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Preface 

Parkinson's disease and its motor manifestations result predominantly from a loss of 
midbrain dopamine neurons. Although other neuronal populations are also affected 
in the disease, we conceptuaUzed this meeting and volume around the theme of the 
life cycle of the dopamine neuron. By bringing together neurologists, neuro- 
surgeons, developmental biologists, neuropathologists, fly geneticists, systems and 
other neuroscientists, and molecular biologists, we hoped for an extensive inter- 
disciplinary exchange of ideas to occur. By all accounts this did happen: the level of 
discussion throughout the meeting ranged over the entire spectrum of scientific ap- 
proaches and levels of inquiry. 

This meeting would not have occurred without the thoughtful suggestions of Col. 
Karl Friedl, Ph.D., and Stephen Grate, Ph.D. As important, the support provided by 
Col. Friedl and the Department of Defense was essential to achieving the proper set- 
ting, balance of participants, and sponsorship by the prestigious New York Academy 
of Sciences. The inspiration for the meeting arose from the highly interactive and 
prescient Organizing Committee. The New York Academy of Sciences' Dr. Rashid 
Shaikh, Renee Wilkerson-Brown, and other staff members provided critical guid- 
ance and operations assistance that made the meeting successful. The completion of 
the proceedings would not have been possible without the stewardship of the New 
York Academy of Sciences' Richard Stiefel. On behalf of the Organizing Committee 
I am extremely thankful to all who contributed to making Parkinson's Disease: The 
Life Cycle of the Dopamine Neuron a most enjoyable and stimulating conference 
and, it is hoped, a useful book. 

HOWARD J. FEDEROFF, M.D., PH.D. 

Professor of Neurology 
University of Rochester School of Medicine 

Ann. N.Y. Acad. Sci. 991: ix (2003). © 2003 New York Academy of Sciences. 



Description of Parkinson's Disease as a 
Clinical Syndrome 

STANLEY FAHN 

Department of Neurology, Columbia University College of Physicians & Surgeons, 
New York, New York 10032, USA 

ABSTRACT: Parkinsonism is a clinical syndrome comprising combinations of 
motor problems-^amely, bradyldnesia, resting tremor, rigidity, flexed pos- 
ture, "freezing," and loss of postural reflexes. Parkinson's disease (PD) is the 
major cause of parkinsonism. PD is a slowly progressive parkinsonian syn- 
drome that begins insidiously and usually affects one side of the body before 
spreading to involve the other side. Pathology shows loss of neuromelanin-con- 
taining monoamine neurons, particularly dopamine (DA) neurons in the sub- 
stantia nigra pars compacta. A pathologic hallmark is the presence of 
cytoplasmic eosinophilic inclusions (Lewy bodies) in monoamine neurons. The 
loss of DA content in the nigrostriatal neurons accounts for many of the motor 
symptoms, which can be ameliorated by DA replacement therapy—that is, 
levodopa. Most cases are sporadic, of unknown etiology; but rare cases of mo- 
nogenic mutations (10 genes at present count) show that there are multiple 
causes for the neuronal degeneration. The pathogenesis of PD remains un- 
known. Clinical fluctuations and dyskinesias are frequent complications of 
levodopa therapy; these, as well as some motor features of PD, improve by re- 
setting the abnormal brain physiology towards normal by surgical therapy. 
Nonmotor symptoms (depression, lack of motivation, passivity, and dementia) 
are common. As the disease progresses, even motor symptoms become intrac- 
table to therapy. No proven means of slowing progression have yet been found. 

KEYWORDS: Parkinson's disease; parkinsonism; Lewy body; dopamine; 
levodopa 

fflSTORICAL INTRODUCTION 

Clinical Description 

By amazing coincidence, James Parkinson published a monograph describing the 
entity subsequently bearing his name in the same year, 1817, that the New York 
Academy of Sciences was founded. ^ He described six individuals with the clinical 
features. One was followed in detail over a long period of time; the other five con- 
sisted of brief descriptions, including two whom he had met walking in the street and 
another whom he had observed at a distance. Such distant observations without a 
medical examination demonstrates how readily distinguishable the condition is 

Address for correspondence: Dr. Stanley Fahn, Neurological Institute, 710 West 168th Street, 
New York, NY 10032. Voice: 212-305-5295; fax: 212-305-3530. 

fahn@neuro.columbia.edu 

Ann. N.Y. Acad. Sci. 991: 1-14 (2003). © 2003 New York Academy of Sciences. 
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merely from the patients' appearance of flexed posture, resting tremor, and shuffling 
gait. Parkinson's opening description has the key essentials: "Involuntary tremulous 
motion, with lessened muscular power, in parts not in action and even when support- 
ed; with a propensity to bend the trunk forward, and to pass from a walking to a run- 
ning pace: the senses and intellects being uninjured." Despite the small number of 
patients examined, Parkinson provided a detailed description of the symptoms and 
also discussed the progressive worsening of the disorder, which he called the shaking 
palsy and by the Latin Xtrrn paralysis agitans. 

In his monograph, Parkinson reviewed the different kinds of tremors previously 
reported and specifically cited the tremor in his "An Essay on the Shaking Palsy" as 
occurring when the body part is at rest and not during an active voluntary movement. 
Seventy years later Charcot emphasized that tremor need not be present in the disor- 
der and argued against the term paralysis agitans; he suggested, instead, that the 
name of the disorder be Parkinson's disease (see Goetz, 1987^ for English 
translation). 

The iexxm paralysis sxiA palsy in paralysis agitans and shaking palsy are also in- 
appropriate. There is no true paralysis. Today, the "lessened muscular power" men- 
tioned by Parkinson is recognized to be a slowness of movement that is called 
akinesia, hypokinesia, or bradykinesia, all three terms often being used interchange- 
ably. These terms represent a paucity of movement in the absence of weakness or 
paralysis. 

Recognition and development of the term akinesia came about slowly. Charcot, 
in his Tuesday Lessons of 1888, related slowness to rigidity and specifically exclud- 
ed weakness as a cause (see Ref. 2). Gowers in 1893^ described Parkinson's disease 
as consisting of tremor, weakness, rigidity, flexed posture, and short steps, with 
slowness due in part to rigidity. Oppenheim in 191 \^ mentioned that impairment and 
retardation of active movements might occur in the absence of rigidity. He did not 
relate it to weakness. Wechsler in the 1932 edition of his textbook^ commented on 
the special difficulty of initiation of movement as a feature of slowness. Wilson in 
his large neurology opus of 1940^ used the terms akinesia, akinesis, and hypokine- 
sia. Under these ternis, he related the masked fades, the unblinking eyes, the poverty 
of movement, and the patient sitting immobile. Schwab, England, and Peterson de- 
voted an entire paper in 1959' to the subject of akinesia, which by this time was firm- 
ly established as the "lessened muscular power" mentioned by Parkinson. Within the 
definition of akinesia, these authors mentioned fatigue, decrementing amplitude of 
movements, diificulty shifting to other contraction patterns, apathy, inability to com- 
plete actions, difficulty initiating an act, and the ability to reach normal movement 
briefly under sudden motivation. Furthermore, they described the difficulty for a pa- 
tient with Parkinson's disease to execute two motor events simultaneously, all under 
the rubric of akinesia. 

Pathology of Parkinson's Disease 

It was many years after Parkinson's original description before the basal ganglia 
were recognized by Meynert in 1871^ as being involved in disorders of abnormal 
movements. And it was not until 1895 that the substantia nigra was suggested to be 
affected in Parkinson's disease. Brissaud (1895)^ suggested this on tiie basis of a re- 
port by Blocq and Marinesco (1893)'^ of a tuberculoma in that site that was associ- 
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ated with hemiparkinsonian tremor. These authors were careful to point out that the 
pyramidal tract and the brachium conjuctivum above and below the level of the le- 
sion contained no degenerating fibers. The importance of the substantia nigra was 
emphasized by Tretiakoff in 1919,^1 who studied the substantia nigra in nine cases 
of Parkinson's disease, one case of hemiparkinsonism, and three cases of posten- 
cephalitic parkinsonism, finding lesions in this nucleus in all cases. With the hemi- 
parkinsonian case Tretiakoff found a lesion in the nigra on the opposite side, 
concluding that the nucleus served the motor activity on the contralateral side of the 
body. The substantia nigra, so named because of its normal content of neuromelanin 
pigment, was noted to show depigmentation, loss of nerve cells, and gliosis. These 
findings remain the histopathologic features of the disease. In his study, Tretiakoff 
also confirmed the earUer observation of Lewy (1914),'^ who had discovered the 
presence of cytoplasmic inclusions in Parkinson's disease, now widely recognized 
as the major pathologic hallmark of the disorder and referred to as Lewy bodies. 

Foix and Nicolesco made a detailed study of the pathology of Parkinson's disease 
in 1925'^ and found that the most constant and severe lesions are in the substantia 
nigra. Since then many workers, including Hassler (1938)''* and Greenfield and 
Bosanquet (1953),'^ have confirmed these findings and added other observations, in- 
cluding involvement of other brain stem nuclei such as the locus ceruleus. 

Biochemistry of Parkinson's Disease 

Prior to 1957, the parkinsonian syndrome in animals and humans induced by re- 
serpine was thought to be due to a depletion of brain serotonin. But in that year 
Carlsson and colleagues'^ discovered that L-dopa reversed the reseipine-induced 
parkinsonian state in rabbits; while tiie precursor of serotonin, L-5-hydroxytiyp- 
tophan, did not. L-dopa is tiie precursor to dopamine and norepinephrine, and at that 
time it was tiiought that dopamine did not have an independent function but served 
solely as a precursor of norepinephrine. In 1958, after he developed a method for its 
chemical assay, Carlsson determined that dopamine was present in brain.'^ By the 
following year the regional distiibution of dopamine was mapped out in brain in both 
animals'^ and humans.'^ In 1959, at the Intemational Catecholamine Symposium, 
Carlsson suggested that Parkinson's disease was related to brain dopamine.^" In 
1960, Ehringer and Homykiewicz, using Carlsson's methodology, measured dopam- 
ine and norepinephrine in humans with basal ganglia disorders and discovered a neo- 
striatal dopamine deficiency in parkinsonism.^' Thus began the modem era of 
understanding parkinsonism and the role of dopamine in brain. Carlsson's contiibu- 
tions eventually led to his being awarded the Nobel Prize in Physiology and Medi- 
cine in 2000. 

DISTINGUISHING BETWEEN PARKINSON'S DISEASE 
AND PARKINSONISM 

The syndrome of parkinsonism must be understood before understanding what is 
Parkinson's disease. Today, the Xtrva parkinsonism is defined by any combination of 
six specific motoric featores: tremor at rest, bradykinesia, rigidity, loss of postural 
reflexes, flexed posture (RG. 1), and the freezing phenomenon (where the feet are 
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FIGURE 1. Drawing of a patient with Parkinson disease demonstrating the flexed pos- 
ture typically seen in this disorder. (Modified from Gowers, 1893, p. 639.^) 

transiently "glued to the ground")^^ (TABLE 1). Not all six of these cardinal features 
need be present, but at least two should be before the diagnosis of parkinsonism is 
made, with at least one of them being tremor at rest or bradykinesia. Parkinsonism 
is classified into four categories (TABLE 2). PD or primary parkinsonism will be the 
principal focus of this volume. It is the category that is most commonly encountered 
by the general clinician; it is also the category on which much research has been car- 
ried out and the one we know the most about. The great majority of cases of primary 
parkinsonism are sporadic, but in the last few years several gene mutations have been 
discovered to cause PD (TABLE 3). Whether primary parkinsonism is genetic or id- 
iopathic in etiology, the common denominator is that it is not caused by known in- 
sults to the brain (the main feature of secondary parkinsonism) and is not associated 
with other motoric neurologic features (the main feature of Parkinson-plus syn- 
dromes). The uncovering of genetic causes of primary parkinsonism has shed light 
on probable pathogenetic mechanisms that may be a factor in even the more common 
idiopathic cases of PD. It may even turn out that many of the idiopathic cases will 
be linked to gene mutations, this discovery is yet to be made. Although the term id- 
iopathic PD has been applied to primary parkinsonism, the fact that there are now 
known genetic causes encourages us to adopt instead the term primary parkin- 
sonism, for the former term implies that the etiology is unknown. 

Three of the most helpful clues that one is likely to be dealing with PD rather than 
another category of parkinsonism are: (1) an asymmetrical onset of symptoms (PD 
often begins on one side of the body); (2) the presence of rest tremor (although rest 
tremor may be absent in patients with PD, it is almost always absent in Parkinson- 
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TABLE 1. Six cardinal clinical features of parkinsonism 

Tremor at rest Flexed posture of neck, trunk, and limbs 

Rigidity Loss of postural reflexes 

Bradykinesia/hypokinesia/akinesia Freezing phenomenon 

TABLE 2. Classification of the parkinsonian states 

Primary parkinsonism (Parkinson's disease) 
Sporadic 
Known genetic etiology (see Table 3) 

Secondary parkinsonism (environmental etiology 
Drugs 

Dopamine receptor blockers (most commonly antipsychotic medications) 
Dopamine storage depletors (reserpine, tetrabenazine) 

Postencephalitic 
Toxins: Mn,CO, MPTP, cyanide 
Vascular 
Brain tumors 
Head trauma 
Normal-pressure hydrocephalus 

Parkinsonism-plus syndromes 
Progressive supranuclear palsy 
Multiple system atrophy 
Cortical-basal ganglionic degeneration 
Parkinson-dementia-ALS complex of Guam 
Progressive pallidal atrophy 
Diffuse Lewy body disease (DLBD) 

Heredodegenerative disorders 
Alzheimer's disease 
Wilson's disease 
Huntington's disease 
Frontotemporal dementia (tau mutation on chromosome 17q21) 
X-linked dystonia-parkinsonism (in Filipino men; known as lubag) 

plus syndromes); and (3) substantial clinical response to adequate levodopa therapy 
(usually, Parkinson-plus syndromes do not respond to levodopa therapy). In this 
chapter, we will concentrate on PD and not the other categories of parkinsonism. 
One common misdiagnosis as PD is the presence of tremor due to the entity known 
as essential tremor, which can even be unilateral, although it more commonly is bi- 
lateral. Helpful in the diagnosis is that the tremor due to PD is a rest tremor (tremor 
appears with the affected body part is at rest), whereas the tremor due to essential 
tremor is not present at rest, but appears with holding the arms in front of the body 
and increases in amplitude with activity of the arm, such as with handwriting or per- 
forming the finger-to-nose maneuver. 
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TABLE 3. Genetic forms of primary parkinsonism 

Name of gene Protein Chromosome 

Autosomal dominant transmission 
PARKl a-synculein 4q21-q22 
PARK3 ? 2pl3 
PARK4 Iowa pedigree: PD/ET 4pl5 
PARKS ubiquitin C terminal 

hydrolase-Ll (UCH-Ll) 
4pl4 

PARKS ? 12pll.2-ql3.1 
Dopa-responsive dystonia         GTP cyclohydrolase 1 14q22.1-q22.2 

Autosomal recessive transmission 

PARK2 parkin (ubiquitin ligase) 6q25.2-q27 
PARK6 7 Ip35-p36 
PARK? DJ-1 lp36 
PARK9 ? lp36 
PARKIO ? lp32 
Tyrosine hydroxylase deficiencey llpll.5 

CLINICAL FEATURES AND EPIDEMIOLOGY OF 
PARKINSON'S DISEASE 

The symptoms of PD begin insidiously and gradually worsen. Rest tremor, be- 
cause it is so obvious, is often the first symptom recognized by the patient. But the 
illness sometimes begins with bradykinesia; and in some patients, tremor may never 
develop. Bradykinesia manifests as slowness, such as slower and smaller handwrit- 
ing, decreased arm swing and leg stride when walking, decreased facial expression, 
and decreased amplitude of voice. Rest tremor can be intermittent at the beginning, 
being present only in stressful situations; eventually it tends to be present most of 
the time and worsens in amplitude with stress or excitement. There is a steady wors- 
ening of symptoms over time; if untreated, the symptoms lead to disability with se- 
vere immobility and falling. The early symptoms and signs of PD—rest tremor, 
bradykinesia, and rigidity—^are related to progressive loss of nigrostriatal dopamine. 
These signs and symptoms result from striatal dopamine deficiency and are usually 
correctable by levodopa and dopamine agonists. As PD progresses over time, symp- 
toms that do not respond to levodopa develop, such as flexed posture, the freezing 
phenomenon, and loss of postural reflexes; these are often referred to as non-dopam- 
ine-related features of PD. Moreover, bradykinesia that responded to levodopa in the 
early stage of PD increases as the disease worsens and no longer fully responds to 
levodopa. It is particularly these intractable motoric symptoms that lead to the dis- 
abilities of increasing immobility and balance difficulties (RG. 2). 

While the motor symptoms of PD dominate the chnical picture—and even define 
the parkinsonian syndrome—many patients with PD have other complaints that have 
been classified as nonmotor (see TABLE 4). These include fatigue, depression, anxi- 
ety, sleep disturbances, constipation, bladder and other autonomic disturbances (sex- 
ual, gastrointestinal), and sensory complaints. Sensory symptoms include pain. 
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FIGURE 2. Diagram of a typical clinical course of Parkinson's disease despite therapy. 

TABLE 4. Nonmotor features of Parkinson's disease 

Personality and behavior 
depression' 
fear 
anxiety 
passivity 
dependence 
loss of motivation, apathy 

Cognition and mental 
bradyphrenia 
"tip of the tongue" phenomenon 
dementia 

Sensory 
pain 
paresthesiae 
numbness 
burning 
akathisia 
restless legs syndrome 

Autonomic 
hypotension 
bladder problems 
constipation 
sexual dysfunction 
seborrhea 
sweating 

Sleep problems 
sleep fragmentation 
REM sleep behavior disorder 
excessive daytime sleepiness 
altered sleep-wake cycle 

Fatigue 

numbness, tingling, and burning in the affected limbs; these occur in about 40% of 
patients. Behavioral and mental alterations are common and include changes in 
mood, decreased motivation and apathy, slowness in thinking (bradyphrenia), and a 
declining cognition that can progress to dementia. Dementia is most common in 
those with an older age at onset of PD and can occur in about 40% of such patients; 
this becomes more disabling than the motoric features of PD (RG. 2). 

The development of dementia in a patient with parkinsonism remains a difficult 
differential diagnosis. If the patient's parkinsonian features did not respond to 
levodopa, the diagnosis is likely to be Alzheimer disease, which can occasionally 
present with features of parkinsonism. If the presenting parkinsonism responded to 
levodopa and the patient developed dementia over time, the diagnosis could be either 
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PD or diffuse Lewy body disease (DLBD) (also called dementia with Lewy bodies). 
If hallucinations occur with or without levodopa therapy, DLBD is the most Ukely 
diagnosis. DLBD is a condition where Lewy bodies are present in the cerebral cortex 
as well as in the brain stem nuclei. The heredodegenerative disease known asfron- 
totempoml dementia is an autosomal dominant disorder due to mutations in the tau 
gene on chromosome 17; the full syndrome presents with dementia, loss of inhibi- 
tion, parkinsonism, and sometimes muscle wasting. 

Although PD can develop at any age, it begins most commonly in older adults, 
with a peak age at onset at around 60 years. The likelihood of developing PD increas- 
es with age, with a lifetime risk of about 2%?-^ A positive family history doubles the 
risk of developing PD to about 4%. Twin studies indicate that PD with an onset under 
the age of 50 years is more likely to have a genetic relationship than PD with a later 
age at onset.^ Males have higher prevalence and incidence rates than females. Pa- 
tients with PD can live 20 or more years, depending on the age at onset. The mortal- 
ity rate is about 1.6 times that of normal individuals of the same age.^ Death in PD 
is usually due to some concurrent unrelated illness or due to the effects of decreased 
mobility, aspiration, or increased falUng with subsequent physical injury. At the 
present time, approximately 850,000 individuals in the U.S. have PD, with the num- 
ber expected to grow as the population ages. 

There are no practical diagnostic laboratory tests for PD, and the diagnosis rests 
on the clinical features and on excluding other causes of parkinsonism. The research 
tool of fluorodopa (FDOPA) positron emission tomography (PET) measures 
levodopa uptake into dopamine nerve terminals, and this shows a decline of about 
8% per year of the striatal uptake. A similar result is seen using ligands for the 
dopamine transporter, either by PET or by single-photon emission computed tomog- 
raphy (SPECT); these ligands also label the dopamine nerve terminals. All these 
neuroimaging techniques reveal decreased dopaminergic nerve terminals in the stri- 
atum in both PD and the Parkinson-plus syndromes and do not distinguish between 
them. A substantial response to levodopa is most helpful in the differential diagnosis, 
indicating presynaptic dopamine deficiency with intact postsynaptic dopamine re- 
ceptors, features typical of PD. 

