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Dopamine Depletion Does Not Protect against Acute
1-Methyl-4-Phenyl-1,2,3,6-Tetrahydropyridine Toxicity
In Vivo
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Dopamine (DA) has been postulated to play a role in the loss of dopaminergic substantia nigra (SN) neurons in Parkinson’s disease
because of its propensity to oxidize and form quinones and other reactive oxygen species that can alter cellular function. Moreover, DA
depletion can attenuate dopaminergic cell loss in vitro. To test the contribution of DA to SN impairment in vivo, we used DA-deficient
mice, which lack the enzyme tyrosine hydroxylase in dopaminergic cells, and mice pharmacologically depleted of DA by �-methyl-p-
tyrosine pretreatment. Mice were treated with 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP), a toxin that produces parkinso-
nian pathology in humans, nonhuman primates, and rodents. In contrast to in vitro results, genetic or pharmacologic DA depletion did
not attenuate loss of dopaminergic neurons in the SN or dopaminergic neuron terminals in the striatum. These results suggest that DA
does not contribute to acute MPTP toxicity in vivo.
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Introduction
Parkinson’s disease (PD) is the second most common neurode-
generative disorder in the United States. The predominant motor
symptoms of PD are caused by the loss of dopaminergic neurons
in the substantia nigra (SN). Although the etiology of PD remains
unknown, both genetic and environmental factors appear to play
a role. To date, six genes associated with familial PD have been
identified (�-synuclein, parkin, DJ-1, PINK1, LRRK2, and
UCHL1), suggesting that molecular mechanisms underlying PD
may be heterogeneous (Paisan-Ruiz et al., 2004; Vila and Przed-
borski, 2004; Zimprich et al., 2004). Given their widespread ex-
pression patterns, however, none of these genes can account for
the selective vulnerability of dopaminergic neurons. Moreover,
blockade of mitochondrial respiration via systemic rotenone de-
livery appears to cause specific toxicity to dopaminergic neurons
despite the universal effects of rotenone (Betarbet et al., 2000;
Alam and Schmidt, 2002; Sherer et al., 2003). These findings
suggest that some factor(s) intrinsic to dopamine (DA) neurons
contributes to the disease process.

DA can be converted rapidly to a variety of reactive oxygen
species and derived quinones that can be toxic to cells (Stokes et

al., 1999; Blum et al., 2001; Dryhurst, 2001). These products can
damage and modify macromolecules and impair energy produc-
tion (Stokes et al., 1999). Furthermore, direct intrastriatal injec-
tion of DA generates cysteine adducts (Hastings et al., 1996) that
inhibit mitochondrial respiration, cause mitochondrial swelling
(Berman and Hastings, 1999), and ultimately damage dopami-
nergic terminals (Rabinovic et al., 2000).

Given that the neurons targeted for destruction in PD are
those that produce DA together with abundant evidence of oxi-
dative stress, the selective vulnerability of DA neurons may be
caused by DA itself. Additional support comes from data showing
that 1-methyl-4-phenylpyridinium (MPP�), the active metabo-
lite of 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP),
not only affects energy metabolism but also induces DA displace-
ment from vesicles leading to free radical production and cell
death in vitro (Lotharius and O’Malley, 2000). Because MPTP
toxicity is one of the best available animal models of PD, these
data suggest that energy depletion as well as DA oxidation con-
tribute to dopaminergic cell loss in PD.

To test the hypothesis that DA plays a role in MPTP toxicity in
vivo, we used both genetic and pharmacologic approaches to
modulate DA levels in mice. DA-deficient mice (DD mice), a
genetic model of DA depletion, were generated by targeted inac-
tivation of the tyrosine hydroxylase (Th) gene, which encodes the
rate-limiting enzyme required for DA biosynthesis, specifically in
dopaminergic neurons (Zhou and Palmiter, 1995). DD mice ex-
hibit DA levels �1% of controls (CTs), whereas levels of other
catecholamines are normal. Daily injection of L-3,4-
dihydroxyphenylalanine (L-DOPA), the precursor of DA, cir-
cumvents the absence of TH and restores striatal DA to �9% of
control levels. Histologically, brains of DD mice appear grossly
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normal and have an intact nigrostriatal pathway as indicated by
L-aromatic amino acid decarboxylase (L-AADC)-positive neu-
rons in the SN with projections to the striatum. We also used
�-methyl-D,L-p-tyrosine methyl ester (AMPT), a TH inhibitor,
to pharmacologically deplete DA in normal mice before MPTP
treatment. This acute DA depletion model circumvents potential
developmental or compensatory changes associated with chronic
DA depletion. We hypothesized that DA depletion would protect
the nigrostriatal pathway from acute MPTP toxicity.

