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Abstract

Previously, we showed that the internal rotenone-insensitive nicotinamide adenine dinucleotide (NADH)-qui-
none oxidoreductase (NDI1) gene from Saccharomyces cerevisiae (baker’s yeast) can be successfully inserted into
the mitochondria of mice and rats and the expressed enzyme was found to be fully functional. In this study,
we investigated the ability of the Ndi1 enzyme to protect the dopaminergic neurons in a chronic mouse model
of Parkinson disorder. After expression of the NDI1 gene in the unilateral substantia nigra of male C57BL/6
mice for 8 months, a chronic Parkinsonian model was created by administration of 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine (MPTP) with probenecid and evaluated using neurochemical and behavioral responses 1–4
weeks post-MPTP/probenecid injection. We showed that expression of Ndi1 was able to significantly prevent
the loss of dopamine and tyrosine hydroxylase as well as the dopaminergic transporters in the striatum of the
chronic Parkinsonian mice. Behavioral assessment based on a methamphetamine-induced rotation test and
spontaneous swing test further supported neurological preservation in the NDI1-treated Parkinsonian mice.
The data presented in this study demonstrate a protective effect of the NDI1 gene in dopaminergic neurons,
suggesting its therapeutic potential for Parkinson-like disorders.
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Introduction

THE IDEA OF EXPLORING GENE THERAPY for treating Parkin-
son disease (PD) is a novel and rapidly growing field of

research. A number of gene therapeutic targets involving the
dopamine (DA)-producing enzymes, neurotrophic factors,
and the inhibitory �-aminobutyric acid-secreting or –trans-
mitting (GABAergic) pathway have been investigated and
reported.1–5 In addition to the plausible discoveries that cer-
tain familial forms of PD are associated with genetic muta-
tions of known proteins and enzymes, recent evidence sug-
gests that defects in the mitochondrial respiratory chain may
play a role in the progression of PD.6,7 Dysfunction of the
mitochondrial respiratory chain, specifically the nicoti-
namide adenine dinucleotide (NADH)–quinone oxidore-
ductase or complex I, is characterized by an increase in the
generation of reactive oxygen species (ROS), which is con-
sidered to be linked to neuronal damage and cell death.8–10

Our group has previously shown that the internal rotenone-
insensitive NADH–quinone oxidoreductase (NDI1) gene
from Saccharomyces cerevisiae (baker’s yeast) can be expressed
successfully and can fully sustain the function of mammalian

mitochondria in cultured cells and in the central nervous sys-
tem (CNS) of rodents.11–19 Preliminary human trials have
shown promising results with regard to the safety of ad-
ministering the gene delivery vector, recombinant adeno-as-
sociated virus (rAAV), as well as the incorporation of spe-
cific genes into CNS targets.2,4,5

To develop and characterize a novel gene therapy success-
fully and to make it eventually feasible for clinical trials, it is
essential not only to confirm the viability and functional ex-
pression of the gene product in a selected target system but
also to demonstrate its delivery and efficacy in vivo using an
appropriate animal disease model. Genetic models of PD have
presented a wide range of results and problems in animal sur-
vival and may not resemble a large population of PD with
nongenetic or sporadic etiology.20–25 Several rodent models
for PD that are induced by neurotoxins such as 1-methyl-4-
phenyl-1,2,3,6-tetrahydropyridine (MPTP), 6-hydroxy-
dopamine (6-OHDA), or rotenone have been used
widely.21,26–29 However, a great deal of discussion and debate
have surrounded the pros and cons of each model and
whether or not the model closely resembles the symptomol-
ogy and disease progression of human PD.24,26,30 The chem-
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ical lesion of the dopaminergic pathway in the substantia ni-
gra with 6-OHDA leads to pathological features that differ
from PD progression in humans; however, this model remains
valuable for creating a unilateral lesion that allows for com-
parison between the normal and lesioned side of the brain
within the same animal for the purpose of drug testing.21,26

