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Abstract
Mutations in the parkin gene cause autosomal recessive familial Parkinson’s disease (PD). Parkin-
deficient mouse models fail to recapitulate nigrostriatal dopaminergic neurodegeneration as seen in
PD, but produce deficits in dopaminergic neurotransmission and noradrenergic-dependent behavior.
Since sporadic PD is thought to be caused by a combination of genetic susceptibilities and
environmental factors, we hypothesized that neurotoxic insults from catecholaminergic toxins would
render parkin knockout mice more vulnerable to neurodegeneration. Accordingly, we investigated
the susceptibility of catecholaminergic neurons in parkin knockout mice to the potent dopaminergic
and noradrenergic neurotoxins 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) and N-(2-
chloroethyl)-N-ethyl-2-bromobenzylamine (DSP-4) respectively. We report that nigrostriatal
dopaminergic neurons in parkin knockout mice do not show increased susceptibility to the
parkinsonian neurotoxin, MPTP, in acute, subacute and chronic dose regimens of the neurotoxin.
Additionally, parkin knockout mice do not show increased vulnerability to the noradrenergic
neurotoxin, DSP-4, regarding levels of norepinephrine in cortex, brain stem and spinal cord. These
findings suggest that absence of parkin in mice does not increase susceptibility to the loss of
catecholaminergic neurons upon exposure to both dopaminergic and noradrenergic neurotoxins.

Correspondence should be addressed to: Ted M. Dawson, MD, PhD, Institute for Cell Engineering, Johns Hopkins University, 733
N. Broadway, Suite 731, Baltimore, MD 21205, USA., Phone: 410-614-3359, Fax: 410-614-9568, Email: tdawson@jhmi.edu
7Present address: Department for Neurodegenerative Disorders, Hertie Institute for Clinical Brain Research, University of Tuebingen,
72076 Tuebingen, Germany.
8Present address: Georgetown University Hospital, Washington DC 20007
9Present address: Neurodegeneration Research Laboratory, National Neuroscience Institute of Singapore, 11, Jalan Tan Tock Seng,
Singapore 308433.
Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers
we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of the resulting
proof before it is published in its final citable form. Please note that during the production process errors may be discovered which could
affect the content, and all legal disclaimers that apply to the journal pertain.

NIH Public Access
Author Manuscript
Neurobiol Dis. Author manuscript; available in PMC 2007 July 17.

Published in final edited form as:
Neurobiol Dis. 2007 May ; 26(2): 312–322.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Keywords
Parkinson’s disease; parkin; alpha-synuclein; MPTP; DSP-4; substantia nigra; locus coeruleus;
dopamine; norepinephrine

Introduction
Parkinson’s disease (PD) is a debilitating disorder marked by a prominent and progressive loss
of dopaminergic neurons in the substantia nigra pars compacta (SNpc) with the presence of
intraneuronal protein inclusions called Lewy bodies (Forno, 1987,Lang and Lozano, 1998).
Clinical manifestations of PD include motor impairments involving resting tremor,
bradykinesia, postural instability and rigidity. In addition to SNpc, other catecholaminergic
neurons, including the locus coeruleus, as well as olfactory nuclei, sympathetic ganglia and
also a substantial number of neurons in the pedunculopontine nucleus and median raphe
degenerate in PD (Halliday et al., 1990,Braak et al., 2003,Micieli et al., 2003,Zarow et al.,
2003). The molecular mechanisms leading to the degeneration of nigral dopaminergic neurons
in PD are unclear; however a combination of genetic susceptibilities and environmental factors
appears to play a critical role (Greenamyre and Hastings, 2004). Although the majority of PD
cases are sporadic, identification of genes linked to rare forms of familial PD has yielded
significant insights into pathogenesis of PD.

Inherited mutations in PARK2, the gene encoding parkin, an E3 ubiquitin protein ligase, cause
selective degeneration of catecholaminergic neurons in the substantia nigra and locus coeruleus
of the brainstem, resulting in early-onset parkinsonism (Kitada et al., 1998,Zhang et al.,
2000). A number of putative substrates for parkin have been identified, and the accumulation
of one or several of these substrates may account for the neurodegeneration in patients with
loss of function-parkin mutations by impairment of ubiquitin-proteasomal degradation (von
Coelln et al., 2004a,Ko et al., 2005). Parkin has been suggested to function as a multipurpose
neuroprotective agent against a variety of toxic insults and is thought to be critical for survival
of dopaminergic neurons (Feany and Pallanck, 2003). These include alpha-synuclein toxicity
(Petrucelli et al., 2002,Lo Bianco et al., 2004), proteasomal dysfunction (Tsai et al., 2003),
Pael-R (Yang et al., 2003), accumulation of the authentic parkin substrate p38/JTV-1 (Ko et
al., 2005), kainate-induced excitoxicity (Staropoli et al., 2003), dopamine toxicity (Jiang et al.,
2004), and toxins that impair mitochondrial function (Darios et al., 2003). Additionally,
impairment of the catalytic activity of parkin either due to familial PD-linked mutations or due
to nitrosative, oxidative or dopaminergic stress contributes to parkin dysfunction (Chung et
al., 2004,Kalia et al., 2004,LaVoie et al., 2005,Sriram et al., 2005,Wang et al., 2005a,Wang et
al., 2005b). Moreover, parkin may be a critical factor in the normal functioning of key cellular
processes that involve maintenance of mitochondrial function (Greene et al., 2003,Palacino et
al., 2004), expression of monoamine oxidases (Jiang et al., 2006), stability of microtubules
(Yang et al., 2005), and signaling of cell survival pathways (Cha et al., 2005). The dysfunction
of these processes could potentially impair dopamine neuron survival. Understanding how lack
of parkin activity or its dysfunction is linked to the degeneration of catecholaminergic
brainstem neurons in individuals with parkin-associated familial PD should provide insights
into the pathogenic mechanisms causing the much more common sporadic form of PD.

