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Neurobiology of Disease

An Endogenous Serine/Threonine Protein Phosphatase
Inhibitor, G-Substrate, Reduces Vulnerability in Models of
Parkinson’s Disease
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Relative neuronal vulnerability is a universal yet poorly understood feature of neurodegenerative diseases. In Parkinson’s disease,
dopaminergic (DA) neurons in the substantia nigra (SN) (A9) are particularly vulnerable, whereas adjacent DA neurons within the
ventral tegmental area (A10) are essentially spared. Our previous laser capture microdissection and microarray study (Chung et al., 2005)
demonstrated that molecular differences between these DA neurons may underlie their differential vulnerability. Here we show that
G-substrate, an endogenous inhibitor of Ser/Thr protein phosphatases, exhibits higher expression in A10 compared with A9 DA neurons
in both rodent and human midbrain. Overexpression of G-substrate protected dopaminergic BE(2)-M17 cells against toxins, including
6-OHDA and MG-132 (carbobenzoxy-L-leucyl- L-leucyl-L-leucinal), whereas RNA interference (RNAi)-mediated knockdown of endoge-
nous G-substrate increased their vulnerability to these toxins. G-substrate reduced 6-OHDA-mediated protein phosphatase 2A (PP2A)
activation in vitro and increased phosphorylated levels of PP2A targets including Akt, glycogen synthase kinase 33, and extracellular
signal-regulated kinase 2 but not p38. RNAi to Akt diminished the protective effect of G-substrate against 6-OHDA. In vivo, lentiviral
delivery of G-substrate to the rat SN increased baseline levels of phosphorylated Akt and protected A9 DA neurons from 6-OHDA-induced
toxicity. These results suggest that inherent differences in the levels of G-substrate contribute to the differential vulnerability of DA
neurons and that enhancing G-substrate levels may be a neuroprotective strategy for the vulnerable A9 (SN) DA neurons in Parkinson’s
disease.
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Introduction

Selective or relative neuronal vulnerability is a common feature
of neurodegenerative diseases. The different susceptibilities to
degeneration of A9 and A10 dopaminergic (DA) neurons in the
midbrain of Parkinson’s disease (PD) is a striking example of this
phenomenon. Regardless of specific etiology, DA neurons in the
A9 region [substantia nigra (SN)] are considerably more vulner-
able than DA neurons in the adjacent A10 region [ventral teg-
mental area (VTA)] (Hirsch et al., 1988). A similar pattern of

Received May 1, 2007; revised June 17, 2007; accepted June 18, 2007.

This work was supported by funds from the National Institutes of Health/National Institute of Neurological
Disorders and Stroke P50 Parkinson’s Disease Udall Research Centers of Excellence to McLean/Harvard Medical
School, the Michael Stern Foundation for Parkinson’s Disease Research, and the Consolidated Anti-Aging Foundation
(0.1.), and was conducted at McLean Hospital and in part at the facilities and collaborative network provided by the
Harvard Center for Neurodegeneration and Repair. We thank Dr. Vikram Khurana for discussion and critical reading
of this manuscript and Casper Reske-Nielsen, Kari Ording, Michaela Patterson, Yalda Sadeghi, Prabhakar Mithal,
Masako Suzuki, and Moe Hein Aung for their excellent technical assistance. We are grateful to Dr. Anne Cataldo for
providing technical guidance in staining of human tissue and Dr. Mel Feany for helpful discussion. We also thank Dr.
Mark Cookson for kindly providing BE(2)-M17 cells.

Correspondence should be addressed to Dr. Ole Isacson, Neuroregeneration Laboratories, Harvard Medical
School, McLean Hospital, 115 Mill Street, Belmont, MA 02478. E-mail: isacson@hms.harvard.edu.

DOI:10.1523/JNEUR0SCI.1972-07.2007
Copyright © 2007 Society for Neuroscience  0270-6474/07/278314-10$15.00/0

vulnerability is observed in animal models of PD (German et al.,
1988; Rodriguez et al., 2001), indicating that such differential
vulnerability between A9 and A10 DA neuronal populations may
be conserved between species. Recently, we and others have dem-
onstrated that rodent A9 and A10 DA neurons have distinct gene
expression profiles despite their many similarities (Grimm et al.,
2004; Chung et al., 2005; Greene et al., 2005). Such inherent
baseline gene expression differences may underlie differential
vulnerability to pathophysiological processes.

G-substrate was first identified as an endogenous substrate for
the cGMP-dependent protein kinase (PKG) (Aswad and Green-
gard, 1981) and subsequently shown to be an inhibitor of Ser/Thr
phosphatases protein phosphatase 2A (PP2A) and protein phos-
phatase 1 (PP1) in in vitro cell-free experiments (Endo et al.,
1999; Hall et al., 1999). A9 and A10 neurons exhibit prominent
differences in G-substrate expression with approximately three-
fold higher mRNA expression levels in the A10 group (Grimm et
al., 2004; Chung et al., 2005). Intriguingly, two isoforms of the
PP2A regulatory subunit B (B56) are expressed higher in the
vulnerable A9 DA neurons (Chung et al., 2005), indicating that
PP2A activity toward certain targets may be elevated in A9 neu-
rons. These observations raised the possibility that PP2A activity
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is differentially regulated in A9 and A10 DA neurons and made
G-substrate an interesting candidate to examine with respect to
relative vulnerability.

Interestingly, recent studies have indicated that some PD-
related pathological challenges increase PP2A activity, at least on
certain targets. For example, 6-OHDA exposure in a DA cell line
decreases phosphorylated Akt (pAkt) and glycogen synthase ki-
nase 33 (GSK3p) levels, an effect blocked by a PP2A inhibitor,
okadaic acid (Chen et al., 2004), and overexpression of
a-synuclein increases PP2A activity in MN9D cells (Peng et al.,
2005). Intriguingly, the PP2A target Akt has also been implicated
in DA neuron protection (Ries et al., 2006). Ser/Thr phosphatases
might thus play an important role in PD pathophysiology. The
relationship of PP2A activity to cell survival, however, is complex,
variably proapoptotic or antiapoptotic depending on the molec-
ular target. A delicate balance of intracellular phosphorylation
states may be critical for cell survival against toxic stimuli.