The use of rotenone in preparation of an animal model for
PD was developed more recently, and we have successfully
employed it in our laboratory.31 However, rotenone is not
effective in animals other than rats at the present time. In
contrast, MPTP, which selectively destroys the nigrostriatal
dopaminergic neurons has been commonly used for induc-
ing Parkinsonism in primates and mice but not in rats.32 In
fact, early discovery of the toxicity of this chemical in hu-
mans came from incidents in which people who used drugs
contaminated with MPTP developed Parkinson-like symp-
toms. Several MPTP models for PD have been tested in mice
that include acute injections of four doses of MPTP within 6
hours, subacute/chronic injections of a single dose of MPTP
daily for a few days to several weeks, as well as chronic in-
jections of MPTP with an adjuvant drug, probenecid, twice
a week for 5 weeks.33–36 One of the main drawbacks of the
acute and subacute MPTP models is the spontaneous recov-
ery of neurons and motor symptoms shortly after MPTP
treatment, which will not allow for long-term assessment of
therapeutic outcomes in drug studies.35,36 The chronic mouse
MPTP/probenecid model has been characterized to show a
sustained loss of dopamine (DA) neurons in the nigrostriatal
system along with motor deficit for at least 6 months after
the induction of Parkinsonism.35

In this study, we investigated the expression and protec-
tive potential of the NDI1 gene on dopaminergic neurons
and animal behaviors in the chronic mouse MPTP/
probenecid model of PD. Furthermore, the length of incu-
bation time for Ndi1 expression was increased to 8 months
after gene inoculation, and our behavioral and neurological
examinations were conducted 4–5 weeks after chronic
Parkinsonism was established.

Materials and Methods

Animals

Twelve-week-old male (25–30 grams) C57BL/6 mice (ob-
tained from our in-house breeding colony) were housed four
per cage in a temperature-controlled environment under a
12-h light/dark cycle, with free access to food and water. The
housing and care for the animals were conducted in accor-
dance with the National Institutes of Health Guide for the
Care and Use of Laboratory Animals. All the animal proto-
cols described in this study were approved by the Institu-
tional Animal Care and Use Committee at The Scripps Re-
search Institute.

Injection of rAAV-NDI1

The rAAV serotype 2 (rAAV2) carrying the NDI1 gene
(designated rAAV2-NDI1) was produced by The Powell
Gene Therapy Center (University of Florida, Gainsville,
FL).11,12 The final viral particle titer was determined to be
1.88 � 1013 viral particles per milliliter, as estimated by dot
blot assay. Surgical procedures were performed as described
previously by Seo et al.12 Briefly, anesthesia was induced with

3% isoflurane in oxygen, and mice were secured in a stereo-
taxic frame (Kopf Instruments, Tujunga,Ca). Anesthesia was
maintained for the duration of the surgical procedure with
1.5–2% isoflurane in oxygen through a nose-tip fixed to the
stereotaxic frame. All rAAV2-NDI1 injections were made us-
ing a 5-�L Hamilton microsyringe with a 30-gauge beveled
needle. Two injections of 2-�L each were made in the right
hemisphere (total of 4 �L suspended in phosphate-buffered
saline [PBS] containing 0.1% fluorescent beads) at the follow-
ing coordinates (measured from bregma/dura): AP (anterior-
posterior), �3.3 mm; ML (medial-lateral), 1.5 mm; DL (dorsal-
vetral), �3.9 mm; and AP, �3.3 mm, ML, 1.0 mm; DL, �4.1
mm, at a rate of 0.2 �L/min. The syringe was left in place for
an additional 5 min before removing slowly.

Chronic MPTP/probenecid treatment

MPTP handling and safety measures were carried out in
accordance with the Chemical Hygiene Plan developed at
The Scripps Research Institute. Approximately 8 months af-
ter the rAAV2-NDI1 injection, mice were subjected to chronic
MPTP/probenecid treatment, as reported by Lau et al.37

Briefly, each treated animal was injected with 250 mg/kg
probenecid (dissolved in dimethylsulfoxide [DMSO]), in-
traperitoneally (i.p.), 30 min prior to 15 mg/kg MPTP (dis-
solved in saline) administration, subcutaneously (s.c.), twice
a week for a total of 10 doses over 5 weeks. Control animals
(N � 10) were injected with sterile saline. In a separate ex-
periment, animals were treated with varying amounts of
probenecid (0, 75, 150, or 250 mg/kg in DMSO) to determine
whether probenecid alone had any chronic effects on mice.
The chronic MPTP/probenecid-treated mice were divided
into two groups: One group was pretreated with NDI1 (N �
14) and one without (N � 8).