Epidemiological studies indicate that exposure to pesticides, rural living, farming, and drinking
well water are associated with an increased risk of developing PD (Gorell et al., 1998). There
is increasing evidence, which suggests that these environmental factors cause oxidative stress
by affecting mitochondrial functions and key cell survival pathways that play important roles
in the pathogenesis of PD. These environmental agents include toxins that interfere with normal
functioning of mitochondria, increase oxidative stress, and impair the ubiquitin-proteasome
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system in dopaminergic neurons, leading to their degeneration (Dawson and Dawson,
2003,Warner and Schapira, 2003). The lack of cardinal pathological features relevant to PD in
mouse models of parkin deficiency prompted us to investigate the existence of a potential link
between environmental factors and how mutations in parkin cause parkinsonism, by using the
previously described mouse model with targeted disruption of the mouse parkin gene (Von
Coelln et al., 2004b). Our parkin knockout mice show partial loss of catecholaminergic locus
coeruleus neurons associated with reduced levels of norepinephrine in discrete brain regions
and a marked reduction of the norepinephrine-dependent acoustic startle response; however,
the nigrostriatal dopaminergic system appears to be intact (Von Coelln et al., 2004b).

In the present study we investigated how neurotoxins selective to central catecholaminergic
neurons affect survival of these PD-associated neuronal populations in a mouse model of parkin
deficiency. The parkin knockout mice were treated either with the potent parkinsonian
neurotoxin, MPTP (Dauer and Przedborski, 2003), that causes selective degeneration of nigral
dopaminergic neurons, or with the central noradrenergic neurotoxin, DSP-4, that induces
selective degeneration of noradrenergic axon terminals originating in the locus coeruleus
(Jonsson et al., 1981,Fritschy and Grzanna, 1989). We show that lack of parkin fails to increase
the vulnerability of SNpc dopaminergic neurons to MPTP toxicity in acute, subacute and
chronic dose regimens both in young and old animals. Furthermore, compared to age-matched
wild-type littermates, parkin-deficient mice are not more susceptible to the DSP-4-induced
degeneration of noradrenergic axon terminals, as determined by measuring norepinephrine
levels in discrete brain regions. Taken together, we provide evidence that absence of parkin
does not render murine central catecholaminergic neurons more susceptible to neurotoxins
commonly used for animal models of neurodegenerative disease. These results therefore argue
against a critical role of parkin in the neuronal defense mechanism against exogenous, and
possibly also environmental, toxic factors.

Materials and Methods
Animals

All mice were housed and treated in strict accordance with the National Institutes of Health
Guide for Care and Use of Laboratory Animals. Mice were housed in a pathogen-free facility,
4–5 animals per cage in a temperature-controlled room with a 12-hour light/dark cycle and
access to food and water ad libitum. All procedures were approved by and conformed to the
guidelines of the Institutional Animal Care Committee of Johns Hopkins University. We
generated parkin knockout mice and age-matched littermate controls by crossing parkin
heterozygous mice as described previously (Von Coelln et al., 2004b). The wild type and parkin
knockout mice used in the present study were backcrossed to C57Bl6 mice for (N6) six
generations. Age and sex matched littermate cohorts were used for all the experiments to
account for potential strain differences.

PCR and Western blot analysis
Genotyping was performed by PCR analysis of genomic DNA, using the following primers:
exon 7 sense, AATGGATGAGTTCAAGGTTGCACAG; exon 7 antisense,
AACTCCAGAGCTAGGATAGGGCATA. The amplification products were separated on a
1% agarose gel for visualization (Von Coelln et al., 2004b). To assess parkin expression, wild-
type, heterozygous and parkin null mice were decapitated, and the brains were dissected. Lysis
was performed in buffer A (10 mM Tris·HCl, pH 7.4/150 mM NaCl/5 mM EDTA/0.5%
Nonidet P-40/10 mM Na-β-glycerophosphate/Phosphatase Inhibitor Mixture 1 and 2 (Sigma,
St. Louis, MO)/Complete Protease Inhibitor Mixture (Roche, Indianapolis, IN)), by using a
Diax 900 homogenizer (Heidolph, Cinnaminson, NJ). After homogenization, samples were
rotated at 4°C for 30 min for complete lysis, and then centrifuged (100,000 × g, 4°C, 20 min).
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The pellet was discarded. Proteins were separated by SDS/PAGE and electroblotted onto a
poly (vinylidene difluoride) membrane (Bio-Rad, Hercules, CA). Immunolabeling was carried
out by using an anti-parkin primary antibody [PRK8, mouse monoclonal] (Pawlyk et al.,
2003,Von Coelln et al., 2004b), , a horseradish peroxidase-conjugated secondary antibody
(Amersham Pharmacia Biosciences, Piscataway, NJ), and ECL solutions (Amersham
Pharmacia). Chemiluminescence was visualized by using Hyperfilm (Amersham Pharmacia).