Some adults may develop a more benign form of PD, in which the symptoms re- 
spond to very-low-dosage levodopa, and the disease does not worsen severely with 
time. This form is usually due to the autosomal dominant disorder known as dopa- 
responsive dystonia, which typically begins in childhood as a dystonia. But when it 
starts in adult life, it can present with parkinsonism. There is no neuronal degenera- 
tion. The pathogenesis is due to a biochemical deficiency involving dopamine syn- 
thesis. The gene defect is for an enzyme (GTP cyclohydrolase I) required to 
synthesize the cofactor for tyrosine hydroxylase activity, the crucial rate-limiting 
first step in the synthesis of dopamine and norepinephrine. Infantile parkinsonism is 
due to the autosomal recessive deficiency of tyrosine hydroxylase, another cause of 
a biochemical dopamine deficiency disorder. 

PATHOLOGY, BIOCHEMISTRY AND PHYSIOLOGY OF 
PARKINSON'S DISEASE 

PD and the Parkinson-plus syndromes have in common a degeneration of substan- 
tia nigra pars compacta dopaminergic neurons, with a resulting deficiency of striatal 
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TABLE 5. Dopamine concentration in striatum is  associated  witli severity of 
bradykinesia 

Severely of bradykinesia Caudate nucleus Putamen 

Mild 

Marked 

0.58 (13) 

0.44 (9) 

0.44 (12) 

0.05 (9) 

Normal controls 2.65 (28) 3.44 (28) 

NOTE: Date from Bemheimer et al?^ Results are means in |ig/g fresh tissue. Numbers in 
parentheses are the number of cases studied. 

dopamine due to loss of the nigrostriatal neurons. Accompanying this neuronal loss is 
an increase in glial cells in the nigra and a loss of the neuromelanin normally contained 
in the dopaminergic neurons. In PD, intracytoplasmic eosinophihc inclusions, called 
Lewy bodies, are usually present in many of the surviving neurons. It is recognized to- 
day diat not all patients with PD have Lewy bodies; those with the homozygous muta- 
tion in the PARK2 gene—mainly young-onset PD patients—have nigral neuronal 
degeneration without Lewy bodies. Lewy bodies contain many proteins, including the 
fibrillar form of a-synuclein, discovered because PARKl 's mutations involve the gene 
for this protein. There are no Lewy bodies in the Parkinson-plus syndromes. 

With the progressive loss of the nigrostriatal dopaminergic neurons, there is a cor- 
responding decrease of dopamine content in both the nigra and the striatum, which, 
as mentioned above, accounts particularly for the bradykinesia and rigidity in PD. 
There are compensatory changes, such as supersensitivity of dopamine receptors, so 
that symptoms of PD are first encountered only when there is about an 80% reduc- 
tion of dopamine concentration in the putamen (or a loss of 60% of nigral dopamin- 
ergic neurons).^^ With fiirther loss of dopamine concentration, parkinsonian 
bradykinesia becomes more severe (TABLE 5). The progressive loss of tihe dopamin- 
ergic nigrostriatal pathway can be detected in vivo using PET and SPECT scanning; 
these show a continuing reduction of FDOPA and dopamine transporter ligand bind- 
ing in the striatum.^^"^^ 

The consequence of nigrostriatal loss is an altered physiology downstream from 
the striatum. The striatum contains Dl and D2 receptors. The current thinking is that 
dopamine is excitatory at the Dl receptor and inhibitory at the D2 receptor. Deficien- 
cy of dopamine at these receptors results in alteration at the downstream nuclei: ex- 
cessive activity of the subthalamic nucleus and globus pallidus intema, and 
increased inhibition in the thalamus and cerebral cortex.32-34 xjiegg altered physio- 
logical patterns are restored towards normal with treatment by levodopa. 

CAUSES AND PATHOGENESIS OF PD AND 
PARKINSON-PLUS SYNDROMES 

Other than known genetic causes of PD (TABLE 3), the etiology of these disorders 
remains unknown. Three (PARKl, PARK2, and PARK5) of the four identified mu- 
tated genes causing PD—^involving the proteins a-synuclein, parkin, and ubiquitin 
C terminal hydrolase-Ll—^point to an impairment of protein degradation with a 
buildup of toxic proteins that cannot be degraded via the ubiquitin-proteasomal path- 
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FIGURE 3. Diagram of the concept of the etiology and pathogenesis of Parkinson's disease. 

way. The fourth, PARK7—involving a nuclear protein of unknown function—ap- 
pears also to play a role in protein degradation. These findings have led to the 
concept that perhaps most, if not all, cases of sporadic PD have an impairment of 
protein degradation. A current hypothesis is that oxidative stress with the formation 
of oxyradicals, such as dopamine quinone, can lead to reactions with oc-synuclein to 
form oligomers of a-synuclein (so-called protofibrils), which accumulate because 
they cannot be degraded by the ubiquitin-proteasomal pathway, leading finally to 
cell death.^^ Other pathogenetic mechanisms being considered are (1) other effects 
from oxidative stress, such as the reaction of oxyradicals with nitric oxide to form 
the highly reactive peroxynitrite radical; (2) impaired mitochondria leading to both 
reduced ATP production and accumulation of electrons that aggravate oxidative 
stress, with the final outcome being apoptosis and cell death; and (3) inflammatory 
changes in the nigra, producing cytokines that augment apoptosis (FiG. 3). These ac- 
tions lead to an apoptotic cascade that leads to cell death. These concepts on patho- 
genesis are leading researchers to test agents that affect these potential mechanisms 
in an attempt to reduce the rate of neurodegeneration in PD. 

THERAPY OF PARKINSON'S DISEASE 

Neuroprotective Therapy 

So far no drug or surgical approach has been shown unequivocally to slow the rate 
of progression of PD, but if any drug should be proved to delay the progression of the 
disease process, it should be incorporated in treatment early in the course of the dis- 
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ease. There are some controlled clinical trials that were sufficiently positive to have 
raised the possibility that the propargylamine agents selegiline and rasagiline and the 
mitochondrial enhancing agent coenzyme Qjq could have some neuroprotective 
qualities.^^^^ Larger clinical trials with neuroimaging of striatal dopamine nerve 
terminals would be necessary to provide adequate documentation of neuroprotection. 

Symptomatic Therapy 

Dopamine replacement therapy is the major medical approach to treating PD, and 
a variety of dopaminergic agents are available (TABLE 6). The most powerful drug is 
levodopa. It is usually administered with a peripheral decarboxylase inhibitor to pre- 
vent formation of dopamine in the peripheral tissues. In addition to being metabo- 
Uzed by aromatic amino acid decarboxylase, levodopa is also metabolized by 
catechol-0-methyltransferase (COMT) to form 3-0-methyldopa. The use of a 
COMT inhibitor with levodopa can extend the plasma half-life of levodopa without 
increasing its peak plasma concentration and can thereby prolong the duration of ac- 
tion of each dose of levodopa. Although levodopa is the most effective drug to treat 
the symptoms of PD, about 60% of patients develop troublesome complications of 
disabling response fluctuations (the "wearing-off' effect) and dyskinesias after five 
years of levodopa therapy; younger patients (less than 60 years of age) are particu- 
larly prone to developing these problems even sooner. 

The next most powerful drugs in treating PD symptoms are the dopamine ago- 
nists. Several of these are available. Apomorphine may be the most powerful, but it 
needs to be injected or taken sublingually. The others agonists are effective orally. 
Pergolide, pramipexole, and ropinirole appear to be equally effective; and all are 
more powerful than bromocriptine. Cabergoline and Usuride are not available in the 
U.S. Cabergoline has the longest half-life and therefore may prove ultimately to be 
most useful. Compared to levodopa, dopamine agonists are more likely to cause hal- 
lucinations, confusion, and psychosis, especially in the elderly. Thus, it is safer to 
use levodopa in patients over the age of 70 years. They are also more likely to cause 
drowsiness and, after several years of use, can cause leg edema. On the other hand, 
controlled clinical trials have revealed that dopamine agonist therapy is less likely to 
produce dyskinesias and the wearing-off phenomenon than levodopa.^^■'^^ But these 
trials also showed that levodopa provides greater symptomatic benefit than do 
dopamine agonists. The neuroimaging component of these studies reveals that stri- 
atal dopamine nerve terminals disappear at a faster rate with levodopa treatment than 
with the agonists. There is uncertainty about how to apply the information gleaned 
fi-om these studies to the patient; a frank discussion between physician and patient 
should lead to the appropriate treatment for that individual. 

TABLE 6. Dopaminergic agents used in tlie treatment of Parkinson's disease  

Dopamine precursor: levodopa Dopamine agonists: bromocriptine, per- 
golide, pramipexole, ropinirole, apo- 
morphine, and cabergoline 

Peripheral decarboxylase inhibitors: Dopamine releaser: amantadine 
carbidopa, benserazide 

Catechol-0-methyltransferase inhibitors: MAO type B inhibitor: selegiline, rasa- 
tolcapone, entacapone giline 
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Amantadine has several actions: it has antimuscarinic effects, but more impor- 
tantly it can activate release of dopamine from nerve terminals, block dopamine up- 
take into the nerve terminals, and block glutamate receptors. Its dopaminergic 
actions make it a useful drug to relieve symptoms in about two-thirds of patients, but 
it can induce livedo reticularis, ankle edema, visual hallucinations, and confusion. 
Its antiglutamatergic action is useful in reducing the severity of levodopa-induced 
dyskinesias. The elderly do not tolerate amantadine well because of the adverse 
mental effects. Monoamine oxidase type B (MAO-B) inhibitors (e.g., selegiline) of- 
fer mildly effective symptomatic benefit and are without the hypertensive "cheese 
effect" seen with MAO-A inhibitors; therefore, they can be used in the presence of 
levodopa therapy. Although there has been considerable debate about the possible 
protective benefit of selegiline, recent studies evaluating its long-term use indicate 
that selegiline is associated with less freezing of gait and with a slower rate of clin- 
ical worsening compared to placebo-treated subjects. These benefits appear to be 
separate from its mild symptomatic effects because all subjects were receiving the 
symptomatic benefit from concurrent levodopa therapy.^^ Nondopaminergic agents 
are also useful to treat many PD symptoms, both motoric and nonmotoric; they are 
beyond the scope of this review. 

Surgical Therapy 

Surgery for PD is becoming increasingly available as new techniques of electrical 
stimulation have been developed and a better understanding of basal ganglia physi- 
ology has been attained. Stereotaxic deep brain stimulation (DBS) is fast becoming 
the treatment of choice because ablative lesioning involves greater risk of inducing 
neurological deficits. With stimulating electrodes, the stimulation can be adjusted, 
and the electrodes can be removed if necessary. However, DBS is more costly than 
creating a lesion in the target, and frequent adjustments of the stimulator are usually 
needed. The location of the stereotaxic target is the other major factor that needs to 
be individualized for each patient. The thalamus, particularly the ventral intermedi- 
ate nucleus, appears to be the most successful target for controlling tremor, but this 
target does not eliminate bradykinesia; so stereotaxic thalamotomy or thalamic DBS 
is not a preferred choice today. The globus pallidus intema is a more satisfactory tar- 
get for controlling choreic and dystonic dyskinesias due to levodopa therapy. But the 
subthalamic nucleus appears to be the best target for controlling bradykinesia. DBS 
of the subthalamic nucleus, by reducing bradykinesia, allows for a reduction of 
levodopa dosage, thus reducing the severity of dyskinesias as well. This surgical ap- 
proach seems the most promising. Surgical procedures for patients with PD are best 
performed at specialty centers by an experienced team consisting of a neurosurgeon, 
a neurophysiologist to monitor the target during the operative procedure, and a neu- 
rologist to program the stimulators. The patient needs close follow-up to adjust the 
stimulator settings to their optimum. 
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ABSTRACT: The behavior of neurons in the basal ganglia is severely disrupted 
in Parkinson's disease (PD). In nonhuman parkinsonian primate models, the 
disturbance in neurons in basal ganglia output structures include increased fir- 
ing, bursting, an augmented synchrony, correlated activity, and a tendency to- 
wards loss of specificity m their receptive fields. This abnormal neuronal 
behavior, transmitted to the thalamus, cortex and brainstem, is thought to dis- 
rupt the functioning of the motor system and underlie the major motor mani- 
festations of PD—tremor, ri^dity, akinesia, gait, and postural disturbances. 
The mainstay of treatment has been to replace the missing dopamine with med- 
ication. With time and disease progression, however, dopamine replacement 
becomes less efficacious and new adverse effects, including the development of 
motor fluctuations and drug-induced involuntary movements or dyskinesias, 
emerge. When the patients reach this stage, surgical therapy becomes an op- 
tion. Most surgical interventions are performed at the level of the thalamus, 
globus palUdus, and subthalamic nucleus, aiming at the disruption of the 
pathological activity that accompanies the Parkinson's deficiency state. With 
this abnormal neuronal activity neutralized, normal movements can in many 
cases be restored. 

KEYWORDS: Parkinson's disease; sui^ery; subthalamic nucleus; globus palli- 
dus; physiopathology; movement disorders 

INTRODUCTION 

It is estimated that approximately one million North Americans suffer from Par- 
kinson's disease. To date, little is known about the etiology of this disorder; but some 
important clues are coming from a variety of sources, including genetic studies and 
studies of environmental toxins. ^-^ Despite these advances, the etiology of Parkin- 
son's disease for most patients remains enigmatic. 

The number of dopaminergic neurons in the substantia nigra varies from species 
to species^^ (TABLE 1). Humans have approximately 220,000 dopaminergic neurons 
in the substantia nigra of each hemisphere.^ When more than 50% of these cells are 
lost, patients start to develop the signs and symptoms of the disease—tremor, rigid- 
ity, akinesia and bradykinesia (poverty and slowness of movement), as well as pos- 

Address for correspondence: Andres Lozano, Toronto Western Hospital, West Wing 4-447, 
399 Bathurst Street, Toronto, ON M5T 2S8, Canada. Voice: 416-603-6200; fax: 416-603-5298. 

lozano@uhnres.utoronto.ca 

Ann. N.Y. Acad. Sci. 991:15-21 (2003). © 2003 New York Academy of Sciences. 

15 



16 ANNALS NEW YORK ACADEMY OF SCIENCES 

TABLE 1. Number of nigral dopaminergic neurons in each hemisphere in various 
species 

Number of dopaminergic nigral 
Species neurons in each hemisphere Reference 

Mouse 10,000-15,000 
Rat 15,000-22,000 
Primate 55,000-110,000 
Human 120,000-290,000 

3,8 
3,5,9 
7 
3,4,6 

tural and gait abnormalities. Treatment is directed mainly at replacing the dopamine 
deficiency in the form of dopamine agonists and levodopa therapy, which is the most 
effective medical therapy to date.^*^-'^ With disease progression and prolonged use 
of these drugs however, patients become less responsive to medications and start de- 
veloping fluctuations in their response, oscillating between the "on" state, in which 
they display relatively good motor function, and the "off' state, in which they are 
mostly in an akinetic rigid condition. These fluctuations can occur in an unpredict- 
able fashion, several times a day, and are not always time locked to medications. 
Moreover, with chronic drug usage a number of drug-related adverse effects emerge, 
at a rate of approximately 10% per year. Among these, drug-induced involuntary 
movements or dyskinesias are some of the most disabling. These side effects, com- 
bined with cognitive, psychiatric, gastrointestinal, and other disturbances, are the 
current important limits to our therapeutic armamentarium for symptomatic treat- 
ment for Parkinson's disease. 

The first and most prominent manifestations of Parkinson's disease are the im- 
pairments in motor function (TABLE 2). With disease progression, however, a new set 
of problems emerge, including speech difficulties, cognitive dysfunction, depres- 

TABLE 2. Major primary (motor) and secondary (nonmotor) manifestations of 
Parl(inson's disease 

Primary manifestations Secondary manifestations 

tremor 

bradykinesia 

akinesia 

rigidity 

postural instability 

dementia 

depression 

sleep disturbances 

sensory complaints 

dysarthria 

dysphagia 

constipation and urinary dysfunction 

masked fades 

olfactory dysfunction 

sialorrhea 

seborrhea 

orthostatic hypotension 
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sion, sleep disturbances, constipation, bladder and sexual dysfunctions, and a series 
of autonomic problems that are outlined in TABLE 2.2'12-14 Most of these problems 
are poorly or not responsive to dopaminergic replacement, suggesting that other 
neurotransmitter systems might be involved in their pathogenesis. In fact, there is in- 
creasing evidence for abnormalities in other neurotransmitter systems as well as for 
cell loss and degeneration that extends beyond the dopaminergic pathways. Indeed, 
the locus ceroeuleus catecholaminergic system, the raphe nuclei serotonergic sys- 
tem, and the cholinergic neurons from the nucleus basalis and a number of other ar- 
eas,' including the cortex, olfactory bulb, sympathetic ganglia, and the central 
sympathetic nervous system, are compromised in Parkinson's disease as 
^gll 1,12,13,15 Degeneration in these diverse systems indicates that we are dealing with 
a disorder that extends beyond dopaminergic neurons, and both therapeutic maneuvers 
and pathogenic mechanisms have to take these associated conditions into account. 

PATHOPHYSIOLOGY OF THE MAJOR PARKINSON'S 
DISEASE SYMPTOMS 

How Does the Dopamine Deficiency State Lead to the 
Signs and Symptoms ofPD? 

In animal models and in humans with Parkinson's disease, the neurophysiologic 
consequences of dopamine deficiency are striking. A model of basal ganglia func- 
tion in normal and dopamine deficiency states has been proposed (FlG.l).^^' This 
model proposes that dopamine deficiency produces dysfunction in the striatum, 
leading to: (1) decreased activity in the direct pathway, from GABAergic striatal 
neurons to the intemal segment of the globus pallidus (GPi) and substantia nigra pars 
reticulata (SNpr) and (2) increased drive through the indirect pathway, involving par- 
ticularly the external segment of the globus pallidus (GPe) and subthalamic nucleus 
(STN). As a consequence, there is disruption of the activity in basal gangUa output 
structures (GPi and SNpr), which in turn disrupts the activity in brain stem motor 
areas, including the pedunculopontine nucleus and the thalamocortical motor sys- 
tem. ^'^ This disruption is thought to be responsible for the difficulty in initiation of 
movements and the poverty of motion that are characteristic of Parkinson's dis- 
ease. 1^"^^ Although the model does reasonably well at explaining akinesia, it is does 
not adequately explain some of the other cardinal features of Parkinson's disease, 
such as tremor or rigidity.^^ Further, the model does not take into account that 
dopamine exerts its effects not only in the striatum but also throughout basal gangUa 
nuclei and at cortical levels. 

The development of the nonhuman primate MPTP model of Parkinson's disease 
has made possible an examination of the behavior of neurons in normal and parkin- 
sonian states, leading to significant insights into the disrupted activity that accompa- 
nies this condition.^^"^''' Moreover, these new concepts have led to the reemergence 
of neurosurgery to treat medically refractory Parkinson's disease. The surgical ap- 
proaches are producing striking symptomatic benefits in parkinsonian patients ' 
and are providing a unique opportunity to examine cellular activity in the thalamus, 
globus pallidus, and subthalamic nucleus in Parkinson's disease. 
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FIGURE 1. Proposed functional model of the basal ganglia in normal subjects (A) and 
patients with Parkinson's disease (B). In B, the width of the arrows indicates the degree of 
overall functional change in activity as compared with the normal state. Dotted lines indicate 
the dysfunctional nigrostriatal dopamine system in Parkinson's disease. GPe, external seg- 
ment of the globus pallidus; GPi, internal segment of the globus pallidus; S. Nigra, substan- 
tia nigra; Subst.P, substantia P. 
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NEUROSURGICAL PROCEDURES FOR PARKINSON'S DISEASE 

The renaissance of surgery for movement disorders has come as a consequence 
of the unmet needs of a large number of patients who continue to be disabled despite 
the best available medical therapy, coupled with important technological advances 
in brain imaging and physiological recordings that have increased the accuracy and 
safety of surgery. By using these techniques, particularly microelectrode recordings, 
it has become possible to obtain direct measures of cellular activity of the basal gan- 
gha in humans with Parkinson's disease and other movement disorders and to exam- 
ine whether the pathological alterations seen in parkinsonian MPT? nonhuman 
primate models are also present in humans with Parkinson's disease.^'^^'^ 

There is one main surgical strategy in current clinical use for the treatment of Par- 
kinson's disease. It is the suppression of abnormal neural activity in basal ganglia 
circuits. This is achieved by either lesioning the involved structure or by the appU- 
cation of constant electrical stimulation, termed deep-brain stimulation or DBS, to 
block the pathological activity. These interventions occur at the level of the thala- 
mus, globus pallidus, and subthalamic nucleus. 