Behavioral testing

One week and 4 weeks postchronic MPTP/probenecid
treatment, animals were assessed behaviorally with the ele-
vated body swing and methamphetamine-induced rotation
tests.21 Rotation and swing test trials were videotaped and an-
alyzed at a later time by an unbiased observer. For the rota-
tion test, animals were first allowed 5 min to acclimate to the
testing bowl environment. Evaluation of body rotational ac-
tivity was initiated 15 min after the administration of metham-
phetamine (1.5 mg/kg, i.p.) and monitored for 40 min. The
number of quarter turns and direction around the testing bowl
were recorded for determining the level of protection pro-
vided by Ndi1 against chronic MPTP/probenecid-induced
Parkinsonism. For the swing test, each animal was held 1 cm
from the base of the tail and suspended approximately 1 cm
above the table for 60 sec. Movement greater than 30° from
vertical was counted as a swing, and the next swing was
counted only after the animal returned to the neutral position.

High-performance liquid chromatography analysis

The mice from each chronic treatment group and one-half
of the mice in the probenecid trials were sacrificed for high-
performance liquid chromatography (HPLC) analysis of stri-
atal DA and its metabolite levels. The mice were perfused
with saline, after which brains were quickly removed and
frozen on dry ice, and maintained at �80°C until chemical
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analysis was performed. The method used was similar to
that outlined by Seo et al.12 Brains were dissected with a ra-
zor blade into �2-mm thick sections. Striatal regions from
each hemisphere were isolated separately and weighed,
while the remainder of the brain was frozen in OCT com-
pound for immunohistochemical analysis (see below). Each
sample was homogenized by sonication in 5 volumes of ice-
cold 0.2 M perchloric acid and deproteinized by centrifuga-
tion at 14,000 rpm for 15 min at 4°C.

Aromatic monoamines and their metabolites were sepa-
rated using ion-paired reversed-phase HPLC coupled with
electrochemical detection. Samples (6 �L) kept on ice were
injected into an HPLC system equipped with an SC-3ODS
column (3 �m, 3 � 100 mm; Eicom) with a flow rate of 0.4
mL/min, at room temperature. The mobile phase was com-
posed of 0.1 M citrate-acetate buffer, 1 mM sodium octane
sulfate, and 13 �M EDTA � 2Na, with a final pH adjusted to
3.5 prior to adding 20% (vol/vol) methanol. The signal was
detected on a graphite-working electrode set at �750 mV
versus a Ag/AgCl reference electrode. The data were col-
lected using an EPC-500 processor (Eicom); peak areas were
calculated using the PowerChrom software and quantified
from a calibration curve of standards.

Immunohistochemistry

The remainder of the unfixed brain was frozen in OCT
compound (Sakura, Torrance,CA) and stored at �20°C un-
til further processing. The other half of the animals in the
probenecid group were sacrificed for immunohistochemistry
by first perfusing with sterile saline, followed by fixation
with 4% paraformaldehyde. Brains were removed and stored
in paraformaldehyde overnight prior to mounting in OCT
compound for sectioning. Next, 30-�m sections were col-
lected using a cryostat (Microm, Germany), directly mounted
onto slides, and stored at �20°C. Immunohistochemistry us-
ing an antibody against tyrosine hydroxylase (TH; 1:500,
EMD Bioscience/ Calbiochem, La Jolla, CA) was carried out
on slide sections as previously described by Seo et al.12

Briefly, sections not fixed prior to sectioning were first in-
cubated in 4% paraformaldehyde for 15 min at 4°C followed
by rinsing in PBS. All sections were then incubated in boil-
ing 50 mM Tris-buffered saline (TBS), pH 8.0, to remove ex-
cess fixation, for 10 min, cooled, and rinsed in PBS. This was
followed by incubation in 3% hydrogen peroxidase solution
for 30 min to quench native peroxidases and subsequent per-
meabilization and blocking for nonspecific binding with 10%
goat serum, 5% horse serum, and 0.1% Triton X-100/PBS at
room temperature for 1 h. Sections were then incubated with
primary antibody overnight at 4°C. Next, they were incu-
bated with biotinylated secondary antibody for 1 h at room
temperature followed by revelation with the ABC elite kit
(Vector Laboratories, Burlingame,CA) and 3,3�-diaminoben-
zidine tetrachloride (DAB; Sigma-Aldrich, St. Louis, MO).

