 and HDAC4 were from Cell Sig-
naling Technology (Danvers, MA). AAV particles of AAV5-
GFAP-GFP and AAV5-GFAP-Cre-GFP were obtained from
the University of North Carolina (UNC) Vector Core (Chapel
Hill, NC). The PLA kit was fromMillipore Sigma.

Animal husbandry

Animal protocols and experiments were approved by the
Florida A&M University Institutional Animal Care and Use
Committee. Briefly, heterozygous YY1-loxP (YY1flox/WT) male
and female mice (stock no. 014649) from the Jackson Labora-
tory (Bar Harbor, ME) were used to generate a homozygous
YY1-loxP (YY1flox/flox) at the Florida A&M University Animal
Care Facility. After generating homozygous YY1-loxP mice,
animals were housed (3-5 mice/cage) and maintained on a 12-h
light/dark cycle at 22 6 2 °C with food, water, and enrichment
available ad libitum.

Stereotaxic infusion of AAV particles and Mn exposure

Forty-eight YY1-loxP homozygous mice (8-week–old, body
weight: 23–24 g) were randomly assigned into 4 groups. Mice
anesthetized with ketamine/xylazine (100 mg/kg) were placed
in a stereotaxic apparatus (12 animals/group; 6 male/6 female).

One ml of viral vectors were infused into the SN of mouse brain
using a 10-ml Hamilton syringe (Stoeltling Inc., Wood Dale, IL)
mounted to a microinjection pump at a flow rate of 0.2ml/min.
Briefly, stereotaxic injection coordinates for SN to bregma
were: x = 61.2mm (medial to lateral), y = 23.0mm (anterior
to posterior), and z = 24.3 mm (dorsal to ventral). The needle
remained in place for 5 additional minutes before its slow with-
drawal to prevent reflux. Skin incisions were closed with a
suture, and the animal was kept warmwith a heating pad before
being returned to the cage.
Mice were separated into four groups 1) AAV5-GFAP-Cre-

GFP plus vehicle, 2) AAV5-GFAP-Cre-GFP plus Mn, 3) AAV5-
GFAP-GFP plus vehicle, and 4) AAV5-GFAP-GFP plus Mn; 12
mice/group; n = 48). Astrocytic YY1 was deleted in YY1-loxP
mice injected with AAV5-GFAP-Cre-GFP. We used a protocol
for Mn treatment described in our previous study with slight
modifications (34). For intranasal instillation, treatment with
either Mn or distilled water (ddH2O) as a vehicle was adminis-
tered once daily for 21 consecutive days. For the Mn-treated
groups, 2 ml of MnCl2 (30 mg/kg, 330 mg of Mn) via intranasal
instillation was administered into the left or right nostril alter-
natively. Mice in the control vehicle groups received 2 ml of
ddH2O. Animals were placed under isoflurane-induced an-
esthesia for 3 min during pre- and post-instillation periods
to sedate and prevent expulsion of Mn or distilled water
from the nostril. The experimental paradigm is summarized
in Fig. 1.

Figure 10. Schematic diagramof the proposedmechanism for YY1’s role inMn-inducedGLAST and GLT-1 dysregulation in astrocytes. A,Mn-induced
activation of YY1, which forms a repressor complex with HDACs, in astrocytes decreases levels of glutamate transporters GLAST/GLT-1 in the plasma mem-
branes, resulting in extracellular glutamate accumulation leading to dopaminergic toxicity. B, the deletion of astrocytic YY1 attenuates the Mn-induced
decrease in GLAST and GLT-1 by inhibiting YY1-HDAC activity. Because Mn-induced dysregulation of astrocytic glutamate transporters (GLAST and GLT-1) is
closely associated with glutamate accumulation in the synaptic cleft, this mechanism could lead to Mn neurotoxicity in the SN region of the mouse brain,
where dopaminergic cell bodies are located. The findings suggest that the deletion of astrocytic YY1 can be a critical target to attenuate Mn-induced dopami-
nergic toxicity.
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Locomotor activity and motor coordination