We thus hypothesized that elevated G-substrate expression in
A10 DA neurons may contribute to their reduced vulnerability to
PD-related toxins and, conversely, that elevated expression of
this molecule in A9 DA neurons could confer neuroprotection.
In this study, we show that, in both in vitro and in vivo PD models,
G-substrate is protective and that G-substrate may mediate this
action, at least in part, via modulation of Akt. Our findings sug-
gest that differential activity of G-substrate is one of the determi-
nants of differential DA neuron vulnerability in PD.

Materials and Methods

Laser capture microdissection in mouse and human midbrain
Tissue preparation. Adult C57BL/6 mice (Jackson ImmunoResearch,
West Grove, PA) were anesthetized with intraperitoneal sodium pento-
barbital (300 mg/kg) and decapitated. The brain was removed and snap
frozen in dry ice-cooled 2-methylbutane. Fresh frozen human midbrain
blocks were obtained from Harvard Brain Tissue Resource Center.
Brains were cut using a cryostat with 10 um (for mouse) or 18 um (for
human) thickness, mounted on laser capture microdissection (LCM)
slides (Arcturus Bioscience, Mountain View, CA), and immediately
stored at —70°C.

Quick tyrosine hydroxylase immunostaining and LCM. A quick tyrosine
hydroxylase (TH) immunostaining and LCM was performed accord-
ingly to the previous protocol (Chung et al., 2005). Briefly, the tissue
sections were fixed in cold acetone for 5 min, washed with PBS, incubated
with rabbit anti-TH (1:25; Pel-Freez Biologicals, Rogers, AR) for 4 min,
washed in PBS, and exposed to biotinylated anti-rabbit antibody (1:25;
Vector Laboratories, Burlingame, CA) for 4 min. The slides were washed
in PBS, incubated in ABC-horseradish peroxidase enzyme complex
(Vectastain; Vector Laboratories) for 4 min, and the staining was de-
tected with the substrate diaminobenzidine. Sections were subsequently
dehydrated in graded ethanol solution (30 s each in water, 70% ethanol,
95% ethanol, 100% ethanol, and twice for 5 min in xylene). For LCM, the
PixCell II System (Arcturus Bioscience) was used to capture ~100-200
neurons. RNA was isolated using PicoPure RNA isolation kit (Arcturus
Bioscience).

Real-time PCR for validation

Real-time PCR was performed according to the previous protocol
(Chungetal., 2005). Briefly, RNA samples from A9 and A10 DA neurons
were reverse transcribed into cDNA using Sensiscript reverse transcrip-
tase (Qiagen, Valencia, CA) and oligo-dT as the primer. PCR reactions
were set up in 25 ul reaction volume using SYBR Green PCR Master Mix
(Applied Biosystems, Foster City, CA) with 250 nM final concentrations
of primers. For each primer pair, triplicates of three to five independently
collected A9 and A10 samples were compared to quantify relative gene
expression differences between these cells using the 2 ~2A¢T method
(Livak and Schmittgen, 2001). B-Actin was used as an internal control
gene.
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Lentivirus cloning

Construction of lentiviral vectors. The human wild-type and mutant
(T123A) G-substrate cDNAs were cloned into the lentiviral vector
PRRL.cPPT.PGK.W.Sin-18 (kindly provided by Drs. R. Zufferey and D.
Trono, University of Geneva, Geneva, Switzerland) and confirmed by
sequence analyses.

Production of lentiviral vectors and cell transduction. Lentivirus produc-
tion was based on the previous protocol (Chung et al., 2005). Briefly,
HEK293T cells were transfected with four plasmids (pMDLg/pRRE,
pMD.G, pRSV.Rev, and pRRL.cPPT.G-substrate.W.Sin-18) kindly pro-
vided by Drs. Zufferey and Trono. Virus supernatants were collected and
filtered through a 0.2 wm filter and ultracentrifuged to obtain high con-
centrations of viral stocks. Virus titers were determined by measuring the
viral capsid protein p24 using ELISA. Lower-titer (~10° pg/ml p24)
virus was used for in vitro transduction, and higher-titer (~10® pg/ml
p24) virus was used for in vivo transduction.

In vitro protection analysis

BE(2)-M17 cell culture. BE(2)-M17 cells were transduced with lentivirus
expressing control or G-substrate with a multiplicity of infection of 15.
Cells were grown in Optimem (Invitrogen, Carlsbad, CA) supplemented
with 10% heat-inactivated fetal calf serum (Hyclone, Logan, UT), non-
essential amino acid, and sodium pyruvate. Cells were maintained at
37°Cin 5% CO, humid atmosphere. For the bioassay, cells were plated in
96-well plates at 5000 per well. The next day, cells were treated with
various concentrations of 6-OHDA (Sigma, St. Louis, MO), MG-132
(carbobenzoxy-1-leucyl- 1-leucyl-1-leucinal; Calbiochem, La Jolla, CA),
and 1-methyl-4-phenylpyridinium (MPP ") (Sigma) for 20 h. The su-
pernatant was used to determine cytotoxicity using lactate dehydroge-
nase (LDH) release assay kit (Roche, Indianapolis, IN), and the cells
remaining on the plate was used to determine cell viability using meth-
anethiosulfonate (MTS)-based solution, CellTiter 96 AQ,,...s One solu-
tion cell proliferation assay (Promega, Madison, WI).

Small interference RNA transfection. Three different small interference
RNAs (siRNAs) for human G-substrate, negative control siRNA, and a
validated Akt siRNA were purchased from Ambion (Austin, TX). Cells
were plated in 96-well plates at 5000 per well with siRNAs and siPORT
NeoFX transfection agent (Ambion). After 48 h of incubation with siR-
NAs, 6-OHDA, MG-132, and MPP * were applied to the cells. Cell via-
bility and cytotoxicity was measured after 20 h of toxin exposure.

PP2A activity assay

PP2A activity was measured using a nonradioactive kit according to the
instructions of the manufacturer (Upstate Biotechnologies, Lake Placid,
NY). After 50 um 6-OHDA exposure with various times, cells were har-
vested in 20 mM imidazole-HCI, 2 mm EDTA, and 2 mm EGTA, pH 7,
with a protease inhibitor cocktail (Sigma). Protein concentrations of the
lysates were measured using BCA assay (Pierce), and 500 ug of protein
was immunoprecipitated using an anti-PP2A catalytic subunit antibody
and protein A-Sepharose beads. Immunoprecipitated PP2A was then
incubated with phosphopeptide (K-R-pT-I-R-R) for 10 min at 37°C.
Dephosphorylation of the phosphopeptide was assayed spectrophoto-
metrically at 650 nm using Malachite Green.