Western blotting

Samples used for HPLC analysis were further processed
for western blotting according to the following protocol.
Samples were thoroughly mixed and neutralized with 1 M
Tris, pH 11, after which 2 �L of DNase (50 mg/mL; Roche,
Indianapolis, IN) was added along with a protease inhibitor
cocktail (Complete Mini, Roche). Sodium dodecyl sulfate

(SDS) at a final concentration of 5% was added to the mix-
ture, and the samples were incubated at room temperature
for 1 h prior to determining the protein levels in each sam-
ple using the Bradford reagent (Bio-Rad, Hercules, CA). Each
sample was diluted with sample buffer to a concentration of
4 �g/�L, and a total of 60 �g of protein was loaded and sep-
arated on a 10% SDS-polyacrylamide gel. The proteins were
then transferred to a 0.22-�m nitrocellulose membrane
(Fisher Scientific, Pittsburgh, PA). Detection of the protein
expression of interest was performed using the following an-
tibodies: Monoclonal mouse anti-TH, 1:1000 (EMD Bio-
science/Calbiochem); polyclonal rabbit anti-VMAT2, 1:1000
(Chemicon, Temecula, CA); monoclonal rabbit-anti-dopa-
mine transporter (DAT), 1:5000 (Chemicon); polyclonal rat-
anti-NDI1 1:5000 (prepared in-house;) and monoclonal
mouse anti-GAPDH 1:2000 (Chemicon). Detection of the pro-
tein bands was accomplished using the appropriate sec-
ondary, either goat anti-mouse (1:1000, Pierce, Rockford, IL),
goat anti-rat (1:5000 for NDI1 or 1:10,000 for DAT, Chemi-
con), or goat anti-rabbit (1:5000, GE Healthcare, United King-
dom) horseradish peroxidase followed by revelation with the
SuperSignal West Pico kit (Pierce).

Statistical analysis

Statistical analysis of the data was performed using the
Student t-test. Results are expressed as the mean � standard
error of the mean (SEM). Statistical significance is described
in the legend for each figure.

Results

Evaluation of the effect of probenecid on nigrostriatal
system in the mouse brain

Because the chronic mouse MPTP/probenecid model of
PD involves a coadministration of an adjuvant drug,
probenecid, which is known to inhibit the clearance of MPTP
and its metabolite, the 1-methyl-4-phenylpyridinium ion
(MPP�), from the kidneys and brain, resulting in potentiat-
ing MPTP neurotoxicity,37,38 we wanted to first confirm that
probenecid does not directly produce significant effects to the
nigrostriatal system in the mouse brain. In a dose–response
study, probenecid alone (0, 75, 150, and 250 mg/kg, i.p., twice
a week for 5 weeks) did not change the striatal levels of DA,
3,4-dihydroxyphenylacetic acid (DOPAC), and 5-hydrox-
ytryptamine (5-HT, serotonin), when compared to the saline-
injected control animals 4 weeks after treatment (Fig. 1a). The
mean DA content for the saline control group (N � 6) and
250 mg/kg probenecid-treated group (N � 5) were 6.37 �
0.65 and 5.25 � 0.28 ng/mg tissue, respectively. It should be
noted that in the 0 mg/kg probenecid group, the animals
were injected only with DMSO, a solvent in which probenecid
was dissolved. Obviously, DMSO alone did not cause any
neurochemical changes either (Fig. 1a). In addition, the im-
munohistochemical analysis did not show any significant
changes in TH reactivity in the neostriatal region at all con-
centrations of probenecid that we tested (data not shown). A
representative photomicrograph is shown in Fig. 1b, which
demonstrates that the mean density (in arbitrary units) of TH
immunoreactivity for the saline control group (n � 1, N � 10)
and 250 mg/kg probenecid-treated group (N � 2, n � 32)
was 96.4 � 5.4 and 86.9 � 5.3, respectively.
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Effect of Ndi1 treatment on behavioral deficits in the
MPTP/probenecid-treated mice