The overall surgical experience has made it clear that there are certain symptoms, 
including tremor, rigidity, and akinesia, that respond dramatically to surgery; while 
others respond less so, and yet an additional group is unresponsive. Levodopa-in- 
duced involuntary movements or dyskinesias are among the most effectively treated 
conditions. With surgical treatment one can anticipate reductions of up to 80-90% 
in these symptoms. Tremor improvement reaches 80% with any of the three targets 
previously described. Rigidity and akinesia scores improve by approximately 60%, 
as assessed with the Unified Parkinson's Disease Rating Scale, after bilateral deep- 
brain stimulation procedures. Gait and postural abnormalities are less responsive, al- 
though significant benefits can be observed. The effectiveness of surgical procedures 
seems to be equivalent whether lesions are performed or chronic deep-brain stimu- 
lation electrodes are implanted in the basal ganglia. Nevertheless, bilateral lesions 
lead to an unexpectedly high incidence of side effects, mostly deterioration in speech 
and cognitive effects. Because patients with Parkinson's disease are disabled by bi- 
lateral symptoms, deep-brain stimulation is becoming the procedure of choice as, in 
contrast to lesions, DBS is adjustable and reversible.'^^-^^'^^ 

An alternative surgical therapy, aiming at replacement of the missing neurotrans- 
mitter by transplantation of dopaminergic neurons, is under investigation.'**^''^' To 
date however, these procedures provide only modest benefits and are associated with 
significant adverse effects, particularly due to the fact that dopamine release cannot 
be controlled. Therefore, transplants are not being used in clinical practice but are 
being studied in research protocols. 

Shortcomings of Surgery 

Despite these advances in therapy, there continues to be a number of signs and 
symptoms of Parkinson's disease that fail to respond to dopamine or surgery. The 
reason for this is likely related to coexisting pathological changes in other circuits 
and neurotransmitters that are also involved in the pathogenesis of the disease. 

In conclusion, modem neurosurgery has allowed an examination of the neuronal 
activity that occurs in the brain of patients with Parkinson's disease. These studies 
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have revealed prominent disruption in the activity of basal ganglia neurons. Surgical 
approaches alter, block, or neutralize this abnormal activity. In this sense, it appears 
that in physiological terms it is better to receive no neural activity from the motor 
component of the basal ganglia than to receive a pathological one. In other 
words,"no news is better than bad news." 

To date, all surgical treatments are symptomatic, which means that we are treat- 
ing only the symptoms of the disease without influencing its natural history. What is 
now needed are treatments that change the natural course of the disease, that slow it 
down or stop it. Future aspects of surgical treatment, including advancements in 
deep-brain stimulation, local delivery of neural active substances, the appUcation of 
neurotrophins and stem cells, gene therapy, and molecular neurosurgery, are all 
promising strategies and can be considered bright lights in the horizon. 
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ABSTRACT: Positron emission tomography (PET) can detect the presence of 
striatal, paUidal, midbrain, and cortical dopamine terminal dysfunction in vivo 
in Parkinson's disease (PD). In addition, dopamine release during motor tasks 
can be assessed as reflected by changes in receptor availability to PET ligands. 
Furthermore, the functional effects of focal dopamine replacement via implan- 
tation of fetal cells or glia-derived neurotrophic factor (GDNF) infusion into 
putamen can be monitored. In this review, the insight that PET has given us 
concerning the role of dopamine in motor control is presented, and the func- 
tional substrates underlying PD symptomatologies are discussed. 

KEYWORDS: Parkinson; dopamine; serotonin; motor; PET; activation; GDNF 

INTRODUCTION 

Functional imaging allows four potential approaches to determining possible 
roles of dopamine in control of motor functions: First, loss of dopamine terminal 
function, as reflected by levels of striatal and extrastriatal '^F-dopa uptake or 
dopamine transporter (DAT) ligand binding, can be correlated with disabihty and 
cognitive performance. Second, the locomotor and behavioral responses to focal stri- 
atal replacement of dopaminergic tone with implants of fetal mesencephalic cells or 
local neurotropic factor infusions can be correlated with dopaminergic function. 
Third, alterations in the patterns of resting and activated blood flow and metabolism 
in PD and their normalization following dopaminergic replacement can be moni- 
tored. Fourth, dopamine release in striatal and cortical areas during task performance 
or following pharmacological challenges can be measured indirectly in vivo as re- 
flected by reductions in dopamine receptor availability to antagonists such as ''C- 
raclopride. Based on microdialysis studies, it has been estimated that a 1% change 
in striatal "C-raclopride binding corresponds to at least an 8% change in synaptic 
dopamine levels.^ 

Dopamine fibers arise from the substantia nigra compacta and the ventral teg- 
mentum (VTA) of the midbrain and project to dorsal (caudate, putamen) and ventral 
(caudate, putamen, nucleus accumbens, olfactory tubercle) striatum. There is a less- 
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er output to frontal cortex, amygdala, and the anterior cingulate area. Our under- 
standing about the precise role that dopamine plays in motor control and cognition 
is still limited. Awake animal studies have suggested that burst release of dopamine 
alerts animals to novel and rewarding stimuli, burst firing of dopamine neurons be- 
ing correlated with the presence of an incentive rather than with movement per se.^'^ 
Unexpected rewards are most effective in inducing phasic firing of dopamine neu- 
rons. As conditioning to a stimulus reliably predicts the presence of a reward, firing 
of dopamine neurons on reward presentation becomes attenuated, while firing on 
presentation of the conditioning stimulus increases.^ Once conditioning is complete 
and timing of the reward on stimulus presentation becomes entirely predictable, 
dopamine neurons cease to fire on presentation of the conditioning stimulus. Phasic 
firing is then observed only if an unexpected reward occurs, and depression of activ- 
ity is seen if a predicted reward fails to occur. These observations suggest that 
dopamine neurons are reacting to errors in reward prediction rather than presentation 
of the reward per se. This in turn suggests that they act to reinforce rewarding pat- 
terns of behavior and so play a primary role in conditional motor learning. 

Dopamine, however, does not simply mediate rewarded behavior but almost cer- 
tainly facilitates conditional learning in general.^ When rats are aversively condi- 
tioned to auditory and visual stimuli with an electric foot shock, the first presentation 
of the foot shock with the conditioning stimulus results in an increase in frontal 
dopamine release, while ventral striatal dopamine levels remain unaltered.^ Success- 
ful aversive conditioning, then, results in progressive increases in ventral striatal 
dopamine release, while frontal dopamine release diminishes. These findings sup- 
port the concept that dopamine release in striatum reinforces learning but suggest the 
frontal dopamine release is concerned more with alerting animals to novel circum- 
stances and mediating selective attention.^ 

Trying to dissociate the functional roles of basal ganglia and frontal dopamine re- 
lease is probably inappropriate, as the basal ganglia and frontal areas are relays in a 
system of parallel disttibuted corticosubcortical loops. At least five separate loops 
link the basal gangUa via the ventral and dorsomedial thalamus to cortical premotor 
and prefrontal areas.^ These include supplementary motor area (S]V[A)-putamen; 
dorsolateral prefrontal cortex (DLPFC>-dorsal caudate; orbitofrontal cortex (OFC) 
-ventral striatal; and anterior cingulate cortex (ACA)-ventral stiiatal loops. These 
loops appear to be spatially segregated based on the findings of anterograde and ret- 
rograde tracer experiments in nonhuman primates.^ It has been proposed that tonic 
background dopamine release in the basal ganglia may act to "bind" or focus and fil- 
ter the individual functions of these segregated loops.^ 

The pathology of Parkinson's disease (PD) targets the dopamine cells in the sub- 
stantia nigra in association with the formation of neuronal Lewy inclusion bodies. 
Midbrain tegmental dopamine neurons projecting to anterior cingulate, orbitofrontal 
cortex, and amygdala are involved to a lesser extent. Serotonergic cells in the median 
raphe and noradrenergic cells in the locus ceruleus also degenerate, as do other pig- 
mented and brain stem nuclei including the locus coeruleus and nucleus basaUs.^*^ 
Loss of cells from the substantia nigra in PD results in profound dopamine depletion 
in the shiatum, lateral nigral projections to putamen being most affected.^^'^^While 
the pathology of PD targets subcortical nuclei, anterior cingulate and association 
neocortex can also show Lewy body degeneration; and currentiy it remains uncertain 
whether dementia of Lewy body type and PD represent ends of a spectrum. ^^ 
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FIGURE 1. A statistical parametric map superimposed on an MRI template showing 
bilateral putamen, cingulate, and motor cortex loss of dopamine storage in early hemi-PD. 

FOCAL STRIATAL REPLACEMENT OF DOPAMINE IN PD 

Visual inspection of '^F-dopa positron emission tomography (PET) images of pa- 
tients with early Parkinson's disease gives the impression that loss of dopamine ter- 
minal function is confined to nigrostriatal projections. Using statistical parametric 
mapping (SPM) to compare mean dopamine storage capacity at a voxel level be- 
tween early PD cases and age-matched normal subjects, however, reveals early mo- 
tor cortex and anterior cingulate terminal dysfunction (see RG. I). This emphasises 
that PD does not simply provide a natural lesion model for basal gangUa dysfunc- 
tion. As the disease advances, progressive loss of striatal, cingulate, and frontal 
dopamine storage is seen. Significant inverse correlations between disability scores 
rated with the Unified Parkinson's Disease Rating Scale (UPDRS) and putamen, 
midbrain, and anterior cingulate '^F-dopa influx constants (Ki) are evident across 
the mild-to-advanced range of PD (FiG. 2. This raises the question, how great an in- 
fluence does frontal loss of dopamine have in actuality on locomotor and behavioral 
function in PD? 

One approach to answer this question is simply to correlate scores on behavioral 
tasks with regional levels of brain '^F-dopa uptake in PD. When correct scores on 
the Tower of London task were compared with regional brain dopamine storage in 
PD, only individual right head of caudate nucleus Ki's showed a significant correla- 
tion with efficiency of spatial planning.^'* This finding implies that adequate levels 
of caudate dopamine are crucial for performance of spatial executive tasks. However, 
one cannot rule out a role of frontal dopamine even though no correlation was seen 
with either cingulate or prefrontal Ki levels, as these signals are relatively low (only 
20% of caudate levels in normal subjects). 

A more novel way of approaching the problem is to examine the behavioral ef- 
fects of focal striatal replacement of dopamine using implants of human fetal mes- 
encephalic cells or intraputamenal infusions of neurotropic factors such as glia- 
derived neurotrophic factor (GDNF). Several open series and a double-blind con- 
trolled trial of the efficacy of transplants in advanced PD have demonstrated signif- 
icant increases in striatal ^^F-dopa storage after grafting in PD, which correlate with 
improved UPDRS scores. '^ It has also been shown that grafts survive in man for over 
10 years and release normal levels of dopamine after an amphetamine challenge. ^^ 
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FIGURE 2. Inverse correlations between putamen, cingulate, and midbrain '^F-dopa 
uptake and off UPDRS scores in PD. 

FIGURE 3. i^F-dopa PET in PD before (left) and after (right) dopamine cell implantation. 
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FIGURE 4. Recovery of PD cortical activation vs. dopamine function after grafting. 
Serial putamen '^F-dopa Ki values, off UPDRS scores, and percentage increases in supple- 
mentary motor area and dorsolateral prefrontal activation measured with H2'^0 PET in four 
transplanted PD patients. *P < 0.05. 

Piccini and coworkers have studied the effects of implanting head of caudate and 
putamen bilaterally with human fetal mesencephalic cells'" (see RG. 3). At 6.5 
months after transplantation mean striatal dopamine storage capacity, as measured 
by '^F-dopa PET, was significantly elevated in these patients (putamen 78%, caudate 
27%). This was associated with a nonsignificant mean 12-point clinical improve- 
ment on the UPDRS (see RG. 4). At 18 months postsurgery there was further signif- 
icant cUnical improvement (24 points compared with baseUne) in the absence of 
further increases in striatal '^F-dopa uptake, suggesting that the graft had developed 
more effective connections. 

PD patients, when withdrawn from medication, show a characteristic impairment 
of activation of striatomesial premotor-prefrontal projections during performance of 
motor tasks.'^ It has been demonstrated that replacement of dopaminergic tone by 
giving oral levodopa or subcutaneous apomorphine, a D1/D2 agonist, functionally 
restores cortical activation in PD'^"22 ^jong with reduction of akinesia. More recent- 
ly, the effects of focally implanting the striatum with fetal dopaminergic cells on 
movement-related premotor and prefrontal activation in PD have been studied.'^ 
Four PD patients who received bilateral human fetal mesencephalic transplants into 
caudate and putamen were studied with H2'^0 PET at baseline and over two years 
following surgery. At baseline, H2'^0 PET studies showed reduced premotor and 
absent prefrontal activation during performance of a paced motor task where the pa- 
tient moved a joystick in freely chosen directions. At six months there was no sig- 
nificant change in cortical activation, but by 18 months mesial premotor and dorsal 
prefrontal activation had significantly improved (FiG. 4). These observations suggest 
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that dorsal striatal grafts of dopamine cells in PD are eff'ective in restoring levels of 
dorsal premotor and prefrontal activation and improving executive behavior. Addi- 
tionally, graft function goes beyond that of a simple dopamine delivery system, and 
integration of the grafted neurons into the host brain is necessary in order to produce 
substantial clinical recovery in PD. This strengthens the argument that frontal 
dopamine loss, though present in PD, may be less critical than striatal loss for medi- 
ating dorsal prefrontal executive behaviors. 

GDNF is a potent neurotrophic factor known to prevent the degeneration of 
dopamine neurons in rodent and primate models of PD where nigral degeneration is 
toxically induced. Gill and colleagues have recently examined the safety and effica- 
cy of infusing GDNF directly into the posterior putamen of five patients with PD via 
in-dwelling catheters.^^ All patients tolerated constant GDNF delivery at a final lev- 
el of 14 [ig/day (6 mlVhour) into the posterior dorsal putamen via mechanical pumps 
for over one year, unilaterally in one and bilaterally in four patients, without serious 
side effects. Significant improvements were found in UPDRS subscores: 39% and 
61% improvements in the off-medication motor III and activities of daily living II 
subscales, respectively, at 12 months. No change in cognitive status was detected on 
a battery of behavioral tests. Regions of interest placed in the immediate vicinity of 
the catheter tip showed 18-24% increases in putaminal ^^F-dopa Ki, which were 
confirmed with statistical parametric mapping. Additionally, SPM detected 16-26% 
increases in nigral dopamine storage, suggesting that retrograde transport of GDNF 
had occurred. These findings imply that local GDNF infusion appears to be safe and 
represents a potential restorative therapy for PD when applied directly to striatum. 
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FIGURE 5. Levels of internal pallidal ^^F-dopa Ki versus off motor UPDRS scores in 
PD. While pallidal ^^F-dopa uptake is raised, the UPDRS score is maintained low but rap- 
idly rises with fluctuations when pallidal ^^F-dopa uptake falls below normal. 
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Interestingly, dramatic improvements in basic locomotor functions were achieved 
with a neurotropic effect targeting primarily posterior dorsal putamen. Similar ob- 
servations have been reported when implants of fetal mesenecephalic tissue are lim- 
ited to posterior putamen alone.^^ 

THE ROLE OF PALLffiAL DOPAMINE 

While striatal and frontal brain regions show loss of '^F-dopa uptake in early PD, 
this is by no means true of all areas. Recently, the internal pallidum, which receives 
dopamine projections from medial nigral cells at around 20% the level of the stria- 
tum, has been shown to increase its '%-dopa uptake by 25% in early PD^^ (RG. 5). 
In contrast, PD patients with fluctuating responses to levodopa show reduced pal- 
lidal '^F-dopa uptake. These findings suggest that increased internal pallidal dopam- 
ine storage may be a compensatory mechanism to loss of striatal dopamine tone, 
helping to maintain a fluent output from the basal ganglia and keep UPDRS disabil- 
ity scores at a low level. When both putamen and pallidal dopamine levels fall below 
normal, then basal ganglia output becomes unpredictable due to the double hit, lead- 
ing to a rapid rise in UPDRS ratings and fluctuating treatment responses. 

DOPAMINE AND THE CARDINAL SYMPTOMS OF PD 

Several series have shown a correlation between putamen ^^F-dopa uptake in PD 
and ratings of both bradykinesia and rigidity. Similar results have been obtained with 
PET and single-photon computed tomography (SPECT) markers of terminal dopam- 
ine transporter binding. A consistent finding of these studies has been the lack of a 
correlation between severity of rest tremor and levels of striatal dopaminergic integ- 
rity. In animal models, a pure lesion of nigrostriatal dopaminergic projections is as- 
sociated with rigidity and bradykinesia but not tremor. Lesions of cerebellar 
connections in the presence of harmaline lead to a postural 4-8-Hz tremor with es- 
sential characteristics; but in order to produce a 3-5-Hz tremor it is necessary to le- 
sion the midbrain, interrupting cerebellar-thalamic, rubrospinal, and nigrostriatal 
connections along with serotonergic projections from the median raphe. 

Midbrain S-HTJA binding can be measured in vivo with ' 'C-WAY100635 PET and 
provides a functional measure of the integrity of both the serotonergic system and the 
tegmentum (FiG. 6a). Doder and coworkers^^ have studied 23 PD patients and 8 age- 
matched healthy volunteers with "C-WAY100635 PET and found a mean 25% reduc- 
tion in the midbrain raphe 5-HTIA binding potential in patients with PD compared to 
healthy volunteers (P < 0.01) (FiG. 6b). UPDRS composite (P < 0.01) and rest (P < 
0.001) tremor scores both correlated significantly with 5-HTIA binding in the raphe, 
but not rigidity or bradykinesia. These findings confirm that serotonergic neurotrans- 
mission is decreased in PD and also show an association between 5-HTIA receptor 
availability in the raphe and severity of tremor in PD. This may indicate a role of the 
serotonergic system in the generation of rest tremor; it is known, for instance, that 
HTjA blockers such as propranolol can relieve tremor. However, it is equally possible 
that these findings simply reflect the presence of additional tegmental pathology re- 
quired on top of nigrostriatal disruption to cause rest tremor in PD patients. 
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FIGURE 6. (A) ' ^C-WAY100635 PET showing a 25% reduction in median raphe sero- 
tonin HTiA binding in PD. Scan on left sliows healthy volunteer; scan on right shows PD 
patient. (B) Bar graph showing the reduction in in midbrain raphe 5-HTIA binding potential 
in PD patients as compared to age-matched healthy volunteers. P < 0.01. 

DOPAMINE ACTIVATION STUDIES 

Imaging changes in neuroceptor availability to PET ligands can be used to indi- 
rectly detect synaptic nenrotransmitter fluxes in the living human brain. ^ When en- 
dogenous dopamine (DA) binds to D2 receptors, it competes with the reversible 
antagonist I'C-raclopride (FiG. 7). This phenomenon allows synaptic DA levels to 
be estimated indirectly from changes in tracer D2 receptor binding potentials. It has 
been estimated that a 10% reduction in availability of D2 receptors for I'C-raclo- 
pride binding reflects a fivefold increase in synaptic DA levels.'^In reality the situa- 
tion is probably more complex than this, as binding of DA may lead to temporary 
intemalization of D2 receptors.^'^'^^ However, intemaUzation of D2 receptors fol- 
lowing DA release does not invalidate the iiC-raclopride PET approach, as the 
ligand can bind only to D2 receptors on the cell surface, its low lipophihcity prevent- 
ing diffusion through plasma membranes into the cell cytoplasm.^^ 

Elevation of DA synaptic concentrations can be achieved in vivo by administering 
inhibitors of the DA transporter such as methylphenidate,^^ or DA releasers such as 
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FIGURE 7. Two-scan "C-raclopride study showing competition between dopamine 
and "C-raclopride for D2 sites. (Left) scan 1: baseline; (right) scan 2: activation. 

amphetamine.'•■''•^^ Consequent falls in stiiatal "C-raclopride and '^^I-IBZM bind- 
ing have been demonstrated in PET and SPECT studies (FiG. 8a). Piccini and col- 
leagues have compared, using methamphetamine (MA) challenges and ''C- 
raclopride PET, the levels of induced increases in synaptic DA in striatal and cortical 
structures in six normal subjects and six advanced PD patients.^^ A 0.3-mg/kg MA 
challenge induced significant 17% and 25% reductions in caudate and putamen ' 'C- 
raclopride binding potentials (BP) in the normal subjects. Significant lesser reduc- 
tions in " C-raclopride caudate and putamen BP following MA were observed in the 
PD patients (8% in caudate and 7% in putamen) (FiG. 8b). In individual PD patients 
there was a correlation between the percentage decrease in putamen " C-raclopride 
BP induced by MA and both putamen '*F-dopa Ki values (P= 0.005) and motor dis- 
ability rated with the UPDRS when withdrawn from medication (P = 0.03). Local- 
ization of significant changes in ' 'C-raclopride binding after MA at a voxel level 
with statistical parametric mapping (SPM) identified striatal, dorsal, and ventrolat- 
eral prefrontal and orbitofrontal DA release in both normal subjects and PD patients. 
While amphetamine-induced striatal DA release was 60% reduced in PD, frontal DA 
release remained at a normal level. These findings provide further in vivo evidence 
that reduced striatal rather than frontal DA release is likely to be most relevant to the 
locomotor and cognitive disabilities associated with Parkinson's disease. 