Open-field test for locomotor activity and rotarod test for
motor coordination were performed as described in our previ-
ous study (95). Briefly, 24 h after last Mn exposure, locomotor
activity was assessed in seamless open field activity arenas using
Fusion (version 6.25) SuperFlex software (Omnitech Electron-
ics, Columbus, OH). Each open-field arena was made of clear
Plexiglas, measuring 27.3 3 27.3 3 20.3 cm, and was covered
with a Plexiglas lid containing air holes. Each animal went
through an acclimation period for 3 consecutive days (3 days
before the last Mn exposure). To measure locomotor activity,
each mouse was placed in the center of the open-field for accli-
mation for 30 min and then, the activity of each mouse was
recorded for 30 min. The mean distance traveled was used to
assess locomotor activity.
For motor coordination, mice were trained for 3 consecu-

tive days, with 1 session consisting of 3 trials separated by
300 s resting periods in the AccuRotor rotarod system
(Omnitech Electronics). 3 weeks after AAV infusion for the
effect of astrocytic YY1 deletion as well as after 21 days of
Mn treatment for the effects of Mn exposure, motor coordi-
nation was assessed by placing animals on the rod and trials
were started when rod begins to rotate with speed, gradually
increasing from 4 to 40 rpm up to 10 min by 0.1 revolutions/
s. The fall latency, a time for subjects to fall from the rotarod
at various speeds was assessed with Fusion Software (version
6.3) for AccuRotor (Omnitech). If the mouse persisted on
the rod for the entire duration, the measurement value was
recorded for 650 s. The mean duration for each group was
used for comparison.

Immunohistochemistry (IHC)

The IHCprocedures were performed as described in our pre-
vious study with a slight modification (34). Briefly, mice were
perfused with 4% paraformaldehyde in PBS buffer, and brains
were isolated and placed in 4% paraformaldehyde in PBS over-
night, then soaked in 30% sucrose solution for 48 h, followed by
immediately freezing tissue samples in dry ice until use. Brain
tissue was sliced for frozen coronal sections in 20 mm thickness
using a Cryostat (Thermo Fisher) to obtain the SN regions,
spanning from the bregma22.70 to23.40mm. Tissue sections
(3 mice/group) were prepared for IHC to assess TH, YY1, GFP,
and Cre expression in the SN region of the mouse brain. Tissue
sections were washed twice with PBST (1 3 PBS, 0.3% Triton
X-100), followed by incubation with blocking buffer (1 3 PBS,
5% normal goat serum, 0.3% Triton X-100) for 1 h at room tem-
perature. Then, tissue sections on the slides were incubated
with the primary antibody solution in a dark humidity chamber
at 4 °C overnight. Antibodies for TH (1:250 dilution), YY1
(1:1000 dilution), and Cre (1:250 dilution) were diluted in
blocking buffer. After overnight incubation, slides were washed
with washing buffer 3 times for 5 min in each washing, followed
by incubation with secondary antibody solution conjugated
with Alexa Fluor 405 (blue, DAPI), 488 (green, FITC), and 568
(red, TRITC) fluorescent dyes (1:1000 dilution) for 2 h at room
temperature in the dark chamber. Tissue sections were washed
twice with washing buffer, followed by placing the mounting

media between the coverslip and specimen. Fluorescence in-
tensity of TH, GFP, YY1, and Cre expressions was assessed in
the SN regions with a Ts2R fluorescence microscope (Nikon
Instruments, Melville, NY), and relative fluorescence intensity
was determined by ImageJ software (National Institutes of
Health, Bethesda,MD). Microglial activation in the SNwas also
assessed using Iba1 (1:250 dilution).

Quantitative real-time PCR (qPCR)

Tissue samples (3 samples/group) were extracted from mid-
brain regions of mice. Briefly, total RNA was extracted from
mouse brain tissue using the RNeasy Mini Kit (Qiagen, Valen-
cia, CA). Purified RNAwas transcribed to cDNAwith the high-
capacity cDNA reverse transcription kit (Applied Biosystems,
Foster City, CA). For quantitative real-time PCR (qPCR), the
following primers were used: for GLT-1, 5-GCC AAT ACA
ACC AAG GCA GTC-3’ (forward) and 5’-TTC ATC CCG
TCC TTG AAC TC-3’ (reverse); for GLAST, 5-GAT CGG
AAA CAT GAA GGA GC-3’ (forward) and 5-CAA GAA GAG
GAT GCC CAG AG-3’ (reverse); for TH, 5’-CAC TAT GCC
CAC CCC CAG-3’ (forward) and 5’-CGC CGT CCA ATG
AAC CTT-3’ (reverse); for YY1, 5’-CTC CTG CAG CCC TGG
GCG CAT C-3’ (forward) and 5’-GGT AAG CCC TTT AGC
GCC TC-39 (reverse); and for GAPDH, 5’-TCA ACG GGA
AGC CCA TCA-3’ (forward) and 5’-CTC GTG GTT CAC
ACC CAT CA-3’ (reverse). A total volume of 25 ml for qPCR
contained 1 ml of cDNA template of each sample 0.4 mM of pri-
mers and SsoAdvancedTM Universal SYBR® Green SuperMix
(Bio-Rad) for each reaction. qPCR was performed in CFX96
real-time detection system (Bio-Rad) with one cycle at 95 °C for
10 min and 40 cycles at 95 °C for 15 s and 60 °C for 1 min.
GAPDH was used to normalize all samples. The Bio-Rad CFX
Manager Software was used for data analysis.