Immunoprecipitation

Control or G-substrate-overexpressing cells were harvested 2 h after 50
uM of 6-OHDA exposure. After cell lysate (50-100 ug) was incubated
overnight with 1 ug of the rabbit anti-human G-substrate antibody at
4°C, protein A beads were added to the lysate—antibody complex and
incubated 3 additional h. The beads were extensively washed with
PBS and denatured by boiling in Laemli’s buffer containing
B-mercaptoethanol. Immunoprecipitated samples were loaded in 12.5%
polyacrylamide gel and probed with mouse monoclonal anti-phospho-
G-substrate antibody (Endo et al., 2003). The blot was stripped and
reprobed with rabbit anti-G-substrate antibody to determine total
G-substrate levels.

Animals
Female Sprague Dawley rats weighing ~280 g (Charles River Laborato-
ries, Wilmington, MA) were used in all animal experiments. All rat stud-
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ies were approved by the McLean Hospital Institutional Animal Care and
Use Committee.

Stereotaxic surgery

All stereotaxic coordinates were derived from the rat atlas of Paxinos and
Watson (1986). For each surgery, animals were deeply anesthetized with
ketamine and xylazine (60 and 3 mg/kg, respectively, i.m.).

Substantia nigra lentiviral injection. Rats received two 2.75 ul stereo-
taxic injections of lenti-empty vector plus lenti-enhanced green fluores-
cent protein (eGFP) (n = 19), lenti-G-substrate plus lenti-eGFP (n =
19), or lenti-yellow fluorescent protein (YFP) (n = 14) and delivered ata
rate of 0.2 pl/min using microinfusion pumps (Stoelting, Wood Dale, IL)
with 10 min wait times after each injection. Lenti-eGFP was added to
each condition, excluding the YFP condition, to serve as an exogenous
marker for surgical targeting (0.5 ul of the total 5.5 ul volume). SN
injection coordinates were as follows (in mm): site 1: anteroposterior
(AP) —4.8, mediolateral (ML) —2.0, dorsoventral (DV) —7.2; site 2: AP
—5.5, ML —1.8, DV —7.2; with the tooth bar set at —3.3. Virus titers
(p24) were as follows: G-substrate, 60 ng/ul; empty vector, 60 ng/ul;
eGFP, 83 ng/ul; and YFP, 60 ng/ul.

6-OHDA intrastriatal injection. Two weeks after lentiviral injection,
animals [lenti-empty vector plus lenti-eGFP (n = 9), lenti-G-substrate
plus lenti-eGFP (n = 9), or lenti-YFP (n = 14)] received three 2.5 ul
stereotaxic injections of 3.0 ug/ul 6-OHDA (total dose, 22.5 ug of
6-OHDA) delivered at a rate of 0.5 ul/min and 5 min wait times after
each injection. Striatum injection coordinates were as follows (in mm):
site 1: AP +1.3, ML —2.8, DV —4.5;site 2: AP +0.2, ML, —3.0, DV —5.0;
site 3: AP —0.6, ML —4.0, DV —5.5; with the tooth bar set at —3.3. The
lesion was allowed to progress for 3 weeks, after which animals were
killed for postmortem analyses.

Perfusions and tissue handling

Animals were deeply anesthetized with an intraperitoneal injection of
sodium pentobarbital and were killed by exsanguination with the aid of
ice-cold saline perfusion. For immunohistochemistry, the brains were
then fixed with a 4% paraformaldehyde solution. The brains were then
removed from the skull, placed in fresh 4% paraformaldehyde solution
for 1 h, and equilibrated through 20 and 30% sucrose solutions and
refrigerated until cutting for immunohistochemistry. For immunoblot-
ting, brains injected with lenti-empty vector plus lenti-eGFP (n = 10) or
lenti-G-substrate plus lenti-eGFP (n = 10) were rapidly removed after
saline perfusion and sliced coronally using a tissue chopper set to 1 mm
(Campden Instruments, Lafayette, IN). On an inverted glass Petri dish
over ice, regions of interest (striatum and substantia nigra region) were
dissected from the individual 1 mm tissue slices, frozen on dry ice, and
stored at —80°C.

Immunohistochemistry

Brains were cut frozen in the coronal plane at a thickness of 40 wm on a
sliding microtome, and six series of sections were stored in cryopro-
tectant. Two full series of sections were processed for visualization of TH
via the biotin-labeled antibody procedure. Briefly, after several washes in
a PBS solution containing 0.01% Triton X-100 (PBS-T), endogenous
peroxidase was quenched in a 3% hydrogen peroxide solution, and back-
ground staining was then inhibited in a 5% normal goat serum solution.
Tissue was then incubated with rabbit anti-TH antibody overnight (1:
5000; Pel-Freez). After three washes in PBS-T, sections were sequentially
incubated in biotinylated goat anti-rabbit IgG (1:500; Vector Laborato-
ries) for 1 h and the Elite avidin—biotin complex (ABC kits; Vector Lab-
oratories) for 1 h separated by three washes in PBS. TH immunostaining
was visualized after a reaction with 3,3-diaminobenzidine (Vector Lab-
oratories). Sections were then mounted on glass slides, allowed to dry,
dipped into dH,0, dehydrated through graded alcohol (70, 95, 100%),
cleared in xylenes, and coverslipped with DPX mounting medium. For
immunofluorescence staining, sections were washed with PBS-T and
blocked with donkey serum. Sections were then incubated with anti-TH
(Pel-Freez), anti-G-substrate (Endo et al., 1999), and anti-eGFP (Chemi-
con, Temecula, CA) antibodies overnight and subsequently incubated in
the following fluorophore-conjugated secondary antibodies: Alexa 488
(to visualize eGFP), Alexa 568 (to visualize TH), and Alexa 647 (to visu-
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Figure1.  G-substrate mRNA levelsin mouse and human DA neurons. b—f, DA neurons were
labeled using the quick TH staining method in mouse, as described previously (Chung et al.,
2005), and human midbrain. d—f, DA neurons were then collected using laser capture micro-
dissection. g, Quantitative PCR results demonstrated that A10 DA neurons showed higher levels
of G-substrate mRNA than A9 DA neurons in both rodent and human. Data are shown as mRNA
ratios of A10 over A9 DA neurons = SEM (n = 3 for mouse, n = 4 for male human,andn =3
for female human; *p << 0.05, two-tailed ¢ test). SN, Substantia nigra pars compacta.

alize G-substrate; Invitrogen). Sections were mounted onto glass slides
and visualized using confocal microscopy.