Methamphetamine and related psychostimulant drugs induce in humans height- 
ened energy and a euphoric sense of well being through a mechanism thought to in- 
volve release of presynaptic DA. The concept that the behavioral effects of MA and 
similar drugs is due to their ability to increase extracellular DA in the dopaminergic 
mesocorticolimbic system, particularly in the nucleus accumbens, has been postulat- 
ed since the 1980s.^'* While Laruelle et al?^ and Volkow et al?^ explored the effects 
of D-amphetamine and methylphenidate on brain DA release in humans in pioneer- 
ing studies, a limitation was that measurements were made only in striatum. Conse- 
quently, this was the only region in which a correlation between behavioral effects 
of the drugs and release of DA could be reported. 
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FIGURE 8. (A) ''C-raclopride uptake: normal subject (D2 dopamine site availability). 
PET scans showing a 25% fall in striatal "C-raclopride binding after metamphetamine in a 
normal subject (right scan); placebo shown in left scan. (B) Percent decrease in ^'C-raclo- 
pride binding potentials after metamphetamine in normals and PD. In PD metamphetamine- 
induced decreases in striatal ^'C-raclopride binding are 40% of normal. 

Hccini and colleagues have subsequently studied the relationship between sub- 
jective emotional experience induced in humans by methamphetamine and DA re- 
lease in different components of the mesolimbic system. ^^ No significant differences 
were found in the magnitude of self-reported euphoria and behavioral changes after 
methamphetamine in normal volunteers and PD patients. However, while in the nor- 
mal subjects the magnitude of behavioral changes correlated with degrees of DA re- 
lease in ventral striatum, a region containing the nucleus accumbens, and in pre- 
frontal cortex, in the patient group behavioral changes correlated with the release of 
DA in prefrontal cortex only. These findings represent the first demonstration that 
methamphetamine induces endogenous DA release in frontal areas and that this re- 
lease is associated with the stimulant effects of the drug. The similar effects observed 
m normals and in PD patients despite their severe reduction of striatal DA point to a 
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direct role of prefrontal cortex and of prefrontal cortical DA in the reinforcing effects 
of psychostimulant drugs in humans. 

DOPAMINE RELEASE DURING MOTOR TASKS 

Koepp and colleagues^^ were the first to report a reduction of striatal ' 'C-raclo- 
pride binding during performance of behavioral task. These workers asked subjects 
to play a video game, and they were financially rewarded according to their level of 
success. Subjects had to navigate a tank through a battlefield with a computer mouse, 
shoot at and avoid the shells of enemy tanks, and collect flags. If all flags were col- 
lected, they progressed to a higher level. The control task was watching a blank com- 
puter display. There were mean 7.5% and 12.8% reductions in dorsal and ventral 
striatal ' 'C-raclopride binding during task performance, and individual reductions 
correlated significantly with the level of financial reward. These findings suggest 
that ventral striatal levels of dopamine at least doubled during participation in the 
video game and were increased to a greater extent than dorsal levels in this rewarded 
paradigm. However, the presence of dorsal striatal "C-raclopride binding reductions 
suggested that nonmotivational learning per se may also require dopamine release. 

A difficulty with interpreting the findings of the above study is that appetitive 
stimuli, reinforcement of learning, motor coordination, and response selection were 
all features. Graybiel and colleagues^^ have shown that learning is impaired in mon- 
keys after adminstration of the nigral toxin MPTP. Lawrence and Brooks,^^ there- 
fore, investigated whether increased dopamine release could be detected during 
acquisition of a novel sequence of finger movements by trial and error, as previously 
decribed, compared with performance of preleamed sequential finger movements. 
Finger movements were paced by a tone at the same frequency in both tasks. The 
average number of novel eight-move sequences learned by each subject during the 
50-minute "C-raclopride PET study was 14, and during task performance there was 
a significant additional 5% fall in dorsal putamen and 4% fall in caudate '^C-raclo- 
pride binding relative to performance of preleamed sequential finger movements. 
This finding demonstrates that dopamine release does occur in dorsal putamen dur- 
ing unrewarded motor tasks such as sequence learning and is line wdth the view that 
dopamine acts to reinforce motor learning as well as to alert to the presence of re- 
warding stimuli. 

This raises the question as to whether simple finger movements induce release of 
dopamine. Goerendt and coworkers^^ used ''C-raclopride PET to investigate levels 
of striatal dopamine release by healthy volunteers and PD patients during perfor- 
mance of a preleamed sequence of finger movements. Five healthy volunteers and 
six patients with early unilateral PD were studied. Preleamed sequential finger 
movements in healthy volunteers significantiy decreased ' 'C-raclopride binding bi- 
laterally in the dorsal putamen by 8-11% and ipsilaterally by 12% in the caudate. 
PD patients showed no significant reduction of putamen ' 'C-raclopride binding dur- 
ing successful performance of this task, but a 5% reduction was detected in the cau- 
date contralateral to the affected limbs. These findings, therefore, suggest that even 
unrewarded preleamed sequential finger movements are associated with significant 
putamen and caudate dopamine release in normal volunteers. Endogenous striatal 
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dopamine release can also be detected during this task in Parkinson's disease, but 
only at a low level and in the caudate, where dopamine levels are most preserved. 

CONCLUSIONS 

• Striatal dopamine release can be detected with PET during unrewarded 
actions such as performance of learned sequential finger movements. Active 
motor learning and the presence of an incentiuve lead to further increases. 

• Loss of putamen dopamine in PD correlates with severity of akinesia and 
rigidity but not rest tremor, which correlates with loss of midbrain raphe sero- 
tonin HTjA binding. 

• Reduced palUdal dopamine in PD is associated with loss of the honeymoon 
phase to levodopa medication and onset of motor fluctuations. 

• In PD frontal dopamine release following an amphetamine challenge appears 
to be preserved, and levels correlate well with induced euphoria. 

• Striatal implants of fetal mesencephalic tissue restore cortical activation, 
while direct GDNF infusion into posterior putamen increases dopamine stor- 
age and improves locomotor function. 
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ABSTRACT: Midbrain dopaminergic neurons are the main source of dopamine 
in the mammalian central nervous system and are associated with one of the 
most prominent human neurological disorders, Parkinson's disease. During 
development, they are induced in the ventral midbrain by an interaction be- 
tween two diffusible factors, SHH and FGF8. The local identity of this part of 
the miidbrain is probably determined by the combinatorial expression of three 
transcription factors, Otx2, Pax2, and PaxS. After the last cell division, the neu- 
rons start to express transcription factors that control further differentiation 
and the manifestation of cellular properties characteristic for adult dopamin- 
ergic neurons of the substantia nigra compacta and the ventral tegmentum. 
The first to appear is the LIM-homeodomain transcription factor, Lmxlb. It is 
essential for the survival of these neurons, and it regulates the expression of an- 
other transcription factor, Pitx3, an activator of tyrosine hydroxylase. Lmxlb 
is followed by the orphan steroid receptor Nurrl. It is essential for the expres- 
sion of the dopaminergic phenotype. Several genes involved in dopamine syn- 
thesis, transport, release, and reuptake are regulated by Nurrl. This 
requirement is specific to the midbrain dopaminergic neurons, since other pop- 
ulations of the same neurotransmitter phenotype develop normally in absence 
of the gene. A day after Nurrl, two homeodomain transcription factors, en- 
grailed-1 and -2, are expressed. In animals deficient in the two genes, the mid- 
brain dopaminergic neurons are generated, but then fail to differentiate and 
disappear very rapidly. Interestingly, a-synuclein, a gene recently linked to fa- 
milial forms of Parkinson's disease, is regulated by engrailed-1 and -2. 

KEYWORDS: substantia nigra; ventral tegmentum; Parkinson's disease; dopam- 
inergic neurons; Nurrl; engrailed; Lmxlb; neuronal specification 

Neurogenesis is a gradual process that transforms undefined neuroepithelial cells 
into fully differentiated neurons. It can be roughly divided into two phases: an early 
phase, when the precursor cells are proliferating and slowly adopt a successively 
more restricted cell fate; and a later phase, when the neurons are postmitotic and ful- 
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ly committed to a specific cell type, but not all adult properties are yet established. 
The most visible sign of the first phase is the appearance of regional subdivisions, 
like the fore-, mid- and hindbrain,^ in the expanding neuroepithelium. During the 
second phase, examples of continuous differentiation are the outgrowth of axons and 
dendrites, the initiation of neurotransmitter synthesis, and the estabUshment of syn- 
aptic connections. The individual differentiation steps are often controlled by difftis- 
ible inductive and instinctive signals,^'^ to which the proliferating neuroepitheUal 
cells and the postmitotic neurons respond in a concenttation-dependent manner. Fre- 
quently, the first sign that a given cell has been fiuther committed to the next step of 
differentiation is tiie up- or downregulation of ttanscription factors.^ 

Midbrain dopaminergic (mDA) neurons develop in this way. They are the largest 
source of dopamine in tiie mammalian centtal nervous system, located in three dis- 
tinct nuclei, the ventral t^gmental area (VTA), the substantia nigra compacta (SNC), 
and the reti-orubral field.^Axons arising fi-om DA neurons of the VTA form the me- 
solimbic pathway, innervating the nucleus accumbens and the olfactory tubercle. It 
has been speculated that changes in the Umbic system are related to schizophrenia 
and other behavioral disorders.^ Neurons of the SNC almost exclusively innervate 
the dorsal striatum forming the nigrostriatal pathway. They have been implicated in 
one of the most prominent human neurodegenerative disorders, Parkinson's disease 
(PD). A slow, progressive degeneration of DA neurons in the SNC leads to a dimin- 
ished release of dopamine in the striatum. When a minimal threshold of dopamine is 
attained, the chnical symptoms of PD appear. They are caused by an excessive inhi- 
bition of brain stem and thalamocortical neurons involved in motor behavior.^ The 
best knovm symptoms are resting tremor, muscular rigidity, difficulties in initiating 
movement, and loss of postural reflex.^ Neuronal loss during PD is most prominent 
in nigral mDA neurons,^'^ suggesting a specific vulnerability of this population. This 
idea is further supported by the unique toxicity of molecules like 6-hydroxydopam- 
ine, MPTP, and rotenone.^' In recent years, a significant amount of scientific re- 
sources have been dedicated to identifying the molecules that cause this 
vulnerability. This ongoing work has led among other results to the identification of 
several independent developmental cascades that are essential for the generation of 
fully differentiated adult mDA neurons. These results are particularly important in 
the Ught of current research witii the objective of generating tiiese cells from 
embryonic'^"''* or adult'^'^^ stem cells for new tiierapeutical approaches to PD. 

EARLY EMBRYOGENESIS 

The central nervous system arises from the neuroectoderm, which is generated 
briefly after gastrulation due to a series of inductive events. The neuroectoderm soon 
begins to thicken and subsequently rolls up along its rosttocaudal axis to form tiie 
neural tube that partitions at its rostial end into the basic subdivisions of the verte- 
brate brain, the fore-, mid- and hindbrain.'-^^ This rostrocaudal patterning is fol- 
lowed by the dorsoventral polarization of the neural tube,^^''^ which is induced by 
two antipodal diffusible signals. These are the venttalizing sonic hedgehog (SHH), 
which emanates from the notochord and floor plate, and the dorsaUzing bone mor- 
phogenetic proteins (BMPs), which are first released by nonepidermal ectoderm and 
later by roof plate cells.^^ During this period of development, the expression do- 
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FIGURE 1. Expression pattern of Otx2, Pax2, Pax5, and Wnt-l at E8 and E9 of mouse 
development. The simplified scheme of the expression domains of Otx2, Pax2, Pax5, and 
Wnt-l, which are represented by bars above the embryo, shows an overlap of all four genes 
in the midbrain rostral to the isthmus. This is the region where the mDA neurons are induced 
by an interaction between SHH and FGF8. The scheme does not reflect the dynamic nature 
of the expression pattern at these ages. SHH = sonic hedgehog, FGF8 = fibroblast growth 
factor 8, fp = floor plate, is = isthmus, F = forebrain, M = midbrain, H = hindbrain. 

mains of transcription factors begin to delineate the region that will give rise to mDA 
neurons. Probably the first to do so is the homeobox transcription factor Otx2, which 
initially appears in all three germ layers, regresses during further development, and 
from E7 onwards (mouse) defines the anterior neuroectoderm that will give rise to 
the fore- and midbrain. Shortly thereafter, Pca2 appears in the developing midbrain, 
followed by Pax5 at the same location. In parallel to Pax2, the secreted molecule 
Wnt] is expressed (FiG.l). Homozygous mutant mice null for Otx2, Wntl, and the 
double mutants for Pax2/5 all show the same phenotype with respect to the mid- 
brain—a complete deletion of it.^^^^ A consequence of midbrain deletion in Wntl- 
/- mutants is the lack of all mDA neurons (RG. 2). This is very likely also the case 
in 0£«:2-null mutants since the fore-, mid-, and anterior hindbrain are deleted. A de- 
pendence of Pax2, Pax5, and Wntl on each other after the initial onset of their ex- 
pression suggests the same for the Pax2/5 double mutants.^'* Further evidence that 
the Otx2, Pax2, and Pax5 expression domain is the source for mDA neurons is pro- 
vided by explant culture experiments and the analysis of transgenic mice.-^^"^^ The 
mDA neurons are induced at E9 (rat) by the combinatorial action of SHH and the 
fibroblast growth factor 8 (FGF8), released by the floor plate and isthmus, respec- 
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FIGURE 2. Total loss of mDA neurons in Wntl-m\\ mutant. Midsagittal brain sections 
of PO wild-type and Wntl-/- mutant mouse stained against TH. (A) TH-positive cell bodies 
of SNC and VTA are detectable in the ventral midbrain of the wild type, whereas (B) the 
mutant mice have lost all mDA neurons (arrow). Staining in the dorsomedial hypothalamic 
nucleus (DMH) demonstrates that other dopaminergic populations are not affected. 

tively. The floor plate spans almost the entire rostral-to-caudal neuroaxis, and the 
isthmus releases FGF8 into the midbrain and into the hindbrain. However, only a 
very restricted area of the developing neural tube, the midbrain directly anterior to 
the isthmus, is capable of generating DA neurons characteristic for the SNC and 
VTA. Further evidence was provided by the analysis of transgenic mice that express 
HNF3fi under the En2 promoter enhancer. These mice form an ectopic dorsal SHH- 
expressing floor plate in the midbrain and the anterior hindbrain, leading to an ec- 
topic induction of mDA neurons in the midbrain tissue, but not in the hindbrain. 
These findings demonstrated that only the tissue rostral to the isthmus is competent 
to form mDA neurons. The developmental stage when the mDA neurons are gener- 
ated corresponds to the timing of the Otx2, Pax2, and Pax5 expression; and the re- 
gion of the neural tube where the induction takes place is the area where these three 
transcription factors overlap. All this strongly suggests that the combination of the 
three specifies the region along the rostrocaudal axis of the neural tube where mDA 
can be generated, but the final conclusive experiments are still missing. If this hy- 
pothesis is true, a caudal shift of the Otx2 domain should increase the amount of 
mDA neurons or at least reallocate them in the posterior direction.^^ 

POSTMITOTIC DIFFERENTIATION OF MIDBRAIN 
DOPAMINERGIC NEURONS 

Studies using tritiated thymidine on rat fetuses showed that the majority of mDA 
neurons become postmitotic at around E13 to E15.^^ This corresponds to approxi- 
mately El 1 to E13 in mouse (from here on we will use mouse embryonic ages even 
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if rat studies are mentioned, setting mouse age at rat - 2 days). Twelve to 24 hours 
later tyrosine hydroxylase (TH), the rate-Umiting enzyme of dopamine synthesis, is 
detectable by conventional immunohistochemistry.^° The exact start point of the TH 
expression is, however, controversial. Studies using an acrolein-based fixative were 
able to identify TH-positive cells on the ventricular side of the ventral midbrain as 
early as E8.5 to E9, suggesting that mDA neurons express TH before or shortly after 
they become postmotic.*^ All in all, the mDA neurons belong to one of the first neu- 
ronal populations generated in the developing CNS.^^ After becoming postmitotic, 
the next major developmental step is the formation of axonal connections to the bas- 
al ganglia and the frontal cortex. The first thin processes resembhng axons are de- 
tectable with an antibody against dopamine at Ell.^^ A day later, thick axonal 
bundles that have passed the diencephalons begin to enter the ventral telencephalon, 
where the forefront of the bundle reaches the ganglionic eminence and bends to- 
wards the cortical anlage. The formation of axonal terminals and the transient strio- 
somal patterning begin at El 8. Some of these differentiation steps are associated 
with the appearance of transcription factors, which probably regulate the individual 
events. TTiree independent regulatory pathways involved in the differentiation of the 
mDA neurons have been identified to date. The key transcription factors for these 
regulatory pathways are Nurrl, the engrailed genes, and Lmxlb. 

THE ORPHAN STEROID RECEPTOR Nurrl 

Nurrl (also known as RNRl, Not, or HZF-1) was first recognized by its expres- 
sion in the brain^'* and regenerating liver.^^ Its sequence suggests that it is an orphan 
nuclear receptor with a yet-unidentified ligand and acts as a ligand-activated tran- 
scription factor. It appears in the marginal and mantle zone of the ventral midbrain 
at E10.5, at the location where mDA neurons are generated, but 24 hours before they 
express any phenotypic markers such as TH?^ From this age continuing into adult- 
hood, Nurrl is expressed in at least 95% of all T/^-positive midbrain neurons.^^ The 
targeted deletion of Nurrl by homologous recombination leads to mutant mice that 
seem to develop normally during embryogenesis but are unable to feed and die short- 
ly after birth.'^-^^-^^ Detailed analysis of these mutant mice demonstrated that Nurrl 
controls the most prominent feature of mDA neurons, the use of dopamine as their 
neurotransmitter. Several genes that are involved in synthesis, axonal transport, stor- 
age, release, or reuptake of dopamine are not expressed in the mutant neurons. These 
genes are TH, AADC (aromatic aminoacid decarboxylase), VMAT (vesicle mem- 
brane-associated transporter), and /M7 (dopamine tt-ansporter).^^-^^'^^ Surprisingly, 
this requirement of Nurrl for the expression of the dopaminergic phenotype is re- 
stiicted to mDA neurons alone. Furthermore, the use of A^MrrV-independent markers 
for mDA neurons, such as AHD2, Enl, and a Nurrl riboprobe 5' to the deletion, re- 
vealed that the cells otherwise develop normally in the mutant embryos until E15.5. 
From this point of embryogenesis, the reports of two groups who analyzed the mu- 
tant phenotype conti-adict each other. One group claims a role of Nurrl in the migra- 
tion, striatal target innervation, and survival of these cells.^*^ The DA neurons in the 
Nurrl mutants were abnormally distiibuted, no axons were ti-aceable from the stria- 
tum, and a high amount of apoptotic nuclei were present in the ventral midbrain. The 
other group, doing essentially the same experiments, was unable to observe any of 
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these alterations.^^ However, the two groups agreed in one respect, that there are still 
some mDA neurons left in the Nurrl mutant mice at birth. An explanation for these 
different observations could be that the investigated mutant mice are the results of 
two separate experiments using different constructs. The first group removed exons 
2, 3, and part of 4, whereas the second group removed only exon 3. It is therefore 
plausible that a partial Nurrl protein is still translated in the latter case, resulting in 
a weaker phenotype. 