MPTP and DSP-4 treatment in mice
Male mice from different age groups were used for neurotoxic challenges induced by the
dopaminergic neurotoxin MPTP, and the noradrenergic neurotoxin DSP-4. Four different
paradigms of MPTP treatment were used in the present study. In the first paradigm, eight-
week-old mice (n=5 per group) were administered an acute dose of 20 mg/kg free base MPTP
every two hours four times a day, and toxicity analyses were done at day 7. In the second
paradigm, three-month-old mice were treated with an acute dose of 15 mg/kg free base MPTP
(n=6 per group) every two hours four times a day, and twelve-month-old mice were treated
with an acute dose of 12.5 mg/kg free base MPTP every two hours four times a day (n=5 per
group), and toxicity analyses performed at two weeks. A third paradigm consisted of a subacute
treatment in which 3-month-old mice were treated with 25 mg/kg free base MPTP once daily
for a total of 5 days (n=6 per group) and toxicity analyses performed two weeks after the last
MPTP injection. In the fourth paradigm, MPTP was administered in 3-month-old mice (n=6–
9 per group) in a chronic fashion at a dose of 20 mg/kg free base MPTP every day for 28 days
using Alzet mini osmotic pumps (Model 2004, Durect Corporation, CA), and toxicity analyses
were performed 7 days later (Fornai et al., 2005).

To assess neurotoxicity to noradrenergic neurons of the locus coeruleus, eighteen-month-old
mice were treated with DSP-4 with a single injection of 10 mg/kg, (n=5 per group) and the
toxicity analyses were performed one week after DSP-4 injection (Jonsson et al., 1981).

Control cohorts of mice received equivalent volumes of saline at the same frequency as the
respective paradigms of MPTP or DSP-4 used in the study (n=5 per group). All systemic
injections were administered through the intraperitoneal route and the neurotoxins were
dissolved in normal saline. All procedures involving MPTP injections in mice were performed
according to standard procedures (Przedborski et al., 2001).

Tyrosine hydroxylase and alpha-synuclein immunostaining
Immunohistochemical analyses were performed by anesthetizing mice using a lethal dose of
pentobarbital (100 mg/kg) and by perfusing them intra-aortically with 50 ml of ice-cold
phosphate-buffered saline (PBS, pH 7.4) followed by 75 ml of 4% paraformaldehyde in PBS
(pH 7.4). Brains were removed, postfixed over night in the same fixative, and cryopreserved
in 30% sucrose for 36 to 48 hours at 4°C. They were then frozen in dry ice and stored in −80°
C until further analysis. Thirty micrometer-thick free-floating coronal sections were cut on a
sliding microtome HM440E (Microm, Waldorf, Germany). For tyrosine hydroxylase (TH) and
alpha-synuclein immunostaining sections were permeabilized and blocked in PBS containing
0.3% Triton X-100 and 10% normal goat serum at room temperature for 1 h. Sections were
then incubated in 1:1000 rabbit anti-tyrosine hydroxylase antibody (Novus Biologicals,
Littleton, CO) or alpha synuclein monoclonal antibody (Syn-1 mAb, BD Biosciences
Pharmingen, San Jose, CA, 1:1000), in PBS containing 2% normal goat serum and 0.2% Triton
X-100 and 0.03% sodium azide overnight at 4°C and washed with PBS successively. Next,
sections were incubated for 2 h in secondary antibody (1:1000 biotin-labeled F(ab′)2 fragment
goat-anti rabbit and goat-anti mouse antibody (Jackson Immunoresearch, West Grove, PA) in
PBS, 0.2% Triton X-100, and 1.5% goat serum, washed, and visualized by incubation in biotin-
streptavidin-HRP (Vector Laboratories, Burlingame, CA), followed by incubation with
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SigmaFast™ DAB Peroxidase Substrate (Sigma, St. Louis, MO) as per the manufacturer’s
instructions. Sections were mounted on glass slides, dried and dehydrated in graded ethanol,
cleared in xylene, and mounted with permount (Von Coelln et al., 2004b).

Stereological Cell counts
Stereological methods were employed to determine an unbiased estimate of total neurons and
TH immunopositive neurons within SNpc. Briefly, mice treated with different paradigms of
saline and MPTP were processed for TH immunohistochemistry and Nissl counter stain on
every fourth midbrain section throughout the entire extent of SNpc as described previously
(Mandir et al., 1999). Neurons were counted using the optical fractionator, an unbiased method
for cell counting that is not affected by either the volume of reference (SNpc) or the size of the
counted elements (neurons) (West, 1993). This method was carried out using a computer-
assisted image analysis system, consisting of an Axiophot photomicroscope (Carl Zeiss Vision,
Hallbergmoos, Germany) comprising of a Zeiss planapochromat 100 X oil objective equipped
with a computer-controlled motorized stage, a video camera, and the Stereo Investigator
software (MicroBrightField, Williston, VT). Cell counts were performed by counting the
number of neurons on the left SNpc of every fourth section throughout the entire extent of the
SNpc using a standard mouse atlas (Franklin and Paxinos, 1997) as anatomical reference. The
total number of TH-positive neurons was calculated using the formula previously described
for this method (West et al., 1991). In order to count TH-positive neurons of the locus coeruleus
(LC), TH and Nissl counter staining was done on every hindbrain section from the rostral part
of the pons to the caudal part of the medulla. All LC-containing sections were selected and
counted using the optical fractionator, following the same method as described for the SNpc.
The LC was identified referring to a commonly used mouse brain atlas (Franklin and Paxinos,
1997).

