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Parkinson’s disease (PD) is a debilitating neurodegenerative disor-
der caused by the loss of midbrain dopamine (DA) neurons. While
the cause of DA cell loss in PD is unknown, male sex is a strong risk
factor. Aside from the protective actions of sex hormones in fe-
males, emerging evidence suggests that sex-chromosome genes
contribute to the male bias in PD. We previously showed that
the Y-chromosome gene, SRY, directly regulates adult brain func-
tion in males independent of gonadal hormone influence. SRY
protein colocalizes with DA neurons in the male substantia nigra,
where it regulates DA biosynthesis and voluntary movement. Here
we demonstrate that nigral SRY expression is highly and persis-
tently up-regulated in animal and human cell culture models of PD.
Remarkably, lowering nigral SRY expression with antisense oligo-
nucleotides in male rats diminished motor deficits and nigral DA cell
loss in 6-hydroxydopamine (6-OHDA)-induced and rotenone-
induced rat models of PD. The protective effect of the SRY antisense
oligonucleotides was associated with male-specific attenuation of
DNA damage, mitochondrial degradation, and neuroinflammation
in the toxin-induced rat models of PD. Moreover, reducing nigral
SRY expression diminished or removed the male bias in nigrostriatal
degeneration, mitochondrial degradation, DNA damage, and neuro-
inflammation in the 6-OHDA rat model of PD, suggesting that SRY
directly contributes to the sex differences in PD. These findings
demonstrate that SRY directs a previously unrecognized male-
specific mechanism of DA cell death and suggests that suppressing
nigral Sry synthesis represents a sex-specific strategy to slow or
prevent DA cell loss in PD.

brain sex differences | sex chromosome | transcription factor |
inflammation | neuroprotection

Parkinson’s disease (PD) is a progressive neurodegenerative
disorder characterized primarily by the inability to initiate

and maintain voluntary movement. Motor symptoms of PD
emerge when the loss of dopamine (DA) neurons in the sub-
stantia nigra pars compacta (SNc) exceeds 70%. While the cause
of this DA cell loss is unknown, male sex is a known significant
risk factor for PD (1–4). Compared with women, men have a
2-fold greater risk of developing PD and a 1.4- to 3.7-fold higher
prevalence of PD (1–4). Males with PD also show an earlier age
of onset (3, 5), faster rate of disease progression (5) and greater
dopaminergic denervation (6). Animal models of PD reproduce
these sex differences, as male rodents or nonhuman primates are
more susceptible than females to toxin-induced dopaminergic
degeneration (7–10).
The prevailing view is that sex differences in PD arise solely

from the neuroprotective actions of estrogen in females (11–15).
However, emerging evidence suggests that sex chromosome
genes also contribute to the inherent sex differences in healthy
and diseased DA systems alike (16–18). For instance, embryonic
midbrain cells develop more DA neurons when the cultures are
composed of XY cells rather than XX cells (16, 19). Microarray
analyses of single DA neurons from human SNc sections have
revealed higher expression levels of PD pathogenesis genes (e.g.,

α-synuclein, PINK-1) (20) and lower expression levels of genes
involved in oxidative phosphorylation and synaptic transmission
in the SNc of males compared with females (21). Thus, male DA
cells have intrinsic sex differences that may influence their pattern
of gene expression, predisposing males to the development of PD.
Here we describe a pathway for male-specific DA cell loss involving
the Y-chromosome gene Sex-determining Region Y (SRY).
SRY encodes a transcriptional activator that initiates male sex

determination by directing the development of the embryonic
bipotential gonads to testes rather than ovaries (22, 23). In most
mammals, SRY is found as a single locus; however, multiple loci
of SRY are expressed in the rat that code for proteins with al-
tered amino acid sequences (24). SRY is also expressed in
nonreproductive tissues of adult males such as the heart, adrenal
glands, kidneys, and brain (25, 26). In the male brain, SRY
protein is expressed in DA-abundant regions, such as the SNc
and ventral tegmental area (27, 28), where it colocalizes with DA
neurons (28). Furthermore, SRY enhances in vitro transcription
of DA biosynthesis and the catabolic enzymes tyrosine hy-
droxylase (TH) and monoamine oxidase-A (MAOA) (28, 29),
and regulates voluntary movement in male rats (27). Given the
presence and function of SRY in male DA neurons, we hypoth-
esized that dysregulation of SRY may contribute to male sus-
ceptibility to PD. In the present study, we investigated whether
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SRY expression is dysregulated and, if so, whether SRY dysregu-
lation contributes to male-specific DA cell loss in experimental PD.