THE HOMEODOMAIN TRANSCRIPTION FACTORS 
Engrailed-1 AND Engrailed-2 

The mammalian engrailed genes, Enl and En2, are homeodomain transcription 
factors that were originally cloned on the basis of their sequence similarity to Droso- 
phila engrailed.'^'^'^^ As, in insects, they have two distinct ontogenetic roles: during 
early embryogenesis they take part in the regionalization of the embryo,"'^'"^^ where- 
as during later embryogenesis they are involved in the specification of neuronal phe- 
notypes.^^"^' Both engrailed genes appear at E8 in the anterior mouse 
neuroectoderm as patches, which subsequently fuse to mark a band of cells that will 
later give rise to the border region between midbrain and hindbrain. Between Ell 
and E12, the two genes emerge in postmitotic mDA neurons and are then continu- 
ously expressed throughout the entire life of these cells (FiG. 3).^^"^^ Mice homozy- 
gous for an Enl-mxW mutation die at birth and show a deletion of the inferior 
coUiculus and parts of the cerebellum; both these brain areas arise from the midbrain 
neuroepithelium, which expresses Enl during early embryogenesis."*' The En2 mu- 
tant phenotype is comparatively subtle despite the overlapping expression with Enl 
in the midbrain. These mice are viable and fertile, and show only a minor defect in 
cerebellar foliation.^^'^^ Neither of the two engrailed mutant strains, however, show 
a significant phenotype with respect to mDA neurons. The requirement for the en- 
grailed genes is apparent only in mutant mice deficient for both Enl and En2. Like 
the Enl-mxW mutants, the engrailed double mutants die at birth and exhibit a deletion 
of the midbrain and anterior hindbrain. The phenotype with respect to mDA neurons 
is, however, significantly different. The neurons are generated in the ventral mid- 
brain and start to express 777, but then fail to further differentiate and disappear. By 
E14, they are no longer detectable (FiG. 4D). Use of an En-1/tau-LacZ knock-in 
mouse as an autonomous marker demonstrated that the cells are lost in the double- 
mutant animals, unlike the Nurrl mutant mice, where only the neurotransmitter phe- 
notype is changed. Since the engrailed double-mutant mice show a deletion of the 
midbrain and anterior hindbrain,^''^^ two scenarios are possible. Either the genes are 
cell-autonomously required for the survival or, due to the missing midbrain tissue, 
an essential extemal support is absent in the mutant mice (non-cell-autonomous). 
Such questions are best addressed by experiments that mix wild-type and mutant 
cells. Engrailed double-mutant ES cells were injected into wild-type blastula and the 
chimeras raised to adulthood. These animals showed a normal brain morphology but 
a significant loss of DA neurons in the SNC and VTA, clearly demonstrating that the 
engrailed genes are cell autonomously required for the survival of these cells (un- 
pubhshed data). Furthermore, the mutant analysis also provided evidence that the 
expression of a-synuclein may be regulated by the two engrailed genes. a-Synuclein 
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FIGURE 3. Enl is expressed by mDA neurons. Sagittal brain section immunostained 
against TH (A) and P-gal (B) of adult mouse, where Enl was replaced by tau-lacZ in one 
allele. (A,B) Cell bodies in the VTA and the SNC, their axons (arrow), and their axonal ter- 
minals in the dorsal striatum (St), the nucleus accumbens (Ac), and the olfactory tubercle 
(OT) are stained by the antibodies against TH and p-gal. (A) TH expression is also observed 
in the locus coeruleus (LC) and the olfactory bulb (OB) and (B) p-gal expression in the in- 
ferior colliculus (IC) and the superior olive, which corresponds to the normal Enl expres- 
sion pattern. NOTE: the normal nuclear distribution of the transcription factor Enl is 
represented in the tau-LacZ mouse by the cytoplasmic P-gal that is found in the cell bodies 
and the axons. Cb = cerebellum. 

appears at around El2, an age when the cells are still present in the engraileddouhle- 
mutant embryos. The Enl single mutant exhibits a significant reduction of the a-sy- 
nuclein expression, and it is totally absent in the remaining mDA neurons of the dou- 
ble mutant.^ ^ Interestingly, two human point mutations in the a-synuclein gene have 
been recently linked to a familial form of PD.^^'^^ 
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EIGURE 4. Loss of mDA neurons in the Engrailed double mutant. Immunohistochem- 
istry against TH on whole mounts of E12 embryo brains (A,B) and midsagittal sections of 
E14 embryo head (C,D) of wild type (A,C) and Enl-/-; En2-/- mutant (B,D). (A) AVhole- 
mount staining of wild type reveals TH-positive cells in the ventral midbrain that will give 
rise to the dopaminergic neurons of the SNC and VTA. (B) TH-positive cells are also present 
in the ventral midbrain of engrailed double mutants; however, the amount of cells is signif- 
icantly smaller than in the wild type. (C) Two days later at E14, the dopaminergic neurons, 
which begin to adopt an adult distribution, are detectable in the wild-type ventral midbrain. 
Cb = cerebellum; IC = inferior coUiculus; SC = superior coUiculus; VTA = ventral tegmental 
area. (D) The E14 mutant brain at the same plane of section shows no dopaminergic neurons 
at this position (arrow). 

THE LIM-HOMEODOMAIN TRANSCRIPTION FACTOR IB (Lmxlb) 
AND THE PITUITARY HOMEOBOX 3 (Pitx3) 

Lmxlb is a member of the LIM-homeodomain family of proteins. It is expressed 
in a wide range of different tissues and has been implicated in the development of 
diverse structures such as skeleton, eye, kidney, and limb.^^ In humans, loss-of-func- 
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tion mutations lead to nail patella syndrome,^'' defects that are very similar to those 
seen in mice homozygous for the Lnvclb null mutation.^^ Its role in the development 
of mDA neurons has recently come to Ught. It is expressed in the neural tube as early 
as E7.5, including the region of the Ventral midbrain that gives rise to dopamine 
cells.^' At least from E16 continuing into adulthood, it is colocalized with TH and 
Pitx3 (see below) in the ventral midbrain. The specificity of this expression was con- 
firmed by unilateral injection of 6-hydroxydopamine into the striatum. The function- 
al deletion of Lnvclb by homologous recombination has a profound effect on mDA 
neurons. Only a small amount of TH-positive cells are detectable in the ventral mid- 
brain at El 2.5, and they entirely disappear a few days later. Additionally, the expres- 
sion of Pitx3 is affected in these embryos. The wild-type expression of Pitx3 in the 
ventral midbrain always matches the distribution of TH; however, in the Lmxlb mu- 
tant embryos fewer cells were positive for Pitx3 than for TH, suggesting a regulatory 
role of Lmxlb. Unfortunately, the published data are rather Umited, and it is an open 
question whether the ablation of mDA neurons in the mutant is due to a cell-auton- 
omous requirement of Lmxlb in the neurons or is an effect of the large midbrain def- 
icit also observed in the mutant animals. In the chicken, the expression of Lmxlb is 
followed by the expression of Wntl; and gain-of-function experiments using a rep- 
lication-competent retroviral vector (Lmxlb/RCAS) suggest that Lmxlb is required 
for the onset and maintenance of the Wntl expression.^^ If this interaction also exists 
in mouse, then the Lmxlb mutant phenotype with respect to the mDA neurons is like- 
ly to be a consequence of the lack of Wntl expression in the midbrain (FiG. 2); this 
argues against the notion of a cell-autonomous requirement of Lmxlb. Furthermore, 
it is still unresolved whether the cells that express Lmxlb in the ventral midbrain dur- 
ing early embryogenesis are the precursor cells of adult mDA neurons or this expres- 
sion is purely coincidental. 

Pitx3, also sometimes called Ptx3, (paired-like homeodomain transcription factor 3 
or pituitary homeobox 3) is a homeodomain containing transcription factor with bind- 
ing activity to DNA similar to the Dwsophila bicoid. It is uniquely expressed in the 
brain by niDA neurons from E11.5 onwards and is maintained throughout the entire 
life of the animal.^^ Its relevance is connected to the appearance of 77/just briefly after 
Pitx3 is detected and the presence of a conserved bicoid response element (GGCTTT) 
just a few bases upstream of the TATA box of the TH gene in the rat, mouse, and hu- 
man.^ Gel shift experiments demonstrated an affinity of Pitx3 to this response 
element. Moreover, transient transfection experiments showed a cell type-dependent 
8- to 12-fold increase of TH promoter activity when the Pitx3 protein was present. 
However, such in situ studies are only suggestive, and the precise role of PitxS in the 
development of the mDA neurons still needs to be determined. It is likely that the anal- 
ysis of the Aphakia mutant mice, which has been recently linked to a deletion in the 
Pitx3 gene,^^'^ may provide evidence pointing to its biological function. 
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Neuron Development 
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ABSTRACT: Recent studies have identified several factors that influence the de- 
velopment of midbrain dopamine (DA) neurons. The identity of early prolifer- 
ating DA progenitor cells are specified by the secreted factors sonic hedgehog 
and fibroblast growth factor 8, derived from the floor plate of the ventral mid- 
line and the mid/hindbrain border, respectively. While transcription factors 
specifically expressed in the proliferating DA progenitor cells remain to be 
identified, several transcription factors important for postmitotic DA cell de- 
velopment have been characterized. These include Nurrl, Lmxlb, Pitx3, and 
Enl/En2. The studies of these transcription factors have not only increased the 
understanding of how DA neurons are generated in vivo, but also allowed the 
development of new strategies using stem cells for engineering DA neurons in 
vitro, results that may have significance in future therapies of patients with 
Parkinson's disease. 
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ORGANIZATION OF DOPAMINE NEURONS 

The original identification and localization of the brain dopamine (DA) cell 
groups was done by the Falck-Hillarp histofluorescence method,' which is based on 
the visualization of fluorescent monoamines upon formaldehyde treatment. It was 
shown that DA cells are localized in the diencephalon (part of the forebrain), in the 
mesencephalon (midbrain), and in the olfactory bulb and retina.^-^ The most promi- 
nent DA cell group resides in the ventral part of the mesencephalon, which contains 
approximately 75% of the total number of brain DA cells. Within the ventral mid- 
brain, the DA neurons are located in the lateral groups of the retrorubral field (RRF) 
and the substantia nigra pars compacta (SNc) as well as the medially located ventral 
tegmental area (VTA). Based on the initial mapping studies, these cell groups are 
also commonly referred to as A8, A9, and AlO, respectively.^ The DA neurons 
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project to different forebrain areas, forming the mesotelenecephalic system, where 
the target neurons are localized in the striatal, limbic, and cortical areas. The SNc 
neurons project to the dorsolateral striatum, the caudate putamen, forming die ni- 
grostriatal pathway involved in the control of voluntary movement. The neurons of 
the VTA project via the median forebrain bundle to the ventromedial striatum and 
the subcortical and cortical areas, forming the mesolimbocortical system, which is 
involved in emotional behavior and mechanisms of natural motivation and reward. 
Finally, RRF neurons project to the SNc and VTA and seem to be involved in inter- 
connecting these two areas. They also project to the dorsal striatum via the nigros- 
triatal pathway.'^'^ 

SPECIFICATION OF A PROLIFERATING DOPAMINE 
PROGENITOR CELL 

The mesencephalic DA neurons are generated in the immediate vicinity of two 
organizing centers, the mid/hindbrain boundary (MHB; also called the isthmus or- 
ganizer) and the floor plate, a specialized cell type that lies along the CNS ventral 
midline. Expression of tyrosine hydroxylase (TH), the rate-limiting enzyme of DA 
synthesis and a frequently used marker for DA neurons, can be detected from ap- 
proximately embryonic day (E) 11 in the mouse midbrain. TH initially appears ros- 
trally of the MHB and close to the ventral midUne.* Several studies show that 
proliferating DA progenitor cells are specified well before El 1 by the combined ac- 
tions of two secreted signaling proteins, sonic hedgehog (Shh) and fibroblast growth 
factor 8 (FgfS).'''^ Shh is secreted from the floor plate and is instructive in positional 
information along the dorsoventral axis at many levels of the developing CNS.^'^"^ 
Fgf8 is locally produced in the narrow domain corresponding to the MHB. ^5"^''' Shh 
and Fgf8 expression domains intersect in the ventral MHB, and the combined sig- 
naling by these two proteins leads to the induction of DA progenitor cells rostrally 
of the MHB. Interestingly, Shh and Fgf8, together with Fgf4, are also required for 
specification of serotonergic neurons located caudally of the MHB.^^ A schematic 
illustration of the location of Shh, Fgf4, Fgf8, DA, and serotonergic neurons in tiie 
early mouse brain is shown in FIGURE 1. 

Remarkably, only one marker specific for tiie proliferating DA progenitor cells 
has been reported. Aldhl (previously named AHD2), an aldehyde dehydrogenase 
capable of metaboUzing retinaldehyde into retinoic acid,^^ is expressed in the ventral 
midbrain akeady at E9.5.l^ Its expression is confined to proUferating cells of the 
ventral midbrain neuroepithelium, but it continues to be expressed after cells have 
stopped proUferating and is later colocalized with postmitotic markers including 
TH.^0 These findings raise the possibiUty that retinoic acid is an additional early sig- 
nal involved in DA cell differentiation. However, although retinoids have been 
shown to promote mattiration of a dopaminergic cell line,^^ any clear data supporting 
a role in DA cell development in vivo remains to be presented. 

Several transcription factors are expressed in the early midbrain neuroepithelium, 
but tiieir expression patterns are not confined to die domain of DA progenitor cells. 
These factors include engrailed (Enl and En2), Lmxlb, Otx2, and Gbx2.6This early 
expression is a reflection of their roles in the establishment and patterning of the 
mid/hindbrain region ratiier than of tiieir functions in generating specific neuronal 
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FIGURE 1. Schematic representation of tlie developing mouse CNS. The figure shows a 
sagittal section of the embryonic mouse CNS where the floor-plate Shh-positive arease and the 
MHB Fgf8-postitive areas are marked. Note that the figure represents mouse CNS at approx- 
imately El 1.5; however, several of the described signaling events occur earUer, as described 
in the text and in RGURE 2. At the intersection of Shh and Fgf8 in the MHB, these secreted 
molecules give rise to DA neurons rostrally of the MHB and 5'HT neurons caudally of this 
boundary. In addition to Shh and Fgf8, 5'HT neurons require signaling by Fgf4, which might 
be derived from the primitive streak at earlier developmental stages. The intersection of telen- 
cephalic Fgf8 with the floor plate Shh is believed to induce forebrain DA neuron progenitor 
cells (reviewed in Hynes and Rosenthal 1999).^ The telencephalon and diencephalon are col- 
lectively called the forebrain, and the terras rhombencephalon and metencephalon are collec- 
tively called the hindbrain. (Drawing adapted from Wurst & Bally-Cuif.^) 

identities.^^~^Thus, an important future goal should be to identify transcription fac- 
tors involved in specifying DA neuron identity in the developing midbrain. 

POSTMITOTIC DIFFERENTIATION 

The first postmitotic differentiating DA cells appear at approximately ElO-10.5 
in the mouse.^^ The cessation of proliferation is followed by upregulation of general 
neuronal and specific dopaminergic markers such as TH. Newly formed neurons mi- 
grate into medial and lateral positions, to form the A8-A10 areas, and they also begin 
to initiate target innervation. Several transcription factors influencing these develop- 
mental processes have recently been characterized. These factors include the nuclear 
receptor Nurrl and the homeodomain transcription factors Lmxlb, Pitx3, and Enl/ 
En2. FIGURE 2 shows the temporal sequence whereby these and other dopaminergic 
markers are induced during DA neuron development. In the following, we will review 
our current understanding of how these factors influence DA neuron development. 
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FIGURE 2. (A) Midbrain DA cell development in the mouse. Shh and Fgf8 specify a 
mitotic DA progenitor cell expressing Aldhi. As these cells become postmitotic, Nurrl ex- 
pression is induced, followed by Enl and En2. (B) The expression of Lmxlb in the ventral 
midbrain starts at E7.5; however, it is uncertain if the early expression is confined to DA pro- 
genitor cells (broken line). At later stages, Lmxlb is expressed in DA neurons.^'* Represen- 
tation of the temporal sequence of gene induction in developing DA cells. 

Nurrl 

Among the transcription factors expressed in postmitotic developing DA cells, 
Nurrl has been the most extensively characterized and is therefore the main focus of 
this review. Nurrl is a member of the nuclear receptor superfamily of ligand-activat- 
ed transcription factors.^^ Together with NGFI-B and Norl, Nurrl forms a subgroup 
of three highly homologous receptors. The nuclear receptor family includes recep- 
tors for steroid hormones, retinoic acid, thyroid hormone, vitamin D, and several 
other small, lipophilic signaling molecules (FiG. 3).^'^ However, Nurrl, NGFIB, and 
Norl, as well as a relatively large number of additional members of this family, lack 
identified ligands and are therefore referred to as orphan receptors. Nuclear recep- 
tors have a common structural organization, with a conserved DNA binding domain 
and a somewhat less conserved Ugand binding domain (RG. 3). Like other nuclear 
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FIGURE 3. The orphan nuclear receptor Nurrl. The nuclear receptor structure with the 
centrally located DNA binding domain (DBD), flanked by a nonconserved amino-terminal re- 
gion containing a ligand-independent activatioin function (AFl) and a putative Ugand binding 
domain (LBD), also containing an activation function (AF2). (B) Ligand activation of nuclear 
receptors. Nuclear receptor ligands can be classical endocrine signaling molecules such as 
steroid hormones and thyroid hormone. They can also act more locally as para- or intracrine 
signaling molecules. An example of such a paracrine signaling Ugand is retinoic acid. 

receptors, Nurrl binds to specific DNA binding sites in the vicinity of regulated 
genes. Nurrl can recognize DNA as a monomer, homodimer, or heterodimer with the 
common heterodimerization partner, the retinoid X receptor (RXR.)^^'^^ When 
binding as a monomer or as a homodimer, Nurrl can function as a constitutively ac- 
tive transcription factor, apparently in the absence of a ligand. The function of RXR 
is somewhat enigmatic as it seems to play dual roles. First, RXR is a dimerization 
partner of many nuclear receptors, including the retinoic acid receptor, the thyroid 
receptor, and the vitamin D receptor.^° Second, RXR is a bona fide receptor for 9- 
cis retinoic acid and fatty acids, such as the brain-enriched docosahexaenoic acid 
(DHA).3l'32 

Apart from a few scattered A^wrri-expressing cells in developing limbs, adult tes- 
tis, adrenal gland, and thymus, Nurrl is exclusively localized in the CNS under nor- 
mal conditions.^^'^^"^^ Within the CNS, Nurrl is detected ab-eady at E10.5 in 
developing newly bom DA neurons of the ventral mesencephalon.^^ Nurrl expres- 
sion in these cells continues throughout development into adulthood.^^-^' Nurrl is 
expressed in a number of other developing CNS areas in addition to the mesenceph- 
alon, including the cortex, hippocampus, thalamus, and spinal cord. Expression con- 
tinues to be high in several of these brain areas also in adult animals. A unique, 
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interesting feature of Nurrl/NGFI-B/Norl is that they are encoded by immediate 
early response genes, and their expression is highly and transiently upregulated by 
various stimuli such as growth factors, ischemia, or kainic acid.^^^^ Such induction 
events are not solely confined to the CNS. For example, Nurrl has been shown to be 
expressed in regenerating liver and in activated T lymphocytes.'*^-'*^ 

Mouse knock-out studies from three laboratories have shown that Nurrl is essen- 
tial for the generation of midbrain DA neurons.^^'36.45 jjj jjjese animals, DA neuron 
markers such as TH cannot be detected at birth. In contrast, all other catecholamin- 
ergic cell groups are intact in Nurrl knock-out mice. Even nonmesencephalic DA 
neurons^n the olfactory bulb and the hypothalamus, for example—develop nor- 
mally in Nurrl knock-out animals, demonstrating that Nurrl is specifically promot- 
ing midbrain DA cell development. Nurrl expression is induced as progenitor cells 
stop proliferating (at approximately E10.5) and migrate from the ventricular neuro- 
epitheUal zone into the mantle layer. Although Nurrl can induce cell cycle arrest 
when expressed in certain cell lines,^^ analyses of proUferation in wild-type and 
Nurrl knock-out embryos indicate that Nurrl is not inducing cell cycle exit in vivo 
(our unpubUshed observation). In knock-out mice, several midbrain DA cell mark- 
ers—for instance, Pitx3, Enl, En2, GFRal, and Lmxlb—are normally induced even 
in the absence of Nurrl.l^'20'24.35 However, both TH and the receptor tyrosine kinase 
signaling subunit Ret are absent even fi-om early stages of development in mutant 
embryos.^O'^s jj j^as subsequently been demonstrated that the TH gene promoter is 
directly regulated by Nurrl.'*^''*'' Similarly, the dopamine transporter gene promoter 
is also regulated by Nurrl in vitro^^ a finding that has not yet been confirmed in vivo 
in knock-out mice. A corresponding direct regulation of the Ret gene promoter has 
not been reported. However, Nurrl and Ret are also coexpressed in the dorsal motor 
nucleus of the vagus nerve in the brain stem. These cells are generated even in the 
absence of Nurrl, but Ret expression is diminished, supporting the idea that Nurrl 
is somehow regulating Ret gene expression in vivoP 

Several dopaminergic markers remain in a medial position in the developing 
Nurrl mutant midbrain, indicative of an early migration defect. Moreover, Nurrl- 
deficient neurons seem unable to innervate their normal forebrain target areas, as 
demonstrated by retrograde fluorogold ti-acing in newborn mutant pups.'^ It should 
be noted that one research group has reported preserved innervation and cellularity 
in newborn Nurrl knock-out mice.'*^ One explanation for this discrepancy might be 
their use of the Dil tracing method, which does not distinguish between ascending 
and decending pathways. Thus, adjacent nondopaminergic pafliways might have 
been detected. Finally, increased cell death is detected at late gestation in Nurrl 
knock-out mice.^^-^^ At this stage, essentially no dopaminergic markers are ex- 
pressed, cells have not migrated to their final destinations, and target innervation is 
undetectable. Thus, increased cell death is most Ukely an indirect consequence of 
these severe cellular deficiencies, and it remains unclear if Nurrl is required for 
long-term survival of DA neurons (also, see below). 

