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Parkinson’s disease is characterized by a progressive loss
of dopamine (DA) neurons associated with increasingly
disabling motor impairments such as tremor, rigidity and
bradykinesia. These specific behavioral deficits have not
been correlated with discrete thresholds of DA loss in the
nigrostriatal pathway. It is generally accepted that clinical
signs of Parkinson’s disease (PD) appear when dopaminergic loss exceeds 70% in the caudate putamen (CPu)
nerve terminals and 60% in cell bodies of the substantia
nigra pars compacta (SNpc; Bernheimer et al., 1973; Riederer and Wuketich, 1976). Earlier clinical stages of the
disease have not been clearly defined. However, a series
of sensory and cognitive studies have emerged that suggest pre-motor Parkinsonian decline (Obeso et al., 2010).
The concurrence of markers such as cognitive impairment
(Cooper et al., 1991), olfactory decline (Wong et al., 2010;
Doty et al., 1995), or idiopathic rapid eye movement (REM)
sleep behavior disorder (Postuma et al., 2006) have been
reported in early-stage human PD patients. With the development of tests for these early-stage markers of PD, it
becomes more important to develop animal models that
represent both the early and late stages of the disease.
Further development of behavioral tests and biomarkers with sensitivity to the progressive stages of DA loss
that occurs in PD is crucial to detecting the disease earlier
on where therapeutic intervention might mean long-term
recovery as opposed to short-term symptomatic relief. In
human patients, several brain-derived cerebral spinal fluid
(CSF) biomarkers have been recently suggested as sensitive markers of early-stage Parkinsonism (Sinha et al.,
2009; Goldstein et al., 2008; Balducci et al., 2007; Abdi et
al., 2006). The correlation of such markers with olfactory
and cognitive tests will be very important to the early
detection of PD.
Current commonly used animal models of PD lack the
concurrence of progressive pathology and behavioral decline in a single model. While progressive pathological
markers and behavioral symptoms have been observed in
the MitoPark genetic mouse model (Ekstrand et al., 2007;
Galter et al., 2010), the mouse strain has not been adopted
into common investigation. Conversely, the lipopolysaccharide-induced inflammatory model is commonly used,
but has not shown greater than 50% decrease in SNpc DA

Abstract—A number of neurotoxin- and gene-based rodent
models of acute neurodegeneration of nigrostriatal dopamine
(DA) neurons are used to study Parkinson’s disease (PD).
The rapid degeneration achieved by many of these current
models limits the capacity of the model to develop pathogenic mechanisms and display the various stages of motor
degradation representative of the human Parkinsonian condition. Chronic rodent models have been the only ones to
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neurons (Burguillos et al., 2011; Qin et al., 2007). The
caveats of many toxin-induced and genetic models are
reviewed elsewhere and will not be discussed in depth in
this article (Potashkin et al., 2010; Meredith and Kang,
2006). Several chronic MPTP models exist that achieve a
progressive decline of both DA neurons and motor behaviors, but either lack a correlation between pathology and
behavioral decline (Meredith et al., 2002; Bezard et al.,
1997), do not achieve a depletion of SNpc DA neurons
greater than 30% (Schintu et al., 2009) or do not show
stepwise progression of either (Blesa et al., 2010; Blume et
al., 2009; Schintu et al., 2009; McKnaught et al., 2004;
Bezard et al., 1997). In fact, it has been suggested that
mice become tolerant to MPTP at a low dose over time
(Bezard et al., 1997).
In this study, we have developed a new sequentially
increasing MPTP regimen designed to achieve progressive appearance of behavioral symptoms with concomitant
denervation in the nigrostriatal pathway. This was based
on a study by Fleming et al. (2005), where increasing
doses of 6-OHDA were administered into the rat CPu in
order to achieve motor behavioral deficits. Olfactory, freestanding rear and locomotor behaviors were assessed
following 1 week of each progressively increased MPTP
dose (4 mg/kg, 8 mg/kg, 16 mg/kg and 32 mg/kg). At the
same intervals, the mean number of DA neurons was
assessed by counting the number of TH-immunoreactive
(TH-ir) and Cresyl Violet stained neurons/section in the
SNpc, and DA terminal changes were measured by TH-ir
optical density in the CPu. Additionally, TH and dopamine
transporter (DAT) protein expression in the SNpc and CPu
tissue were analyzed by Western blot, with CPu DA content and turnover also being assessed.

EXPERIMENTAL PROCEDURES
Animals and drugs
All procedures were approved by the Public Health Service Policy
on the Humane Care and Use of Laboratory Animals, and conducted at the Portland Veterans Affairs Medical Center. Young
adult (10 weeks) male C57BL/6J mice (Jackson Labs, Bar Harbor,
ME, USA) had ad libitum access to standard laboratory chow and
water, and were maintained on a 12 hr light-dark cycle. Each of
the four MPTP-treated groups was comprised of 12 mice, injected
5 days a week with a weekly increasing daily dose of MPTP (as
the base: 4 mg/kg, 8 mg/kg, 16 mg/kg and 32 mg/kg, respectively;
Sigma Aldrich, St. Louis, MO, USA) over the course of 4 weeks.
Vehicle groups contained eight mice each, and were administered
normal saline (0.1 ml/0.1 kg). Half of the animals in each group
were analyzed by either TH-ir immunohistochemistry (IHC) or
Western immunoblot. After each week of MPTP or saline (5 days
with injections followed by 2 days without), olfactory function and
motor performance were assessed. In a separate group of animals, the 4 weeks of progressive MPTP was followed by a 3-week
washout period. Olfactory latency, rearing behavior and IHC were
assessed in these animals to confirm a lasting lesioning effect.

Tyrosine hydroxylase immunohistochemistry
Three days following the last injection of each MPTP dose, animals were anesthetized with 1% ketamine/0.1% mg xylazine (2.0
ml/0.1 kg, i.p.), and euthanized by transcardial perfusion with 1000
U/ml of heparin in 0.1 M phosphate buffer (3 ml total) followed by
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fixative [2% paraformaldehyde, 1% acrolein in 0.1 M phosphate
buffer; pH 7.4; ⬃35–50 ml]. Brains were removed and washed for
24 h in 0.1 M phosphate buffer at 4 °C. Consecutive sections
through the SNpc (beginning at Bregma⫺2.9) and CPu (beginning
at ⫹1.2), according to Paxinos and Franklin (2004), were cut 70
m thick using a vibratome (Ted Pella Inc., Redding, CA, USA).
The sections were matched anatomically in each of the animals,
verifying that the coronal sections of the SNpc and CPu were
similar in all treatment groups. Alternate sections of the rostrocaudal extent of the SNpc and CPu, were incubated in 10 mM sodium
citrate (pH 6) for 5 min at 500 W for antigen retrieval, using a
PELCO BioWave® Pro microwave (Ted Pella Inc., Redding, CA,
USA). Sections were incubated with 1% sodium borohydride in
phosphate buffer for 30 min, then for 1 h in blocking solution [10%
goat serum/0.5% Triton-X 100/0.1 M phosphate buffer; pH 7.4] at
room temperature, followed by TH antibody (1:20,000; Immunostar, Hudson, WI, cat. #22941, monoclonal) at 4 °C overnight. The
following incubations were carried out in the PELCO microwave:
sections were washed for 2 min in 0.1 M phosphate buffer at 150
W, incubated with biotinylated goat anti-mouse secondary antibody at 200 W (1:250; Vector, Burlingame, CA, USA) for 12 min
under cycled vacuum, and with avidin-biotin complex solution at
150 W (ABC, diluted according to manufacturer instruction; Vector) for 12 min under vacuum. Sections were then incubated with
diaminobenzidine (DAB kit, Vector), mounted on gel-coated
slides, and SNpc sections were prepared for Cresyl Violet counter-staining. Optical density of the dorsolateral region of CPu
sections, the region receiving the input from the motor cortex
(McGeorge and Faull, 1989), was analyzed using light microscopy
by an individual blinded to the treatment group (40⫻ magnification, images analyzed using ImagePro 6.3, Media Cybernetics).