Materials and Methods
Animals and drug treatments. All experiments were conducted in accor-
dance with guidelines established by the National Academy of Sciences
overseen by each institution’s animal studies committee. For the genetic
experiments, DD [Th�/�, dopamine �-hydroxylase (Dbh)Th/�] mice
were generated by knocking out the Th gene and knocking it back into
the Dbh locus to restore norepinephrine production in noradrenergic
cells while eliminating DA production in dopaminergic neurons (Zhou
and Palmiter, 1995). These mice have normal levels of norepinephrine in
the brain, heart, and adrenal glands. DD and CT littermates with at least
one intact Th gene and Dbh gene, which is sufficient to synthesize normal
levels of all catecholamines, were maintained on a mixed 129/Sv �
C57BL/6 genetic background. Mice maintained at the University of
Washington had ad libitum access to breeder chow (5LJ5; PMI Nutri-
tional, Brentwood, MO) and water. Starting at �15 d of age, DD mice
received daily intraperitoneal injections of L-DOPA (50 mg/kg; Sigma, St.
Louis, MO) dissolved in 2.5 mg/ml solution of ascorbic acid in PBS
(Zhou and Palmiter, 1995). Male, 8- to 12-week-old DD and CT mice
were shipped to Washington University for experiments. On the day of
MPTP injections, one group of DD mice received the same daily L-DOPA
injection 3 h before MPTP injections (DD plus L-DOPA), whereas an-
other group did not (DD minus L-DOPA). DA levels in the DD plus
L-DOPA group were 9% of normal, and levels in the DD minus L-DOPA
group were �1% of normal at the time of the first MPTP injection (Zhou
and Palmiter, 1995). CT and DD mice received four intraperitoneal in-
jections of PBS or MPTP hydrochloride (Sigma) dissolved in PBS spaced
1 h apart. The following day, all DD mice resumed daily L-DOPA treat-
ments. Mice were killed 7 d after treatment by decapitation, and brains
were removed.

For the pharmacologic DA depletion experiments, 8- to 10-week-old,
male C57BL/6 mice (Charles River, Wilmington, MA) received food and
water ad libitum. Mice received a single injection of AMPT (250 mg/kg,
i.p.; Sigma) dissolved in PBS to deplete DA, a single injection of L-DOPA
(50 mg/kg) to increase DA, or PBS alone. Mice were killed 3 or 6 h later,
and striata were removed for analysis of DA levels via HPLC. Another
group was injected with AMPT (250 mg/kg), L-DOPA (50 mg/kg), or
saline intraperitoneally, and 3 h later, mice were injected with MPTP or
PBS using the paradigm as above. Mice were killed 7 d later, and brains
were collected for analysis.

Western analysis. Right striata were removed and frozen on dry ice.
Samples were homogenized in lysis buffer (containing the following: 10
mM Tris, pH 7.5, 150 mM NaCl, 1 mM EDTA, 0.1% SDS, 1% Triton
X-100, and 1% sodium deoxycholate) containing a complete protease
inhibitor mixture (Sigma). Samples were centrifuged, and equal
amounts of protein from each sample were separated by SDS-PAGE and
transferred to polyvinylidene difluoride membranes (Bio-Rad, Hercules,
CA). Membranes were blocked in 5% powdered milk in Tris-buffered
saline containing 0.05% Tween 20 and then incubated with antibodies
against L-AADC (1:300) (Zhong et al., 1995), vesicular monoamine
transporter 2 (VMAT2; 1:300; Chemicon, Temecula, CA), dopamine
transporter (DAT; 1:300; Chemicon), TH (1:10,000; Chemicon), synap-
tophysin (1:10,000; Sigma), �-synuclein (1:500; PharMingen, San Diego,
CA), or actin (1:10; Developmental Studies Hybridoma Bank, Iowa City,
IA) followed by incubation with horseradish peroxidase (HRP)-linked
secondary antibodies (HRP anti-rabbit, 1:300, Cell Signaling Technol-
ogy, Beverly, MA; HRP anti-mouse and HRP anti-rat, 1:5000, Sigma).
Membranes were developed with enhanced chemiluminescence (Amer-
sham Biosciences, Piscataway, NJ) and imaged with a Storm Phos-

phorImager (Molecular Dynamics, Piscataway, NJ), and band intensities
were determined using Imagequant software (Amersham Biosciences).