We first evaluated the Parkinsonian-related behavioral
phenotypes in control, chronic MPTP/probenecid-treated
mice 1 week (data not shown) and 4 weeks after treatment.
Two behavioral tests, methamphetamine-induced rotation39

and elevated body swing,40 were used in our study to eval-

uate Parkinson-like abnormalities in mice (Fig. 2). Both ro-
tation and swing tests showed no significant body move-
ment with preferential turning toward one or the other di-
rection for the control group (N � 9) and the chronic
MPTP/probenecid-treated group (N � 6), signifying that
there was no neurological imbalance between either side of
the brain. Interestingly, a significant bias was observed for
both behavioral tests in the chronic Parkinsonian mice (N �
8), which had been unilaterally pretreated with rAAV-NDI1
8 months before the chronic MPTP/probenecid treatment
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FIG. 1. Effect of probenecid on striatal DA system in mice.
A control study was performed to evaluate the effect of
probenecid alone on the levels of DA, DOPAC, and 5-HT (a)
and TH immunoreactivity (b). Animals (N � 25) were sepa-
rated into five groups and injected with various concentra-
tions of probenecid, i.p., twice a week for 5 weeks. Follow-
ing an additional 4 weeks, one-half of the animals from each
group were sacrificed for HPLC analysis and the other half
were used for immunohistochemical analysis. (a) Compared
to saline-injected controls, probenecid (0, 75, 150, 250
mg/kg/injection) did not alter the striatal contents of DA,
DOPAC, and 5-HT. At 0 mg/kg level, only DMSO (10
mL/kg), the vehicle in which probenecid was dissolved, was
injected. The 100% values (in ng/mg tissue) were 6.37 (DA),
0.53 (DOPAC), and 0.72 (5-HT). (b) A representative pho-
tomicrograph showing that chronic probenecid (250 mg/kg
per injection) did not change the density of TH-immunore-
activity in the neostriatum. Probenecid at concentrations
lower than 250 mg/kg per injection and DMSO alone also
produced no effect on striatal TH-immunoreactivity (pic-
tures not shown). Data are stated as mean � SEM. DA, Do-
pamine; DOPAC, 3,4-dihydroxyphenylacetic acid; 5-HT, 
5-hydroxytryptamine; HPLC, high-performance liquid chro-
matography; DMSO, dimethylsulfoxide; TH, tyrosine hy-
droxylase; SEM, standard error of the mean.

FIG. 2. Effect of NDI1 treatment on animal behaviors in
chronic MPTP/probenecid-treated mice. Mice were tested
for behavioral deficits at 1 and 4 weeks after chronic
MPTP/probenecid treatment. (a) For the methamphetamine-
induced rotation test, animals were injected with 1.5 mg/kg
methamphetamine and behavior was recorded for 40 min,
following a 15-min acclimation period. There was no pref-
erence in turn direction for the control (N � 9) or chronic
MPTP/probenecid (N � 6) group. However, a preferential
contralateral body turning was found in chronic MPTP/
probenecid-treated mice 4 weeks after treatment, which had
been pretreated with NDI1 gene for 8 months (right hemi-
sphere) (N � 8). (b) For the elevated body swing test, the
number of body swings to the left or right, greater than 30°
from the vertical position were counted. Similar observations
were obtained with the elevated body swing test as that of
the methamphetamine-induced rotation test. Data are pre-
sented as the mean percentage � SEM. ***p 	 0.001; **p 	
0.01. MPTP, 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine;
Prob., probenecid.



(Fig. 2). With the rotation test, the chronic Parkinsonian mice
had a significantly higher preference (82%) toward the left
(Fig. 2a). With the swing test, the chronic Parkinsonian mice
showed a slightly less distinct, but still clear, preference
(60%) toward the left (Fig. 2b). These results suggest that
Ndi1 expression in the right substantia nigra prevented the
neurodegenerative toxicity of chronic MPTP ipsilaterally,
which leads to dopaminergic dominancy in the right stria-
tum (see Fig. 3) and causes counterlateral movements.