Cresyl Violet staining and IHC analysis
Following TH immunohistochemistry, all SNpc sections were
counter-stained with Cresyl Violet (CV). TH-labeled sections were
mounted on gel-coated slides and dehydrated at room temperature overnight. Slides were dipped in deionized water (dH2O),
incubated for 3 min in Cresyl Violet stain (0.2% in dH2O) followed
by 2 min in differentiator (30 l hydrochloric acid in 70% ethanol),
1 min in 95%, then 100% ethanol, and 5 min in xylene. Stained
slides were cover-slipped using Pro-Texx® medium (Lerner, Pittsburgh, PA). Tissue from all treatment groups was processed on
the same day, and all reacted with DAB for the same length of
time. TH-ir neurons only at the in-focus surface plane of immunolabeled SNpc tissue were counted using light microscopy (40⫻
magnification, images analyzed using ImagePro 6.3, Media Cybernetics) by an individual blinded to the treatment group (Fig.
1A). The number of TH-ir and CV⫹ neurons from the left and right
SNpc sections were averaged for each animal for all six sections
analayzed since both sides of the SNpc are affected following
systemic administration of this neurotoxin. Mean numbers of TH-ir
or CV⫹ neurons/section were then determined for all animals in a
given treatment group. TH-ir neurons within the SNpc were easily
delineated from the few, if any, TH-ir neurons in the underlying
substantia nigra pars reticulate, and counted from the most lateral
edge of the ventral tegmental area to the medial edge of the lateral
substantia nigra (SNL). Cresyl Violet-only stained neurons found
within the TH-ir layer of the SNpc, and identified as cells of
comparable diameter to TH-ir neurons, were counted. All TH-ir
neurons were also stained with Cresyl Violet. From these tissue
section counts, the total number of labeled neurons was re-evaluated using the Abercrombie correction, which accounts for fragmented nuclei within each section and provides an accurate estimate when tissue thickness exceeds soma thickness by more
than 50%, which is the case in this study (70 m sections; Clarke,
1992; Smolen et al., 1983).
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Fig. 1. Changes in the mean number of TH-ir and CV⫹ SNpc neurons/section, and in the relative optical density of CPu tyrosine hydroxylase
immunolabeling. The extent of TH-ir decrease following each dose of MPTP in TH-ir SNpc neurons (black arrow, left and middle columns), Cresyl
Violet SNpc neurons (red arrow, middle column) and TH-ir of the CPu is illustrated (A). The mean number of TH-ir SNpc neurons/section decreased
following 4 mg/kg, 8 mg/kg, and further at 16 mg/kg MPTP (B). MPTP-treated mice (n⫽6) showed an increase in the mean number of Cresyl Violet
positive and TH negative (CV⫹/ TH⫺) neurons/section after 4 mg/kg and 8 mg/kg, but decreased to vehicle levels (n⫽4) following 32 mg/kg MPTP
(C). The mean total SNpc neurons/section, which includes both TH⫹ and CV⫹ neurons, decreased after 16 mg/kg, and further after 32 mg/kg MPTP
(D). The mean optical density of TH-ir in the CPu decreased after 4 mg/kg, and further after 16 mg/kg and 32 mg/kg MPTP (E). Values represent the
mean⫾SEM ° P⬍0.05 compared to vehicle, 412 P⬍0.001 compared to 4 mg/kg, 8 P⬍0.0001 compared to 8 mg/kg, 16 P⬍0.002 compared to 16 mg/kg.

Western immunoblots
Mice were euthanized by cervical dislocation, and the substantia
nigra (SN) and dorsolateral CPu were dissected from the same
one side of the brain, and frozen at ⫺80 °C. Protein was extracted
from the tissue by sonication in lysis buffer [5% 1 M Tris, 2% 0.5
M EDTA, 1% Triton-X 100, 0.5% Protease Inhibitor Cocktail III
(Calbiochem, USA)]. Protein concentrations of the tissue from
each individual animal were measured using the BCA Protein
Assay Kit (Thermo Scientific). Samples were mixed with B-mer-

captoethanol Laemmli Buffer (1:1; Sigma, St. Louis, MO, USA)
and electrophoresed on a 7% Tris–HCl polyacrylamade gel (BioRad, Hercules, CA, USA). Separated proteins were transferred to
polyvinylidene difluoride (PVDF) membranes (Millipore, MA,
USA), which were blocked in 5% non-fat dry milk in Tris– buffered
saline with Tween-20 (TBST) for 45 min. Membranes were then
washed three times for 10 min each in TBST, and probed with
primary antibodies for tyrosine hydroxylase (TH; Immunostar, Inc.,
1:40,000, mouse monoclonal), dopamine transporter (DAT;
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Chemicon, 1:6000, rat monoclonal) or ␤-actin (1:6500; Sigma, St.
Louis, MO, USA). After three 10 min washes in TBST, membranes
were probed with secondary antibodies for 1 h (goat-anti-mouse
for TH and ␤ -actin, and goat-anti-rat for DAT), then washed again
in TBST and incubated in ECF substrate (GE Healthcare, Piscataway, NJ, USA) for 10 min. Visualization and quantification
of the antigen-antibody binding density were performed using
the UltraLum imaging system and Ultraquant 6.0 software,
respectively. Protein densities were analyzed relative to individual ␤-actin densities, and each DAT band was analyzed as
a single wider band as typically seen in DAT tissue samples
(Chu et al., 2008; Salahpour et al., 2008).

DA tissue content
CPu tissue from the opposite side of the brain (compared to that
used for Western blotting) was homogenized in 1 ml of mobile
phase (2% sodium dihydrogen phosphate, 0.07% 1-octanesulfonic acid sodium salt, 0.02% triethylamine, 0.05% 100 mM EDTA,
10% acetonitrile; pH 3), then centrifuged at 20,000⫻g at 4 °C for
30 min and stored at ⫺80 °C. Samples were thawed at 4 °C,
centrifugation was repeated and 25 l were injected into a high
pressure liquid chromatography (HPLC) apparatus, equipped with
a reverse-phase column (MD-150, ESA) and coulometric detector
(ESA Coulochem III, Chemsfield, MA, USA) to quantify DA and
3,4-dihydroxyphenylacetic acid (DOPAC). Electrodes were set at
⫹220 mV (oxidation) and ⫺150 mV (reduction). Mobile phase was
pumped at 0.6 ml/min flow rate. The assay sensitivities for DA and
DOPAC were 20.4 fmol/l and 27.8 fmol/l, respectively. Tissue
levels for DA were expressed as pg/mg protein, while DA turnover
was expressed as a ratio of DOPAC/DA levels (pg/mg protein).
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rods and contacts the metal plate, a circuit is closed and a foot
fault is recorded by the computer. The sensitivity of the metal plate
was designed such that slips of the tail or feces through the rods
are not recorded (Kamens and Crabbe, 2007). The apparatus is
not designed to distinguish between slips of the forepaw versus
hind paw. Videotaping each mouse would make this possible to
determine, but was not done in the current study. When a mouse
passes in front of a photo beam, the beam breaks and is recorded
as a horizontal movement by the computer. Mice were acclimated
to the PRAC, each in an individual dark sound-proof box, for 10
min, once daily for 2 days prior to recording baseline levels. Foot
faults per total activity are expressed as a ratio of foot faults per
beam breaks (FF/BB) in order to normalize the data against
possible changes in locomotor (BB) activity (i.e. to evaluate
whether changes in foot faults are due to changes in movement or
in motor control).

Statistics
All assessments were analyzed by repeated measures ANOVA,
using two-way comparisons between vehicle and MPTP-treated
groups and one-way comparisons between different MPTP doses.
Significant differences were then analyzed using post-hoc TukeyKramer HSD test for multiple comparisons and Pearson correlations, considered significant at P⬍0.05. Pearson correlations chosen for graph report had r values significant at P⬍0.05 and were
correlated with behaviors; correlations between non-behavioral
assessments are reported in Table 2.

RESULTS

Behavioral tests

Immunohistochemistry and Cresyl Violet

Each behavioral test was performed following 1 week at each dose of
MPTP. Because MPTP has been shown to induce acute physiological and behavioral changes (Sedelis et al., 2000, 2001; Linder et al.,
1987), rearing and foot fault tests were performed 2 days following
the last injection; olfactory testing was performed on the third day
following the last injection of a specific dose of MPTP.

Changes in SNpc TH-ir neurons, CV neurons and CPu
TH-ir due to progressively increased MPTP are shown in
Fig. 1A. The main effect of treatment (F(4,23)⫽27.8;
P⬍0.0001) on the decrease in the mean number of TH-ir
SNpc neurons/section suggests that TH-ir neurons were
significantly lower in MPTP mice at each dose compared to
the respective vehicle group. Repeated measures ANOVA
indicated that increasing the dose of MPTP significantly
influenced the degree of TH-ir neuron decrease (F(3,6)⫽
5.22; P⬍0.05). Post-hoc analysis of the MPTP groups
showed that the mean number of TH-ir neurons/section of
the SNpc was significantly decreased from levels at 4
mg/kg MPTP following 1 week of 8 mg/kg MPTP
(P⬍0.001). TH-ir neurons decreased again from levels at 8
mg/kg after 1 week of 16 mg/kg (Fig. 1B; P⬍0.005). After
1 week of 32 mg/kg, the 62.3% decrease in mean number
of TH-ir neurons/section was similar to the 53.8% decrease found after the 16 mg/kg dose, but significantly
greater than the decrease at 8 mg/kg (P⬍0.0001). In a
separate set of animals, after 4 weeks of progressive
MPTP, toxin treatment was discontinued for three additional weeks. At the end of this 3-week withdrawal period,
there were significantly fewer TH-ir SNpc neurons/section
compared to vehicle treated animals (F(2,12)⫽156.3;
P⬍0.0001; Table 1). This decrease in TH-ir neurons after
drug withdrawal is similar to what was observed after the
final week of treatment with 32 mg/kg (Fig. 1B). This demonstrates the continued effect of MPTP treatment and the
decrease in TH-ir neurons is not due to an acute effect of
the toxin on TH immunoreactivity.

Olfactory test
Olfactory testing was carried out as previously described, with
modifications (Schintu et al., 2009). In brief, mice were deprived of
food for 20 h prior to testing in order to provoke motivation to find
the hidden food. Mice were individually acclimated to a large,
clean cage (45⫻45⫻30 cm3) for 15 min, then transferred to a
clean testing cage of the same parameters where a 5 g corn chip
was buried 1 cm beneath the cage bedding. Each mouse was
positioned in the center of the testing cage, and latency to bite the
corn chip was measured within a 5 min testing period.

Rearing
In a plastic cylinder (13 cm in diameter, 16 cm height), mice were
allowed to explore freely for 2 min. Rears were counted as elevations to an erect stance, and separated by forelimb contact to the
horizontal base of the cylinder. Free-standing rears (FSR), wallassisted rears (WAR) and total rears were assessed; FSR and
WAR were evaluated as percents of total rears. Mice were not
acclimated to the cylinder prior to baseline testing.