Catecholamine measurements. For MPTP experiments, left striata were
immediately homogenized in lysis buffer (0.1N perchloric acid, 0.4 mM

Na2S2O5) for HPLC analysis of DA levels; DA levels were determined 3
and 6 h after AMPT or saline treatment by pooling left and right striata.
Samples were diluted 1:20 into HPLC buffer (0.1 M NaH2PO4, 0.25 g/L
heptanesulfonic acid, 0.08 g/L EDTA, 6% methanol, pH 2.5), separated
on a catecholamine ESA (Chelmsford, MA) HR-80 column using the
same HPLC buffer for the mobile phase, and analyzed by electrochemical
detection (ESA). Samples were analyzed in triplicate.

Immunohistochemistry. After removal of the striatum, the remaining
brain was fixed in 4% paraformaldehyde for 3 d and then cryoprotected
in 20% sucrose overnight. Coronal sections (50 �m) were cut on a mic-
rotome and costained for TH (1:2000) and VMAT2 (1:200) followed by
fluorescent-conjugated secondary antibodies (1:500, goat anti-mouse
Alexa 488, Molecular Probes, Eugene, OR; goat anti-rabbit cyanine 3,
Jackson ImmunoResearch, West Grove, PA). For cell counts, every
fourth section through the SN was stained for VMAT2 or TH with 3,3�-
diaminobenzidine (DAB) detection (Vector Laboratories, Burlingame,
CA). Adjacent sections were stained with Nissl stain. DAB � cells in the
SN (not including the retrorubral and ventral tegmental areas) and
Nissl � cells were counted using unbiased stereological methods (Stereo
Investigator; MicroBrightField, Williston, VT) (West et al., 1996). Anal-
ysis was conducted blind to genotype and treatment.

To estimate the size of neuronal soma, images were taken of VMAT2-
stained sections from saline-treated CT and DD mice. Approximately
100 VMAT2 � cells from each brain were analyzed by outlining the soma
using MetaMorph software (Molecular Devices, Sunnyvale, CA). Mean
cell cross-sectional areas for each genotype were compared.

To estimate the size of the striatum, 100 �m coronal sections from
three CT and three DD mice were stained with VMAT2. Images were
captured, and the striatum was outlined using MetaMorph software.
Volumes were estimated by multiplying the area by the section thickness
and interval.

Synaptosomal assays. Synaptosomes were prepared from striata pooled
from three mice. DD mice were not treated with L-DOPA on the day of
synaptosome preparation. For uptake assays performed using synapto-
somes from AMPT-pretreated mice, mice were killed 3 h after AMPT or
saline injection. Briefly, striata were removed, homogenized in 0.32 M

sucrose buffer using a glass-Teflon homogenizer, and centrifuged
(1400 � g, 10 min, 4°C). The supernatant was saved, and the pellet was
homogenized again in sucrose buffer and centrifuged (710 � g, 10 min,
4°C) to remove cellular debris and nuclei. The supernatant from the first
two spins was pooled and centrifuged at high speed (13800 � g, 10 min,
4°C). The resultant pellet containing synaptosomes was resuspended in
Krebs’–Ringer’s solution (KRS) [containing the following (in mM): 2.5
KCl, 119 NaCl, 1.3 MgSO4, 2.5 CaCl2, 1 NaH2PO4, 26.2 NaHCO3, and 10
glucose], and the protein concentration was determined using the Brad-
ford assay. Synaptosomes (80 �g) were loaded with 30 �M [ 3H]-MPP �

(specific activity, 85 Ci/mmol; American Radiolabeled Chemicals, St.
Louis, MO) or [ 3H]-DA (specific activity, 47 Ci/mmol; Amersham Bio-
sciences) at 37°C for 20 min. Loaded synaptosomes were washed three
times by pipetting in KRS followed by centrifugation. The pellet was
resuspended in KRS containing 60 mM KCl (61 mM NaCl) to measure
K �-induced release of [ 3H]-MPP � or [ 3H]-DA. Synaptosomes were
washed an additional time. All steps subsequent to loading were done in
10 min at 37°C followed by centrifugation, and the radioactive activity of
the supernatant from each step and the final synaptosomal pellet were
determined using a scintillation counter. The amount of uptake was
determined by adding the counts from the KCl, final wash, and final
pellet steps. The amount of release was determined by adding the counts
from the K � and final wash steps. The assay was repeated three times
using different synaptosome preparations, and results were averaged to
determine a mean and variance.

Statistical analysis. The Kaplan–Meier estimator of the survival func-
tion and the nonparametric Cox proportional hazards model of the Cox
regression model (PROC PHREG in SAS; University of Arizona, Tucson,
AZ) (Kalbfleisch and Prentice, 1980) were used for survival analyses.
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Factorial ANOVA and unpaired two-tailed t test were used when appro-
priate (SAS; GraphPad Software, San Diego, CA).

Results
Treatment of DD mice with MPTP
DD mice (without L-DOPA) and CT mice were injected four
times (1 h apart) with various doses of MPTP. All of the DD mice
died within 2 d of treatment when injected with 20 or 25 mg/kg of
MPTP (Fig. 1A), whereas �60% of the CT mice survived at these
doses. The Cox proportional hazards model was used to test for
the effect of genotype and MPTP dose on the time to death. DD
mice have a hazard ratio of 10.85 at any MPTP dose versus CT
mice ( p � 0.0001). A dose of 15 mg/kg MPTP was used in sub-
sequent experiments.

MPP � and DA uptake into synaptosomes from CT and
DD mice
MPP� serves as a substrate for both the DAT and VMAT2.
Acutely prepared striatal synaptosomes were used to test whether
MPP� uptake was normal in DD mice. Synaptosomes from DD
mice took up three times more [ 3H]-MPP� and six times more
[ 3H]-DA than CT synaptosomes (Fig. 1B). Approximately the
same proportion of transported substrate was sequestered into
vesicles in DD and CT synaptosomes as measured by K�-
stimulated release, although the small differences noted were sig-
nificant (Fig. 1C). By Western analysis, DD synaptosomes ap-
peared to express more DAT than CT, whereas the levels of
VMAT2, synaptophysin, �-synuclein, L-AADC, and actin were
the same (Fig. 1D). These results indicate that more MPP� was
present in the cytoplasm of dopaminergic terminals in DD mice
compared with CT mice.

Nigrostriatal injury
To determine whether the absence of DA protects against MPTP
toxicity, DD mice with and without L-DOPA treatment were

tested along with littermate CT. Preliminary studies revealed that
VMAT2 staining reliably labeled all TH� neurons (Fig. 2A).
Therefore, this marker was used to identify dopaminergic neu-
rons in midbrain sections from DD and CT mice. Although DD
mice had fewer VMAT2� and Nissl� neurons in the SN than CT
mice (Fig. 2C,D), they had a larger striatal volume (28.8 � 0.4 vs
24.4 � 0.9 mm 3; p 	 0.01) but smaller brains (0.429 � 0.003 vs
0.469 � 0.003 g; p 	 0.001). In addition, the mean cross-sectional
area of VMAT2� neurons in DD mice was significantly greater
than in CT mice (591.0 � 18.8 vs 507.4 � 14.1 �m 2; p 	 0.002).
Genotype had no effect on cell loss assessed with VMAT2 or Nissl
staining 7 d after treatment with MPTP (15 mg/kg), and restoring
dopamine in DD mice using L-DOPA also had no effect on cell
loss after MPTP treatment (Fig. 2C,D).

Western analysis of striatal lysates was used to evaluate dam-
age to dopaminergic neuron terminals. Anti-L-AADC revealed
significant loss of this terminal protein, yet there was no differ-
ence between DD and CT mice (Fig. 2E). Similarly, DAT levels
were decreased after treatment, but genotype had no effect on
DAT loss after MPTP treatment (data not shown).