Immunoblotting

Cells and tissue samples were collected from and suspended in lysis
buffer containing the following: 50 mm Tris-HCI, 0.15 M NaCl, 0.32 m
sucrose, 1.0 mm EDTA, and 1% NP-40. In addition, phosphatase inhib-
itors I and II (1:100) and protease inhibitors (1:100) were added fresh
before cell lysis (P2850, P5276, and P8340, respectively; Sigma). After cell
lysis, the homogenate was centrifuged, a portion of the supernatant was
reserved for protein determination (BCA Assay; Pierce), and the remain-
ing was stored at —20°C. Twenty micrograms (in vitro cell preparations)
and 50 ug (tissue dissections) of solubilized protein were mixed 1:1 with
sample buffer and boiled for 5 min. The samples and molecular weight
standards were separated using the Criterion precast 10% SDS-
polyacrylamide gel system (Bio-Rad, Hercules, CA). After electrophore-
sis, the proteins were electrically transferred to polyvinylidene difluoride
membranes at 100 V for 30 min. After transfer, blots were incubated in
Tris-buffered saline with 0.1% Tween 20 containing 5% BSA. Subse-
quently, blots were incubated with the following antibodies at 4°C over-
night (1:1000 unless otherwise stated): phospho-Akt (Ser473), phospho-
GSK3p (Ser9), phospho-extracellular signal-regulated kinase 1/2 (Erk1/
2), and phospho-p38 (Cell Signaling Technology, Danvers, MA). HRP-
conjugated secondary antibodies were then applied, and
immunoreactive bands were visualized with chemiluminescence (GE
Healthcare, Little Chalfont, UK) and exposed onto film. Immunoblots
were then stripped and reprobed for the expression of the total protein
(Cell Signaling Technology) and B-actin (1:10,000; Abcam, Cambridge,
MA) to serve as a loading control. Optical density analysis (NIH Image)
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G-substrate expression in rat and human midbrain DA neurons. TH (@, b, i, 1) and G-substrate (b, f, j, m) were stained
inrat (a- g) and human (i-n) midbrain. More intense G-substrate staining was observed in A10 DA neurons (e~ g, I-n) compared
with A9 DA neurons (a—c, i- k). h, Colocalization of G-substrate and TH was confirmed by the z-stack confocal image.

Figure2.

was used to determine the relative abundance of protein in each sample.
The optical densities of the phospho epitopes were standardized to their
respective total proteins, and this value was used in the statistical
analyses.

Cell counting

Estimates of TH-positive neuronal number within the SN were per-
formed using Stereo Investigator software (MBF Bioscience, Williston,
VT) and stereologic principles (West and Gundersen, 1990). The ante-
rior and posterior boundaries of the SN included in the analysis were
defined according to the area transduced by lenti-eGFP in preliminary
experiments [approximately —4.80 mm through —6.00 mm from
bregma (according to the rat brain atlas of Paxinos and Watson, 1986)].
Stereology was performed using a Zeiss (Thornwood, NY) Axiovert mi-
croscope coupled to an Optronics (Goleta, CA) Microfire digital camera
for visualization of tissue sections. The total number of TH-positive
neurons, from tissue sections separated by 120 wm, was estimated from
coded slides using the optical fractionator method. For each tissue sec-
tion analyzed, section thickness was assessed empirically, and guard
zones of 2 wm thickness were used at the top and bottom of each section.
The SN was outlined under low magnification (2.5X), and ~50% of the
outlined region was analyzed using a systematic random sampling design
generated with the following stereologic parameters: grid size, 200 X 200
wm; counting frame size, 153 X 140 wm; and dissector height, 16 wm.
Neurons were counted under 40X magnification. The coefficients of
error were calculated according to the procedure of West (1993), and
values <0.10 were accepted.

Results

G-substrate is more highly expressed in A10 DA neurons
compared with A9 DA neurons

Recent microarray studies comparing gene expression profiles of
A9 and A10 DA neurons have indicated that G-substrate mRNA
is elevated in A10 DA neurons compared with A9 DA neurons in
rat (Grimm et al., 2004) and mouse (Chunget al., 2005). To verify
these results, we collected A9 and A10 DA neurons in mouse and
human midbrain by TH staining followed by laser capture micro-
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dissection as described previously (Chung
etal., 2005) (Fig. 1la—f). Quantitative PCR
results demonstrated that G-substrate
mRNA levels were higher in A10 DA neu-
rons compared with A9 DA neurons in
both mouse (3.213 * 0.31-fold) and hu-
man (female, 4.03 =+ 0.83-fold; male,
3.92 = 0.14-fold) (Fig. 1g), validating the
previous microarray results. In human
midbrain, there was no effect of gender on
the differential expression of G-substrate
mRNA (Fig. 1g). In addition, immuno-
staining for G-substrate and TH indicated
that A10 DA neurons have higher
G-substrate protein levels than A9 DA
neurons (Fig. 2) in both rat and human
midbrain. G-substrate staining, however,
was not exclusive to TH-positive neurons
(Fig. 2¢,g,n).

G-substrate is protective against 6-
OHDA and MG-132 toxicity in vitro

To investigate the role of G-substrate in
neuroprotection, wild-type and mutant
G-substrate were overexpressed using
lentivirus-mediated gene delivery into hu-
man dopaminergic neuroblastoma BE(2)-
M17 cells. Protein overexpression was
confirmed by Western blot analysis (Fig.
3a) and by immunocytochemistry (Fig. 3b). The mutant
G-substrate construct harbors a Thr to Ala point mutation at
Thr123 (T123A), a residue at which G-substrate is phosphory-
lated by PKG (Endo et al., 2003). This phosphorylation increases
the inhibitory activity of G-substrate toward Ser/Thr phospha-
tases, including PP1 and PP2A. Thus, by mutating this site to Ala,
G-substrate partially loses its Ser/Thr phosphatase inhibitory ac-
tivity determined previously by cell-free experiments (Endo etal.,
2003). Another putative PKG phosphorylation site, Thr72, did
not affect the Ser/Thr phosphatase inhibitory activity of
G-substrate (Endo et al., 2003).