Foot faults and total activity
The parallel rod activity chamber (PRAC), as previously characterized by Kamens and Crabbe (2007), was modified from the
original apparatus with the addition of photo beams to record
locomotor activity. When the mouse paw slips through the parallel
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Table 1. Effect of a 3-week washout period after the final dosing of MPTP (32 mg/kg) on TH-labeled neurons, olfactory and rearing behavior
Treatment

TH-ir SNpc neurons

Olfactory latency (s)

FSR (% of total)

WAR (% of total)

Total rears (#)

Vehicle
3 weeks off MPTP
P

44.73⫾1.31
21.44⫾1.74
⬍0.0001

28.8⫾6.2
495.6⫾39.4
⬍0.0001

44.71%⫾2.5%
12.01%⫾5.8%
⬍0.0001

55.28%⫾1.3%
87.99%⫾5.3%
⬍0.0001

24⫾2.2
13.4⫾2.2
⬍0.0001

Values are means⫾SEM.

A significant effect of treatment (F(4,23)⫽35.8; P⬍
0.0001) indicated that the mean number of CV-stained but
TH negative (TH⫺) SNpc neurons/section increased compared to vehicle levels beginning after 4 mg/kg, and increased again following 1 week of 8 mg/kg (P⬍0.0001).
However, following 1 week of 32 mg/kg MPTP, the mean
number of CV⫹/TH⫺ neurons/section decreased back to
the values seen after 1 week of 4 mg/kg, but remained
significantly higher compared to the vehicle group (Fig. 1C;
P⬍0.003).
When TH-ir neurons were included in CV analysis of
the SNpc, the mean number of total neurons/section did
not decrease significantly until after 1 week of 16 mg/kg
MPTP, but this loss progressed after 32 mg/kg (Fig. 1D;
P⬍0.002); the mean number of total neurons/section was
fewer in number compared to the vehicle, 4 mg/kg, 8
mg/kg and 16 mg/kg MPTP groups. This trend was similar
to that observed for the mean number of TH-ir only SNpc
neurons/section.
Densitometric analysis of dorsolateral TH-ir in the CPu
sections showed a significant effect of MPTP beginning
after 4 mg/kg (F(2,23)⫽17.8; P⬍0.0001). There was a further decrease following 32 mg/kg MPTP (Fig. 1E; P⬍0.01).
Western blot analysis
The effects of progressively increased MPTP on TH and
DAT protein expression in the SN and CPu are depicted in
Fig. 2. There was a significant effect of treatment (F(1,10)⫽
5; P⬍0.05) on TH protein expression in the SN (Fig. 2A,
B). Repeated measures ANOVA indicated that increasing
the dose of MPTP had a significant effect on decreasing
protein expression (F(3,8)⫽0.77; P⬍0.008; Fig. 2B). Posthoc analysis revealed that following 4 mg/kg MPTP, exTable 2. Correlations of non-behavioral measurements
Variable 1 compared to variable 2

r (Pearson
coefficient)

P

CPu TH IHC
CPu DA content
CPu DA content
CPu DA turnover
SNpc TH West
CPu DA turnover
CPu DAT West
SNpc TH West
CPu TH West
SNpc TH West
SNpc TH West

0.8299
0.5857
0.5367
⫺0.5493
0.4759
⫺0.4517
0.3995
0.3964
0.3855
0.3838
0.373

⬍0.0001
0.0007
0.0022
0.0025
0.0078
0.0158
0.0287
0.0301
0.0354
0.0363
0.0423

SNpc TH IHC
CPu TH IHC
SNpc TH IHC
SNpc TH IHC
CPu TH IHC
CPu TH IHC
CPu TH West
CPu DA HPLC
CPu DA HPLC
CPu TH West
SNpc TH IHC

IHC, Immunohistochemistry optical density for TH-ir in the CPu or
cell counts in the SNpc; West, Western immunoblot.

pression was not different compared to vehicle values.
However, following 8 mg/kg, 16 mg/kg and 32 mg/kg, TH
protein expression in the SN was significantly lower versus
the respective vehicle group (P⬍0.03). TH protein levels
did not decrease from 4 mg/kg MPTP until 32 mg/kg
(P⬍0.05). Vehicle levels of DAT protein expression in the
SN were significantly lower than levels seen in the CPu
(P⬍0.01; data not shown), but were not different between
treatment groups, and did not change over the course of
the experiment (Fig. 2A, C).
TH protein expression in the dorsolateral CPu was
significantly lower in MPTP mice compared to vehicle mice
(F(1,10)⫽2.18; P⬍0.0001; Fig. 2D, E). Repeated measures
ANOVA revealed a significant effect of increased dose
(F(3,8)⫽14.9; P⬍0.002), suggesting that a higher MPTP
dose resulted in a greater decrease in TH protein expression. A significant interaction between treatment and dose
(F(3,8)⫽15; P⬍0.002) on TH protein expression in the CPu
suggested that MPTP-treated mice had increasingly lower
expression compared to vehicle mice (Fig. 2D, E). Expression of TH protein in the dorsolateral CPu did not decrease
significantly below vehicle levels until after 8 mg/kg MPTP
(Fig. 2E; P⬍0.005). This decrease continued following 16
mg/kg (P⬍0.03), but showed no further decrease.
Densitometric analysis of CPu DAT protein expression
also showed an effect of treatment (F(1,8)⫽35.1; P⬍
0.0004; Fig. 2D, F). A significant effect of increased dose
was also indicated by repeated measures ANOVA
(F(3,6)⫽7; P⬍0.02). A significant interaction between treatment and dose suggests there was a continued decrease
in CPu DAT protein expression due to MPTP (Fig. 2F;
F(3,6)⫽8.2; P⬍0.02). There was a significant dose-dependent decrease beginning after 1 week of 4 mg/kg MPTP
(P⬍0.008). Following the 16 mg/kg MPTP dose, protein
expression was lower compared to the 4 mg/kg group
(P⬍0.001). DAT protein expression following 32 mg/kg
was decreased compared to 4 mg/kg and 8 mg/kg
(P⬍0.02), but similar to 16 mg/kg levels.
Tissue DA content and turnover in the CPu
The effects of increasing the dose of MPTP on CPu DA tissue
content and turnover are depicted in Fig. 3. Both tissue DA
content and DA turnover (DOPAC/DA) were significantly affected by MPTP treatment (F(1,8)⫽14.5; P⬍0.005). Repeated
measures ANOVA indicated an effect of increasing MPTP
dose on decreasing DA content and increased turnover
(F(3,6)⫽6.2; P⬍0.03). Tissue DA content only showed a significant decrease compared to vehicle levels after the 16
mg/kg dose (P⬍0.009). The levels of DA following 32 mg/kg
were decreased compared to vehicle (P⬍0.001), 4 mg/kg

N. R. S. Goldberg et al. / Neuroscience 180 (2011) 256 –271

261

Fig. 2. Changes in the mean relative optical density of SN (substantia nigra) and CPu TH and DAT protein expression using Western immunoblotting.
Immunoblots for both TH and DAT in the SN (A) and CPu (D) are shown. Following 16 mg/kg and 32 mg/kg, MPTP-treated mice (n⫽5– 6) showed
TH protein expression in the SN which was similar to that seen in 4 mg/kg and 8 mg/kg treated groups, but significantly decreased compared to their
respective vehicle groups (B). DAT protein expression in the SNpc showed no changes after even the highest dose of MPTP (C). TH protein
expression in the CPu decreased following 32 mg/kg MPTP compared to vehicle levels (E). In the CPu, DAT protein expression decreased significantly
following 4 mg/kg, and significantly further following 16 mg/kg; levels in the 8 mg/kg and 32 mg/kg treatment groups were similar to their respective
previous doses (F). Values represent the mean⫾SEM and are normalized relative to the individual ␤-actin optical density. ° P⬍0.05 compared to
respective vehicle group, 4 P⬍0.004 compared to 4 mg/kg, 8 P⬍0.03 compared to 8 mg/kg.

(P⬍0.05), 8 mg/kg (0.0008), but not 16 mg/kg MPTP (Fig.
3A; P⬍0.03). This observation is confirmed by analyzing
DA turnover, which showed a significant effect of dose
(F(3,6)⫽5.23; P⬍0.04). Following 32 mg/kg MPTP, turnover
was greater compared to vehicle (P⬍0.0006), 4 mg/kg
(P⬍0.02), and 8 mg/kg (Fig. 3B; P⬍0.02).