Results
SRY Expression Is Aberrantly Up-Regulated in Both In Vivo and In
Vitro Models of PD. To examine whether SRY expression is al-
tered in response to DA cell injury, we assessed SRY ex-
pression in animal and cell culture models of PD. In the 6-
hydroxydopamine (6-OHDA) rat model of PD, nigral Sry
mRNA expression was elevated from day 2 to day 14 after 6-
OHDA injection in male rats, with the peak effect seen at day 7
(289% vs. day 0; F(6,42) = 8.65, P < 0.01) (Fig. 1A). The up-
regulation in Sry expression was paralleled by an increase in
nigral Gadd45g mRNA (a marker of DNA damage and regulator
of Sry) from day 2 to day 14 (Fig. 1A), which is consistent with
our previous in vitro findings (30). Nigral Sry up-regulation oc-
curred before the decline in Th expression at day 7, showing that
Sry up-regulation occurs before and during DA cell loss in males.
Similarly, acute injection of the mitochondrial and DA toxin
rotenone elevated nigral Sry expression (+255%; F(5,4) = 1.08)
and Gadd45g expression (+192%; F(5,4) = 2.47) at 7 d post-
injection in male rats (Fig. 1B). Consistent with the in vivo
findings, human SRY and GADD45G mRNA expression was
markedly elevated at 6 to 24 h after exposure to 6-OHDA (Fig.
1C) or rotenone (Fig. 1D) in the human male cell line M17.
Moreover, the average nuclear, cytosolic, and total immunoflu-
orescence intensities of human SRY protein were increased at
24 h after exposure to 6-OHDA or rotenone (Fig. 1E). Collectively,
these results show that Sry expression is aberrantly up-regulated

in both in vivo and in vitro preclinical models of PD, suggesting a
role for SRY in cellular events underlying DA cell loss in males.

Suppressing Nigral SRY Up-Regulation Diminishes Motor Deficits and
Nigrostriatal Degeneration in Toxin-Induced Rat Models of PD. To
determine the role of SRY up-regulation in injured male DA
neurons, we assessed the effect of reducing nigral Sry expression,
via intranigral Sry antisense oligonucleotide (ASO) infusion, on
motor and nigrostriatal degeneration in toxin-induced rat models
of PD. As reported previously (27), repeated ASO infusion in
healthy male rats reduced motor function in the limb use and
rotarod tests (SI Appendix, Fig. S1 A and B). In contrast, motor
function in female rates was unaffected by ASO infusion (SI
Appendix, Fig. S1 C and D). ASO infusion in male rats reduced
the expression levels of nigral Sry mRNA, but not of the Sry
homologs Sox3 and Sox6 (SI Appendix, Fig. S1E). ASO-mediated
reduction of motor function in male rats was also associated with
reductions in nigral Th, Maoa, dopa decarboxylase (Ddc), and do-
pamine D2 receptor (Drd2) mRNA expression (SI Appendix, Fig.
S1E), nigral TH-positive neurons (SI Appendix, Fig. S1F), as well as
striatal DA and 3,4-dihydroxyphenylacetic acid (DOPAC) content
(SI Appendix, Fig. S1H). However, ASO infusion did not affect the
number of neutral red-positive neurons in the SNc, indicating that
the reduction of TH-positive neurons in males is due to reduced
TH expression rather than neuronal cell loss. In support of this
idea, ASO-induced reduction in motor function was transient and
reversible, with limb use returning to baseline levels at 7 d after
the last ASO infusion (SI Appendix, Fig. S1I).
We next assessed the effect of ASO infusion in toxin-induced

rat models of PD. Fig. 2A shows that previous ASO infusion in
male rats led to the expected reduction in limb use at day 0.
Remarkably, previous ASO infusion prevented the 6-OHDA–
induced deficits in limb use observed in the sense oligonucleo-
tide (SO)-infused group (interaction: F(4,200) = 9.81, P < 0.0001;
time effect: F(4,200) = 26.18, P < 0.0001; treatment effect: F(1,200) =
7.24, P < 0.01, day 7), which persisted for another 14 d (days 14
and 21; P < 0.05 vs. SO) (Fig. 2A). In support of this,
amphetamine-induced rotations were markedly reduced in the
ASO-infused group (P < 0.01 vs. SO; Fig. 2B).
To ensure that ASO infusion was truly neuroprotective and