Depletion of DA with AMPT
A single AMPT injection (250 mg/kg) reduced striatal DA and
metabolite levels by �72% at 3 and 6 h after injection into wild-
type mice (Fig. 3A,B). These time points mark the first and last
MPTP injection; thus, DA depletion could be maintained for the
duration of MPTP injection. Higher doses of AMPT did not fur-
ther deplete DA (data not shown). L-DOPA treatment (50 mg/kg)
did not increase striatal DA content but did increase metabolite
levels (Fig. 3A,B). Higher doses of L-DOPA (up to 120 mg/kg)
had no additional effect on striatal DA or metabolite levels (data
not shown).

MPP � and DA uptake into synaptosomes after
AMPT pretreatment
Pretreatment with AMPT did not affect synaptosomal uptake of
[ 3H]-MPP� but did increase uptake of [ 3H]-DA slightly (Fig.
3C). Pretreatment did not affect 60 mM K�-stimulated release of
[ 3H]-MPP� or [ 3H]-DA (Fig. 3D), indicating that the same pro-
portion of substrate taken up by the synaptosomes was seques-
tered in vesicles and K�-mediated release mechanisms were
intact.

Effects of MPTP after DA depletion with AMPT
Neither AMPT nor L-DOPA treatment had any effect on survival
of mice after MPTP treatment (data not shown). Likewise, these
treatments had no effect on the loss of TH� neurons in the SN
(Fig. 4A) or the reduction of striatal TH levels as assessed by
Western blot (Fig. 4B). There was a significant interaction be-
tween AMPT pretreatment and MPTP treatment on striatal DA
levels (Fig. 4C) but not on metabolite levels (Fig. 4D). L-DOPA
pretreatment did not affect the loss of DA (Fig. 4C) or metabolite
levels (Fig. 4D) after MPTP treatment.

Discussion
This study demonstrates that neither genetic nor pharmacologic
DA depletion protects the nigrostriatal pathway from acute
MPTP toxicity in mice. Equivalent dopaminergic neuron loss
and reductions in markers for dopaminergic neuron terminal
integrity were observed between DD (with DA levels �1% of CT
levels) and CT mice 7 d after MPTP treatment. Moreover, in-
creasing DA levels �10-fold in DD mice with L-DOPA pretreat-
ment did not affect MPTP toxicity. Similarly, depleting striatal

Figure 1. DD mice display altered uptake of DAT substrates. A, DD mice have decreased
survival compared with CT mice in the first 2 d after MPTP treatment (sample size between 5 and
27). B, Striatal synaptosomes from DD mice take up more [ 3H]-MPP � and [ 3H]-DA than syn-
aptosomes from CT mice. C, DD synaptosomes released 4% more [ 3H]-MPP � and 5% less
[ 3H]-DA than CT synaptosomes after stimulation with 60 mM K �. D, Western blotting of syn-
aptosomes reveals increased levels of DAT but not other proteins in DD striatum. synap, Synap-
tophysin; �-syn, �-synuclein. Three independent experiments were conducted in triplicate.
Error bars represent SEM. Two-way ANOVA demonstrated significant effects as indicated: *p �
0.05; **p � 0.01; ***p � 0.001.
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DA 72% with AMPT in wild-type mice did not protect dopami-
nergic neurons from MPTP toxicity.

DD mice provide a unique opportunity to evaluate the role of
DA in a variety of behaviors and pathologies. These mice repre-
sent a conditional DA depletion because they have adequate DA
for survival �8 h/d but are deficient for �16 h/d. Importantly,
dopaminergic neurons are intact and appear to function nor-
mally in the absence of DA (Robinson et al., 2004). The larger size
of dopaminergic neurons and striatal volume in DD mice could
result from chronic L-DOPA exposure, which has been shown to
affect the expression of a variety of genes, including those in-
volved in growth, energy metabolism, and intracellular signaling
(Ferrario et al., 2004). Although uptake assays in acutely prepared

striatal synaptosomes do not address is-
sues of MPTP conversion to MPP� or
clearance of the toxin, they do suggest that
dopaminergic neurons in DD mice take
up more toxin than neurons in CT mice.
The increased uptake of both [ 3H]-MPP�

and [ 3H]-DA in DD synaptosomes prob-
ably reflects increased transport by DAT.
DAT levels appear to be increased in the
striatum of DD mice by Western blotting,
and increased DAT expression has been
associated with increased susceptibility to
MPTP toxicity (Donovan et al., 1999).
Striatal levels of this transporter appear
normal in DD mice when assessed by li-
gand binding (Kim et al., 2000). However,
the absence of DA could increase the sub-
strate gradient or could affect DAT activity
by covalent modification (Mortensen and
Amara, 2003).