Olfactory performance
Because olfactory impairment is considered a pre-motor
deficit in PD (Obeso et al., 2010; Wong et al., 2010),
olfactory function was evaluated both prior to any vehicle
or MPTP treatments, and following each consecutive week
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Fig. 3. DA tissue content and turnover in the CPu. DA tissue content showed a decrease following 16 mg/kg, which was significantly different from
vehicle, 4 mg/kg and 8 mg/kg doses. Levels at 32 mg/kg were decreased compared to all other treatment groups (A). DA turnover (DOPAC/DA)
increased following 32 mg/kg compared to vehicle, 4 mg/kg and 8 mg/kg MPTP doses (B). Values represent the mean⫾SEM ° P⬍0.0006 compared
to vehicle group, 4 P⬍0.02 compared to 4 mg/kg, 8 P⬍0.02 compared to 8 mg/kg.

of treatment. Latency to locate and bite the buried corn
chip was significantly affected by MPTP treatment
(F(1,9)⫽89.9; P⬍0.0001). Repeated measures ANOVA revealed that an increasing dose of MPTP also had a significant effect on the latency (F(3,7)⫽19.4; P⬍0.0009). A significant interaction between treatment and dose suggests
that increased MPTP had an effect on increasing latency
(Fig. 4A; F(3,7)⫽19; P⬍0.0009). Post-hoc analysis showed
that the latency was greater compared to the respective
vehicle group after 1 week of 4 mg/kg MPTP (P⬍0.03),
after 1 week of 8 mg/kg (P⬍0.02), after 1 week of 16 mg/kg
(P⬍0.0001) and after 32 mg/kg MPTP (P⬍0.0001). Following the 16 mg/kg dose, the latency was also increased
relative to 4 mg/kg and 8 mg/kg MPTP doses (P⬍0.02).
Following 32 mg/kg MPTP, latency to bite the corn chip
was significantly increased compared to 4 mg/kg
(P⬍0.0002), 8 mg/kg (P⬍0.0004) and 16 mg/kg (P⬍0.02).
Following the 3-week washout period, the MPTP group
showed significantly greater latency to find the corn chip

compared to the vehicle group (F(2,12)⫽19.9; P⬍0.0001;
Table 1). This finding is comparable to that seen after the
final week of toxin treatment with 32 mg/kg of MPTP
(Fig. 4A).
Free-standing rears (FSR) and wall-assisted
rears (WAR)
FSR and WAR were recorded 2 days following the final
MPTP administration for each increasing dose (Fig. 4B,
C). The observed significant effect of treatment on FSR
suggests that MPTP negatively influenced this behavior
(F(1,18)⫽297; P⬍0.0001). A repeated measures ANOVA
indicated that increasing the dose of MPTP resulted in a
continuing decrease in FSR (F(3,10)⫽38.5; P⬍0.0001).
An interaction between treatment and dose suggested
that the higher MPTP dose resulted in a greater FSR
deficit (F(3,10)⫽23.4; P⬍0.0001; Fig. 4B). Post-hoc analysis indicated that FSR were significantly decreased
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Fig. 4. Effects of progressively increased MPTP on olfactory, rearing and PRAC behavior. Latency to bite the corn chip in the olfactory test increased
from baseline level beginning at 4 mg/kg, and showed a progressive increase following 8 mg/kg, 16 mg/kg and 32 mg/kg relative to the respective
previous doses (A). Free-standing rears (% of total rears) were significantly lower than both their respective vehicle group levels and all previous MPTP
dose levels following each week (B). Wall-assisted rears (% of total rears) were significantly increased following 4 mg/kg, 16 mg/kg and 32 mg/kg
MPTP (C). Number of total rears showed a progressive decrease but was statistically different compared to its respective vehicle, 4 mg/kg and 8 mg/kg
groups only after administration of 16 mg/kg or 32 mg/kg of MPTP (D). After administration of 32 mg/kg during week 4, the foot fault/beam break
(FF/BB) ratio was significantly higher compared to its respective vehicle treated group and the 4 mg/kg group (E). Beam breaks were decreased
following 4 mg/kg and 8 mg/kg MPTP but returned to vehicle levels at later doses (F). Values represent the mean⫾SEM 0 P⬍0.05 compared to vehicle
or baseline, 4 P⬍0.05 compared to 4 mg/kg, 8 P⬍0.02 compared to 8 mg/kg.

compared to their respective vehicle groups following 4
mg/kg (P⬍0.002), 8 mg/kg (P⬍0.0001), 16 mg/kg
(P⬍0.0001) and 32 mg/kg (P⬍0.0001). Compared to 4

mg/kg, further decreases were significant beginning at
16 mg/kg (P⬍0.0004). Compared to 8 mg/kg MPTP, 16
mg/kg and 32 mg/kg showed a greater decrease in
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free-standing rears (P⬍0.005 and 0.0001, respectively).
There was no further impairment beyond the 16 mg/kg
dose.
The effect of MPTP treatment on WAR was also
significant (F(1,18)⫽79.2; P⬍0.0001). Repeated measures ANOVA showed that increasing the dose of MPTP
resulted in increasing WAR (F(3,10)⫽22; P⬍0.0001). The
interaction between treatment and dose suggested that
WAR were increasingly greater compared to the vehicle
group (F(3,10)⫽24.7; P⬍0.0001). Following 4 mg/kg,
WAR increased compared to the vehicle group (P⬍0.02;
Fig. 4C). While WAR remained significantly greater compared to the vehicle group following 8 mg/kg
(P⬍0.0001), there was no further increase compared to
the 4 mg/kg MPTP dose. There was a further increase in
the 16 mg/kg group, where WAR was significantly different compared to the vehicle (P⬍0.0001), 4 mg/kg
(P⬍0.0008) and 8 mg/kg (P⬍0.004) groups. Finally,
following 32 mg/kg, WAR further increased compared to
the vehicle (P⬍0.0001), 4 mg/kg (P⬍0.0001), 8 mg/kg
(P⬍0.0001) treatment groups, but not 16 mg/kg MPTP.
The group that discontinued MPTP treatment for 3
weeks maintained significantly fewer FSR compared to
the vehicle group (F(2,11)⫽26.7; P⬍0.0001; Table 1).
These data are similar to those seen after the final week
of treatment with 32 mg/kg of MPTP (Fig. 4B).
Total rears
FSR and WAR were combined to assess the effects of
increasing doses of MPTP on total rears (Fig. 4D). There
was a significant effect of treatment, suggesting that
MPTP influenced the total number of rears
(F(1,10)⫽18.6; P⬍0.002). An interaction between treatment and dose indicated that increasing doses of MPTP
resulted in a decrease in total rears (F(3,8)⫽6.8;
P⬍0.02). Post-hoc analysis revealed that following the
16 mg/kg MPTP dose, this group showed significantly
fewer total rears compared to the vehicle, 4 mg/kg
(P⬍0.01). In the 32 mg/kg MPTP group, total rears
maintained a significant difference compared to the vehicle and 4 mg/kg MPTP (P⬍0.01). Following the
3-week washout period, the MPTP group showed significantly fewer total rears compared to the vehicle group
(F(2,11)⫽21.1; P⬍0.0001; Table 1). This finding is comparable to what is observed after the final week of
treatment with MPTP at a dose of 32 mg/kg (Fig. 4D).
Foot faults per total activity (parallel rod activity
chamber: PRAC)
There was an effect of treatment (F(1,18)⫽8.2; P⬍0.01) on
foot faults per total activity (FF/BB). The FF/BB ratio increased significantly compared to vehicle treated group
following 32 mg/kg MPTP (P⬍0.03). Compared to the
other MPTP-treated groups, the FF/BB ratio in the 32
mg/kg MPTP group was only significantly increased compared to the 4 mg/kg group (Fig. 4E; P⬍0.05). When
analyzed separately, total activity as measured by BB
revealed a significant effect of MPTP following 4 and 8
mg/kg (F(1,18)⫽17.6; P⬍0.0006), but no difference be-

tween vehicle and MPTP groups following 16 mg/kg or 32
mg/kg (Fig. 4F).
Correlation of behavioral impairments and deficits
of the nigrostriatal pathway due to increasing dose
of MPTP
Correlation analyses of SNpc and CPu measurements with
the behavioral data are shown in Fig. 5. The results summarized in Fig. 5A, B suggest a significant correlation
between viability of the nigrostriatal pathway and olfactory
latency (A) or FSR (B). Column A indicates significant
negative correlations between increasing olfactory latency
and FSR (r⫽⫺0.74, P⬍0.0001; Fig. 5A1), SNpc TH-ir neurons (r⫽⫺0.74, P⬍0.0001; Fig. 5A3), CPu TH-ir (r⫽⫺0.73,
P⬍0.0001; Fig. 5A4) or CPu DA content (r⫽⫺0.44,
P⬍0.02; Fig. 5A2), and a positive correlation with FF/BB
(r⫽0.5, P⬍0.0007; Fig. 5A5). Correlations in column B
show a negative relationship between FSR and CPu DA
Turnover (r⫽⫺0.51, P⬍0.006; Fig. 5B1), and positive relationships between FSR and SNpc TH-ir neurons
(r⫽0.86, P⬍0.0001; Fig. 5B2), CPu TH-ir (r⫽0.76,
P⬍0.0001; Fig. 5B3), CPu DA content (r⫽0.58, P⬍0.0007;
Fig. 5B4) or CPu TH protein expression (r⫽0.46, P⬍0.02;
Fig. 5B5).
The correlations summarized in Fig. 5C, D suggest
significant relationships between nigrostriatal protein
markers and total rears (C) or FF/BB (D). Column C indicates significant positive correlations between total rears
and FSR (r⫽0.67, P⬍0.0001; Fig. 5C1), SNpc TH-ir neurons (r⫽0.59, P⬍0.0005; Fig. 5C2), CPu TH-ir (r⫽0.36,
P⬍0.05; Fig. 5C3), CPu DA content (r⫽0.53, P⬍0.003;
Fig. 5C4) or CPu TH protein expression (r⫽0.36, P⬍0.05;
Fig. 5C5). Negative correlations were significant between
PRAC (i.e. FF/BB) and FSR (r⫽⫺0.6, P⬍0.0004; Fig.
5D1), SNpc TH-ir neurons (r⫽⫺0.66, P⬍0.0001; Fig. 5D2)
and CPu TH-ir (r⫽⫺0.64, P⬍0.000; Fig. 5D3).
Correlation analyses of SNpc and CPu measurements
showed several significant positive relationships between
TH-ir, TH protein expression and DA content, and negative
correlation with DA turnover. Significant correlations between
cellular deficits are summarized in Table 2.