Assessment of striatal biogenic amine levels in the
MPTP/probenecid-treated mice

To correlate the animal behaviors with dopaminergic ac-
tivities in the neostriatum, we measured and compared the
levels of DA, DOPAC, and 5-HT in the left and right stria-

tum between the control and chronic MPTP/probenecid-
treated group of mice. Consistent with our previous obser-
vations, we again detected over 90% loss of DA and DOPAC
bilaterally in the striatum of chronic Parkinsonian mice 5
weeks after systemic injections with MPTP/probenecid (Fig.
3a,b). The striatal content of 5-HT was not affected by the
chronic MPTP/probenecid treatment (Fig. 3c). Notably, a
partial prevention of DA and DOPAC loss was detected in
the right striatum of the chronic Parkinsonian mice, which
had been pretreated ipsilaterally with rAAV-Ndi1 8 months
before the chronic MPTP/probenecid treatment (Fig. 3a,b).
The striatal content of 5-HT was not affected by the rAAV-
NDI1 pretreatment in chronic Parkinsonian mice (Fig. 3c).
These findings suggest that the chronic MPTP-induced le-
sion and Ndi1-induced partial protection are confined to the
target site and selective to the dopaminergic system.

Estimation of the expression of functional proteins in the
neostriatum of the chronic Parkinsonian mice

We also examined and compared the expression of sev-
eral functional proteins, which are known biomarkers indi-
cating the viability and integrity of dopaminergic neurons in
the left and right striatum between the control and chronic
MPTP/probenecid-treated group of mice. As expected, the
protein expression of vesicular monoamine transporter 2
(VMAT2), DAT, and TH on both sides of the striatum was
markedly reduced in the chronic Parkinsonian mice 5 weeks
after systemic injections with MPTP/probenecid (Fig. 4a,b),
suggesting significant loss of striatal dopaminergic terminals
associated with chronic MPTP-induced neurodegeneration.
An appreciable amount of Ndi1 expression could be detected
in the injected side of the striatum from the chronic Parkin-
sonian mice (Fig. 4a,b), suggesting successful NDI1 gene de-
livery and long-lasting gene expression, which are desirable
prerequisites for gene therapy. Importantly, the sustained
Ndi1 expression in the injected side of the striatum resulted
in significant retention of VMAT2, DAT, and TH protein ex-
pression ipsilaterally in the chronic Parkinsonian mice (Fig.
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FIG. 3. Effect of NDI1 on biogenic amine levels in the stria-
tum of chronic MPTP/probenecid-treated mice. The levels
of DA(a), the major metabolite of DA, DOPAC (b), and sero-
tonin or 5-HT (c) were measured in each side of neostriatum
from control (N � 5) and chronic MPTP/probenecid-treated
mice 5 weeks after treatment, which had been pretreated
without (N � 5) or with (N � 7) NDI1 gene for 8 months. Bi-
lateral loss of over 90% of DA and DOPAC was detected in
the striatum of chronic parkinsonian mice 5 weeks after sys-
temic injections with MPTP/probenecid (a and b). The stri-
atal content of 5-HT was not affected by the chronic
MPTP/probenecid treatment (c). A partial prevention of DA
and DOPAC loss was detected in the right striatum of the
chronic parkinsonian mice, which had been pretreated (right
hemisphere) ipsilaterally with rAAV-Ndi1 8 months before
the chronic MPTP/probenecid treatment (a and b). The stri-
atal content of 5-HT was not affected by the rAAV-NDI1 pre-
treatment in chronic parkinsonian mice (c). Results are ex-
pressed as mean � SEM. ***p 	 0.001; **p 	 0.01. MPTP,
1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine; DA, Dopa-
mine; DOPAC, 3,4-dihydroxyphenylacetic acid; 5-HT, 5-hy-
droxytryptamine; SEM, standard error of the mean; LH, left
hemisphere; RH, right hemisphere; Prob., probenecid.



4a,b). These data indicate that NDI1 gene administration pro-
tects against degeneration of striatal dopaminergic terminals
in the chronic mouse model of PD.

In addition, for the first time the presence of the Ndi1 pro-
tein was detected in the protected side of mouse striatum,

which substantiates the protective action of Ndi1 in sustain-
ing DA, TH, DAT, and VMAT2 levels, suggesting normal
dopaminergic terminal plasticity. It may be noticed that the
nontransduced hemisphere also showed a slight recovery in
the levels of both transporters and TH. This is likely due to
some spread of the NDI1 gene expression into the substan-
tia nigra of the opposite side, which was observed in a small
number of animals. The amount of Ndi1 in the contralateral
striatum, however, was too small to be detected in the west-
ern blotting experiment using the anti-Ndi1 antibody.