Overexpression of wild-type G-substrate protected BE(2)-
M17 cells from toxicity induced by various doses of 6-OHDA and
a proteasome inhibitor, MG-132 (Fig. 3c—f). Although T123A
G-substrate expression was also protective compared with the
control, the degree of protection conferred was significantly less
than in wild-type G-substrate-expressing cells (Fig. 3c—f). These
results suggest that the Ser/Thr phosphatase-inhibitory action of
G-substrate is at least partially involved in G-substrate-induced
protection.

We next investigated the effect of knocking down endogenous
G-substrate using siRNA in our in vitro systems. Although the
endogenous G-substrate levels in these cells were very low,
G-substrate mRNA levels were clearly detected using quantitative
PCR (supplemental Fig. 1, available at www.jneurosci.org as sup-
plemental material). Three different siRNAs, siRNA1, siRNA2,
and siRNA3, were transiently transfected into BE(2)-M17 cells,
and G-substrate mRNA levels were measured using quantitative
PCR (supplemental Fig. 1, available at www.jneurosci.org as sup-
plemental material). Compared with the control siRNA-treated
group, all three G-substrate siRNAs reduced endogenous
G-substrate mRNA levels (62-73% reduction) (supplemental
Fig. 1, available at www.jneurosci.org as supplemental material).
siRNA1 and siRNA2 were used for subsequent experiments.
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Thr protein phosphatases include PP1,
PP2A, PP2B, PP2C, PP4, PP5, PP6, and
PP7 (Honkanen and Golden, 2002).
Among these, PP2A is prominently in-
volved in several cellular signal transduc-
tion pathways and accounts for a signifi-
cant fraction of Ser/Thr phosphatase
activity in neurons (Van Hoof and Goris,
2003). Indeed, we found PP1 activity in the
absence and presence of 6-OHDA was
considerably lower compared with PP2A
activity in BE(2)-M17 cells (data not
shown). Therefore, we focused on PP2A as
a potential mediator of G-substrate-de-
pendent protection. To determine the time course of PP2A activ-
ity after 6-OHDA exposure, activity of this enzyme was measured
in control BE(2)-M17 cells at various incubation times (¢t = 0, 1,
2,5, and 8 h) after 50 um 6-OHDA exposure. At all times except
t = 5 h, PP2A activity was significantly increased after 6-OHDA
exposure compared with basal activity (Fig. 4b). Control, wild-
type, and T123A G-substrate-expressing cells were then exposed
to 50 um 6-OHDA for 2 h before measurement of PP2A activity.
Both wild-type and T123A mutant G-substrate stable expression

Figure3.

Overexpression of wild-type and mutant (T123A) G-substrate in BE(2)-M17 cells. Lentivirus containing the wild-type
and T123A G-substrate gene were transduced to BE(2)-M17 cells with a multiplicity of infection of 15. a, b, Overexpression of the
wild-type and T123A G-substrate was confirmed by Western blot (a) and immunocytochemistry (b). c—f, After exposing these
cells to 6-OHDA (c, d) or MG-132 (e, f), cell viability was measured using MTS assay (c, e), and cytotoxicity was measured via LDH
release (d, f). Overexpression of both the wild-type and T123A G-substrate was protective against 6-OHDA and MG-132 toxicity.
There was significantly less protection in T123A G-substrate-expressing cells compared with the wild-type G-substrate-
expressing cells. Data are shown as means == SEM (n = 6—8) and are representatives of three or more experiments with the
similar trends (°p < 0.001, two-way ANOVA; *p << 0.001, not significant, one-way ANOVA, Tukey's test). g, h, Knockdown of the
endogenous G-substrate using siRNA: cell viability was measured using the MTS assay, and results are expressed as a percentage
of cells exposed to control siRNA without 6-OHDA treatment. The endogenous G-substrate knockdown increased vulnerability of
the cells to 6-OHDA toxicity (g) and MG-132 toxicity (h). Data are shown as means = SEM (n = 6 —8) and are representatives of
three or more experiments with the similar trends (**p << 0.001, not significant, one-way ANOVA, Tukey's test).

in BE(2)-M17 cells unexpectedly caused an overall increase in
total cellular PP2A activity compared with control cells (Fig. 4¢).
This contrasted with a general pharmacologic PP2A inhibitor,
okadaic acid, which reduced baseline total PP2A activity, indicat-
ing that, in a cellular context, G-substrate may not be a general
inhibitor of PP2A activity. Strikingly, however, 6-OHDA-
induced augmentation of PP2A activity was blocked in G-
substrate-overexpressing cells. Thus, whereas PP2A activity was
increased by 6-OHDA treatment, cells overexpressing wild-type
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cipitated from control and G-substrate-expressing cells, and phosphorylated and total G-substrate levels were measured in the
absence or presence of 6-OHDA treatment. G-substrate overexpression caused an increase in phosphorylated G-substrate levels in
the basal conditions, which was further augmented by 6-OHDA exposure. To quantify the levels of phospho-G-substrate, optical
densities (OD) of the phospho-G-substrate levels in each condition was normalized with basal (no 6-OHDA) phosphorylated
G-substrate in control cells. Statistical comparisons were made against no 6-OHDA control cell conditions (n = 3, *p << 0.01,
two-tailed t test). b, PP2A activity was measured at various times (t = 0, 1,2, 5,and 8 h) on BE(2)-M17 cells after 50 v 6-OHDA
treatment. Exposure to 6-OHDA induced an increase in PP2A activity at all times except t = 5 h. Data are shown as means == SEM
(n = 3). Statistical comparisons were made against baseline control values at t = 0 h (*p << 0.05, two-tailed ¢ test). ¢, PP2A
activity was measured in control, wild-type, and T123A G-substrate-expressing cells after exposing cells to 50 pm 6-OHDA for 2 h.
The results are expressed as a percentage of the basal (no 6-OHDA condition) activity of the control cells. Surprisingly, overexpres-
sion of the wild-type and T123A G-substrate increased the basal PP2A activity (c). In response to 6-OHDA exposure, the wild-type
G-substrate significantly reduced the observed 6-OHDA-induced PP2A activity increase. The degree of reduction in T123A
G-substrate-expressing cells was significantly lower than the wild-type-expressing cells. For okadaic acid-treated conditions, 1nm
okadaic acid was applied for 30 min before harvesting the cells for PP2A activity measurement. Data are shown as means = SEM
offiveindependent experiments (**p << 0.005, two-tailed t test). d, Western blot analysis of immunoprecipitated PP2A indicates
that the activity changes shown in b were not attributable to alterations of PP2A protein levels.