DISCUSSION
The present study indicates that a progressively increasing dose of MPTP results in a stepwise progressive
decline of some behaviors, which correlates with a gradual decline in nigrostriatal DA. Though motor disturbances, measured by FF/BB, did not appear until there
was a ⬎70% loss of TH-ir in the CPu and ⬎60% decrease in the mean number of SNpc TH-ir neurons/
section, olfactory decline indicated the onset of Parkinson-like features much earlier on. The stepwise decline
in FSR in the mouse may indicate onset of sensory or
autonomic deficit, and may be useful for investigating
future drug therapies. The results of the present study
suggest that this progressive MPTP induced dopaminergic loss may be representative of both early and late
stages of Parkinson-like decline. Although PD is gener-
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Fig. 5. Correlation of behavioral impairments and degeneration of the nigrostriatal pathway. The changes in free standing rears (% of total rears) (A1)
and foot fault/beam break behaviors (A5), SNpc TH-ir neurons (A3), CPu TH-ir (A4) and DA content (A2) were statistically correlated with increases
in olfactory latency (A). SNpc TH-ir neurons (B2), CPu TH-ir (B3), CPu DA content (B4), CPu TH protein expression (B5) were all positively correlated
with free standing rears while DA turnover (B1) was negatively correlated with free standing rears (B). Free-standing rears (C1), SNpc TH-ir neurons
(C2), CPu TH-ir (C3), CPu DA content (C4) and CPu TH protein expression (C5) were all positively correlated with changes in total rears (C).
Free-standing rears (D1), SNpc TH-ir neurons (D2) and CPu TH-ir (D3) were all negatively correlated with the foot fault/beam break ratio (D). See
Results section for a description of the statistical analyses.
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Fig. 5. (Continued).

ally considered a disease of aging, there has been
recent progress in identifying pre-motor symptoms in
patients who eventually develop the classical motor deficits. Some of these pre-motor indications can develop
as early as 20 years prior to the manifestations of the
motor signs (Hawkes et al., 2010), further justifying the

use of younger mice in this study. These pre-symptomatic clinical biomarkers include loss of olfaction, sleep
abnormalities and autonomic dysfunction (Berendse and
Ponsen, 2009; Siderowf and Stern, 2008). The current
study equates to studying humans who are most likely
mildly symptomatic and undiagnosed.
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Tyrosine hydroxylase-labeling of the SNpc and CPu
decreases similarly, but surviving CV-stained
neurons fluctuate
The results of the present study show a gradual but not
dose-dependent decrease in the mean number of TH-ir
SNpc neurons/section. However, the relative optical density of TH-ir in the CPu was significantly decreased only
following 4 mg/kg and 32 mg/kg MPTP. Therefore, during
the continued decrease in TH-ir SNpc neurons with the
higher dose of MPTP there was not an equivalent loss of
TH-ir within the CPu. It is possible that as the number of
DA neurons decreases, there are active compensatory
mechanisms such as sprouting of DA terminals (Finkelstein et al., 2000) that results in a steady density of TH-ir
within the CPu until the highest dose of MPTP is administered. Together, these results suggest that there is a progressive degeneration of the nigrostriatal pathway.
The immunohistochemical methodology of the current
study may have yielded an underestimation of the mean
number of TH-ir and CV⫹ neurons/section in the SNpc.
However, according to recent comparisons of 2D and 3D
analyses of brain tissue, our approach is appropriate (Baquet et al., 2009; Benes and Lange, 2001). Bezard et al.
(1997) have reported that a 4 mg/kg dose of MPTP, administered daily over the course of 20 days, also results in
a gradual loss of TH-ir SNpc neurons up to 70%. However,
their study found that the decline of TH-ir neurons was
greatest following each of the first five injections, but was
asymptotic and no longer showed any progressive loss
after 14 days of treatment. In comparison, the present
study showed a slow and continued decrease in TH-ir out
to 21 days in the SNpc and out to 28 days in the CPu, with
final decreases of 62% SNpc TH-ir neurons, and 74% CPu
TH-ir optical density. We are aware that in the current
study, 4 weeks of a progressive decrease in DA markers in
either the SNpc or CPu is still a shorter period compared to
the time of progression observed in human Parkinson’s
disease. However, by administering a progressively higher
dose of MPTP every other week, extending the study out to
8 weeks, we find an even greater effect on all of the
behaviors and DA markers that were measured in the
current study (Goldberg and Meshul, unpublished observation). We also have preliminary data that a further increase in the weekly dose of MPTP to 48 mg/kg/d results
in a further decrease in the mean number of TH-ir neurons/
sections (Goldberg and Meshul, unpublished observation).
This suggests that for future studies, a further progression
in terms of DA cell loss is possible.
The maintained decrease in the mean number of SNpc
TH-ir neurons/section and the effects on specific behaviors
following the 3-week washout period suggests that the
effects of progressive MPTP lesioning were sustained. It
has been reported that MPTP administration can transiently inactivate the TH enzyme by inducing the production of the superoxide peroxynitrite (Smeyne and JacksonLewis, 2005). Because the progressively treated MPTP
mice did not recover TH-ir SNpc neurons following the
washout period, it is unlikely that inactivation of the TH
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protein is responsible for the decreases seen during progressive administration. A similarly sustained loss of SNpc
TH-ir neurons has been observed in the previously characterized MPTP/probenecid model (Petroske et al., 2001).
It was shown that with a similar 3-week washout period
following chronic MPTP/probenecid, there was a 50% decrease in TH-ir SNpc neurons with no significant recovery.
The most successful MPTP models span 7 weeks,
though some lack representative DA neuron decline
(Blume et al., 2009; Schintu et al., 2009) or behavioral
correlates (Meredith et al., 2008, 2002; Yazdani et al.,
2006; Fornai et al., 2004). In addition, the current study
achieved a 62% decrease in the mean number of TH-ir
cells/section in the SNpc even after the highest dose of 32
mg/kg MPTP, while Bezard et al. (1997) reported a 70%
decrease using just 4 mg/kg. At best, we find a 25%
decrease in TH-ir SNpc cells following this same low dose
of MPTP (Goldberg and Meshul, unpublished observation). It should be noted that we analyzed the rostro-caudal
extent of the SNpc, while Bezard et al. (1997) specifically
analyzed the median plane of the region. However, other
progressive MPTP models have shown a similar discrepancy in MPTP susceptibility within the C57Bl/6 strain. The
MPTP/probenecid mouse model of Parkinson’s has been
shown to achieve both 70% (Meredith et al., 2008), or a
30% (Schintu et al., 2009) decrease in TH-labeled SNpc
neurons following 5 weeks of treatment.
The counter-staining of SNpc tissue with CV showed
an increase in the mean number of CV⫹/TH⫺ neurons/
section following 1 week of 4 mg/kg, 8 mg/kg and 16 mg/kg
MPTP doses, but decreased significantly after the 32
mg/kg dose. This indicates that after 8 mg/kg and 16 mg/kg
MPTP, a certain percent of DA neurons stopped expressing TH, but were still viable as suggested by the increase
in CV⫹ neurons. These CV⫹/TH⫺ neurons (see Fig. 1A,
middle column) did not appear necrotic or swollen, but cell
shape or area was not quantified. After 32 mg/kg, CV⫹/
TH⫺ neurons decreased back to levels similar to the vehicle group, suggesting that this population of CV⫹ neurons once expressed TH, but were TH negative following
the 16 mg/kg dose and most likely degenerated by the end
of the 32 mg/kg dose. This pattern is a new phenomenon,
as most acute MPTP models demonstrate the simultaneous loss of TH-ir and Thionin or other neural markers
(Haque et al., 2009; Benner et al., 2004; Jackson-Lewis et
al., 1995; Seniuk et al., 1990). Our results are in agreement with previous findings that TH mRNA in PD patients
is decreased in surviving DA neurons compared to controls
(Javoy-Agid et al., 1990). However, the total mean number
of CV⫹ neurons/section, including TH-ir neurons, showed
a decreasing trend only following 16 mg/kg MPTP in the
current study. Because there were so many more CV⫹/
TH⫹ neurons than CV⫹/TH⫺ neurons, the fluctuation of
the CV⫹/TH⫺ surviving neurons is less apparent in the
total neuron counts. To our knowledge, this is the first time
that CV⫹/TH⫺ neurons have been reported in a progressive MPTP study. However, the observation of a small
population of surviving CV⫹/TH⫺ neurons has been re-