Regardless of the mechanism, acutely
isolated synaptosomes from DD mice take
up more MPP� into dopaminergic termi-
nals. Increased intracellular MPP� would
result in greater mitochondrial toxicity
and, hence, might have negated any pro-
tective effects conferred on the nigrostria-
tal pathway by DA depletion. To address
this possibility, we partially restored DA in
DD mice by treating them with L-DOPA
before MPTP treatment. Increasing DA
levels to 9% of CT did not exacerbate
MPTP toxicity in DD mice. We attempted
to increase striatal DA levels to 30% of CT
by using L-DOPA in combination with
carbidopa (Chartoff et al., 2001). How-
ever, these doses led to stereotypy and sig-
nificantly increased mortality after MPTP
treatment (data not shown). Even without
increased L-DOPA pretreatment, the mor-
tality associated with toxin treatment lim-
ited our ability to evaluate the role of DA
using higher doses of MPTP. This effect
could be explained by greater uptake of
MPP� by sympathetic terminals in the pe-
riphery, leading to greater peripheral cat-
echolamine release and increased cardio-
vascular toxicity (Giovanni et al., 1994).
Additionally, increased mortality may be
caused by an increase in sensitization to

catecholaminergic stimulation. This is supported by previous re-
ports demonstrating that DD mice are more sensitive to DA re-
ceptor agonists despite normal levels of DA receptors (Kim et al.,
2000; Robinson et al., 2004).

To circumvent the limitations associated with MPTP treat-
ment of DD mice, we pursued a complementary line of investi-
gation using AMPT to acutely deplete striatal DA. In this model,
no alterations in the uptake or release of MPP� by striatal syn-
aptosomes were observed. However, striatal DA levels could only
be reduced to 28% of normal before MPTP treatment. The re-
maining DA could still be detrimental to dopaminergic neurons.
Nevertheless, AMPT pretreatment did not ameliorate MPTP tox-
icity as assessed by cell counts or markers of dopaminergic termi-

Figure 2. MPTP toxicity leads to similar loss of DA neuron markers in DD and CT mice. A, VMAT2 colabels all TH � neurons in the
SN. B, Loss of VMAT2 � and Nissl � neurons as seen in the SN of CT and DD mice 7 d after MPTP treatment. C, VMAT2 � cells in the
SN were counted stereologically. Two-way ANOVA demonstrated a significant effect of genotype ( p 	 0.004) and MPTP treat-
ment ( p 	 0.004) but no evidence of an interaction, indicating that, although DD mice have fewer SN neurons, MPTP had the
same effect in CT and DD mice. L-DOPA pretreatment had no effect on cell loss. D, Adjacent sections stained with Nissl were also
counted stereologically. Although there was an effect of MPTP treatment on both CT and DD mice ( p 	 0.009), there was no
evidence of a genotype effect or interaction, supporting the conclusion that MPTP had the same effect on cell loss in both CT and
DD mice. L-DOPA had no effect on cell loss. E, Striatal lysates from treated CT and DD mice were analyzed by Western blotting. The
loss of L-AADC was unaffected by genotype. Error bars represent SEM. The numbers within bars represent n of the experimental
group.
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nals. We did find a significant effect of AMPT pretreatment on
striatal DA levels evaluated 1 week after MPTP treatment. Be-
cause TH catalytic function is regulated by end-product inhibi-
tion (Kumer and Vrana, 1996), decreasing DA levels with AMPT
pretreatment would relieve this inhibition, leading to a compen-
satory increase in the neurotransmitter (Fig. 4C). This increase is
not observed after MPTP exposure, because MPTP inhibits TH
activity by nitration (Ara et al., 1998). Therefore, the compensa-
tory increase in TH activity observed after AMPT pretreatment
would be counteracted by inhibition with MPTP. Additionally,
modification of TH by catechol derivatives not only inactivates
the enzyme but also converts TH to a “redox-cycling quinopro-
tein,” further aggravating dopaminergic damage (Kuhn et al.,
1999). In contrast, our results using DD mice conclusively dem-
onstrate that modification of TH does not significantly contrib-
ute to MPTP toxicity.