G-substrate exhibited a decrease in PP2A activity after 6-OHDA
treatment (Fig. 4c). The degree of reduction in PP2A activity was
less in T123A G-substrate-expressing cells (Fig. 4c). Western blot
analysis of immunoprecipitated PP2A indicates that the activity
changes shown in Figure 4c were not attributable to alterations of
PP2A protein levels (Fig. 4d).

G-substrate increases phosphorylation levels of PP2A targets
involved in cell survival

Because overexpression of G-substrate blocks the increase in
PP2A activity induced by 6-OHDA and also confers protection
against 6-OHDA, we investigated whether G-substrate overex-
pression altered the phosphorylation levels of PP2A targets
known to play a critical role in cell survival. Akt, GSK3f, and
Erk1/2 are known to promote cell survival when phosphorylated
(Chen etal., 2004; Tamura et al., 2004; Ray et al., 2005; Song et al.,
2005). In contrast, phosphorylated p38 mediates cell death in
dopaminergic neurons exposed to various toxins, including
6-OHDA (Choi et al., 2004; Ou et al., 2006; Ruano et al., 2006).
To examine the changes in phosphorylation levels of these pro-
teins, both control and G-substrate-expressing cells were exposed
to 50 uM 6-OHDA for various durations (¢ = 0, 2, 5, and 10 h).
The levels of total and phosphorylated forms of PP2A substrates
were detected by Western blot analysis (Fig. 5a,¢,e,h). G-substrate
overexpression caused a significant increase in basal levels of
pAkt as well as at 2, 5, and 10 h after 6-OHDA exposure (Fig.
5a,b). Basal levels of pGSK3 were also increased in G-substrate-
expressing cells (Fig. 5¢,d). Interestingly, pErk2 levels were in-

pAkt levels were significantly increased in
G-substrate-expressing cells (Fig. 5a,b),
we investigated whether the protection af-
forded by G-substrate against 6-OHDA re-
quired Akt. To examine this, we deter-
mined whether the ability of G-substrate
to protect against 6-OHDA was reduced
by knocking down endogenous Akt levels
using siRNA. Efficient, although not com-
plete, knockdown of endogenous Akt was
confirmed using Western blot analysis
(Fig. 6a). Cytotoxicity was measured in the
presence or absence of 50 um 6-OHDA af-
ter applying control or Akt siRNA to both
control and G-substrate-expressing cells
(Fig. 6b). Knockdown of endogenous Akt
resulted in a small increase in 6-OHDA-
induced toxicity in control cell lines, as measured by the cytotox-
icity assays (Fig. 6b,c). However, the protective effect of
G-substrate was considerably diminished when Akt was reduced
by siRNA. The G-substrate-induced decrease in cytotoxicity was
reduced from 55.6 * 8.1% with Akt present to 23.1 % 4.9% with
Akt knocked down (Fig. 6¢). These results support a significant
role for Akt in mediating G-substrate-induced protection against
6-OHDA toxicity.

Lentiviral delivery of G-substrate into the substantia nigra
protects midbrain dopaminergic neurons in a retrograde 6-
OHDA in vivo lesion model

In light of our in vitro data demonstrating a protective role of
G-substrate against 6-OHDA (Fig. 3), we examined whether or
not vulnerable A9 DA neurons in vivo were protected from the
retrograde 6-OHDA lesion by G-substrate overexpression. First,
we determined the transduction efficiency of lentivirus encoding
G-substrate (lenti-G-substrate) after stereotactic injection im-
mediately dorsal to the rat SN. Lenti-G-substrate transduced TH-
positive neurons to varying degrees depending on the anatomical
level. The best transduction efficiency was achieved in the rostral
and medial SN (Fig. 7a—f) (supplemental Table 1, available at
www.jneurosci.org as supplemental material), whereas very few
TH-positive cells were transduced in either caudal or extreme
rostral SN. Approximately 22% TH-positive neurons were trans-
duced with lenti-G-substrate injections within the rostral and
medial SN, and all of the following analyses were focused within
these anatomical boundaries (see Materials and Methods). Im-
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portantly, transduction of G-substrate
into naive rats did not alter the total num-
ber of TH-positive neurons in midbrain
compared with GFP-transduced rats (Fig.
7p). To examine neuroprotection against
6-OHDA-induced toxicity, we injected
6-OHDA into the striatum of rats in which
either G-substrate or control genes (empty
vector or YFP) had been delivered previ-
ously to the midbrain. Retrograde
6-OHDA lesioning within the striatum is a
well established method of creating pro-
gressive degeneration of A9 DA neurons.
In this model, loss of TH immunoreactiv-
ity reflects actual loss of DA neurons, con-
firmed with fluorogold retrograde labeling
(Sauer and Oertel, 1994). In our experi-
ments, 6-OHDA induced ~80% loss of
TH-positive neurons in the midbrain (Fig.
7q) and a near complete loss of TH immu-
noreactivity in the striatum (data not
shown). The severity of the striatal insult
in this paradigm precluded our ability to
usefully measure protection of striatal
nerve terminals. However, despite the se-
verity of the insult, lenti-G-substrate-
transduced rats had a significantly higher
number of surviving TH-positive neurons
than control lentivirus (empty vector or
YFP)-injected rats (Fig. 7m—o,q). Further-
more, most of the surviving TH-positive
neurons in lenti-G-substrate-transduced
rats were strongly G-substrate positive
(Fig. 7g-1). In fact, considering that only
~22% of total TH-positive neurons were
transduced with G-substrate, the ~10%
DA neuronal protection achieved by
G-substrate in vivo indicates that ~50% of
transduced DA neurons were protected
from 6-OHDA-induced toxicity. Thus,
these data substantially extend our in vitro
findings that increased levels of
G-substrate decreases the vulnerability of
A9 DA neurons in vivo. To further corrob-
orate our in vitro findings in which
G-substrate overexpression increased the
basal levels of pAkt and pGSK3 in BE(2)-
M17 cells (Fig. 5), we examined the levels
of these phospho epitopes after in vivo in-
jection of lenti-G-substrate into the A9
area in the absence of the 6-OHDA lesion.
In the midbrain, the G-substrate-injected
SN showed increased pAkt levels com-
pared with the control virus-injected SN,
whereas pGSK3f levels remained un-
changed (Fig. 7r,s). In the striatum, both
pAkt and pGSK3 levels were significantly
elevated by nigral delivery of lenti-G-
substrate (Fig. 7t,u). These results indicate
that the G-substrate-mediated increases in
pAktand pGSK3 levels may contribute to
the neuroprotection observed in the in
vivo experiments.
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were exposed to 50 pum 6-OHDA for various durations (t = 0,2,5,and 10h). a, ¢, e, h, The levels of total and phosphorylated form of PP2A
substrates were detected by Western blot analysis. b, d, f, g, i, The optical densities (OD) of the individual bands were quantified using NIH
Image. Optical densities of phosphorylated epitopes were normalized with those of total epitopes as an internal control. These values were
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pAkt as well as t = 2, 5, and10 h. ¢, d, The basal pGSK3/3 levels were increased in G-substrate-expressing cells. pErk2 levels were
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Figure6. Knockdown of endogenous Akt decreases G-substrate-induced protection against
6-0HDA. a, Western blot analysis confirmed that Akt siRNA application in BE(2)-M17 cells sub-
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sence of 50 um 6-OHDA treatment after applying control or Akt siRNA to both control and
G-substrate-expressing cells. Data are shown as means = SEM of four independent experi-
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percentage decrease in cytotoxicity afforded by G-substrate [(control — G-substrate)/control]
in the presence of Akt (55.6 = 8.1%) or with Akt knocked down (23.1 = 4.9%; ¢). Data are
shown as means = SEM of four independent experiments (**p << 0.05, two-tailed ¢ test).