Western blotting analysis

For protein analysis, tissues (3 mice/group) were harvested
from midbrain or striatal regions and used for protein extrac-
tion and further analysis. Brain tissue samples were homoge-
nized in a radioimmunoprecipitation assay (RIPA) buffer con-
taining protease inhibitors, followed by bicinchoninic acid
assay. Equal amounts of proteins were run on 10% SDS-PAGE
(YY1, TH, GLAST, and GLT-1), followed by Western blotting
analysis. Antibodies for GLT-1 and GLAST (1:5000 dilution)
and YY1 and TH (1:1000 dilution) were used, followed by
horseradish peroxidase-conjugated secondary antibody (1:5000
dilution). Blots were developed using a chemiluminescence
detection kit (Pierce, Rockford, IL), followed by blot imaging
and quantification with the Bio-Rad ChemiDoc Imaging Sys-
tem and Image Laboratory Software version 5.2.1 (Bio-Rad),
respectively.

Co-immunoprecipitation (Co-IP)

For co-IP experiments, 500 mg of protein extracts from
midbrain were incubated with 2.5 mg of indicated antibodies
and rocked at 4 °C for 2 h, followed by incubation with 20 ml
of protein A 1 G-agarose beads (Santa Cruz) overnight at
4 °C on a rotating device. After washing the beads 3 times
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with RIPA buffer, 40 ml of sample loading buffer was added
and boiled at 95 °C for 3 min. After centrifugation, the eluted
proteins in the supernatant were used for SDS-PAGE and
Western blotting.

Proximity ligation assays

Proximity ligation was performed in 4% paraformaldehyde-
fixed tissues according to the manufacturer’s protocols. Briefly,
SN coronal tissue sections were incubated with primary anti-
bodies for YY1 and HDAC1 at 4 °C overnight. Secondary anti-
bodies conjugated with oligonucleotides were applied and incu-
bated at 37 °C for 1 h. Ligation solution, consisting of two
oligonucleotides and ligase, was added and incubated at 37 °C
for 30 min to hybridize oligonucleotides with two proximity li-
gation probes, resulting in closed loops if the two proteins are
in close proximity. Amplification solution, consisting of nucle-
otides and fluorescently labeled oligonucleotides, was added to-
gether with polymerase and incubated at 37 °C for 100min. Flu-
orescent-labeled oligonucleotides were hybridized to the
amplified products. The protein–protein interactions were visi-
ble as distinct red fluorescent signals, which were analyzed by
fluorescencemicroscopy.

ICP-MS analysis

YY1-loxP homozygous mice (8-week–old mice, body
weight: 23–24 g, n = 20) were randomly separated into 2
groups: 1) control and 2) Mn (10 mice/group). After Mn
treatment (30 mg/kg MnCl2, intranasal instillation, both
sides alternatively, daily for 3 weeks), mice were euthanized,
and brain tissues were immediately removed and dissected.
Tissue samples from different brain regions including the
frontal cortex, hippocampus, striatum, midbrain, and cere-
bellum were placed in microcentrifuge tubes and stored in
280 °C until analysis. Tissue samples (n = 10/group) from
control and Mn-treated groups were prepared using the
microwave-assisted acid digestion method. Briefly, samples
were digested in a solution containing 100 mg/liter of germa-
nium (Ge) in 1% nitric acid and 0.5 ml of H2O2 for 30 min at
220 °C in a microwave system, followed by cooling down of
the mixture to room temperature. After complete digestion,
samples were diluted with water. Metal concentrations of
samples including Mn, iron (Fe), copper (Cu), and zinc (Zn)
were determined by the Agilent 8800 triple quadrupole ICP-
MS (Agilent Technologies, Waldbronn, Germany) and cal-
culated as mg/kg of tissue.

Statistical analysis

Data were expressed as a mean 6 S.D. Data analyses were
carried out with GraphPad software (GraphPad, San Diego,
CA). Statistical differences between two groups were deter-
mined by Student’s t test, and comparisons between multiple
groups were carried out by one-way analysis of variance
(ANOVA) followed by Tukey’s post hoc test. Statistical signifi-
cance was set at p, 0.05.
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