not just inhibiting the uptake of the toxin, we tested the effect of
ASO infusion at 8 h after 6-OHDA injection and found that this
also diminished motor deficits in the limb use test (interaction:
F(3,88) = 1.87, P = 0.14; time effect: F(3,88) = 25.49, P < 0.0001;
treatment effect: F(1,88) = 29.23, P < 0.0001, days 14 and 21, P <
0.01 vs. SO) (SI Appendix, Fig. S2A) and rotation test (P < 0.01
vs. SO) in male rats (SI Appendix, Fig. S2B). In contrast, female
rats showed no differences in 6-OHDA–induced motor deficits
between the ASO-infused and SO-infused groups (Fig. 2 C and
D), confirming that the protective effect of ASO infusion is male-
specific. Suppressing Sry synthesis led to even greater protection
in the rotenone-induced rat model of PD, as previous ASO in-
fusion in male rats reversed rotenone-induced motor deficits in
the limb use test (interaction: F(4,100) = 10.80, P < 0.0001; time
effect: F(4,100) = 10.49, P < 0.0001; treatment effect: F(1,100) =
7.77, P < 0.01, days 7 to 21, P < 0.05 vs. SO; Fig. 2E) and the
rotation test (P < 0.01 vs. SO; Fig. 2F).
Postmortem analysis of 6-OHDA–injected male rats revealed

a 50% to 75% loss in nigral TH protein expression (SO; Fig. 3A),
TH and neutral red (NR)-positive cells (SO; Fig. 3B), and striatal
DA terminals (SO; Fig. 3C). In line with the motor behavior,
previous ASO infusion in male rats alleviated the 6-OHDA–
induced loss in nigrostriatal DA cell bodies and terminals (P < 0.01
vs. SO; Fig. 3 A–C). Similarly, ASO infusion following 6-OHDA
injection in male rats significantly diminished the 6-OHDA–
induced nigrostriatal degeneration (P < 0.01 vs. SO; SI Appendix,
Fig. S2 C–E). In contrast, there were no significant differences in
nigrostriatal degeneration between the SO and ASO groups in
6-OHDA–injected female rats (Fig. 3 D–F). Rotenone-injected
male rats showed a 45% to 55% loss of nigrostriatal cell bodies
and terminals (SO; Fig. 3 G–I), which was prevented by previous

0

200

400

0 7
0

200

400

0 7 14 21

BA

days post rotenonedays post 6-OHDA

6-OHDA rotenone

#

##

#

###

####
#

## ##

#### ##

#

edistcatni
dlof

Sry
Gadd45g
Th

##

0

3

6

0 24 48 72

#

hrs post rotenone

C
##

##
##

##

D

0

3

6

0 24 48 72
hrs post 6-OHDA

##

##

#

#

egnahc
dlof

6-OHDA

E

S
R

Y
tshceoh

0

20

40

nu
cl

ea
r

in
te

ns
ity

0

20

40

cy
to

pl
as

m
ic

 
in

te
ns

ity

SRY
GADD45G

*

* *

rotenone

to
ta

l
in

te
ns

ity

0

20

40 * *

fo
ld

 c
ha

ng
e

fo
ld

 in
ta

ct
 s

id
e

6-OHDAvehicle rotenone

4

2

0

4

2

0

Sry
Gadd45g
Th

4

2

0

SRY
GADD45G

Fig. 1. SRY expression is up-regulated in experimental models of PD. (A and B)
Time courses of nigral Sry, Gadd45g, and ThmRNA expression (as fold change of
the intact side relative to Tbp1) at 0 to 21 d following a single intranigral 6-
OHDA (A) or rotenone (B) injection in male rats (n = 5/group). #P < 0.05; ##P <
0.01; ###P < 0.001 vs. d 0, 1-way ANOVA. The dashed line represents baseline
levels. (C and D) Time course of SRY or GADD45G mRNA expression (as fold
change of 0 h relative to β2M) at 0 to 72 h after treatment with 6-OHDA (C) or
rotenone (D) in human M17 cells (n = 5/group). #P < 0.05, ##P < 0.01 vs. 0 h, 1-
way ANOVA. (E) Effect of vehicle, 6-OHDA, or rotenone treatment on SRY
protein (green) or DAPI (blue) expression at 24 h posttreatment in human M17
cells (n = 4/group). *P < 0.05 vs. vehicle, unpaired t test. (Scale bar: 10 μm.)
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ASO infusion in male rats (P < 0.01 vs. SO; Fig. 3 G–I). Taken
together, these results indicate a divergent role for Sry in healthy
and injured male SNc.
The foregoing findings suggest a divergent role for SRY dur-