Which are tiie target genes of Nurrl that can explain the disrupted DA neuron dif- 
ferentiation? Gene targeting of neither TH nor Ret, botii of which are absent in the 
Nurrl mutant midbrain, have resulted in abnormal DA cell development.^^'^^ Thus, 
additional Nurrl target genes must exist that can explain the drastic developmental 
phenotype, and identification of such genes should prove instrumental for our under- 
standing of DA neuron generation. However, it remains possible that Nurrl regula- 
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tion of Ret might be of significance in postnatal DA neuron development. The gUal 
cell line-derived neurotrophic factor (GDNF), which signals via Ret and an associ- 
ated coreceptor, has recently been impUcated in postnatal DA neuron development. 
Both GDNF and Ret knock-out mice die shortly after birth, possibly due to their in- 
ability to develop kidneys.^^"^** At birth, both types of knock-out mice have devel- 
oped apparently normal DA neurons and striatal innervation. Due to the early 
perinatal death of these knock-out animals, it has not been possible to determine the 
role of these genes in postnatal DA cell development and survival. To circumvent 
these limitations, Granholm and coworkers grafted embryonic midbrain tissue from 
GDNF knock-out donor embryos into wild-type 6-hydroxy DA-denervated adult 
rats and showed that GDNF influences the ability of grafts to survive and innervate 
the host striatal tissue.^^ Thus, the results point to a role for Ret in postnatal devel- 
opment and survival. Whether or not Nurrl, via regulation of Ret, influences these 
processes is unclear. Interestingly, however, Nurrl may be important for postnatal 
DA cell survival. Thus, heterozygous Nurrl mice, while otherwise apparently nor- 
mal, are significantly more sensitive than their wild-type littermates to the toxic ef- 
fects of l-methyl-4-phenyl-l,2,3,6-tetrahydropyridine (MPTP).^^ As mentioned 
above, Nurrl is strongly induced by various stressful stimuU such as ischemia and 
kainic acid. An intriguing possibility is thus that Nurrl is an essential component in 
a neuroprotective regulatory mechanism, possibly influenced by GDNF or other fac- 
tors stimulating Ret signal transduction. 

Does Nurrl have an as-yet-unidentified endogenous ligand influencing the devel- 
opment and function of midbrain DA neurons? Such a possibility is intriguing, but 
it remains possible that Nurrl is not a "classical" Uganded signaling receptor. 
Ligands for nuclear receptors are often spatially or temporally restricted and bind to 
receptors whose expression is not highly regulated. It could be argued that the tight 
spatial distribution of Nurrl and its regulation as an immediate early gene would in- 
dicate that there is no need for a ligand. On the other hand, Nurrl has a conserved 
domain that is structurally homologous to Hgand binding domains of other nuclear 
receptors. It can only be concluded that the question remains open. Another realistic 
and equally interesting possbility is that Nurrl participates in signaling as a dimer- 
izing partner of RXR. Indeed, Nurrl-RXR heterodimers are very efficientiy activat- 
ed by RXR ligands.^^'^^ However, it should be noted that RXR is not required for 
Nurrl's ability to activate transcription as a monomer, and at least some functions of 
Nurrl in developing DA cells are apparently not dependent on Nurrl's ability to 
dimerize with RXR, as indicated from experiments in a dopaminergic differentiating 
cell Une.^' Nonetheless, it seems Ukely that Nurrl-RXR ligand-induced signaling 
might have functions in vivo, perhaps in mature DA neurons or in other unrelated cell 
types. 

Ltnxlb, PitxS, and Enl/En2 

Homeodomain transcription factors have been identified in developing DA cells. 
Lmxlb is detected from E7.5 in the mouse CNS including the venti-al mesencepha- 
lon,'^ whereas PitxS is specifically expressed in midbrain TH-positive cells from 
El 1.5 (see FiG. 2)P Gene targeting of the Lmxlb gene results in loss of embryonic 
Pitx3 expression, whereas Nurrl and TH were still detected at E12.5. Conversely, 
PitxS is initially expressed in Nurrl knock-out embryos, suggesting the existence of 
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FIGURE 4. Transcriptional control of DA neuron development. Our understanding of 
genetic interactions remains fragmented, but a few relationships have been described. The 
transcription factors involved in specification of a DA progenitor cell have not been identi- 
fied. In newly bom postmitotic DA neurons, Nurrl, Enl/2, and Lmxlb are involved in the 
developmental process. Nurrl and Lmxlb are components in two distinct regulatory cas- 
cades and are both induced independently of each other. In addition, Nurrl is required for 
normal migration, innervation, and maintenance (survival, sustained innervation, and gene 
expression) of DA cells. Thus, it is concluded that Nurrl must regulate additional genes 
("X") responsible for the severe phenotype. Lmxlb is required for the induction of Pitx3, 
although the role of this transcription factor in DA neuron development remains unknovm. 
Lmxlb promotes the maintenance of DA neurons, possibly via upregulation of Pitx3. The 
role of Enl/2 in DA cell maintenance (sustained TH expression) has been described. a-Sy- 
nuclein seem to be a regulated downstream target of En 1/2.*^ 

at least two independent pathways in developing DA neuron differentiation (see 
RG. 4). From E16.5, no TH positive midbrain DA neurons can be detected in Lmxlb 
knock-out mice, demonstrating that Lmxlb is required to sustain the dopaminergic 
cell fate.^ The role of Pitx3 has remained elusive as no knockout mice have yet been 
reported. However, two recent reports have elucidated a phenotype by studying the 
mouse mutant (aphakia), most likely a Pitx3 null mutation. These reports show that 
in these mutants, neurons of the substantia nigra fail to develop, thus defining Pitx3 
as an essential factor for a subset of mesencephalic DA neurons.^^-^^ 

The two mouse homologues of the Drosophila engrailed gene, Enl and En2, are 
expressed during early midbrain morphogenesis (E9) and are important for main- 
taining the MHB structure.^'^^'^'^^ These genes show a second phase of expression 
confined to developing DA cells firom approximately Ell—that is, somewhat after 
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Nurrl is induced. While single knockouts of these genes display no DA neuron de- 
ficiencies, TH is downregulated in compound knock-outs at late gestation and is ab- 
sent at E14.^^'^^ Nurrl, Lmxlb, or Pitx3 expression patterns have not been reported 
in these animals, and it is not known whether the loss ofTH is due to downregulation 
or an increase in cell death. 

In conclusion, while the function of Pitx3 remains poorly investigated, homeobox 
transcription factors Lmxlb and Enl/En2, in addition to Nurrl, are clearly important 
for the normal differentiation and maintenance of the DA neuron phenotype. It 
should be noted, however, that the null mutations of Lmxlb and the En genes result 
in quite severe malformation of mid/hindbrain structures.^-^^ Thus, it remains pos- 
sible that the dopaminergic phenotypes could be indirect consequences of mid/hind- 
brain structural abnormalities. 

ENGINEERING DA NEURONS FROM STEM CELLS 

The elucidation of regulatory cascades influencing the specification and develop- 
ment of neuronal types is of relevance in stem cell research. This is a field attracting 
considerable interest, not least because of recent breakthroughs illustrating the in- 
creasingly realistic perspective of using stem cells and cell replacement strategies in 
treatment of neurodegenerative diseases.^''"^^ However, elucidating the relevant 
mechanisms involved in development of specific neuronal cell types will prove crit- 
ical in order to achieve such goals. Indeed, although our current understanding of 
factors influencing DA neuron development is quite limited, new knowledge has al- 
ready proved useful in attempts to engineer DA cells in vitro. In one recent study ex- 
pression of Nurrl in an immortalized neural stem cell hue derived from the 
embryonic cerebellum was shown to result in robust differentiation of TH-express- 
ing neurons when these cells were cocultured with type I astrocytes fi-om the ventral 
midbrain.^' Cultures of parental cells did not generate TH-positive neurons under 
these conditions, indicating an active instructive role of Nurrl. Other DA neuron 
markers were also expressed, and the cells were shown to synthesize DA. However, 
their ability to integrate in host brains and restore dopaminergic functions after graft- 
ing in rodent Parkinson's disease models remains to be demonstrated. The identity 
of the astrogUal factor is unknown but is evidently produced specifically by astro- 
cytes in the developing ventral midbrain, since glial cells from other regions of the 
developing CNS were unable to promote DA cell differentiation.^' 

A second striking example of in v/fra-engineered DA neurons derives from work 
by McKay and coworkers on embryonic stem cells transfected with a Nurrl expres- 
sion vector.^^ By modifying a protocol previously developed by the same group, a 
large number of DA neurons could be generated in vitro. These neurons expressed 
several markers specific for midbrain DA neurons, including TH, Ret, Pitx3, and 
Enl. Impressively, grafting of these neurons into 6-hydroxy-DA-denervated host rat 
brains resulted in functional integration and restoration of parkinsonian symptoms. 
Although an ideal scenario would be to avoid the need of gene transfer and depend 
exclusively on extrinsic signals to manipulate embryonic stem cells in culture, both 
of these studies illusti-ate the importance of identifying the appropriate signals and 
factors that influence normal development of DA cells. 
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CONCLUSIONS 

A great deal of information on transcriptional control of DA neuron development 
has been acquired during recent years. However, our understanding is still somewhat 
fragmented, and several areas will require attention in the years to come. For exam- 
ple, most of the current knowledge stems from studies of transcription factors ex- 
pressed in postmitotic maturing DA neurons. Similarly, a great deal is understood 
about the general patterning and morphogenetic events shaping the mid/hindbrain 
region. ^'^^ Signaling and the transcriptional events occuring in dividing progenitors 
leading to the generation of postmitotic DA neurons are much more poorly de- 
scribed. It will also be critical to define mechanisms generating diversity within the 
dopaminergic system and to define how functionally distinct dopaminergic cell 
groups are generated. It can be anticipated that characterization of these mechanisms 
will ultimately allow a complete description of genetic and epigenetic interactions 
required for generating these clinically important cells. As already shovm in previ- 
ous work, defining such mechanisms will be important in attempts to engineer DA 
neurons for transplantation and will likely identify mechanisms influencing the be- 
havior and survival of not only developing, but also mature DA neurons. Thus, the 
strong focus in this area holds excellent prospects of generating data of significance 
in the treatment of disorders such as Parkinson's disease. 
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ABSTRACT: The development of midbrain dopamine (DA) neurons follows a 
number of stages marked by distinct events. After preparation of the region by 
signals that provide induction and patterning, at least two cascades of tran- 
scription factors contribute to the fully matured midbrain DA systems. One 
cascade involving the nuclear receptor Nurrl is required to synthesize the 
neurotransmitter DA; the enzyme tyrosine hydroxylase (TH) depends on it. 
The other cascade involves homeobox genes. Lmxlb and engrailed genes are 
expressed before the genesis of DA neurons and maintain their expression in 
these neurons. Lmxlb drives Ptx3, which is the latest transcription factor 
known to be induced. Its induction coincides with that of TH. Disruption of the 
function of Ptx3 affects the formation of the substantia nigra (SN) and alters 
the anatomical organization of the midbrain DA systems. While each cascade 
contributes to a specific aspect of DA neurons, both cascades are required for 
survival during development, indicating that the maintenance of DA neurons is 
delicately dependent on the appropriate activity of multiple transcriptional 
cascades. 

KEYWORDS: transcription factors; midbrain; dopamine neurons 

INTRODUCTION: MULTIPLICITY OF MIDBRAIN 
DOPAMINE NEURONS 

Midbrain dopamine (DA) neurons comprise a heterogenous group of neurons that 
control elementary brain functions. First, they are involved in the control of move- 
ment; hence their prime role in Parkinson's disease. Second, they are part of circuits 
controling mood and reward, and thereby behavior. These two functions of midbrain 
DA systems are partly distinguished anatomically in the nigrostriatal system (move- 
ment) and the mesolimbic system (behavior). 

Despite differentiation in anatomy and functions, all midbrain DA systems share 
the dopaminergic transmission machinery to communicate with postsynaptic ele- 
ments of the networks they are part of Dopaminergic transmission requires coordi- 
nated expression of specific gene products in order to synthesize and recycle the 
transmitter, to receive and control the chemical signal, and to transduce this into rel- 
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FIGURE 1. Cascades of transcription factors enrolling in the development of midbrain 
DA neurons. Relationships are based on !oss-of-function studies in mice. All transcription 
factors affect the survival of developing DA neurons (see text). 

evant cellular responses. Thus, midbrain neurons, despite their heterogeneous func- 
tions, have in common the transcriptional control to activate the gene sets necessary 
for dopaminergic transmission. 

The distinction between functionally different groups of midbrain DA neurons is 
made at the level of the anatomy of cell bodies and the connectivity of axonal eflfer- 
ents with postsynaptic structures. DA signaling by substantia nigra (SN) neurons in- 
nervating the striatum modifies brain circuits controlling movement, while 
behavioral responses are triggered by ventral tegmental (VTA) DA neurons in the 
nucleus accumbens and other limbic areas. Thus, transcriptional control of genes in- 
volved in migration and axonal guidance is likely different from those involved in 
determination of the DA identity and is possibly variable between populations of 
midbrain DA neurons. 

In this chapter we present our current view on how transcription factor cascades 
that unfold during development of midbrain DA neurons are linked to neurotrans- 
mission, connectivity, and survival. This view is illustrated in FIGURE 1. 

THE FOREPLAY: PREPARATION OF THE EARLY MIDBRAIN 

The development of midbrain dopamine neurons is largely dependent on the 
proper development of the ventral midbrain and the midbrain-hindbrain border that 
precedes the induction of midbrain dopamine neurons. Genes involved in boundary 
formation will have effects on the emergence of midbrain DA neurons. The first mid- 
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brain DA neurons arise at the most ventral rim of the neuroepithelium, lining up 
along the mesencephalic flexure of the ventral midbrain, where the expression of the 
growth factors Fgf8 and Shh interact.' Before the expression of DA-specific mark- 
ers, ventral midbrain markers are present in these cells. Among the earliest markers 
of the region are the homeobox genes engrailed-1 (Enl), engrailed-2 (En2), Pax2 
and Pax5, and the growth factor Wntl. The expression of Enl and En2 is maintained 
by the expression of the signaling molecule Wntl.^ Another homeobox gene impli- 
cated in the early specification of the ventral midbrain is Lmxlb. This gene is ex- 
pressed at E7.5 in the ventral midbrain and diencephalon, and remains expressed in 
the adult in brain structures derived from these areas, including midbrain DA 
neurons.^ 

The first specific signs of the birth of midbrain DA neurons is the expression of 
the key enzyme in DA synthesis, tyrosine hydroxylase (TH), at El 1. This moment 
follows the induction of the nuclear receptor Nurrl (E10.5) and coincides with the 
expression of the midbrain DA-specific homeobox gene PtxS."* 

THE HOMEOBOX PATHWAY: SPECIFICATION OF ARCHITECTURE 
AND CONNECTIVITY 

As yet, four homeobox genes have been shown to be expressed in DA neurons: 
Enl, En2, Lmxlb, and Ptx3. Ptx3 differs from the others in both timing and space: 
Ptx3 is induced late, and its brain expression is confined to DA neurons. Enl, En2, 
and Lmxlb are expressed in the ventral midbrain, well before induction of TH; their 
expression extends largely beyond DA progenitors.^'^ 

In situ hybridization on mouse embryos from E8.5 to E16.5 showed the induction 
of PtxB expression with appearance of midbrain DA neurons. At El 1.5, a small layer 
at the ventral surface of the mesencephalic flexure expresses PtxB. At E12.5 a com- 
plete field of TH-positive, Ptx3-positive neurons has been obtained. These Ptx3-pos- 
itive cells are restricted to the marginal layer of the mesencephalic tegmentum. This 
group of about 50 cells corresponds to the first TH-expressing cells in the developing 
rodent brain. At later stages, the expression remains restricted to the midbrain DA 
system, and this association is conserved in adult rat brain and human SN tissue. 
This has also been demonstrated by 6-hydroxy DA lesions that take away all Ptx3- 
positive neurons.'* Extraneural Ptx3 expression is found in the developing skeletal 
muscle, in the tongue and in the developing eye lens.^'^ 

Lmxlb is a member of the LIM homeodomain family and is an essential regulator 
of dorsoventral patterning of the developing limbs. Lmxlb mutations evoke the nail- 
patella syndrome.^'^ Neural Lmxlb expression starts already at E7.5 (Johnson and 
Chen, personal communication). Early embryonic expression is extending anterior 
to the midbrain DA region into the ventral hypothalamic area, and posterior in the 
dorsal hindbrain and the dorsal spinal cord. In the ventral midbrain, Lmxlb is ex- 
pressed in midbrain DA neurons. Lmxlb expression is maintained in the adult SN 
and VTA of rodents and in the melanin-containing SN neurons of man.^ Engrailed 
genes also have an early (E8 onwards), regionally broad expression field in the mid- 
brain and hindbrain.^ Interesting, like Lmxlb, their expression is maintained in adult 
midbrain DA neurons.^ Enl is highly expressed in all adult midbrain DA neurons, 
and En2 in only a subset^ or is not detectable (unpublished). 
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The intrinsic potential of the Lmxlb and Enl/En2 genes as developmental regu- 
lators, together with the fact that these homeobox genes are expressed earlier than 
Nurrl, TH, and Ptx3, initially raised the hypothesis that Lmxlb and En genes may 
act genetically as upstream activators of these genes, in addition to preparing the 
ventral midbrain for genesis and differentiation of the midbrain DA system. To val- 
idate this hypothesis we analyzed expression of TH, Ptx3, and Nurrl in brain sec- 
tions of homozygous Lmxlb knock-out mice^ of stage E12.5, when the field of 
expression of TH and Ptx3 is first complete. Lmx 1 h~'~ embryos contained TH-pos- 
itive cells in the ventral tegmentum, but these cells did not express Ptx3, indicating 
that Ptx3 is not necessary for TH expression. Enl-null mutants are indistinguishable 
from wild-type mice, except for a high expression of En2 in all midbrain DA neu- 
rons.^ In Enl/En2-double-null mutants TH-positive neurons are initially generated, 
but soon lost.^ A similar observation has been made in Lmxlb-nuU mutants. Appar- 
ently, Lmxlb and Enl/En2 genes are each required for survival of midbrain DA 
neurons. 

AN END STATION OF THE HOMEOBOX PATHWAY 

To test the contribution of Ptx3 to the development of midbrain neurons, mice ho- 
mozygous for a defective Ptx3 allele were analyzed. These mice are blind, due to the 
function of Ptx3 in eye development, but grow and breed normally. These mice con- 
tain TH-positive neurons in the midbrain, but the anatomical organization is altered 
in two ways. First, TH-positive neurons are absent in the SN, and second, a central 
cell group exists fi-ontal to the VTA. The organization of TH neurons in the VTA ap- 
pears normal. Correlating with this phenotype is the lack of innervation of the dorsal 
striatum, which receives input from the SN DA neurons in wild-type mice. The in- 
nervation of the nucleus accumbens and olfactory tubercle exists as in wild-type 
mice. This phenotype suggests that Ptx3 disrupts processes required for expansion 
of DA neurons from El 1.5 onwards. These processes significantly affect neurons 
that will form the SN—that is, neurons that need to migrate laterally from the mes- 
encephalic flexure. Whether or not Ptx3 drives the survival, migration, or axonal 
pathfinding of this subset of neurons still needs to be established. 

THE NURRl PATHWAY: INDUCTION OF THE DOPAMINERGIC 
TRANSMITTER PHENOTYPE AND SURVIVAL 

Nurrl is an orphan member of the nuclear hormone receptor superfamily of tran- 
scription factors.'" Nurrl has a relatively wide field of expression in the embryonic 
midbrain, covering the entire ventral region.^ Only a small proportion of Nurrl-ex- 
pressing neurons overlap with the midbrain DA progenitor neurons (FIG. 2). Thus, 
brain expression of Nurrl is not uniquely linked to midbrain DA neurons, in contrast 
to the homeobox gene Ptx3. The onset of Nurrl expression in midbrain DA neurons 
is at E10.5 in the mouse, just before the induction of TH and Ptx3 atE 11.5 ."•'" • • ^ The 
expression of Nurrl is maintained in the adult stage, albeit in a more limited pattern, 
but including the midbrain DA system (FIG. 2). Multiple regions of the adult brain 
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FIGURE 2. Expression of Nurrl in the embryonic and adult mouse brain. MB: midbrain; 
TS: thalamic subfield; DMN: dorsal motor nucleus; VTA: ventral tegmental area; SN: substan- 
tia nigra; CP: choroid plexus; CA: CAl, 2, and 3 field of the hippocampus; DG: dentate gyms; 
SB: subiculum. 

express Nurrl.'^"'^ The Nurrl protein may therefore serve developmental and reg- 
ulatory functions that are not restricted to DA neurons. 