268

N. R. S. Goldberg et al. / Neuroscience 180 (2011) 256 –271

ported in both an acute and a sub-acute MPTP mouse
models (Anderson et al., 2008).
Western immunoblotting and correlation with
immunohistochemistry
Western immunoblot analysis was performed on SN and
dorsolateral CPu tissue to compare TH protein expression
to TH-ir neuron and nerve terminal optical density levels as
shown in the immunohistochemical (IHC) analysis. Though
the mean number of TH-ir neurons/section began to decrease following 1 week of 4 mg/kg MPTP and continued
to decrease after 1 week of 8 mg/kg and 16 mg/kg, TH
protein expression by Western immunoblot in the SN did
not decrease until after 8 mg/kg compared to vehicle levels. This suggests that the amount of TH protein in the CPu
may not be accurately represented in the number of TH-ir
neurons. However, the decrease in the relative optical
density of TH-labeled nerve terminals is similar to the
decrease in TH protein expression. It is possible that the
remaining TH-ir neurons are employing compensatory
mechanisms such as increased DA synthesis (Zigmond et
al., 1990) or sprouting (Finkelstein et al., 2000; Song and
Haber, 2000), resulting in greater levels of TH protein/
neuron at the terminals.
Expression of DAT protein in the CPu terminals, as
analyzed by Western immunoblot, decreased significantly
following 4 mg/kg and 16 mg/kg MPTP. The decrease
seen in CPu DAT occurred earlier on and was more pronounced than the decrease seen in TH. This is consistent
with the finding that the decrease in CPu DAT binding is
greater than the decrease in TH expression in pre-symptomatic stages of MPTP-treated Macaque monkeys
(Meissner et al., 2003). Additionally, it has been reported
that DAT decreases similarly to TH protein expression
following sub-acute MPTP (Chen et al., 2009).
Changes in CPu DA content and correlation with
Western immunoblotting
When DA tissue content of the CPu was determined, a
significant decrease in DA was found only after 16 mg/kg
and 32 mg/kg MPTP. This was consistent with the finding
by Western immunoblot that TH did not decrease significantly until a higher dose. This was confirmed by the
delayed increase of turnover until the highest dose of
MPTP, 32 mg/kg, was administered.
However, the delayed decrease in CPu DA tissue content is inconsistent with previous findings using the MPTP/
probenecid progressive model, where DA content in the
CPu dropped drastically after one dose of 25 mg/kg, and
when the relative optical density of TH was decreased
either by 30% (Schintu et al., 2009), or by 70% (Novikova
et al., 2006). However, the tissue preparation used by
Schintu et al. (2009) was notably different from that used in
the present study which could have resulted in different
sensitivity to changes in DA levels. Additionally, AlvarezFischer et al. (2008) (Fig. 3), showed that after 5 weeks of
MPTP/probenicid, which was infused by osmotic minipump, CPu DA content decreased by ⬃25% whereas
optical density of TH-ir CPu fibers decreased by ⬃58%.

These data from the current studies and others (Schintu et
al., 2009; Alvarez-Fischer et al., 2008; Novikova et al.,
2006; Sedelis et al., 2001, 2000; Seniuk et al., 1990)
suggest that measuring several markers of DA integrity is
crucial in understanding how a progressive dosing of MPTP
affects the nigrostriatal pathway and production of DA.
It is noteworthy that changes in CPu DA content due to
an increasing dose of MPTP show a similar trend to CPu
TH protein expression. These measurements corroborate
to suggest that while TH-ir SNpc neurons may be partially
degenerated following only 4 mg/kg MPTP, the remaining
neurons are able to compensate by increasing TH protein
and DA content in the CPu. This may occur by several
mechanisms, including decreasing DA uptake (Zhang et
al., 1988) and increased synthesis (Zigmond et al., 1990).
Additionally, it has been reported that DA neurons can
sprout terminals within the CPu up to an 80% lesion, which
implies that the neurons can compensate for partial DA
neuron loss up to this point (Finkelstein et al., 2000, their
Fig. 8; Song and Haber, 2000). This explanation supports
the findings in the current study that DA content did not
decrease until a dose of 16 mg/kg MPTP. At this higher
dose, the decrease in SNpc neurons was ⬃60%, with a
decrease in CPu TH-ir of ⬃70%.
Changes in olfactory, rearing and
locomotor behaviors
The earliest detection of behavioral impairment due to
MPTP treatment was observed in the olfactory test. The
trend in increased latency to bite the corn chip followed the
same time course as the decrease in TH-ir SNpc neurons.
This correlation indicates a sensitivity of the olfactory test
to the decrease in TH-ir neurons in the SNpc, and suggests that 1 week of 4 mg/kg MPTP is sufficient to impair
olfactory sensitivity. Similar MPTP models have also seen
olfactory impairment with less than a 30% decrease in
TH-ir neurons (Schintu et al., 2009). Following 1 week of
16 mg/kg MPTP, 60% of the mice score above 5 min on
the latency test, and following 32 mg/kg, 80% of the mice
scored beyond 5 min (data not shown). This suggests that
after 32 mg/kg MPTP, the 74% CPu and 62% SNpc decrease in TH-ir was sufficient to significantly alter olfactory
sensitivity. While it is possible that the initial increases in
olfactory latency at 4 mg/kg and 8 mg/kg MPTP were
related to decreases seen in total locomotor activity (BB)
as compared to the vehicle groups, the number of BB
increased to vehicle levels at during the 16 mg/kg and 32
mg/kg doses of MPTP. This suggests that the latency to
bite the corn chip following the higher doses of MPTP was
not due to decreased motor activity.
The correlation of olfactory decline with the decrease in
DAT protein expression in the CPu is similar to a report in
elderly patients with nigrostriatal degeneration that olfactory decline correlates with decreased CPu DAT binding
(Wong et al., 2010, their Fig. 4). Additionally, it has been
suggested that PD can be distinguished from subjects
without evidence of dopaminergic deficit (SWEDDs) by
olfactory impairment (Silveira-Moriyama et al., 2009). This
suggests that the correlation is a strong representation of
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early Parkinson-like behavioral/sensory deficits. Alteration
in olfactory sensitivity is relatively specific to PD, where
other movement disorders such as multiple system atrophy and supranuclear palsy express olfactory impairment
infrequently or not at all (Mckinnon et al., 2010; Doty et al.,
1993; Wenning et al., 1993). Both olfactory sensitivity and
FSR decreased following 4 mg/kg and 16 mg/kg MPTP.
This further suggests that both olfactory and FSR behaviors are sensitive to the decrease in TH-ir in the SNpc and
CPu.
It has been established that the decreases in nigrostriatal DA and TH-ir due to MPTP result in mice rearing less
frequently (Fornai et al., 2004; Sundstrom et al., 1990), in
agreement with the decline in total rears in the current
study. However, the distinction between free-standing and
wall-assisted rears has not been thoroughly investigated,
and to our knowledge, has not yet been comparatively
reported in other sub-chronic MPTP models (Goldberg et
al., 2010). Behavioral markers such as olfactory function
and free-standing rears, which we show to be progressively consistent with the decline of nigrostriatal DA, are
important because they can be correlated with the incidence of CSF biomarkers (see Introduction; Van Dijk et al.,
in press; Sinha et al., 2009; Goldstein et al., 2008; Balducci
et al., 2007; Abdi et al., 2006).
Because FSR decreased in a progressive manner similar to the decline in total rears, it was necessary to examine changes in WAR in order to report whether the decrease in FSR was due to increased dependence on wall
support or general decline in rearing. A significant increase
in WAR following doses of 4 mg/kg and 16 mg/kg of MPTP
compared to the other groups suggests that decreased
total rearing during the latter half of the study was due to
both a decrease in FSR, and an increased dependence on
the wall for support while rearing. It is possible, therefore,
that the decline in FSR and total rears was associated with
a decline in blood pressure, which has been reported
extensively in human Parkinson’s patients as orthostatic
hypotension, and results in dizziness when standing upright from a sitting position (Oka et al., 2007; Senard et al.,
1997). It will be of interest in future studies to measure
blood pressure of mice before and after MPTP treatments
to assess the possible role of orthostatic hypotension in
differential FSR percentage and total rears.
The continued impairment of olfactory and rearing behavior in MPTP treated animals following the 3-week
washout period corroborates the sustained SNpc TH-ir
deficit. This suggests that the effect of the progressive
MPTP regimen produced a stable lesion. In the chronic
MPTP/probenecid model, rotorod performance showed a
similar maintenance of motor deficit 3 weeks following the
last MPTP/probenecid injection (Petroske et al., 2001).
The observed lack of change in FF/BB with the lower
doses of MPTP is consistent with other animal and clinical
studies, which suggest that sensory deficits such as olfactory and exploratory behavior precede the appearance of
motor symptoms (Juri et al., 2010; Gierthmuhlen et al.,
2009; Schneider and Kovelowski II, 1990). Only at the
higher doses of MPTP, resulting in a greater decrease in
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TH-ir neurons in the SNpc compared to the current study,
are alterations in fine motor movements observed (as
measured in the grid test; Meredith and Kang, 2006; Tillerson and Miller, 2003; Petroske et al., 2001). Additionally,
delayed motor decline in the current progressive MPTP
study is appropriate since PD patients are not typically
diagnosed until motor symptoms are apparent, and when
60 –70% of nigrostriatal DA is depleted (Bernheimer et al.,
1973; Riederer and Wuketich, 1976). In the current study,
both FF/BB behavior and CPu TH protein expression
showed significant deficit only after 32 mg/kg MPTP, and
DA content decreased only following 16 mg/kg MPTP.
These correlations suggests that the delay in FF/BB deficit
may have been due to compensatory mechanisms that
were successful until a ⬎70% lesion was achieved. In
addition, we are currently pursuing studies to investigate
the effectiveness of L-DOPA in reversing the observed
motor symptoms.
The advantage of the progressive decline in TH-ir neurons in the SNpc over the 4-week time period is that
therapies can be tested at any time point. Interventions
could be initiated at an early time point (i.e. after 4 or 8
mg/kg MPTP) in order to observe their effect on slowing
the progression of nigrostriatal degeneration, or at a later
time point (i.e. 16 mg/kg or 32 mg/kg MPTP) to determine
whether there is a restorative effect. The intervention
would take place during continued MPTP administration.
These are stages at which the decrease in TH-ir neurons in
the SNpc is equivalent to that seen in patients with both
early stage and late stage Parkinson’s disease (Mori et al.,
2006).
Acknowledgments—Supported by the Department of Veterans
Affairs Merit Review Program. We also thank Dr. Deborah Finn for
her consultation regarding the statistical analysis.