ing physiological and pathophysiological conditions. In the
healthy male SNc, SRY positively regulates DA biosynthesis and
motor function; however, in the injured male SNc, aberrant SRY
up-regulation is detrimental, exacerbating the degeneration of
DA neurons and, consequently, motor function in males.

Protective Effect of Sry Reduction Is Mediated by Broad Suppression
of Mitochondrial Degradation, DNA Damage, and Neuroinflammation
in Male Rats. Given that the suppression of nigral Sry synthesis is
protective in both 6-OHDA–induced and rotenone-induced rat
models of PD, the detrimental effect of Sry up-regulation may be
mediated by a common downstream mechanism shared by the 2
toxins. To identify potential downstream targets of Sry in the
injured male SNc, we assessed the transcriptional profile of key
genes involved in PD pathogenesis at 2 d after 6-OHDA or ro-
tenone injection following ASO infusion. In particular, we focused
on PD pathogenesis pathways that are sex-biased, such as mito-
chondrial dysfunction and oxidative stress (31, 32), apoptosis (33),
and neuroinflammation (9, 10, 34). Quantitative polymerase chain
reaction (qRT-PCR) analysis revealed that both 6-OHDA and
rotenone increased nigral Sry mRNA expression in male rats (2.9-
and 2.7-fold of intact side, respectively), which was suppressed
with previous ASO infusion (1.3- and 1.4-fold; Fig. 4 A and B). In
parallel, 6-OHDA and rotenone induced up-regulation of genes
involved in DNA damage (Gadd45g), oxidative stress, and mito-
chondrial function (Sod2 and Gpx1), which was blocked or at-
tenuated with ASO infusion in male rats (Fig. 4 A and B). In
particular, 6-OHDA and rotenone injection in male rats induced
robust increases in proinflammatory genes iNos (10.3- and 8.5-
fold, respectively) and Il1b (34.1- and 56.5-fold), which were

diminished with ASO infusion (Fig. 4 A and B). In contrast, no
significant between-group differences in gene expression were
observed in 6-OHDA–injected female rats (Fig. 4C).
We next assessed the protein expression of key markers

involved in mitochondrial function, apoptosis, and neuro-
inflammation. Co-immunofluorescence staining for TOM-20 (a
marker of mitochondrial integrity) and TH revealed marked losses
in the number of TOM-20 and TH copositive neurons following
6-OHDA or rotenone injection, which was reversed with ASO
infusion in male rats (P < 0.05, SO vs. ASO; Fig. 5 A and B).
However, there were no significant differences in the number of
TOM-20 and TH copositive neurons between the SO and ASO
groups in the 6-OHDA–treated female rats (Fig. 5C). 6-OHDA
or rotenone injection in male rats induced significant increases in
the number of terminal deoxynucleotidyl transferase dUTP nick
end labeling (TUNEL)-positive neurons in the SNc, which was
attenuated by ASO infusion (P < 0.05 and < 0.01, respectively,
SO vs. ASO; Fig. 5 D and E). Similarly, 6-OHDA–induced and
rotenone-induced increases in inducible NO synthase (iNOS)-
positive neurons in male rats (SO; Fig. 5 G and H) were abol-
ished by ASO infusion (P < 0.01, SO vs. ASO; Fig. 5 G and H).
In contrast, there were no between-group differences in the
number of TUNEL-positive or iNOS-positive neurons in the
6-OHDA–lesioned female rats (Fig. 5 F and I). Collectively,
these findings demonstrate that reducing nigral Sry expression exerts
male-specific neuroprotection in preclinical models of PD by inhibiting
a breadth of cellular events underlying PD pathogenesis, such
as DNA damage, mitochondrial dysfunction, and neuroinflammation.
In keeping with previous studies (7, 35, 36), we show that acute

6-OHDA injection led to greater motor deficits and nigrostriatal
degeneration, as well as higher numbers of TUNEL- and iNOS-
positive neurons in male rats compared with female rats (male
SO 6-OHDA vs. female SO 6-OHDA; SI Appendix, Table S1).
Moreover, reducing Sry expression in 6-OHDA male rats re-
versed or reduced the male-bias in toxin-induced motor deficits,
nigrostriatal degeneration, and TUNEL and iNOS expression
(male ASO 6-OHDA vs. female SO 6-OHDA; SI Appendix,
Table S1), suggesting that Sry directly contributes to sex differ-
ences in experimental models of PD.