The function of Nurrl in the brain has been addressed by the creation of null-mu- 
tant mice by three groups.'^''^'*^ Mice with a targeted deletion of the Nurrl gene die 
soon after birth. Analysis of the brain of these animals using such markers as Adh2, 
cRet, and TH showed that in the newborn animals no midbrain DA neurons are 
present. Although it was initially concluded that this is due to "agenesis" of midbrain 
DA neurons,'^ several additional studies demonstrated a more refined role of Nurrl 
in midbrain DA neurons. At E12.5 Nurrl-null mutants express other markers asso- 
ciated with midbrain DA neurons, including HNF 3p, Ptx3, and Lmxlb, but fail to 
induce TH.^ '''* CRet expression was also found to be absent in the ventral midbrain 
of Nurrl-null mutants.'* These findings link Nurrl to the growth factor glia-derived 
neurotrophic factor (GDNF), which promotes the survival of DA neurons.^" 

The role of Nurrl as the key factor in the determination of the dopaminergic 
phenotype of midbrain DA neurons has been extended by two significant findings. 
First, it was shown that Nurrl*'" mice display diminished DA levels, suggesting that 
TH activity, which is rate limiting in neurotransmitter synthesis, is strictly regulated 
by Nurrl.'' Second, in humans a correlation between Nurrl and TH has been found 
in the age-related decrease of Nurrl in the SN.^' In cocain addicts Nurrl expression 
levels were decreased,^^ but this finding has not been compared to levels of TH. 
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The mechanism by which Nurrl induces TH has not been elucidated. Although 
Nurrl has a weak transacting potential on 5'-flanking regulatory regions of the TH 
gene in heterologous cell lines,^^'^'* this cannot explain a total dependence of TH ex- 
pression on Nurrl. Therefore, Nurrl may engage unique cofactors in DA neurons. 
Moreover, differentiation of embyronic stem cells into DA-expressing neurons is en- 
hanced by survival-promoting factors that upregulate Nurrl and TH in parallel.^^ Al- 
so, stable expression of Nurrl in embryonic stem cells enhances the differentiation 
in a TH-expressing neuronal phenotype.^^ 

Recent data suggest that the function of Nurrl in DA neurons is not cell autono- 
mous. In contrast to observations in vivo, it has been observed that TH can be in- 
duced in cultured ventral midbrain tissue of Nurrl"'" mice. Cultured ventral 
midbrain of these animals contains normal numbers of TH neurons when dissected 
at E10.5 or E15.5. These displayed a failure to develop nerve fiber bundles.^'' 

The developmental program of midbrain DA neurons in the Nurrl"''" animals 
does proceed, as illustrated by the proper induction of the midbrain DA-specific ho- 
meobox gene Ptx3'^ and maintenance of Lmxlb.^ The perinatal survival of these 
Nurrl"'" midbrain DA neurons is not entirely clear, since there have been conflicting 
findings.'^'^^'■^^ Whether these cells are lost gradually or maintained postnatally 
may depend on secondary influences, such as, perhaps, genetic background of 
Nurrl-null mutants. 

We speculate that the degeneration of the midbrain DA neurons in Nurrl"'" is not 
only due to the fact that there is no DA synthesis because of the lack of TH, but that 
other cellular functions of Nurrl in survival mechanisms are involved. The absence 
of TH alone is probably not sufficient for the severe neuronal loss that is found in 
Nurrl"'" mice, since DA-deficient mice still form projections to the striatum.^" This 
degeneration may be indirect. Possibly, the Nurrl"'" midbrain DA neurons cannot 
form or maintain the connections to their targets, and therefore the neurons degen- 
erate, as is found after transection of the projecting axons. Alternatively, Nurrl 
drives other downstream targets that are required for survival. The dependence of 
cRet, a component of the GDNF receptor, on Nurrl may link Nurrl to survival. 

Humans heterozygous for a mutation in the Ptx3 suffer from cataract and anterior 
segment mesenchymal dysgenesis (ASMDS), in line with early eye expression of 
Ptx3,'' but have no reported neurological abnormalities. Interestingly, human sub- 
jects with nail-patella syndrome, an autosomal-dominant disorder resulting from 
loss-of-function mutations in Lmxlb,^' seem to display a behavioral phenotype.^^ 

INTERRELATIONSHIPS BETWEEN PATHWAYS 

The data obtained from Nurrl- and Lmxlb-null mutants lead to the differentia- 
tion of two genetic pathways that operate in parallel in developing midbrain DA neu- 
rons (FIG. 1). One pathway links Nurrl to the induction of TH. The function of this 
pathway is to specify the identity of the neurotransmitter that will be employed by 
these neurons. The other pathway positions Lmxlb upstream of Ptx3. It is not yet 
clear whether the En genes operate fully independently of this pathway or are part 
of it. Disruption of this pathway by deletion of Lmxlb leads to rapid loss of TH-pos- 
itive neurons after E12.5. Since this is not the case when Ptx3 is inactivated, Lmxlb 
must attribute additional survival properties to developing midbrain DA neurons. It 
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is remarkable to note that disruption of transcription factors in separate pathways— 
Nurrl, Enl/En2, and Lmxlb—affects the survival of developing DA neurons. Per- 
haps, also the phenotype of Ptx3-null mutants W\\\ turn out to be caused by compro- 
mised survival. This suggests that the maintenance of DA neurons is delicately 
dependent on the appropriate activity of multiple transcriptional cascades. This may 
render the midbrain DA neuron a cell prone to degenerate if transcriptional pathways 

are affected. 
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Postnatal Developmental Programmed 
Cell Death in Dopamine Neurons 

ROBERT E. BURKE 
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Columbia University, New York, New York 10032. USA 

ABSTRACT: The prenatal development of dopamine (DA) neurons of the sub- 
stantia nigra (SN) is characterized by their birth, specification, and migration 
to their final positions. Their postnatal development is characterized by the es- 
tablishment of contact and interactions between the SN and other neural nu- 
clei, particularly the striatal target, by extension of axons, terminal 
differentiation, and synapse formation. In this postnatal context there is a nat- 
ural cell death event, which is apoptotic in nature and biphasic in time course, 
with an initial peak on postnatal day (PND) 2, and a second on PND14. By 
PND20 the event has largely subsided. This natural cell death event is regulated 
in vivo by interaction with striatal target: it is augmented by axon-sparing tar- 
get lesion, DA terminal destruction, and medial forebrain bundle axotomy. 
This target dependence is present largely within only the first two postnatal 
weeks. The striatal target-derived neurotrophic factor(s) that regulate this 
death event are unknown. We have shown, in a postnatal primary culture mod- 
el of mesencephalic DA neurons, that glia-derived neurotrophic factor (GDNF) 
is unique in its ability to support their viability by suppressing apoptosis. We 
have also recently found that intrastriatal injection of GDNF in vivo suppresses 
apoptosis, and injection of neutralizing antibodies augments it. Thus, GDNF is 
a leading candidate for a striatum-derived neurotrophic factor for DA neurons 
during development. 

KEYWORDS: apoptosis; programmed cell death; neurotrophic factors; Parkin- 
son's disease; striatum; substantia nigra 

In evaluating research approaches to Parkinson's disease (PD), it is certainly reason- 
able to ask, how valuable is it to study developmental processes affecting dopamine 
(DA) neurons in relation to an adult-onset (and age-related) neurodegenerative dis- 
ease? There are several important reasons, related both to developing therapies for 
the treatment of patients today, and to furthering our understanding of pathogenesis 
for the development of prevention and cure. In relation to the treatment of patients 
today, some of the most promising approaches are based on cell replacement thera- 
pies. For all of these approaches, but especially for those based on the utilization of 
stem cells, critical issues in the developmental biology of dopamine neurons must be 
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addressed in order to succeed: How is the mesencephalic dopamine neuron pheno- 
type specified? What extrinsic molecules and intrinsic signaling systems do the neu- 
rons depend upon to differentiate? At different stages in their development, what 
trophic factors and signaling pathways do they depend upon for viability? How do 
their axons find their way to appropriate targets and establish functional synaptic 
contacts? 

In relation to the pathogenesis of PD, it is likely that the developmental neurobi- 
ology of dopamine neurons holds clues. Synuclein has been clearly implicated in the 
pathogenesis of familial and sporadic PD, and yet we do not know its normal fiinc- 
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FIGURE 1. Important milestones in the development of the nigrostriatal dopaminergic 
system in rat. (1) SN dopamine neurons are bom between El 1 and E15, with a peak on 
£13 66,67 (2) Immunoreactivity for TH is first observed on E12.5;^^ for dopamine on E13.' 
(3) Prior to El8, dopaminergic neurons can be observed from the aqueduct to the ventral pial 
surface of the mesencephalon, in association with radial glia; they are likely to be migrating 
from their locus of origin to their final positions in the mesencephalon.^'By E20, dopamine 
neurons assume a topography similar to that of the adult brain,*' so it is likely that extra- 
nigral migration has ceased. (4) Dopaminergic fibers are first observed in the striatum by 
TH immunohistochemistry at E14.5;*^ by dopamine immunohistochemistry at E14.' (5) 
Synapses are first observed in SNpc at E18.'" (6) In the postnatal period, a natural cell death 
event occurs in striatum between PND4 and 8.'' (7) Differentiation of dopamine terminals 
takes place postnatally, indicated by large increases in TH activity and dopamine uptake be- 
tween birth and PNDSO.'" (8) Synapses form in the striatum postnatally, with the most rapid 
increase occurring between PNDsl3 and 17." (9) The largest increase in synapses in SNpc 
occurs between PI5 and 30.^" 
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tion. One of our few clues is that it is highly upregulated during normal develop- 
ment.''^ The proteasome complex has been proposed to play a role in the 
pathogenesis of PD and other neurodegenerative disorders.^ What are the principal 
roles of this complex in the normal physiology of dopamine neurons? Again, devel- 
opment may hold clues: mRNAs for several components of the proteasome are high- 
ly upregulated.'* There is a growing consensus that programmed cell death (PCD) 
may play a role in the pathogenesis of neurodegenerative diseases. The concept of 
PCD derived in large part from developmental studies in neurobiology demonstrat- 
ing the universal occurrence of natural cell death.^ Many of the major classes of mol- 
ecules known today that regulate PCD, including the Bcl-2 family and the caspase 
family, were first identified by molecular studies of developmental cell death in C. 
elegans.^ Of all the features of development, the cell cycle would seem the least like- 
ly to play a role in adult-onset neurodegenerative diseases affecting postmitotic neu- 
rons, and yet components of the cell cycle have been implicated as PCD mediators^ 
and identified in Alzheimer brains.^ Surely we have much to learn about potential 
mechanisms of neurodegeneration by the study of developmental processes. 

The development of dopamine neurons of the substantia nigra (SN) in rat can be 
thought of as proceeding in two broad phases (FIG. 1). In the prenatal phase, the pop- 
ulation of dopamine neurons is established, and the architecture of the SN as a nu- 
cleus is formed, by the processes of mitosis, phenotype specification, and neuronal 
migration. In this volume Drs. Simon, Perlmann, and Burbach address important ad- 
vances in the molecular basis of dopamine neuron phenotype specification. In the 
second phase of development, which begins in the perinatal period and extends into 
the postnatal period, the DA neurons of the SN establish interactions with other neu- 
ral groups by extending axons, forming synapses, and receiving afferents (FIG. 1). 
The first dopaminergic projections to reach the striatum do so by E14,^ but most of 
the innervation takes place between El 8 and postnatal day (PND) 4.^ During the 
postnatal period, dopaminergic terminals in the striatum undergo extensive differen- 
tiation, indicated by major increases in tyrosine hydroxylase (TH) activity and 
dopamine reuptake.'" During the postnatal period synapses form in the striatum, 
with most of the rapid rate of increase observed between PNDsl3 and 17." It is in 
this context of developing target interactions with the striatum that a natural cell 
death (NCD) event takes place among dopamine neurons of the SN. 

NATURAL CELL DEATH IN DOPAMINE NEURONS OF THE SN 

NCD in dopamine neurons of the SN begins shortly before birth in rat and 
achieves an initial peak on PND2'^''^ (FIG. 2). There is a second, smaller peak of 
NCD on PND 14, and by PND20 the event has largely abated. Qualitatively, the mor- 
phology of this NCD event is exclusively apoptotic. While other morphologies of 
cell death have been identified in the setting of developmental cell death,'"* we have 
observed only classic apoptotic morphology using a suppressed silver stain tech- 
nique.'^ We have previously shown that this technique will detect nonapoptotic, 
variant morphologies of programmed cell death,'^"'^ and yet none are observed in 
the SN during normal development. 

We believe that this NCD event is likely to be a universal feature of nigral devel- 
opment in mammals. Based on counts of TH-immunostained neurons in SN, it had 
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been claimed that there is no evidence for NCD in mice.'' However, interpretation 
of such data is complicated by the fact that increasing expression of levels of TH dur- 
ing development add to the numbers of counted TH neurons; thus, loss of some of 
them could be masked.^ Indeed, Jackson-Lewis et al. have shown that a NCD event 
does occur in mice; classic nuclear apoptotic chromatin clumps are observed in TH- 
positive neurons.'^ This morphology was confirmed to be apoptotic at the light mi- 
croscope level by TUNEL labeling and immunostaining for the activated form of 
caspase-3. It was confirmed at the ultrastructural level by the appearance of electron- 
dense nuclear chromatin clumps and preservation of intracellular organelles as clas- 
sically described.'^ 

Our approach to quantifying the NCD event in SN warrants a brief methodolog- 
ical point. It will be noted in FIGURE 2 that two sets of counts are presented. Apop- 
totic nuclei meeting cellular criteria are surrounded by TH-positive cytoplasm, and 
are therefore defined as dopaminergic at the cellular level. It can be seen that only a 
small number of profiles meet this criterion. We had previously observed at an ultra- 
structural level that apoptotic neurons are stripped of their cytoplasm as they die,^" 
and it had previously been shown that neuronal cytoplasmic markers are diminished 
in their expression as cells die by apoptosis.^' It is therefore to be expected that only 
a small portion of dopamine neurons dying by apoptosis would be identifiable as 
such at the cellular level. In order to obtain an estimate of profiles derived from 
dopamine neurons, which otherwise would not be counted, we developed a regional 
criterion: any apoptotic profile in the SNpc, within 15 |xm of two TH-positive neu- 
rons, is counted. It can be seen in FIGURE 2 that the time courses of counts obtained 
by the cellular and regional criteria are identical. 

Relatively little is known about the specific programmed cell death mechanisms 
in NCD in SN dopamine neurons. Of the three general pathways that mediate pro- 
grammed cell death, the extrinsic, the intrinsic, and the endoplasmic reticulum 
stress-mediated pathways,'^^ it is the intrinsic that is likely to be operative, given that 
NCD in SN appears to be regulated by the availability of trophic support (see below). 
In the intrinsic pathway, members of the Bcl-2 family of proteins act upstream to 
mitochondria to regulate release of cytochrome c and the resulting activation of 
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FIGURE 2. The time course of natural cell death in dopamine neurons in the SN. 
Counts for apoptotic profiles meeting cellular and regional criteria, as discussed in the text, 
are presented. Natural cell death in dopamine neurons has a biphasic time course, with an 
initial peak at PND2 and a second at PND14. 
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caspases.^^ In transgenic mice overexpressing the antiapoptotic protein Bcl-2 under 
the control of the TH promoter, there is a reduction in the level of NCD in dopamine 
neurons and an increase in the number of SN TH-positive neurons surviving into 
adulthood.'* These animals are also resistant to the induction of developmental cell 
death due to striatal target lesion (see below). On the other hand, the proapoptotic 
protein Bax appears to be important for this induction, because it is reduced in Bax- 
null micc^"* While Bax-null mice show a trend for diminished levels of NCD, the 
effect does not reach significance, suggesting that mechanisms independent of Bax 
must also be operative. 

Within the intrinsic pathway, mitochondrial release of cytochrome c, and its as- 
sociation with Apaf and pro-caspase-9 in the presence of ATP, results in the activa- 
tion of caspase-9, with the subsequent proteolytic cleavage, and activation of 
caspase-3 and other effector caspases.^^'^^ Activated caspase-3 is observed in apop- 
totic profiles in SN in a nuclear distribution during NCD,^' as are caspase protein 
cleavage products.'* However, whether caspase-3 is an essential mediator of NCD 
in dopamine neurons is unknovra. In many postmitotic neurons, it is not; caspase-3- 
null animals show diminished apoptotic nuclear chromatin changes, but no alteration 
in the levels of NCD.28 

REGULATION OF NCD IN DOPAMINE NEURONS BY 
STRIATAL TARGET INTERACTIONS 

According to classic neurotrophic theory, the magnitude of the NCD event within 
a projecting nucleus is regulated by interactions with its target.^^'^*^ The target provides 
a necessary trophic factor in limiting quantities by retrograde transport, such that only 
projecting neurons that successfully make target contact will survive. It is important to 
realize, however, that most of the experimental data upon which classic theory rests 
was developed fi-om systems with peripheral projections; far less is known about sys- 
tems with central projections. For dopamine neurons of the SN, it would appear likely 
that target interactions would regulate the NCD event, given that it occurs within the 
developmental period most characterized by elaboration of target contact and synapse 
formation (FIG. 1). In support of this concept, we have previously shown that axon- 
sparing lesions of the target striatum during development resuh in a reduction in the 
ultimate number of dopamine neurons at maturity.^' Furthermore, numerous investi- 
gations in tissue culture have demonstrated the ability of various striatal preparations 
to support the viability and differentiation of dopamine neurons.^^"^^ 

Based on these considerations, it would be predicted that disruption of striatal tar- 
get, or access to target, would result in an augmentation of NCD in dopamine neu- 
rons, and we have shown in a number of studies that this is indeed the case: 
developmental axon-sparing lesion of the striatum^** or selective disruption of 
dopamine terminals by 6-hydroxydopamine (60HDA)^^ or axotomy^^ lead to an in- 
duction of apoptotic death in dopamine neurons (FIG. 3). 

For the striatal target lesion model and the 60HDA model, there is a developmen- 
tal window for this effect. In both models the effect is largely achieved within the 
first two postnatal weeks, corresponding, interestingly, to the period of NCD. There- 
after, the models differ; in the striatal lesion model, there is very little induction of 
death in SN pars compacta (pc) after PND14^* and none in adult.'^'^^ Thus, there is 
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FIGURE 3. The NCD event in SNpc is augmented during development by disruption 
of target interactions by axon-sparing striatal target lesion with quinolinate (QA),^" dopam- 
ine terminal destruction with 60HDA,^* or axotomy (Axot).^^ PCD: programmed cell death. 

no evidence that adult SN dopamine neurons depend on target support for viability. 
In the 60HDA model, although the levels of death are reduced, it remains possible, 
even in adult animals, to induce apoptosis in SN dopamine neurons.'"' Thus, in the 
60HDA model, induction of death probably occurs not only on the basis of disrupted 
target support, in the developmental context, by destruction of terminals, but also on 
the basis of a direct toxic effect as well. In the axotomy model, induction of apopto- 
sis is also developmentally dependent; it can be induced at PNDs 3, 7, and 14,-'^ but 
not in adults.'" 

EVALUATION OF GDNF AS A STRIATAL TARGET-DERIVED 
NEUROTROPHIC FACTOR FOR DOPAMINE 

NEURONS OF THE SN 

While there is therefore much evidence that developmental cell death in dopam- 
ine neurons is regulated by target interaction, as envisioned by classic neurotrophic 
theory, the factor(s) that mediate this regulation are unknown. One candidate has 
been glial cell line-derived neurotrophic factor (GDNF), based on its original iden- 
tification as a protein capable of supporting the development of embryonic mesen- 
cephalic dopamine neurons in tissue culture.'*^ In keeping with such a possible role 
for GDNF, its mRNA is present in striatum and is expressed at highest levels during 
early postnatal development.''^"'*^ GDNF protein is expressed in striatum and is most 
abundant after birth.'*^The GDNF receptor GFRal and the tyrosine kinase Ret are 
both expressed in SNpc.''^"^' GDNF can be specifically transported retrograde from 
striatum to SNpc.^^ The strongest evidence against a possible role for GDNF in this 
capacity has been that homozygous null mice for GDNF^^"^^ and for GFRal^^•^'^ 
show no reduction in the number of SN dopamine neurons at birth. These results 
have led some authorities to conclude that GDNF is not a physiologic neurotrophic 
factor for developing dopamine neurons.^^ 

However, mice homozygous for GDNF- and GFRal-null mutations die shortly 
after birth, due to abnormalities in the development of the kidneys and enteric ner- 
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vous system. Thus, they die quite early in the course of the NCD event in these neu- 
rons, and it is possible that they die before an effect on NCD can become apparent. 
Furthermore, none of these null mutations were regionally or temporally regulated; 
it is possible that compensatory changes occurred, masking a phenotype. 