Measurement of biogenic amines by HPLC
To determine the concentration of biogenic amines in discrete brain regions by HPLC with
electrochemical detection, mice were sacrificed by decapitation and the brain was quickly
removed and discrete brain regions dissected on ice and immediately frozen and stored at −80°
C. The tissue was weighed and sonicated in 0.2 ml of 0.1 M perchloric acid containing 0.01%
EDTA and 25 μg/ml 3,4-dihydroxybenzylamine (DHBA) (Sigma, St. Louis, MO) as an internal
standard. After centrifugation (15,000 × g, 10 min, 4 °C), 20 μl of the supernatant were injected
onto a C-18 reverse phase Spheri 5, RP-18, 4.6mm × 25 cm catecholamine column (BASi,
West Lafayette, IN). The mobile phase consisted of 0.15 M chloroacetic acid, 0.2 mM EDTA,
0.86 mM sodium octyl sulphate, 4% acetonitrile and 2.5% tetrahydrofuran (pH 3). The flow
rate was kept at 1.5 ml/min. Biogenic amines and their metabolites were detected by an
electrochemical detector, Prostar ECD Model 370 (Varian, Palo Alto, CA), with the working
electrode kept at 0.6 V. Data were collected and processed on a Star Chromatography
Workstation 5.52 (Varian) (Von Coelln et al., 2004b).

Measurement of Striatal MPP+ levels
To assess if MPTP metabolism is altered due to lack of parkin, striatal levels of MPP+ were
measured in three-month-old male wild-type and parkin knock out mice (n=5 per group) after
single intraperitoneal injections of MPTP-HCl (20 mg/kg free base). Ninety minutes after the
injection, striata were weighed and processed by sonication followed by centrifugation in
chilled 0.1 M perchloric acid and centrifuged (15,000 × g, 10 min, 4°C). Ten microlitres of the
supernatant was analyzed by HPLC using 4.6 mm × 250 mm Waters Xterra MSC18 5 μm
column, Waters 515 pump, and a Waters 474 Scanning Fluorometer set at 295 nm excitation
and 375 nm emission. The mobile phase was a 20 mM borate buffer (pH 8.0) containing 3 mM
tetrabutylammonium hydrogen sulfate and 0.25 mM 1-heptanesulfonic acid with 10%
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isopropanol (Naoi et al., 1987). Concentrations of MPP+ are expressed as nanograms per
milligram of wet tissue.

Statistical analysis
Throughout the experiments the investigators were blinded to genotype and treatment of the
mice. Data represent mean ± SEM from groups of animals. Statistical analysis for MPP+ levels
were assessed by Students t test (two tailed probability) and for all other experiments were
assessed by Student-Newman-Keuls multiple comparison test. Differences were considered
significant when p < 0.05. All statistical analyses were performed using GraphPad InStat-
version 3 and Prism software (San Diego, CA).

Results
Absence of parkin does not increase vulnerability of dopaminergic neurons to MPTP-
intoxication

Identification of Parkin Knockout Mice—We first determined the genotypes of the mice
from parkin heterozygote matings by PCR using genomic DNA (Figure 1A); these results were
then confirmed by Western blot analysis for parkin expression after the mice had been
sacrificed (Figure 1B).

Acute MPTP paradigm—We determined if lack of parkin in mice affects the metabolism
and trafficking of MPTP in the nigrostriatal system. MPP+ levels were measured in age-
matched wild-type and parkin knockout mice 90 min after a single injection of MPTP (20mg/
kg free base). MPP+ levels in parkin knockout mice (9.90 ± 0.74 ng/mg tissue) are not
significantly different compared to those in wild-type mice (9.77 ± 0.69 ng/mg tissue),
suggesting that lack of parkin does not impair the conversion of MPTP to MPP+.

To assess vulnerability of nigral dopaminergic neurons to the potent parkinsonian neurotoxin
MPTP, eight-week-old wild-type or parkin knockout mice received four injections of MPTP
(20 mg MPTP/kg every two hours) or saline. One week later, TH staining shows dramatic loss
of SNpc dopaminergic neurons and striatal dopaminergic nerve terminals in both wild-type
and parkin knockout mice (Figure 2A). No significant differences are observed between wild-
type and parkin knockout mice. Unbiased stereologic counts of total (i.e. Nissl-positive) and
TH-immunopositive SNpc neurons show a statistically significant loss of neurons compared
to saline control (Wild type= 50.2% and parkin knockout= 50.4%) (Figure 2B). However, no
differences in susceptibility to MPTP are observed between wild-type and parkin knockout
mice (Figure 2B). Consistent with the loss of striatal TH-positive fibers (Figure 2A), HPLC
analysis reveals a profound reduction in striatal dopamine and its metabolites (DOPAC and
HVA) in this acute paradigm of MPTP treatment, in both wild-type (Wild type; DA= 84.5%,
DOPAC= 60.4%, HVA= 84% compared to saline controls) and parkin knockout mice (parkin
knockout; DA= 85.2%, DOPAC= 65.3%, HVA= 84%), compared to saline controls (Figure
2C). However, no statistically significant differences in the striatal concentrations of dopamine
or its metabolites are seen in wild-type compared to parkin knockout mice following MPTP
administration (Figure 2C). MPTP treatment results in an increased striatal dopamine turnover
(DOPAC+HVA/DA) in wild-type and parkin knockout mice compared to saline controls;
however, no statistically significant differences between wild-type and parkin knockout mice
are observed following MPTP treatment (data not shown).