Evaluation of Ndi1 treatment on the TH-positive cells in
the substantia nigra of the chronic Parkinsonian mice

To further substantiate the neuroprotective effect of Ndi1
in chronic Parkinsonism, we investigated and qualitatively
compared the density of TH-positive cells in the left and right
substantia nigra between the control and chronic MPTP/
probenecid-treated mice with or without the 8-month rAAV-
NDI1 pretreatment. Chronic systemic MPTP/probenecid
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FIG. 4. Effect of Ndi1 treatment on striatal dopaminergic
proteins and Ndi1 in the chronic parkinsonian mice. The ex-
pression of several dopaminergic functional proteins was an-
alyzed in each side of neostriatum from control (N � 8) and
chronic MPTP/probenecid-treated mice 5 weeks after treat-
ment, which had been pretreated without (N � 6) or with
(N � 8) NDI1 gene for 8 months. The protein expression of
VMAT2, DAT, and TH on the left (LH) and right hemi-
spheres (RH) in the chronic parkinsonian mice 5 weeks af-
ter systemic injections with MPTP/probenecid was
markedly reduced (a and b). Marked Ndi1 expression could
be detected in the injected side of the striatum from the
chronic parkinsonian mice pretreated with NDI1 (a and b).
Sustained expression of VMAT2, DAT, and TH proteins was
observed in the right striatum of the chronic parkinsonian
mice, which had been pretreated ipsilaterally with rAAV-
NDI1 8 months the chronic MPTP/probenecid treatment (a
and b). Results are expressed as mean � SEM. ***p 	 0.001;
**p 	 0.01; *p 	 0.05. MPTP, 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine; VMAT2, vesicular monoamine trans-
porter 2; DAT, dopamine transporter; TH, tyrosine hydrox-
ylase; SEM, standard error of the mean; Prob., probenecid.

FIG. 5. Effect of Ndi1 treatment on the TH-positive cells in
the substantia nigra of the chronic parkinsonian mice. Repre-
sentative photomicrographs of TH staining of brain sections
illustrate the density of TH-positive cells in the left and right
substantia nigra between the control and chronic MPTP/
probenecid-treated mice without or with 8-month rAAV-NDI1
pretreatment (right hemisphere, shown by arrow). Scale bar,
500 �m. The results are compared in the histograms for the
control group (N � 6), the chronic MPTP/probenecid-treated
group (N � 8), and the rAAV-NDI1-treated group (N � 10).
Chronic systemic MPTP/probenecid treatment resulted in a
substantial loss of TH-immunoreactivity bilaterally in the sub-
stantia nigra 5 weeks posttreatment when compared with the
control animals. When mice were preinjected with rAAV-
NDI1 in the right substantia nigra (arrow) 8 months prior to
MPTP/probenecid treatment, near-normal TH-immunore-
activity was observed in the Ndi1-pretreated side of substan-
tia nigra 5 weeks after the induction of chronic Parkinsonism.
***p 	 0.001. TH, Tyrosine hydroxylase; MPTP, 1-methyl-4-
phenyl-1,2,3,6-tetrahydropyridine; Prob., probenecid.



treatment resulted in a substantial loss of TH-immunore-
activity bilaterally in the substantia nigra 5 weeks posttreat-
ment when compared with the control animals (Fig. 5). When 
mice were preinjected with rAAV-NDI1 prior to MPTP/
probenecid treatment, we observed a healthy level of TH-im-
munoreactivity on the Ndi1-pretreated side of the substantia
nigra after chronic Parkinsonism was induced (Fig. 5).