Discussion
In this study, we provide evidence that SRY, a Y-chromosome
gene present exclusively in males, directs a novel genetic mech-
anism for DA cell loss in males. We show that nigral Sry expres-
sion is aberrantly up-regulated in human cell culture and animal
models of PD. Moreover, reducing Sry expression in male rats
diminishes or prevents 6-OHDA–induced or rotenone-induced
motor deficits and nigrostriatal degeneration. Importantly, the
protective effect of ASO infusion was absent in female rats (which
do not express Sry), demonstrating neuroprotection mediated by a
male-specific, and thereby sex-specific, gene.
The sex differences in clinical PD are reproduced in experi-

mental PD, as male rats and primates are more susceptible than
their female counterparts to toxin-induced nigrostriatal degen-
eration and motor deficits (7, 8, 10, 35). Along these lines, males
exhibit greater apoptosis (33), neuroinflammation (9, 10, 34),
and oxidative stress (31, 32, 37) than females in experimental
models of PD and neurodegeneration. Given the symptomatic
and neuroprotective effects of estrogen in females (7, 12, 13, 15),
sex hormones have been considered the sole drivers of sex dif-
ferences in susceptibility to PD. Interestingly, the effect of es-
trogen on adult male DA neurons is minimal if not harmful (7,
38), suggesting that the vulnerability of male DA neurons might
not be explained by lower estrogen levels. Here we show that
suppressing Sry synthesis removed or diminished the male sus-
ceptibility to mitochondrial degradation, apoptosis, and inflam-
mation in the 6-OHDA–treated male rats. Moreover, reducing Sry
up-regulation in 6-OHDA–treated male rats alleviated the motor
and nigrostriatal deficits to levels observed in the 6-OHDA–
treated females. Taken together, these results demonstrate that,
in addition to the protective effect of estrogen in females, aberrant

Fig. 2. Nigral Sry ASO infusion mitigates 6-OHDA–induced and rotenone-
induced motor deficits in male, but not female, rats. ASO (or SO) was infused
before 6-OHDA injection in male (A and B) and female (C and D) rats and
before rotenone injection in male rats (E and F). Toxin-induced motor def-
icits were assessed by limb use asymmetry (A, C, and E) and the
amphetamine-induced rotation test (B, D, and F) (n ≥12/group). *P < 0.05,
**P < 0.01 vs. SO; #P < 0.05, ##P < 0.01 vs. pre; ^P < 0.05 vs. d 0, 2-way
ANOVA. Pre, before ASO infusion.
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nigral Sry up-regulation in males contributes to the male bias in
experimental PD, supporting the concept that factors encoded by
the sex chromosome genes, as well as sex hormones, contribute to
brain sex differences in health and disease (18).
Our findings also demonstrate that reducing Sry expression

exerts distinct actions in healthy and Parkinsonian male rats,
suggesting a divergent role for SRY in both healthy and injured
male SNc. In healthy male rats, reducing Sry expression tran-
siently reduced nigrostriatal DA biosynthesis and motor function,
indicating that the nigrostriatal DA system is uniquely regulated
by SRY in males (27). SRY may be required for the maintenance
of adult DA neurons, playing a role similar to nigral transcription

factors such as Pitx3 (39) and Sox6 (40) or as an alternate
mechanism to estrogen in females. In response to nigral injury,
however, GADD45G is rapidly up-regulated (30), stimulating
the p38-MAPK pathway in both sexes. In males, this leads to an
increase in Sry expression, perhaps as a compensatory response
to initial stages of nigral injury. Ultimately, the up-regulation of
Sry is detrimental, exacerbating mitochondrial degradation, ap-
optosis, and neuroinflammation and, consequently, loss of the
remaining DA neurons in the injured male SNc.
Interestingly, we previously showed that reducing SRY expres-

sion in 6-OHDA–treated M17 cells exacerbates oxidative stress and
diminishes cell viability (30), suggesting that SRY up-regulation is