Subacute MPTP paradigm—The paradigm of MPTP delivery in mice may have an effect
upon the mechanisms of neuronal death (Przedborski and Jackson-Lewis, 1998,Dauer and
Przedborski, 2003). The acute intoxication paradigm of MPTP is known to cause cell death
due to necrosis, whereas the subacute MPTP paradigms may cause apoptotic mechanisms of
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neuronal death (Jackson-Lewis et al., 1995,Tatton and Kish, 1997). To investigate if a different
MPTP paradigm would result in differential effects between wild-type and parkin knockout
mice, we treated 3-month-old wild-type and parkin knockout mice with a 5-day subacute MPTP
paradigm. Stereologic neuronal counts were performed 2 weeks following the final MPTP dose
(Figure 3). Although a significant loss of total and TH-immunopositive neurons (wild type=
35% and parkin knockout= 34.5%) is observed following MPTP administration, there is no
significant difference between wild-type and parkin knockout mice.

Effect of age on susceptibility of dopaminergic neurons to MPTP—Increase in age
is associated with increased vulnerability to MPTP-intoxication (Ali et al., 1993). Accordingly,
we examined if age might have a synergistic effect with lack of parkin on susceptibility of
nigral dopaminergic neurons to MPTP treatment in mice. For these studies we had to use a
different dose of MPTP (15 mg/kg q2h × 4) for young (3 month old) mice versus 12 month
old mice (12.5 mg/kg q2h ×4) as 100% of the 12 month old littermate wild type and parkin
knockout mice died following 15 mg MPTP/kg q2h × 4 (data not shown). Following an acute
paradigm (four injections, every 2 hours), MPTP was administered to wild-type and parkin
knockout mice at 3 months of age (15 mg MPTP/kg) and 12 months of age (12.5 mg MPTP/
kg). Mice were sacrificed and analyzed two weeks later (Figure 4A, B). Although MPTP-
treated wild-type and parkin knockout mice demonstrate a significant loss of total and TH-
immunopositive neurons of SNpc compared to saline treated mice both in 3 months (Wild
type= 32% and parkin knockout= 31.8%) and 12 months old animals (Wild type= 25% and
parkin knockout= 25%), no increase in susceptibility to MPTP toxicity is observed in parkin
knockout compared to wild-type animals (Figure 4A, B).

Continuous MPTP infusion—Chronic continuous infusion of MPTP employing a
subcutaneous implantation of Alzet mini osmotic pumps in mice causes severe nigrostriatal
dopaminergic toxicity, noradrenergic neuronal loss of locus coeruleus, accompanied by motor
deficits recapitulating cardinal features seen in PD (Fornai et al., 2005). Accordingly, mini
osmotic pumps that delivered either saline or 20 mg MPTP/kg/day for 28 days were
subcutaneously implanted in 3-month-old wild-type and parkin knockout mice. One week after
termination of chronic continuous MPTP treatment, TH staining of mesencephalic brain
sections shows significant loss of SNpc dopaminergic neurons, compared to saline-treated
control animals (Figure 5A). However, no significant differences in TH staining of SNpc are
observed between wild-type and parkin knockout mice following MPTP (Figure 5A).
Consistent with the impression from TH immunostaining, the stereologic cell counts show a
significant loss of total and TH-immunopositive SNpc neurons in both wild-type (56%) and
parkin knockout mice (59.8%) following MPTP administration compared to saline controls,
with no significant differences between wild-type and parkin knockout mice (Figure 5B). In
the current paradigm of chronic MPTP infusion we also fail to observe loss of TH-
immunopositive neurons of the locus coeruleus in wild type and parkin knockout mice
compared to saline controls (Table 1). However, as previously reported parkin knockout mice
show a significant loss (24%) of TH-immunopositive neurons compared to wild type mice both
in saline and MPTP groups.

The chronic continuous infusion of MPTP using mini osmotic pumps in mice causes
accumulation of alpha-synuclein in nigral dopaminergic neurons (Fornai et al., 2005).
Although we failed to observe Lewy-body-like alpha-synuclein-immunoreactive inclusions in
nigral dopaminergic neurons following the chronic infusion of MPTP, as previously reported
by Fornai et al. (2005), we did observe accumulation of alpha-synuclein in dopaminergic
neurons following MPTP in both wild-type and parkin knockout mice (Figure 6). Lack of
parkin did not impact on the qualitative accumulation of alpha-synuclein in nigral neurons
compared to wild-type mice (Figure 6), suggesting that accumulation of alpha-synuclein in a
chronic MPTP pump infusion model is independent of the presence or absence of parkin.
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Moreover, the accumulated alpha synuclein in nigral dopaminergic neurons following chronic
MPTP did not stain for ubiquitin using a variety of antigen retrieval methods in both wild-type
and parkin knockout mice (data not shown).