Two previous studies using chronic MPTP dosing regimens
have reported no effect of AMPT pretreatment on striatal DA
levels (Fuller and Hemrick-Luecke, 1985; Schmidt et al., 1985).
Although these studies only depleted DA by 40% or less and did
not assess other markers of nigrostriatal injury, including cell
counts in the SN, they are consistent with the present findings
using transgenic and pharmacologic models. Dopaminergic neu-
rons die through different mechanisms depending on the MPTP
dosing paradigm (Jackson-Lewis et al., 1995; Tatton and Kish,
1997). The chronic toxin model used in the previous studies,
together with the current data using the acute MPTP paradigm, is
consistent with the idea that DA oxidation does not contribute to
either mechanism.

The current results challenge in vitro studies in which a similar
level of DA depletion protected primary dopaminergic neurons
from MPP� (Lotharius and O’Malley, 2000). This may be be-
cause neuronal circuits are not disrupted in vivo, and synaptic
activity and resulting signaling pathways remain intact. Indeed,
excitotoxicity involving glutamatergic inputs has long been pos-

tulated to play a role in damage of SN neurons in PD
(Greenamyre, 2001). In addition, an intact inflammatory re-
sponse significantly contributes to MPTP-induced SN injury.
MPTP induces a robust and chronic gliosis and microglial con-
tent correlates with neuronal death (Vila et al., 2001; Wu et al.,
2002). These factors may contribute more than DA to SN injury
after MPTP exposure.

We conclude that neither genetic nor pharmacologic DA de-
pletion protects the nigrostriatal pathway from acute MPTP-
induced toxicity. Although cytoplasmic DA can exacerbate
MPP�-induced toxicity in vitro (Lotharius and O’Malley, 2000),
the situation in vivo is more complex, and other deleterious
events may predominate. The current study also points out that
MPTP may not be an inclusive model of PD. In contrast with the
present results, AMPT-mediated DA depletion mostly protected
dopaminergic neurons from in vivo proteasomal inhibition with
lactacystin (Fornai et al., 2003). Furthermore, the DA-toxicity
hypothesis does not account for the preferential demise of SN
dopaminergic neurons compared with other dopaminergic
neurons, nor does it account for the loss of nondopaminergic
cells in PD.

Figure 3. AMPT depletes striatal DA. A, DA levels were not increased by L-DOPA pretreat-
ment but were decreased by AMPT pretreatment. B, Levels of DA metabolites 3,4-
dihydroxyphenylacetic acid (DOPAC) and homovanillic acid (HVA) were increased by L-DOPA
treatment and decreased by AMPT treatment. C, Radiolabeled substrate uptake in striatal syn-
aptosomes from mice pretreated with AMPT (250 mg/kg) for 3 h versus saline-treated controls.
There was a small difference in uptake of [ 3H]-DA but no difference in uptake of [ 3H]-MPP �. D,
High K �-stimulated release of either [ 3H]-DA or [ 3H]-MPP � is unaffected by pretreatment
with AMPT. Error bars represent SEM. n 	 3 for each treatment group in C and D. *p � 0.05;
**p � 0.01; ***p � 0.001.

Figure 4. DA does not contribute to acute MPTP toxicity in saline- or AMPT-treated CT mice.
A, Treatment with AMPT or L-DOPA did not affect loss of TH � neurons in the SN as determined
stereologically 7 d after MPTP treatment. Factorial ANOVA comparing saline- and AMPT-
pretreated groups demonstrated a significant effect of MPTP treatment ( p � 0.0001) but no
evidence of a pretreatment effect or interaction. B, Striatal levels of TH were equally reduced in
AMPT-, L-DOPA-, and saline-pretreated mice. There was an interaction between AMPT pretreat-
ment and MPTP treatment on DA levels ( p 	 0.01) (C) but not metabolite levels (D) 7 d after
MPTP treatment. Treatment with L-DOPA did not affect reduction of DA (C) or metabolites (D).
Values are normalized to saline-treated CT. Error bars represent SEM. The numbers within bars
represent n of the experimental group. **p � 0.01.
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