Discussion

Regardless of etiology, A9 DA neurons are more vulnerable than
the immediately adjacent A10 DA neurons in both PD and ani-
mal models of this disease. Inherent biochemical and physiolog-
ical differences may mediate this differential vulnerability by
changing the threshold of the different neuronal groups to neu-
rotoxic insults (Isacson, 1993). Thus, at their physiologic base-
line, A10 DA neurons may be better able to maintain their struc-
tural and functional integrity against such insults. Here we show
that the endogenous level of G-substrate, an inhibitor of Ser/Thr
protein phosphatases, is higher in the less vulnerable A10 DA
neurons in both rodent and human midbrain. G-substrate re-
duces susceptibility to PD-relevant neurotoxins in vitro and of A9
DA neurons in an animal model of PD. The protective effect of
G-substrate may be, at least in part, mediated by increased pAkt
levels. Our results suggest that the relatively higher expression of
G-substrate in A10 DA neurons may increase their resistance to
pathogenic processes in PD. Augmenting G-substrate levels may
thus be a therapeutic strategy in protecting A9 DA neurons.

Mechanism of G-substrate-mediated protection

We explored the potential mechanisms through which
G-substrate is protective. Little is known about the function of
G-substrate, although, in an in vitro cell-free system, purified
PKG-phosphorylated G-substrate inhibits the activities of puri-
fied PP1 or PP2A catalytic subunits (Endo et al., 1999; Hall et al.,
1999). These findings raised the possibility that G-substrate me-
diates neuroprotective effects by inhibiting Ser/Thr protein phos-
phatase activities. In support of this idea, our results show that
G-substrate is involved in modulation of cellular PP2A activity.
In addition, given that the mutant form of G-substrate with re-
duced PP2A-inhibitory function exhibited significantly dimin-
ished protection, the PP2A inhibitory role of G-substrate is, at
least in part, responsible for the protective effect.

Ser/Thr phosphatases are known to play a key role in regulat-
ing a variety of intracellular signaling pathways, including cell
growth, the DNA damage response, and apoptosis (Garcia et al.,
2003; Van Hoof and Goris, 2003; Chatfield and Eastman, 2004).
PP2A can be either prosurvival or proapoptotic, depending on
the context. Proapoptotic effects are mediated by PP2A when it
dephosphorylates and decreases the activity of antiapoptotic
molecules (Akt, Erkl, Erk2, and Bcl-2) and, conversely, dephos-
phorylates and increases the activity of proapoptotic signaling
molecules (GSK33 and Bad) (Millward et al., 1999; Van Hoof

J. Neurosci., August 1,2007 - 27(31):8314 - 8323 - 8321

and Goris, 2003; Chatfield and Eastman, 2004; Chen et al., 2004;
Ray et al.,, 2005). In other contexts, PP2A activation can be pro-
survival by decreasing activity of proapoptotic substrates such as
p38 (Choi et al., 2004; Ou et al., 2006; Ruano et al., 2006) and p53
(Yan et al., 1997; Messner et al., 2006). It is thus not surprising
that broad inhibition of PP2A using okadaic acid, calyculin A, or
siRNA can produce inconsistent effects on cell survival (Wolfand
Eastman, 1999; Zeevalk et al., 2001; Strack et al., 2004; Jangati et
al., 2006). In our culture models, inhibition of PP2A by okadaic
acid, calyculin A, or PP2A siRNA did not protect BE(2)-M17 cells
from 6-OHDA in contrast to G-substrate, which was protective
(supplemental Fig. 2, available at www.jneurosci.org as supple-
mental material). When total cellular PP2A activity was mea-
sured using immunoprecipitated PP2A catalytic subunit
(PP2Ac), G-substrate-overexpressing cells surprisingly had
slightly higher PP2A activity than control cells, despite the pres-
ence of phosphorylated active G-substrate in these cells. This
differed from okadaic acid, which dramatically (~80%) reduced
PP2A activity. The increased cellular PP2A activity in
G-substrate-expressing cells might be a compensatory response
against overexpression of this endogenous PP2A inhibitor. Inter-
estingly, the increase at baseline PP2A activity was not reflected in
a reduction of the phosphorylation levels of any of the PP2A
targets examined. In fact, the baseline phosphorylation levels of
pAkt and pGSK3 were increased in G-substrate-overexpressing
cells, corresponding with the increased phosphorylated
G-substrate levels in these cells.