Noradrenergic neurons in parkin knockout mice are not abnormally vulnerable to DSP-4
DSP-4 is a selective neurotoxin to central noradrenergic terminals which depletes
noradrenaline levels in target regions innervated by the noradrenergic neurons of locus
coeruleus (Jonsson et al., 1981). Lesions of the locus coeruleus either by DSP-4 or by chemical
lesions affects the acoustic startle response in rodents (Adams and Geyer, 1981,Kehne and
Davis, 1985). We reported previously that exon 7-deleted parkin knockout mice show a loss
of locus coeruleus neurons associated with reduction in noradrenaline levels in discrete regions
of the central nervous system including spinal cord and olfactory bulb (Von Coelln et al.,
2004b). To assess if locus coeruleus neurons in parkin knockout mice are more vulnerable to
the noradrenergic neurotoxin DSP-4, eighteen-month-old wild-type and parkin knockout mice
were administered a single intraperitoneal injection of DSP-4 (10 mg/kg). Norepinephrine
levels in locus coeruleus-innervated target regions of the central nervous system were measured
by HPLC electrochemistry after 7 days. As previously reported, saline-treated parkin knockout
mice show a statistically significant decrease in norepinephrine levels in olfactory bulb (24%)
and spinal cord (25%), but not cortex, compared to wild-type mice (Fig. 7A–C). Treatment
with DSP-4 results in a significant loss of norepinephrine levels in olfactory bulb (Wild type=
36% and parkin knockout= 40%), spinal cord (Wild type= 37.5% and parkin knockout= 40.6%)
and cortex (Wild type= 36.2% and parkin knockout= 37.8%) compared to saline treated mice;
however, susceptibility of noradrenaline levels to DSP-4-toxicity is not significantly increased
in parkin knockout mice, compared to wild-type control animals (Figure 7). We failed to
observe any loss of dopamine and DOPAC levels or changes in the DA/DOPAC ratio in our
intoxication paradigm of DSP-4 in discrete brain regions in both wild type and parkin knockout
mice (data not shown). These results suggest that lack of parkin does not confer increased
susceptibility of noradrenergic neurons to toxic stimuli.

Discussion
In the present study, we examined the susceptibility of catecholaminergic neurons of SNpc and
locus coeruleus in parkin-deficient mice to MPTP and DSP-4, respectively. MPTP is a potent
parkinsonian neurotoxin which causes selective degeneration of nigral dopaminergic neurons,
while DSP-4 possesses selective toxicity to central noradrenergic neurons of the locus
coeruleus, affecting noradrenaline levels in diverse target regions of this brainstem nucleus.
Our results indicate that parkin knockout mice do not show increased vulnerability of their
dopaminergic nigrostriatal system to acute, subacute and chronic administration of MPTP.
Furthermore, our data suggest that, although parkin knockout mice have a significant loss of
noradrenaline in discrete regions of the central nervous system, lack of parkin fails to increase
the susceptibility of the noradrenergic system to DSP-4 in mice.

There is considerable evidence to suggest that a combination of environmental factors and
genetic susceptibilities cause PD (Steece-Collier et al., 2002,Dawson and Dawson, 2003). The
present study, however, suggests that parkin deficiency fails to have an impact in mouse models
administered with neurotoxins directed against central catecholaminergic neurons that are
vulnerable to degeneration in PD. In recent years, it has become clear that parkin plays a pivotal
role in survival of dopaminergic neurons. We and others have previously demonstrated that
impairment of the ubiquitin E3 ligase activity of parkin either due to nitrosative or oxidative
damage or due to familial PD linked mutations significantly blocks its ability to protect against
a variety of toxic insults (Chung et al., 2001,Chung et al., 2004,Pesah et al., 2004,Wang et al.,
2005b). Studies from parkin-deficient mouse models indicate small, but significant
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abnormalities specific to catecholaminergic neuronal systems. These include mitochondrial
dysfunction and oxidative damage (Goldberg et al., 2003,Itier et al., 2003,Palacino et al.,
2004,Casarejos et al., 2005), impairment in dopaminergic neurotransmission (Goldberg et al.,
2003), increases in striatal dopamine turnover due to an increase in DOPAC/DA and DOPAC/
3-MT levels, significant decreases in levels of striatal dopamine transporter (DAT) and
vesicular monoamine transporter-2 (VMAT-2 (Itier et al., 2003), and loss of locus coeruleus
neurons and deficits in noradrenergic-dependent acoustic startle response (Von Coelln et al.,
2004b). Based on these findings we expected that challenging with the appropriate
environmental trigger that specifically targets pathways already impaired in parkin-deficient
mice would reveal and recapitulate robust behavioral and pathological features cardinal to PD.