REFERENCES
Abdi F, Quinn JF, Janovic J, McIntosh M, Leverenz JB, Peskind E,
Nixon R, Nutt J, Chung K, Zabetian C, Samii A, Lin M, Hattan S,
Pan C, Wang Y, Jin J, Zhu D, Li GJ, Liu Y, Waichunas D, Montine
TJ, Zhang J (2006) Detection of biomarkers with a multiplex quantitative proteomic platform in cerebrospinal fluid of patients with
neurodegenerative disorders. J Alzheimers Dis 9(3):293–348.
Alvarez-Fischer D, Guerreiro S, Hunot S, Saurini F, Marien M, Sokoloff
P, Hirsch EC, Hartmann A, Michel PP. (2008) Modelling Parkinsonlike neurodegeneration via osmotic minipump delivery of MPTP
and probenecid. J Neurochem 107(3):701–711.
Anderson DW, Bradbury KA, Schneider JS (2008) Broad neuroprotective profile of nicotinamide in different mouse models of MPTPinduced parkinsonism. Eur J Neurosci 28(3):610 – 617.
Balducci C, Pierguidi L, Persichetti E, Parnetti L, Sbaragli M, Tassi C,
Orlacchio A, Calabresi P, Beccari T, Rossi A (2007) Lysosomal
hydrolases in cerebrospinal fluid from subjects with Parkinson’s
disease. Mov Disord 22:1481–1484.
Baquet ZC, Williams D, Brody J, Smeyne J (2009) A comparison of
model-based (2D) and design-based (3D) stereological methods
for estimating cell number in the substantia nigra pars compacta
(SNpc) of the C57Bl/6J mouse. Neuroscience 161:1082–1090.
Benes FM, Lange N (2001) Two-dimensional versus three-dimensional cell counting: a practical perspective. Trends Neurosci
24:11–17.

270

N. R. S. Goldberg et al. / Neuroscience 180 (2011) 256 –271

Benner EJ, Mosley RL, Destache CJ, Lewis TB, Jackson-Lewis V,
Gorantla S, Nemachek C, Green SR, Przedborski S, Gendelman
HE (2004) Therapeutic immunization protects dopaminergic neurons in a mouse model of Parkinson’s disease. Proc Natl Acad Sci
U S A 101(25):9435–9440.
Berendse HW, Ponsen MM (2009) Diagnosing premotor Parkinson’s
disease using a two-step approach combining olfactory testing and
DAT SPECT imaging. Parkinsonism Relat Disord 15 (Suppl
3):S26 –S30.
Bernheimer H, Birkmayer W, Hornykiewicz O, Jellinger K, Seitelberger
F (1973) Brain dopamine and the syndromes of Parkinson and
Huntington. Clinical, morphological and neurochemical correlations. J Neurol Sci 20:415– 455.
Bezard E, Dovero S, Bioulac B, Gross CE (1997) Kinetics of nigral
degeneration in a chronic model of MPTP-treated mice. Neurosci
Lett 234:47–50.
Blesa J, Juri C, Collantes M, Penuelas I, Prieto E, Iglesias E, MartiCliment J, Arbizu J, Zubieta JL, Rodriguez-Oroz MC, Garcia-Garcia D, Richter JA, Cavada C, Obeso JA (2010) Progression of
dopaminergic depletion in a model of MPTP-induced parkinsonism
in non-human primates. An 18F-DOPA and 11C-DTBZ PET study.
YNBDI-02107. Neurobiol Dis 38:456 – 463.
Blume SR, Cass DK, Tseng KY (2009) Stepping test in mice: a reliable
approach in determining forelimb akinesia in MPTP-induced parkinsonism. Exp Neurol 219:208 –211.
Burguillos MA, Hajji N, Englund E, Persson A, Cenci AM, Machado A,
Cano J, Joseph B, Venero JL (2011) Apoptosis-inducing factor
mediates dopaminergic cell death in response to LPS-induced
inflammatory stimulus: evidence in Parkinson’s disease patients.
Neurobiol Dis 41:177–188.
Chen P-C, Vargas MR, Pani AK, Smeyne RJ, Johnson DA, Kan YW,
Johnson JA (2009) Nrf2-mediated neuroprotection in the MPTP
mouse model of Parkinson’s disease: critical role for the astrocyte.
Proc Natl Acad Sci U S A 106(8):2933–2938.
Chu P-W, Seferian KS, Birdsall E, Truong JG, Riordan JA, Metcalf CS,
Hanson GR, Fleckenstein AE (2008) Differential regional effects of
methamphetamine on dopamine transport. Eur J Pharmacol
590(103):105–110.
Clarke PGH (1992) How inaccurate is the Abercrombie correction
factor for cell counts? Trends Neurosci 15:211–212.
Cooper JA, Sagar HJ, Jordan N, Harvey NS, Sullivan EV (1991)
Cognitive impairment in early, untreated Parkinson’s disease and
its relationship to motor disability. Brain 114(5):2095–2122.
Doty RL, Bromley SM, Stern MB (1995) Olfactory testing as an aid in
the diagnosis of Parkinson’s disease: development of optimal discrimination criteria. Neurodegeneration 4:93–97.
Doty RL, Golbe LI, McKeown DA, Stern MB, Lehrach CM, Crawford D
(1993) Olfactory testing differentiates between progressive supranuclear palsy and idiopathic Parkinson’s disease. Neurology
43:962–965.
Ekstrand MI, Terzioglu M, Galter D, Zhu S, Hofstetter C, Lindqvist E,
Thams S, Bergstrand A, Sterky Hansson F, Trifunovic A, Hoffer B,
Cullheim S, Mohammed AH, Olson L, Larsson N-G (2007) Progressive parkinsonism in mice with respiratory-chain-deficient dopamine neurons. Proc Natl Acad Sci U S A 104(4):1325–1330.
Finkelstein DI, Stanic D, Parish CL, Tomas D, Dickson K, Horne MK
(2000) Axonal sprouting following lesions of the rat substantia
nigra. Neuroscience 97(1):99 –112.
Fleming SM, Delville Y, Schallert T (2005) An intermittent, controlledrate, slow progressive degeneration model of Parkinson’s disease:
antiparkinson effects of Sinemet and protective effects of methylphenidate. Behav Brain Res 156:201–213.
Fornai F, Schluter OM, Lenzi P, Gesi M, Ruffoli R, Ferrucci M, Lazzeri
G, Busceti C, Pontarelli F, Battaglia G, Pellegrini A, Nicoletti F,
Ruggieri S, Paparelli A, Sudhof TC (2004) Parkinson-like syndrome induced by continuous MPTP infusion: convergent roles of
the ubiquitin-proteasome system and alpha-synuclein. Proc Natl
Acad Sci U S A 102(9):3413–3418.