In line with dramatically reducing cellular PP2A activity, oka-
daic acid or calyculin A have been shown to alter basal levels of
pAkt, pGSK3p, pErk1/2, and p38 without discrimination (Chat-
field and Eastman, 2004; Alvarado-Kristensson and Andersson,
2005). In contrast, G-substrate overexpression altered the basal
levels of certain PP2A substrates, including pAkt and pGSK3p,
but not others, including pErk1/2 and p38. When exposed to
6-OHDA, pAkt, pGSK3B, and pErk2 were elevated in
G-substrate-overexpressing cells compared with control cells,
whereas the proapoptotic PP2A substrate p38 was not affected by
G-substrate overexpression. In addition, the phosphorylation
levels of two other PP2A substrates, TH and p53, were not altered
by G-substrate overexpression (C. Y. Chung and J. B. Koprich,
unpublished observation). One intriguing explanation is that
G-substrate may inhibit PP2A in a substrate-specific manner. In
a cellular environment, PP2Ac interacts with various regulatory
subunits and interacting molecules, which determine the sub-
strate specificity and subcellular distribution of this enzyme
(Lechward et al., 2001). G-substrate may bind at sites other than
the active site of the catalytic subunit, which may regulate sub-
strate specificity and subcellular localization, as has been pro-
posed for other phosphatase inhibitors (Kwon et al., 1997; Hall et
al., 1999). Establishing a direct relationship between the change
in phosphoprotein levels and PP2A inhibition by G-substrate,
however, is inherently difficult in a cellular context. For example,
RNAIi to PP2A changes the baseline phosphorylation levels of
PP2A targets, making the interpretation of findings ambiguous.
Indeed, although our data offer support for a PP2A-dependent
mechanism, the changes in the phosphoproteins described in this
study may be related to as yet unknown functions of G-substrate,
independent of PP2A inhibition.

G-substrate phosphorylation and its subsequent activity is de-
pendent on the activity of cellular kinases, including PKG, which
may be altered by stimuli given to cells. Our results show that,
after 6-OHDA exposure, there is an increase in phosphorylated
G-substrate levels, corresponding to a reduction of PP2A activity



8322 - J. Neurosci., August 1, 2007 - 27(31):8314-8323

Untransduced
(naive)

G-substrate
Transduced
(naive)

Control
(6-OHDA)

G-substrate
(6-OHDA)

Figure 7.

Chung et al. @ G-Substrate Reduces Vulnerability in Models of PD

q
P sooo| MLenti GFP | MLenti YFP
Oienti G-substrate i MLenti empty vector
7000 :_ ol Olenti G-substrate
TH/G-sub a iz E—
3 6o00) §g st
i 5000 g By | |
§ 000 g -
F 2% 20|
% 3000 8¢
% 2000{ g-.%
E i 101
=
Z 1000 E
ol 8 S o+
r Midbrain |
s 2 Midbrain g Zl Midbrain
8 oy
—— g
5 1.5] I oL
= - 1.5,
I ) = i
e N Total Akt & 1 g1
gl pGSK3p £ & ‘
~ g, W
Saka= i |
S Total GSK3p a
TH/G-sub I = 0
%" Contrl G-sub Contrl G-sub
t u 1
Striatum 2{ Striatum 9 2| striatum
Contrl G-sub 3 =8
;
ISk
e T G-sub 5 1.5 a Ly
- 5
pAkE 3 = .
SOkd=
Tokd~ " & 1
e O o1 A S ]
—— =
ol LS ST TR $os
SOkd=
S 1o i 3
O Contrl G-su O contrl G-sub

Nigral injection of G-substrate lentivirus protects midbrain dopaminergic neurons in retrograde 6-OHDA lesion model. TH (a, d, g, j) and G-substrate (b, e, h, k) were stained in rat

midbrain. a- ¢, Endogenous G-substrate expression in untransduced midbrain DA neurons. d—f, When lenti-G-substrate was injected directly above nigra, 14-30% of TH-positive cells showed
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injected midbrain were strongly G-substrate-positive r, s, The G-substrate-transduced nigra (n = 10) shows increased levels of pAkt compared with the control (empty vector, n = 10) lentivirus
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mean = SEM [*p < 0.01, **p << 0.001, two-tailed t test, not significant (n.s.)].

in G-substrate-expressing cells exposed to 6-OHDA. These re-
sults indicate that cellular response against 6-OHDA may activate
kinases that can phosphorylate G-substrate. This response may
constitute a protective cellular response. Such protection may be
facilitated by having higher endogenous levels of G-substrate at
physiological baseline, as is the case in A10 compared with A9 DA
neurons.

G-substrate-mediated neuroprotection in vivo

Because our in vitro data demonstrated that G-substrate is pro-
tective, we investigated the effect of increased G-substrate expres-
sion levels in A9 DA neurons with or without 6-OHDA lesioning
in vivo. At baseline, in the absence of a 6-OHDA lesion, we found
that lentiviral delivery of G-substrate into the A9 area resulted in
elevated basal levels of pAkt in the midbrain and of pAkt and
pGSK3pin the striatum, corroborating the effects observed in the
in vitro experiments. Furthermore, with an average transduction
efficiency of 22%, G-substrate rescued 10% of the total number
of TH-positive A9 neurons against the lesion induced by the
striatal infusion of 6-OHDA. Given the transduction efficiency,
these data indicate that 50% of G-substrate-transduced A9 DA
neurons were protected against 6-OHDA toxicity in vivo. There-
fore, it is reasonable to assume that increased transduction effi-

ciency would confer even greater protection. It is also worth not-
ing that the retrograde 6-OHDA lesion was extremely severe in
our paradigm, inducing almost an 80% loss of TH-positive neu-
rons in the midbrain and a near complete loss of TH-positive
striatal terminals. The ability of G-substrate to protect A9 DA
neurons under such severe lesion conditions is thus all the more
impressive.

Selective or relative neuronal vulnerability is a common fea-
ture of neurodegenerative diseases. The different susceptibilities
to degeneration of A9 and A10 DA neurons in PD is a striking
example of this phenomenon. In this study, using data from the
transcriptional profiling of A9 and A10 DA neurons, the results
show that modulating the expression level of a single molecule,
G-substrate, can alter susceptibility to PD-relevant neurotoxins
in vitro and of DA neurons in an in vivo model of PD. In these
experiments, the protective effect mediated by G-substrate is as-
sociated with altering the activity of PP2A and key cell survival
regulators, including Akt, underscoring the importance of these
signaling pathways in DA neuron survival (Chen et al., 2004;
Yang et al., 2005; Ries et al., 2006). In a broader perspective, these
findings illustrate that the analysis of proteins differentially ex-
pressed in subsets of DA neurons can give clues to pathophysio-
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logical processes for PD and provide new strategies for develop-
ing neuroprotective therapies relevant to this disease.
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