The potent parkinsonian neurotoxin MPTP causes degeneration of nigral dopaminergic
neurons by blocking oxidative phosphorylation through inhibition of the multienzyme complex
I of the mitochondrial electron transport chain (Nicklas et al., 1985). Since parkin-deficient
mice show defects in mitochondrial function (Greene et al., 2003,Palacino et al., 2004) we
expected that this genetic defect would render their nigral dopaminergic neurons more sensitive
to the intoxication with MPTP. Administration of MPTP according to the acute intoxication
paradigm in younger animals failed to reveal an increased vulnerability to loss of striatal
dopamine in parkin-deficient mice. Moreover, the lack of parkin failed to increase the
sensitivity to loss of TH-positive neurons in SNpc. Older age heightens vulnerability of
dopaminergic neurons to MPTP-intoxication (Ali et al., 1993). Absence of parkin also failed
to exacerbate susceptibility to MPTP-induced loss of nigral dopaminergic neurons in older (i.e.
12-month-old) animals. Furthermore, it has been suggested that the choice of paradigm of
MPTP delivery may have an effect on mechanisms of neuronal death, with the acute toxicity
causing neuronal necrosis, whereas the subacute intoxication is thought to kill dopamine
neurons primarily by apoptosis (Jackson-Lewis et al., 1995,Tatton and Kish, 1997). Both the
subacute and chronic modes of MPTP administration failed to show an increased susceptibility
of nigral dopaminergic neurons in parkin knockout mice. Furthermore, it has been shown that
deficits in the central noradrenergic system exacerbate MPTP toxicity (Marien et al., 1993).
We previously reported that our parkin-deficient mice show loss of locus coeruleus neurons
as early as 2 months of age (Von Coelln et al., 2004b). Curiously, this basal impairment in the
noradrenergic system in our parkin knockout mice failed to enhance MPTP-induced
neurotoxicity. One possible explanation would be that loss of noradrenergic neurons in parkin-
deficient mice is not sufficient to result in an increased sensitivity to MPTP; also, there might
be compensatory mechanisms by surviving neurons of the locus coeruleus. Additionally, in
the chronic MPTP toxicity model, the accumulation of alpha-synuclein in nigral dopaminergic
neurons was unaltered irrespective of the presence or absence or parkin. This is consistent with
our recent finding, that, in a double-mutant mouse model, neurodegeneration in a mouse model
of alpha-synucleinopathy is independent of parkin-mediated ubiquitin E3 ligase activity (von
Coelln et al., 2006). Interestingly, our findings are also consistent with a recent study in which
parkin-deficient mice failed to show heightened vulnerability to 6-hydroxydopamine and
methamphetamine, two commonly used dopaminergic neurotoxins (Perez et al., 2005).

Since parkin knockout mice show morphological and biochemical deficits of the central
noradrenergic system (Von Coelln et al., 2004b) we reasoned that these neurons might be more
vulnerable to DSP-4, which selectively damages axonal terminals of noradrenergic neurons
located in the locus coeruleus (Fritschy and Grzanna, 1989). However, our study fails to show
increased susceptibility to DSP-4 in parkin knockout mice.

Why MPTP and DSP-4 fail to reveal an increased vulnerability of nigrostriatal dopaminergic
neurons and noradrenergic neurons of the locus coeruleus in parkin-deficient mice is not clear.
One possible explanation from our findings and the study by Perez F et al. (2005) is that there
might be compensatory mechanisms in mice that complement for lack of parkin in parkin
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knockout mice, thereby preventing a heightened sensitivity to neurotoxins. The second
possibility is that parkin function in mice could be fundamentally different from that in humans
and hence parkin knockout mice do not develop robust signs of parkinsonism. The third
possibility is that parkin deficiency may render vulnerability to other forms of toxic insults not
yet studied. Therefore, further studies will be required to uncover the compensatory
mechanisms in parkin knockout mice and/or characterize the appropriate toxic stimuli that
cause catecholaminergic brainstem neurons to degenerate. Such studies would not only provide
crucial insight into the mechanisms leading to the parkin-associated autosomal-recessive form
of PD, but would also help clarifying if there is a link between environmental factors and parkin
deficiency / dysfunction in the pathogenesis of sporadic PD.
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Figure 1. PCR and western blot analysis for parkin expression in wild-type, heterozygotes and
parkin knockout mice
(A) PCR analysis of genomic DNA showing various genotypes of mice, i.e. wild-type,
heterozygotes and parkin knockout mice. (B) To assess expression of parkin in wild-type (WT),
heterozygous (hets), and knockout (KO) mice, total protein isolated from 6-month-old whole
brains was subjected to immunoblot analysis for parkin with a monoclonal parkin antibody.
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Figure 2. Nigrostriatal dopaminergic system in parkin knockout mice does not show increased
sensitivity to acute MPTP intoxication
Eight-week-old male wild-type and parkin knockout mice were subjected to the acute paradigm
of either saline or MPTP injections (20mg MPTP/kg four times, once every 2h). (A) TH
immunostaining of SN and striatum shows significant loss of TH staining after MPTP. No
significant differences are observed between wild-type and parkin knockout mice receiving
the same treatment (saline or MPTP) (Scale bar=200μm). (B) Stereological neuronal counts
of TH-immunopositive and total (i.e. Nissl-positive) neurons in wild-type and parkin knockout
mice were analyzed 7 days after the last MPTP injection. While MPTP treatment causes a
significant reduction in TH-immunopositive and total neurons, no significant differences in
neuronal counts are observed between wild-type and parkin knockout mice receiving the same
treatment (saline or MPTP). (C) Striatal levels of dopamine and its metabolites DOPAC and
HVA in wild-type and parkin knockout mice were analyzed 7 days after last MPTP injection.
No differences are seen among wild-type and parkin knockout mice receiving the same
treatments (saline or MPTP). Data represent mean ± SEM. *p< 0.05, statistical significance
versus saline controls using ANOVA followed by Student-Newman-Keuls test, n=5–6 per
group, n.s not significant.
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Figure 3. Nigral dopaminergic neurons in parkin knockout mice do not show increased sensitivity
to subacute MPTP intoxication
Stereological neuronal counts of TH-immunopositive and total (i.e. Nissl-positive) neurons in
wild-type and parkin knockout mice were analyzed 2 weeks following a subacute paradigm of
either saline or MPTP injections (25mg MPTP/kg for 5 days) in 3-month-old mice. While
MPTP treatment causes a significant reduction in TH-immunopositive and total neurons, no
significant differences in neuronal counts are observed between wild-type and parkin knockout
mice receiving same amount of MPTP. Data represent mean ± SEM. *p< 0.05, statistical
significance versus saline controls using ANOVA followed by Student-Newman-Keuls test,
n=5–6 per group, n.s not significant.
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Figure 4. Nigral dopaminergic neurons in parkin knockout mice do not show abnormally increased
sensitivity to acute MPTP intoxication with an increase in age
Stereological neuronal counts of TH-immunopositive and total (i.e. Nissl-positive) neurons in
wild-type and parkin knockout mice, 2 weeks following an acute paradigm of either saline or
MPTP injections in (A) 3-month-old mice (15mg MPTP/kg four times, every 2h), and (B) 12–
month-old mice (12.5mg MPTP/kg four times, every 2h). While MPTP treatment causes a
significant reduction in TH-immunopositive and total neurons, no significant differences in
neuronal counts are observed between wild-type and parkin knockout mice receiving the same
amount of MPTP. Data represent mean ± SEM. *p< 0.05, statistical significance versus saline
controls using ANOVA followed by Student-Newman-Keuls test, n=5–6 per group, n.s not
significant.
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Figure 5. Nigral dopaminergic neurons in parkin knockout mice do not show increased sensitivity
to chronic continuous infusion of MPTP
Three-month-old male wild-type and parkin knockout mice were subjected to a chronic
continuous exposure of either saline or MPTP (20mg MPTP/kg/day for 28 days). Analysis was
performed 7 days after the end of the 28-day-period of MPTP infusion. (A) TH
immunostainings in wild-type and parkin knockout mice show significant loss in TH staining
after MPTP. No significant differences are observed between wild-type and parkin knockout
mice receiving the same treatment (saline or MPTP) (Scale bar= 200μm). (B) Stereological
neuronal counts of TH-immunopositive and total (i.e. Nissl-positive) neurons in wild-type and
parkin knockout mice. While MPTP treatment causes a significant loss of TH-immunopositive