Fig. 3. Nigral Sry ASO infusion mitigates 6-OHDA–
induced and rotenone-induced nigrostriatal degen-
eration in male, but not female, rats. ASO (or SO)
was infused before 6-OHDA injection in male (A–C)
and female (D–F) rats or a single rotenone injection
in male rats (G–I). Toxin-induced nigrostriatal de-
generation was assessed by nigral TH protein expres-
sion (as optical density) in the intact and toxin-
lesioned (Les) side (A, D, and G), total number of
TH-positive (TH+) cells or neutral red-positive (NR+)
cells (B, E, and H), and striatal DAT density (C, F, and
I) as percentage of the intact side (n ≥12/group). *P <
0.05, **P < 0.01 vs. SO, unpaired t test. (Scale bar:
400 μm.)

Fig. 4. Reducing nigral Sry expression in male rats
alleviates toxin-induced elevation of PD pathogen-
esis genes. Effect of ASO (or SO) infusion on ex-
pression of nigral genes (fold-intact side) involved in
DA machinery, DNA damage, oxidative stress and
mitochondrial function, and inflammation at 2 d af-
ter injection of 6-OHDA (A) or rotenone (B) in male
rats or injection of 6-OHDA in female rats (C) (n ≥5/
group). *P < 0.05, **P < 0.01 vs. SO, unpaired t test.
The dashed line represents baseline levels.
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protective in the in vitro PD model. There may be several ex-
planations for the conflicting findings from the in vitro and in vivo
studies. One major difference between the 2 studies is that the
in vitro system lacks the network of cells that surround the DA
neurons, namely the supporting microglia, the immune cells of the
brain. After nigral injury, the infiltration of activated microglial
cells and consequent release of proinflammatory mediators is
thought to underlie the progression of DA cell loss in PD (41, 42).
We observed that 6-OHDA or rotenone injection in male rats led
to marked elevation of proinflammatory mediators Tnfa, Il1b, and
iNOS, which was abolished with Sry ASO infusion. These results
strongly suggest that the deleterious effect of Sry up-regulation in
the in vivo rat PD models likely involves a proinflammatory re-
sponse mediated by activated microglial cells, which is absent in a
single cell line in vitro PD model. Another difference is the time
course of SRY up-regulation between the 2 studies. Specifically,
SRY up-regulation occurs earlier and is of shorter duration in
vitro (6 to 24 h after 6-OHDA), compared with the in vivo rat
model (2 to 14 d), which may have different consequences on DA
cell viability, from protective to detrimental.
While our study links cellular pathways involved in DA cell

loss with SRY up-regulation, the exact molecular mechanisms by
which SRY up-regulation exacerbates DA cell loss remain to be
determined. In contrast to the embryonic gonads, where nuclear
SRY activates SOX9 transcription to initiate the development of
testes (43), the presence of SRY protein in both the nucleus and
cytoplasm of neurons (28) suggests a role for SRY beyond a
classical transcription factor in the male brain. In human and
rodent neuronal cells, SRY activates TH (28, 44) and MAOA
(29) transcription, as well as the expression of DA biosynthesis
genes, including DRD2, AADC, and DBH (28, 44). Thus, SRY
up-regulation may drive dysregulation of DA biosynthesis and
metabolism and consequently increase DA turnover and oxida-
tive stress in male DA neurons. Alternatively, the toxin-induced
elevation of nigral SRY may induce dysregulation of a much
broader gene expression response and/or additional interactions
with cytosolic and mitochondrial proteins involved in cell sur-
vival, energy metabolism, and inflammation. Indeed, chromatin
immunoprecipitation studies revealed that SRY regulates a wide
spectrum of target genes, including those involved in mito-
chondrial function (e.g., glutathione peroxidase, nitric oxide
synthase, mitochondrial membrane proteins), inflammation (e.g.,
interleukin, tumor necrosis factor), and apoptosis (e.g., Parp-1)

in embryonic day 11.5 mouse gonads (45, 46), the time point at
which SRY is maximally expressed. Further investigation of the
downstream targets activated by SRY during nigrostriatal de-
generation in male DA neurons by genome-wide approaches, such
as RNA and SRY chromatin immunoprecipitation sequencing, will
reveal the precise mechanism(s) underlying the toxic up-regulation
of SRY in male PD and pathways that can be modulated as a sex-
specific neuroprotective strategy for PD.
In conclusion, our study provides compelling evidence that