Discussion

In the present study, the chronic mouse MPTP/
probenecid model of PD was chosen for evaluating the ef-
fectiveness of the NDI1 gene treatment to protect dopamin-
ergic neurons in the nigrostriatal system. In addition, this
study differs from previous reports using the same NDI1
gene in that the expression time has been greatly extended
from 4 months to approximately 8 months before the ani-
mals are treated with MPTP/probenecid.12 Of concern dur-
ing the preparation of the chronic MPTP/probenecid model
is what influence, if any, the adjuvant drug probenecid might
have on the model. A parallel experiment was performed to
establish the levels of monoamines in the striatum after
chronic exposure to probenecid. Both through HPLC and
immunohistochemical analysis, it was determined that
probenecid alone had no significant effect on the nigrostri-
atal dopaminergic system, when compared to saline-treated
animals as previously reported by Lau et al.41

The underlying mechanism for dopaminergic neuropro-
tection by the NDI1 gene treatment in the chronic MPTP/
probenecid model has not been clarified; however, a neuro-
toxic mechanism for MPTP has been proposed.28,42,43 Briefly,
following systemic administration, MPTP enters the brain and
is converted by the monoamine oxidase in the astrocytes to
MPP�, which is the active neurotoxic species that initiates stri-
atal neuronal degeneration after being taken up by the DAT
transporters. Within the striatal dopaminergic terminals,
MPP� may either be taken up by the VMAT2 transporter and
sequestered within the dopamine-containing vesicles or pas-
sively enter the mitochondria causing complex I inhibition
and possibly an overproduction of ROS or depletion of aden-
osine triphosphate (ATP), or both, and consequential neu-
ronal death.23,25–27 Pretreatment with the NDI1 gene in
Parkinsonism would presumably rejuvenate the mitochondr-
ial integrity and function and prevent the deleterious effects
of MPP� on neuronal mitochondria and neuronal loss. This
mechanistic hypothesis requires further investigation.

The initial evaluation of Ndi1 expression and chronic
MPTP/probenecid treatment on dopaminergic function was
accomplished through behavioral assessment. The use of be-
havioral testing in a unilateral Parkinson model has been
widely adopted in a number of different toxin-induced mod-
els.21,36,39,40 The most commonly selected test is drug-in-
duced rotation; it has a well-defined pattern of behavior that
matches with the neurochemical degradation typically found
with lesions of the nigrostriatal network.21,39 We have cho-
sen this as our primary method for evaluating our model,
using methamphetamine as the stimulant. The test results
for the methamphetamine-induced rotation at 1 and 4 weeks
posttreatment showed a significant bias in rotation only in
the Ndi1 pretreated chronic Parkinsonian mice, demonstrat-
ing a clear difference in DA levels in the two hemispheres.
In addition to the drug-induced behavior, a nondrug-chal-

lenged swing test further confirmed that this chronic MPTP/
probenecid model progressively loses its motor function in
association with striatal DA depletion, as previously re-
ported.35 Initial evaluation of motor skills using the swing
test resulted in no preference in swing direction at 1 week
post-MPTP/probenecid treatment. However, subsequent
swing testing at 4 weeks post-MPTP/probenecid treatment
revealed a significant behavioral bias in the Ndi1 pretreated
chronic Parkinsonian mice, showing greater preference of
body movement toward the direction of the Ndi1 nontrans-
duced hemisphere and confirming the same observations as
obtained from the rotation test.

Following behavioral assessment, we further examined the
gene-transducing effects of NDI1 on the levels of DA, DAT,
TH, and Ndi1 within the nigrostriatal system. Analysis of stri-
atal tissues clearly demonstrates drastic bilateral losses of DA
content, TH, VMAT2, and DAT expression in the striatum of
chronic MPTP/probenecid-treated mice 5 weeks after treat-
ment. Strikingly, significant retention of DA, TH, VMAT2,
and DAT levels could be demonstrated in the hemisphere
where the NDI1 gene was administered, and its expression
persisted for 8 months, in contrast to that in the non-
Ndi1–transduced hemisphere. This report demonstrates for
the first time that the NDI1 gene treatment remains effective
for at least 8 months and its long-lasting expression provides
nigrostriatal neuroprotection in the chronic Parkinsonian
mouse model. The primary mechanism for idiopathic PD is
not clear and could be due to multiple factors, including mi-
tochondrial oxidative stress and dysfunction. Thus, develop-
ing therapeutic strategies to protect or restore mitochondrial
integrity could in part protect or restore neuronal functions.

In this study, we have demonstrated that NDI1 treatment
is neuroprotective in the chronic mouse model of PD, which
could potentially slow the neurodegenerative process in PD.
The clinical efficacy and safety of using NDI1 therapy for
treating PD needs to be investigated and validated; these
studies are being planned in our laboratory.
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