Thomas et al. Page 18

Neurobiol Dis. Author manuscript; available in PMC 2007 July 17.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



and total neurons, no significant differences in neuronal counts are observed between wild-
type and parkin knockout mice receiving the same treatment (saline or MPTP). Data represent
mean ± SEM. *p< 0.05, statistical significance versus saline controls using ANOVA followed
by Student-Newman-Keuls test, n=5–6 per group, n.s not significant.
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Figure 6. Alpha-synuclein accumulates in both wild-type and parkin knockout mice after chronic
infusion of MPTP
Alpha-synuclein-immunostaining was performed 7 days after the end of the 28-day-period of
chronic continuous MPTP infusion. (A) SNpc of wild-type as well as parkin knockout mice
shows significant accumulation of alpha synuclein induced by MPTP treatment. No significant
differences are observed between wild-type and parkin knockout mice receiving same
treatment (saline or MPTP) (Scale bar= 200μm). (B) High magnification image shows no
difference between wildtype and parkin knockout mice following MPTP (Scale bar= 10 μm).
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Figure 7. Noradrenergic axon terminals in parkin knockout mice do not show increased sensitivity
to DSP-4 intoxication
Eighteen-month-old wild-type and parkin knockout mice received a single injection of DSP-4
(10 mg/kg), and noradrenaline levels were measured after 7 days in (A) olfactory bulb, (B)
spinal cord, and (C) cortex. While saline-treated parkin knockout mice, compared to wild-type
control animals, show a significant reduction in noradrenaline levels in olfactory bulb and
spinal cord, DSP-4 treatment causes a significant reduction in noradrenaline levels in all brain
regions of both wild-type and parkin knockout mice. No significant differences in
noradrenaline levels are observed between wild-type and parkin knockout mice receiving the
same amount of DSP-4. Data represent mean ± SEM.*p< 0.05, statistical significance versus
saline controls and @p< 0.05, statistical significance compared to wild-type using ANOVA
followed by Student-Newman-Keuls test, n=5–6 per group, n.s not significant.
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Table 1
Stereological analysis of TH-positive neurons in Locus coeruleus (LC) of wild-type and parkin knockout mice
treated with either saline and/or chronic continuous MPTP 20 mg/kg/day for 28 days and analyzed one week
after chronic continuous administration of MPTP. Data are expressed as mean (n=5–9) ± SEM, and as ratio of
the respective mean to wild type saline controls mean in percent. Statistical analysis was performed by ANOVA,
revealing no significant differences among group means. Statistically significant differences in parkin knockout
saline controls (*p<0.01) and in parkin knockout MPTP (*p<0.01) were observed compared to wild type saline
controls.

Genotypes/Treatment TH+ neurons of LC
Cell counts [%]

WT Saline 1250 ± 55.8 100.0
KO Saline 949.1 ± 51.4** 75.9

WT MPTP (20mg/kg/d) 1230 ± 61.8 98.4
KO MPTP (20mg/kg/d) 950.4 ± 55.37** 76.0
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