dysregulation of the Y-chromosome gene, SRY, directs a novel
male-specific mechanism of DA cell death. In addition to the
established protective effect of sex hormones in females, the det-
rimental effect of SRY up-regulation in males may also contribute
to the male bias in PD, supporting the notion that the cause and
progression of PD are mechanistically different between males
and females (20, 21). While the current study provides evidence
that SRY up-regulation is detrimental in experimental PD, we do
not have any evidence that this occurs in men with PD. Thus,
assessing SRY expression in postmortem brains of male PD pa-
tients, as well as aging male brain samples (as a surrogate for early
stages of nigral degeneration) will be critical for validating SRY as
a clinically relevant target for PD. Since normalization of SRY
expression appears to be important for the protection of male DA
neurons, the development of human SRY inhibitors could lead to
novel disease-modifying therapeutics for PD in males.

Materials and Methods
Detailed information on the materials and methods used in this study is
provided in SI Appendix.

Human Cell Culture Model of PD. Human XY neuroblastoma BE (2)-M17 (M17)
cells (CRL-2267; American Type Culture Collection), which express endoge-
nous human SRY and intact DA machinery, were maintained as described
previously (28, 30). M17 cells were plated onto 6-well plates and then treated
with vehicle, 6-OHDA (20 μM) or rotenone (100 μM). Cells were extracted
for RNA at 0 to 72 h posttreatment or seeded at 24 h and processed for
immunocytochemistry.

Animals. All animal procedures were approved by the Monash University
Animal Ethics Committee.

Repeated Sry ASO Infusions. Sry expression in healthy or DA toxin-treated
male rats was reduced by repeated intranigral infusions of Sry ASO or

Fig. 5. Reducing nigral Sry expression in male rats
alleviates toxin-induced mitochondrial degradation,
DNA damage, and neuroinflammation. Effect of
ASO infusion on nigral TH (green) and TOM-20 (red)
copositive neurons (A–C), nigral TUNEL-positive cells
(D–F), and nigral iNOS-positive cells (G–I) at 2 d after
injection of 6-OHDA (A, D, and G) or rotenone (B, E,
and H) in male rats or injection of 6-OHDA in female
rats (C, F, and I). Arrows represent TUNEL-positive or
iNOS-positive cells in the SNc (n = 7/group). *P <
0.05, **P < 0.01 vs. SO, unpaired t test. (Scale bar:
20 μm.)
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control SO. The Sry ASO usedwas amixture of 3 distinct ASOs directed against
rat Sry mRNA added in equal proportions, as described previously (27).

Toxin-Induced Rat Models of PD. To assess the regulation of Sry expression in
preclinical rat PD models, nigral gene expression was assessed by qRT-PCR at
various time points following a single intranigral injection of 6-OHDA or
rotenone in male rats. To assess the function of Sry in preclinical rat PD
models, male rats were infused daily with Sry ASO (or SO) for 10 d, followed
by a single intranigral injection of 6-OHDA or rotenone. A group of female
rats were infused daily with Sry ASO (or SO) for 10 d, followed by a single
injection of 6-OHDA to account for any nonspecific effects. Motor function
was assessed by the limb use asymmetry and amphetamine-induced rotation
tests. At the end of the behavioral tests, all rat brains were isolated and
processed for measurement of nigrostriatal gene and protein expression.

qRT-PCR. Total RNA from the rat SNc was isolated using TRI reagent (Sigma-
Aldrich) and real-time quantification of mRNA measured as described pre-
viously (28, 30) using the primers listed in SI Appendix, Table S2.

Striatal DA and DOPAC Measurements. The striata was isolated and levels of
DA and DOPAC were measured, as described previously (47).

TH and Dopamine Reuptake Transporter Immunohistochemistry and
Stereology. TH and dopamine reuptake transporter (DAT) immunohisto-
chemistry was performed on rat SNc and rat striatal sections, respectively, as
described previously (47). TH-immunoreactive and neutral-red positive
neurons or DAT-immunoreactive terminals were quantified stereologically
on regularly spaced sections covering the whole SNc or striatum, as de-
scribed previously (47).

Statistical Analysis. Motor behavior studies of the treatment groups across
the days of testing were analyzed by 2-way analysis of variance (ANOVA) and
Tukey’s post hoc test. Histological and biochemical studies were analyzed us-
ing the 2-tailed unpaired Student t test or 1-way ANOVA, where appropriate.
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