Galter D, Pernold K, Yoshitake T, Lindqvist E, Hoffer B, Kehr J,
Larsson N-G, Olson L (2010) MitoPark mice mirror the slow progression of key symptoms and L-dopa response in Parkinson’s
disease. Genes Brain Behav 9:173–181.
Gierthmuhlen J, Schumacher S, Deuschl G, Fritzer E, Klein C, Baron
R, Helmchen C (2009) Somatosensory function in asymptomatic
Parkin-mutation carriers. Eur J Neurol 17(3):513–517.
Goldberg NRS, Haack AK, Meshul CK (2010) Enriched environment
promotes similar neuronal and behavioral recovery in a young and
aged mouse model of Parkinson’s disease. Neuroscience 172:
443– 452.
Goldstein DS, Holmes C, Bentho O, Sato T, Moak J, Sharabi Y, Imrich
R, Conant S, Eldadah BA (2008) Biomarkers to detect central
dopamine deficiency and distinguish Parkinson disease from multiple system atrophy. Parkinsonism Relat Disord 14(8):600 – 607.
Haque ME, Thomas KJ, D’Souza CD, Callaghan S, Kitada T, Slack
RS, Fraser P, Cookson MR, Tandon A, Park DS (2009) Cytoplasmic Pink1 activity protects neurons from dopaminergic neurotoxin
MPTP. Proc Natl Acad Sci U S A 105(5):1716 –1721.
Hawkes CH, Tredici KD, Braak H (2010) A timeline for Parkinson’s
disease. Parkinsonism Relat Disord 16:79 – 84.
Jackson-Lewis V, Jakowec M, Burke RE, Przedborski S (1995) Time
course and morphology of dopaminergic neuronal death caused by
the neurotoxin 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine. Neurodegeneration 4:257–269.
Javoy-Agid F, Hirsch ET, Dumas S, Duyckaerts C, Mallet J, Agid Y
(1990) Decreased tyrosine hydroxylase messenger RNA in the
surviving dopamine neurons of the substantia nigra in Parkinson’s
disease: an in situ hybridization study. Neuroscience 38(1):245–
253.
Juri C, Rodriguez-Oroz M, Obeso JA (2010) The pathophysiological
basis of sensory disturbances in Parkinson’s disease. J Neurol Sci
289:60 – 65.
Kamens HM, Crabbe JC (2007) The parallel rod floor test: a measure
of ataxia in mice. Nat Protoc 2(2):277–281.
Linder JC, Klemfuss H, Groves PM (1987) Acute ultrascructural and
behavioral effects of 1-methyl-4-phenyl-1,2,3,6-tetrahydropyradine
(MPTP) in mice. Neurosci Lett 82(2):221–226.
McGeorge AJ, Faull RLM (1989) The organization of the projection
from the cerebral cortex to the striatum in the rat. Neuroscience
29:503–537.
Mckinnon J, Evidente V, Driver-Dunckley E, Premkumar A, Hentz J, Shill
H, Sabbagh M, Caviness J, Connor D, Adler C (2010) Olfaction in the
elderly: a cross-sectional analysis comparing Parkinson’s disease
with controls and other disorders. Int J Neurosci 120(1):36 –39.
McKnaught KSP, Perl DP, Brownell A-L, Olanow CW (2004) Systemic
exposure of proteasome inhibitors causes a progressive model of
Parkinson’s disease. Ann Neurol 56:149 –162.
Meissner W, Prunier C, Guilloteau D, Chalon S, Gross CE, Bezard E
(2003) Time-course of nigrostriatal degeneration in a progressive
MPTP-lesioned macaque model of Parkinson’s disease. Mol Neurobiol 28(3):209 –218.
Meredith GE, Kang UJ (2006) Behavioral models of Parkinson’s disease: a new look at an old problem. Mov Disord 21(10):1595–
1606.
Meredith GE, Totterdell S, Petroske E, Santa Cruz K, Callison RC Jr,
Lau Y-S (2002) Lysosomal malfunction accompanies alpha-synuclein aggregation in a progressive mouse model of Parkinson’s
disease. Brain Res 956:156 –165.
Meredith GE, Totterdell S, Potashkin JA, Surmeier DJ (2008) Modeling
PD pathogenesis in mice: advantages of a chronic MPTP protocol.
Parkinsonism Relat Disord 14 (Suppl 2):S112–S115.
Mori F, Nishie M, Kakita A, Yoshimoto M, Takahashi H, Wakabayashi
K (2006) Relationship among alpha-synuclein accumulation, dopamine synthesis, and neurodegeneration in Parkinson disease
substantia nigra. J Neuropathol Exp Neurol 65:808 – 815.
Novikova L, Garris BL, Lau Y-S (2006) Early signs of neuronal apoptosis in the substantia nigra pars compacta of the progressive neuro-

N. R. S. Goldberg et al. / Neuroscience 180 (2011) 256 –271
degenerative mouse 1-methyl-4-phenyl-1,2,3,6-tetrahydropyradine/
probenecid model of Parkinson’s disease. Neuroscience 140(1):
67–76.
Obeso JA, Roderiguez-Oroz MC, Goetz CG, Marin C, Kordower JH,
Roderiguez M, Hirsch EC, Farrer M, Schapira AHV, Hallida G
(2010) Missing pieces in the Parkinson’s disease puzzle. Nat Med
16(6):653– 661.
Oka H, Yoshioka M, Onouchi K, Morita M, Mochio S, Suzuki M, Hirai
T, Ito Y, Inoue K (2007) Characteristics of orthostatic hypotension
in Parkinson’s disease. Brain 130(9):2425–2432.
Paxinos G, Franklin KBJ, eds (2004) The mouse brain in stereotaxic
coordinates, 2nd ed. San Diego, CA: Gulf Professional Publishing.
Petroske E, Meredith GE, Callen S, Totterdell S, Lau Y-S (2001)
Mouse model of parkinsonism: a comparison between subacute
and chronic MPTP/probenecid treatment. Neuroscience 106(3):
589 – 601.
Postuma RB, Lang AE, Massicotte-Marquez J, Montplaisir J (2006)
Potential early markers of Parkinson disease in idiopathic REM
sleep behavior disorder. Neurology 66:845– 851.
Potashkin JA, Blume SR, Runkle NR (2010) Limitations of animal
models of Parkinson’s disease. Parkinsons Dis 2011:658083.
Qin L, Wu X, Block ML, Liu Y, Breese GR, Hong J-S, Knapp DJ, Crews
FT (2007) Systemic LPS causes chronic neuroinflammation and
progressive neurodegeneration. Glia 55:453–562.
Riederer P, Wuketich S (1976) Time course of nigrostriatal degeneration in Parkinson’s disease. J Neural Transm 38:277–301.
Salahpour A, Ramsey AJ, Medvedev IO, Kile B, Sotnikova TD, Holmstrand E, Ghisi V, Nicholls PJ, Wong L, Murphy K, Sesack SR,
Wightman RM, Gainetdinov RR, Caron MG (2008) Increased amphetamine-induced hyperactivity and reward in mice overexpressing the dopamine transporter. Proc Natl Acad Sci U S A
105(11):4405– 4410.
Schintu N, Frau L, Ibba M, Garau A, Carboni E, Carta AR (2009)
Progressive dopaminergic degeneration in the chronic MPTPp
mouse model of Parkinson’s disease. Neurotox Res 16:127–139.
Schneider JS, Kovelowski CJ II (1990) Chronic exposure to low doses
of MPTP. I. Cognitive deficits in motor asymptomatic monkeys.
Brain Res 519:122–128.
Sedelis M, Hofele K, Auburger GW, Morgan S, Huston JP, Schwarting
RKW (2000) MPTP susceptibility in the mouse: behavioral, neurochemical and histological analysis of gender and strain differences.
Behav Genet 30(3):171–182.
Sedelis M, Schwarting RKW, Huston JP (2001) Behavioral phenotyping of the MPTP mouse model of Parkinson’s disease. Behav Brain
Res 125:109 –122.
Senard JM, Lapeyre-Mestre M, Brefel C, Rascol O, Rascol A, Montastruc JL (1997) Prevalence of orthostatic hypotension in Parkinson’s disease. J Neurol Neurosurg Psychiatry 63:584 –589.

271

Seniuk NA, Tatton WG, Greenwood CE (1990) Dose-dependent destruction of the coeruleus-cortical and nigral-striatal projections by
MPTP. Brain Res 527(1):7–20.
Siderowf A, Stern MB (2008) Premotor Parkinson’s disease: clinical
features, detection, and prospects for treatment. Ann Neurol 64
(Suppl):S139 –S147.
Silveira-Moriyama L, Schwingenschuh P, O’Donell A, Schneider SA,
Mir P, Carrillo F, Terranova C, Petrie A, Grosset DG, Quinn NP,
Bhatia KP, Lees AJ (2009) Olfaction in patients with suspected
parkinsonism and scans without evidence of dopaminergic deficit
(SWEDDs). J Neurol Neurosurg, Psychiatry 80:744 –748.
Sinha A, Srivastava N, Singh S, Singh AK, Bhushan S, Shukla R,
Singh MP (2009) Identification of differentially displayed proteins in
cerebrospinal fluid of Parkinson’s disease patients: a proteomic
approach. Clin Chim Acta 400:14 –20.
Smeyne RJ, Jackson-Lewis V (2005) The MPTP model of Parkinson’s
disease. Mol Brain Res 134:57– 66.
Smolen AJ, Wright LL, Cunningham TJ (1983) Neuron numbers in the
superior cervical ganglion of the rat: a critical method of cell counting. J Neurocytol 12:739 –750.
Song DD, Haber SN (2000) Striatal responses to partial dopaminergic
lesion: evidence for compensatory sprouting. J Neurosci 20(13):
5102–5114.
Sundstrom E, Fredriksson A, Archer T (1990) Chronic neurochemical
and behavioral changes in MPTP-lesioned C57BL/6 mice: a model
for Parkinson’s disease. Brain Res 528:181–188.
Tillerson JL, Miller GW (2003) Grid performance test to measure
behavioral impairment in the MPTP-treated-mouse model of Parkinsonism. J Neurosci Methods 123:189 –200.
Van Dijk KD, Teunissen CE, Drukarch B, Jimenez CR, Groenewegen
HJ, Berendse HW, van de Berg WDJ (in press) Diagnostic cerebrospinal fluid biomarkers for Parkinson’s disease: a pathogenically based approach. Neurobiol Dis 39(3):229 –241.
Wenning GK, Shephard B, Magalhaes M, Hawkes CH, Quinn NP
(1993) Olfactory function in multiple system atrophy. J Neural
Transm 2:169 –171.
Wong KK, Muller MLTM, Kuwabara H, Studenski SA, Bohnen NI
(2010) Olfactory loss and nigrostriatal dopaminergic denervation in
the elderly. Neurosci Lett 484(3):163–167.
Yazdani U, German DC, Lian C-L, Manzino L, Sonsalla PK, Zeevalk
GD (2006) Rat model of Parkinson’s disease: chronic central delivery of 1-methyl-4-phenylpyridinium (MPP⫹). Exp Neurol 200:
172–183.
Zhang WQ, Tilson HA, Nanry KP, Hudson PM, Hong JS, Stachowiak
MK (1988) Increased dopamine release from striata of rats after
unilateral nigrostriatal bundle damage. Brain Res 461:335–342.
Zigmond MJ, Abercrombie ED, Berger TW, Grace AA, Stricker EM
(1990) Compensations after lesions of central dopaminergic neurons: some clinical and basic implications. Trends Neurosci 13:
290 –296.

(Accepted 10 February 2011)
(Available online 16 February 2011)