To reassess the possible role of GDNF as a physiologic trophic factor for dopam- 
ine neurons, we examined its ability to support their viability in a unique postnatal 
primary culture model,^' established during the period of NCD for these neurons. It 
is important to realize that all prior in vitro work on trophic factors for dopamine 
neurons, including that on GDNF itself, had been performed on early embryonic cul- 
tures, often derived at E14-E16. This is not a developmental period when dopamine 
neurons are making significant target contact (FIG. 1), so there is little reason to ex- 
pect that they should at this time be responsive to target-derived factors. The postna- 
tal culture model provides an opportunity to examine putative neurotrophic factors 
for dopamine neurons in a context in which target support is more likely to be oper- 
ative. In the postnatal cultures, we assessed GDNF in comparison to other factors 
that had previously been reported to support embryonic dopamine neurons, includ- 
ing brain-derived neurotrophic factor (BDNF),^^ transforming growth factors (TGF) 
P2 and [33,^' TGFa,^^ epidermal growth factor,^^ and basic fibroblast growth fac- 
tor. ^^ We found that GDNF alone was able to support the viability of postnatal 
dopamine neurons in vitro, and it did so by suppressing apoptosis.^^ This effect of 
GDNF was specific at the cellular level for dopamine neurons and at the regional lev- 
el for dopamine neurons derived from the SN. 

We have recently evaluated effects of GDNF on levels of NCD in dopamine neu- 
rons in vivo. We have found that 1.0 \ig GDNF administered into the striatum of rats 
on PND2 is able to suppress levels of NCD, quantified using either cellular or re- 
gional criteria for apoptosis among dopamine neurons.*^ In support of a possible 
physiologic role for endogenous GDNF, we have also found, using a passive immu- 
nization approach, that acute intrastriatal neutralization of GDNF augments NCD 
among dopamine neurons.^^ This effect is developmentally dependent; it is observed 
on PNDs 2 and 6, but not PNDs 14 or 21. Thus, striatal GDNF appears to play a role 
primarily in the regulation of the first phase of NCD in dopamine neurons. This 
observation is in keeping with our assessment of the time course of GDNF mRNA 
expression in striatum during development. It is most abundant during the first post- 
natal week, and it declines thereafter (see Cho, Kholodilov, and Burke; this volume). 

In order to be certain that endogenous striatal GDNF plays a physiologic role in 
regulating the NCD event and long-term survival of dopamine neurons, regional and 
temporally regulated knockout mice must be developed. To determine if GDNF 
alone is sufficient to regulate the NCD events in dopamine neurons, long-term over- 
expression in target areas must be achieved, and effects on the ultimate number of 
dopamine neurons in adult animals determined. We must also determine whether 
GDNF plays a role selectively in the early phase of NCD. 

SUMMARY AND CONCLUSIONS 

In summary, it is clear that a NCD event occurs during the normal development 
of dopamine neurons and that the magnitude of this event is regulated by early target 
interactions. It remains unknown what factor(s) derived from the striatal target reg- 
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ulate the NCD event, but in spite of observations in homozygous null mice, GDNF 
remains an important candidate. 

Certainly this hypothesis does not exclude the possibility that there may be other 
equally important neurotrophic factors. To develop therapeutic approaches, and to 
better understand the pathogenesis of PD, the identification of physiologic trophic 
factors for dopamine neurons should be a foremost priority. 
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ABSTRACT: Parkinson's Disease (PD) is a common neurodegenerative disorder 
characterized by the progressive loss of dopamine neurons and the accumula- 
tion of Lewy bodies and neurites. Recent advances indicate that PD is due in 
some individuals to genetic mutations in a-synuclein, parkin, and ubiquitin C- 
terminal hydrolase LI (UCHLl). All three PD-linked gene products are related 
directly or indirectly to the functioning of the cellular ubiquitin proteasomal 
system (UPS), suggesting that UPS dysfunction may be important in PD patho- 
genesis. Indeed, emerging evidence indicates that derangements of the UPS 
may be one of the underlying mechanisms of PD pathogenesis. The function of 
parkin as an ubiquitin protein ligase positions it as an important player in both 
familial and idiopathic PD. We recently demonstrated that parkin mediates a 
nondegradative form of ubiquitination on synphilin-1 that could contribute to 
synphilin-1's aggregation in PD. Our results implicate parkin involvement in 
the formation of Lewy bodies associated with sporadic PD. This review discuss- 
es the role of the UPS, as well as the modus operandi of the three PD candidate 
felons (a-synuclein, parkin, and UCHLl) along with their conspirators in 
bringing about dopaminergic cell death in PD. 

KEYWORDS: Parkinson's disease; a-synuclein; parkin; UCHLl; ubiquitin- 
proteasome system; ubiquitination 

INTRODUCTION 

Parkinson's disease (PD) is a progressive neurodegenerative disorder affecting 1- 
2% of the population above the age of 65.' -^ Pathologically, the disease is character- 
ized by the relatively selective loss of midbrain dopaminergic neurons in the sub- 
stantia nigra pars compacta (SNpc) and the presence of Lewy bodies, eosinophilic 
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intracytoplasmic inclusions that are abundantly enriched in ubiquitin. The loss of ni- 
gral dopaminergic neurons results in a severe depletion of striatal dopamine and 
gives rise to a constellation of motoric deficits that include bradykinesia, rest tremor, 
rigidity, and postural instability. Although the etiology of PD remains unknown, the 
recent identification of several genetic mutations that cause familial PD has contrib- 
uted significantly to our understanding of the molecular pathogenesis of idiopathic 
PD. Mutations in a-synuclein, one of the major components of Lewy bodies, is 
linked to autosomal-dominant familial PD, and mutations in parkin cause autosomal 
recessive PD. Mutation in a third gene, encoding ubiquitin C-terminal hydrolase LI 
(UCHLl), may cause a rare autosomal-dominant form of PD.-' Interestingly, all the 
three PD-linked gene products are functionally associated directly or indirectly with 
the cellular ubiquitin proteasomal system (UPS). 

The UPS plays an important role in maintaining cell homeostasis through the 
clearance of unwanted proteins. In this system, proteins destined for proteasomal 
degradation are covalently tagged with ubiquitin, a 76-amino acid residue protein, 
by the sequential actions of ubiquitin-activating (El), -conjugating (E2) and -ligat- 
ing (E3) enzymes. The ligation process is usually repeated many times to form a 
polyubiquitin chain in which the C terminal glycine residue of each ubiquitin unit is 
linked to a specific lysine (K) residue (most commonly K-48) of the previous ubiq- 
uitin.'* We and others have shown that parkin functions as an E2 dependent-E3 li- 
gase.^"^ Thus, one can envisage that a loss of parkin fiinction would lead to 
aberrations in the UPS and contribute to the pathogenesis of PD. Indeed, dysfunction 
of the UPS is emerging as a popular hypothesis to explain nigral degeneration in both 
familial and idiopathic PD.^ The formation of a-synuclein aggregates that are evi- 
dent in brain lesions in many neurodegenerative diseases including PD also suggests 
a derangement in intracellular protein handling. Finally, the function of UCHLl in 
the hydrolysis of polyubiquitin further implicates an involvement of the UPS ma- 
chinery in PD. We review here our current understanding of the various felons, con- 
spirators, and suspects involved in the molecular pathogenesis of PD. 

a-SYNUCLEIN 

The association of two missense mutations in a-synuclein (A30P and A53T) in a 
small subset of familial PD patients generated an intense and widespread interest 
among PD researchers.^'"^ Fueling this excitement was the discovery that Lewy bod- 
ies, the pathologic hallmark of sporadic PD, were strongly immunoreactive for a- 
synuclein.' ^ These findings made a-synuclein a compelling candidate felon in PD. 
Although the physiological function of a-synuclein remains to be elucidated, we 
now have a wealth of knowledge regarding its role in PD pathogenesis. 

The a-synuclein protein belongs to a family of structurally related proteins that 
are expressed abundantly in the central nervous system. In humans, the synuclein 
family includes two other members, P- and y-synuclein. Structurally, synucleins 
have a highly conserved aminoterminal region containing repetitive imperfect re- 
peats that bear the consensus sequence KTKEGV, a hydrophobic middle section, and 
a less well conserved acidic carboxyl terminal. While a- and P-synucleins are con- 
centrated in close proximity to synaptic vesicles in nerve terminals, y-synuclein is 
more ubiquitously expressed throughout nerve cells.'^ 
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TABLE 1. Rodent models of Parkinson's disease based on a-synuclein ablation or 
overespression 

Transgene Protein Nigral Motor 
Animal a-Synuclein promoter inclusions pathology impairment Reference 

Mouse knockout NA - - - 13 

Mouse WT PDGF-p + - + 56 

Mouse WT TH - - - 57 

Mouse WT TH - - - 58 

Mouse WT Prp - - - 19 

Mouse WT Prp - - - 20 

Mouse A53T Thy-1 + - + 59 

Mouse A53T TH - - - 57 

Mouse A53T Prp + - + 19 

Mouse A53T Prp + - + 20 

Mouse A30P TH - - - 57 

Mouse A30P Prp - - - 20 

Rat WT PGK + + nd 16 

Rat WT CBA + + + 17 

Rat A53T PGK + + nd 16 

Rat A53T CBA + + + 17 

Rat A3 OP PGK + + nd 16 

ABBREVIATIONS: NA, not applicable; PDGF, platelet-derived growth factor; TH, tyrosine 
hydroxylase; Prp, prion; CBA, chicken beta-actin; PGK, phosphoglycerate kinase; nd, not 
described. 

To elucidate the physiological function of a-synuclein and its role in PD, several 
animal models based on the manipulation of a-synuclein expression were generated 
(TABLE 1). Targeted ablation of a-synuclein expression in mice, however, did not of- 
fer many clues to its endogenous function. a-Synuclein knockout mice developed 
normally without an overt neurological phenotype, showing only mild electrophys- 
iological and behavioral alterations.'^ It thus would appear that loss of a-synuclein 
function is unlikely a direct contributor to PD pathogenesis. This is consistent with 
the dominant transmission of familial PD-linked a-synuclein mutations, which in- 
dicates a gain of function in a-synuclein. Transgenic rodents and flies overexpress- 
ing either wild-type or mutant a-synuclein do recapitulate some of the behavioral 
and pathologic features of human PD, including developing Lewy body-like intra- 
cytoplasmic inclusions'"* (TABLE 1). However, the mammalian animal models gen- 
erally mirror synucleinopathies better than PD, as the substantia nigra is not the most 
severely affected brain area. Interestingly, in the Contursi kindred with a-synuclein 
A53T substitution, a-synuclein pathology was not isolated to the substantia nigra 
but were also found throughout other brain regions including the limbic system, stri- 
atum, and locus coeruleus.'^ Thus, the pathogenicity arising from derangements in 
a-synuclein function is not localized to a particular subset of neurons per se. It is 
likely that in PD, exogenous or other endogenous factors participate to predispose 



LIM et al.: CAST OF MOLECULAR CHARACTERS IN PD 83 

the nigral dopaminergic neurons to a-synuclein-mediated toxicity. To achieve a 
more localized effect of a-synuclein overexpression, direct intranigral injections of 
viral vectors expressing a-synuclein in rats induces Parkinson-like neurodegenera- 
tion including selective dopaminergic neuron loss and formation of a-synuclein pos- 
itive inclusions'^''^ (TABLE 1). 

How do derangements in a-synuclein lead to neuronal death? Several lines of ev- 
idence seem to converge on a common theme: dysfunction in protein handling. The 
propensity of a-synuclein to aggregate and fibrillize into structures that are resistant 
to cellular degradation may be central to its neurotoxicity. The transformation of a- 
synuclein from a soluble state to a disease-associated fibrillar state involves a pro- 
gressive oligomerization of P-folded proteins known as protofibrils. Giasson and 
colleagues showed that the A53T a-synuclein has an increased tendency to polymer- 
ize into fibrils in vitro and that the polymerization is concentration dependent.'^ 
They proposed that a-synuclein fibrillization eventually leads to the formation of 
neuronal inclusions that would disrupt cellular function and result in cell death. The 
same group recently confirmed their hypothesis in mice overexpressing A53T a-sy- 
nuclein (TABLE 1), as mice overexpressing A53T a-synuclein develop a progressive 
neurodegenerative disorder characterized by the presence of insoluble aggregates of 
a-synuclein and fibrillar inclusions composed of a-synuclein.'^ In contrast, mice 
overexpressing wild-type a-synuclein lack Lewy body-like inclusions, and they do 
not develop a disease phenotype.'^ Lee and colleagues also recently observed that 
the A53T mutant a-synuclein is significantly more pathogenic than either wild-type 
a-synuclein or A30P mutant a-synuclein in transgenic mice.^" A53T mutant a-sy- 
nuclein-mediated neurodegeneration is associated with abnormal accumulation of 
detergent-insoluble a-synuclein that undergoes unique proteolytic processing.^*' 
Thus, proteolytic processing may in part drive the transformation of a-synuclein 
from a soluble state to a disease-associated fibrillar state through progressive oligo- 
merization. Clearly, additional conspirators are required to induce the formation of 
similar lesions from wild-type a-synuclein. Experimental cell culture models based 
on the ectopic expression of a-synuclein or its mutants have given us many clues to 
the nature of these conspirators. Agents that cause oxidative or nitrative damage can 
alter the solubility of a-synuclein and result in the formation of a-synuclein aggre- 
gates.^'"^^ Posttranslational modifications such as phosphorylation may also play a 
role in synuclein aggregation.^"* Phosphorylation of synuclein at Ser-129 promoted 
fibril formation in vitro, and this residue is selectively and extensively phosphorylat- 
ed in synucleinopathy lesions.^^ Interestingly, some evidence indicates the 
protofibril, rather than the fibril, to be the pathogenic species.^^ Biophysical studies 
conducted by Conway and colleagues showed that the two PD-linked a-synuclein 
mutations accelerated the rate of protofibril formation.-^' Furthermore, cytosolic 
dopamine seems to interact with a-synuclein to produce adducts that inhibit the con- 
version of protofibrils to fibrils.^* The stabilization of a-synuclein protofibrils by the 
dopamine-a-synuclein adducts might explain the specific neurodegeneration of ni- 
gral neurons in PD. Provoking further suspicion that dopamine may be an accom- 
plice in PD pathogenesis is the observation that accumulation of a-synuclein is toxic 
to cultured dopaminergic neurons, but not to nondopaminergic neurons.-^^ However, 
dopamine-a-synuclein adducts did not account for the selective degeneration of 
dopamine neurons; instead they showed that a-synuclein and 14-3-3 coexist in a 36- 
83-kDa protein complex and that the levels of this complex are selectively increased 
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in the substantia nigra, but not in the cerebellum or cortex. The 14-3-3 family of pro- 
tein chaperones fulfill diverse roles in the cell, including the sequestration and inhi- 
bition of proapoptotic proteins.^" Complex formation between a-synuclein and 14- 
3-3 is likely to decrease the free pool of cellular 14-3-3 to counteract apoptosis and 
to result in increased cellular susceptibility to stress.^' The involvement of dopamine 
in a-synuclein-mediated toxicity is a very appealing explanation on the selectivity 
of dopaminergic cell death in PD. It also highlights potential mechanistic differences 
in a-synuclein-mediated cell death among different subsets of the neuronal popula- 
tions in synucleinopathies. 

PARKIN 

Mutations in the parkin gene cause autosomal-recessive juvenile parkinsonism 
(ARJP). Pathologically, ARJP is characterized by a severe loss of nigral dopaminer- 
gic neurons and the absence of classic Lewy bodies. Affected individuals also tend 
to have an earlier mean age of onset (typically before 40 years of age). Following the 
discovery of parkin mutations in Japanese ARJP patients, several families with re- 
cessively inherited PD throughout the world were also found to carry parkin muta- 
tions. These findings are in stark contrast to the restricted occurrence of a-synuclein 
mutations. Indeed, mutations in parkin have become the main contributor not only 
to autosomal-recessive PD, but also to familial PD. It is thus important to understand 
how parkin acts as a felon in PD. 

Parkin is a 465-amino acid ubiquitin protein ligase with a molecular mass of 52 
kDa. The parkin protein has a modular structure consisting of an ubiquitin-like 
(UBL) domain at its N terminus, a RING (really mteresting new gene) box domain 
at its C terminus, and a unique middle segment that links the two domains. The 
RING box contains two RING finger motifs (termed RING 1 and RING 2) flanking 
a Cys-rich in-between RING (IBR). The RING box is important for the recruitment 
of E2s and represents the catalytic moiety of parkin.^''' Not surprisingly, the major- 
ity of familial point mutations in parkin reside in this region. The function of the 
UBL is currently unknown, although this domain shares 32% identity and 62% sim- 
ilarity with ubiquitin. Interestingly, the highly conserved lysine-48 (K-48) on the 
ubiquitin molecule is also conserved among UBL domains from different parkin 
orthologues (Lim et al., unpublished observations). During the synthesis of poly- 
ubiquitin chains, individual ubiquitin molecules are usually linked to one another 
through K-48-G76 isopeptide bonds."* We have shown that parkin promotes its own 
degradation through self-ubiquitination.'^ Potentially, K-48 on the UBL domain of 
parkin could represent a putative site on which the polyubiquitin chain is formed 
and, as such, may be important in the regulation of cellular parkin levels. 

We and others have shown that familial associated mutations in parkin impair its 
catalytic function. These mutations disrupt parkin binding either to its cognate E2s 
or to its substrates. As a result, parkin-targeted substrates could not be ubiquitinat- 
ed.^"'' Our findings suggest that a loss of parkin fiinction would lead to the toxic ac- 
cumulation of its substrates, eventually killing the cell. However, it is not clear why 
dopaminergic neurons are preferentially susceptible. Undoubtedly, the identification 
of the spectrum of parkin substrates, together with the characterization of the bio- 
chemical pathways involved, will shed some light on the selective death of dopam- 
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inergic neurons in PD. To date, six parkin substrate have been described: (1) 
CDCrel-1;'' (2) CDCrel2A (Choi etai, submitted); (3) an 0-glycosyIated form of a- 
synuclein;^^ (4) synphilin-!;■'■' (5) tau (Petrucelli et al., submitted); and (6) Pael-R 
(Parkin-associated endothelin receptor-/ike receptor).^'* 

The synaptic vesicle-associated protein, CDCrel-1, was the first parkin substrate 
identified.^ Parkin interacts with and promotes the ubiquitination and degradation of 
CDCrel-1. Conversely, the familial parkin mutants Q31 Istop and T415N fail to af- 
fect CDCrel-1 turnover. Relatively little is known about CDCrel-1 function, but re- 
cent work from Trimble's group has suggested that it regulates synaptic vesicle 
release in the nervous system.^^ More recently, the same group generated CDCrel- 
1- null mice and showed that CDCrel-l is not essential for neuronal development or 
function.^^ This observation is reminiscent of the mild neurological phenotype in a- 
synuclein knockout mice. Perhaps neuronal dysregulation results from CDCrel-l ac- 
cumulation rather than from its absence. Potentially, the elevation of CDCrel-1 in the 
absence of parkin-mediated degradation could disrupt dopamine release and eventu- 
ally lead to PD. Although this possibility remains to be evaluated, CDCrel 1 and a 
close homologue, CDCrel 2 A, were recently found to accumulate in the brain of pa- 
tients with ARJP (Choi et al., submitted). CDCrel 2A is a newly described parkin- 
binding protein that was identified using a yeast-two-hydrid screen (Choi et al., sub- 
mitted). Structurally, CDCrel 2A and CDCrel 1 share extensive homology except for 
their N terminal regions. Parkin interacts with and regulates the degradation of CD- 
Crel 2A. Parkin also colocalizes with CDCrel 2A in neuronal cell bodies and syn- 
apses (Choi et al., submitted). The association of both CDCrel members with parkin 
suggests an important fimctional relationship between parkin and the septins. 

Since mutations in a-synuclein are associated with PD, it is tempting to link de- 
rangements in parkin and a-synuclein in a common pathogenic pathway. Naturally, 
this presynaptic protein became a much sought-after candidate substrate of parkin. 
However, in our coimmunoprecipitation studies we found that parkin neither inter- 
acts with nor ubiquitinates a-synuclein.^^ It turned out that a-synuclein needs to un- 
dergo a complex modification before it becomes a substrate of parkin. Shimura and 
colleagues described an 0-glycosylated form of a-synuclein (aSP22) that could in- 
teract with and be ubiquitinated by parkin. They fiirther showed that the level of 
aSP22 is elevated in ARJP brains and proposed that ubiquitination of aSP22 may 
be a prerequisite in the formation of Lewy bodies, which are generally absent in 
ARJP patients.^^ Parkin interaction with the glycosylated form of a-synuclein is 
highly selective, as the major nonglycosylated form of a-synuclein is totally inert to 
parkin.^^ This result is consistent with our inability to demonstrate an interaction be- 
tween parkin and the normal form of a-synuclein. Curiously, most laboratories have 
not been able to detect the glycosylated form of a-synuclein. Indeed, this type of 
complex glycosylation is more commonly found in extracellular proteins and is 
highly unusual for a cytoplasmic protein. Additionally, aSP22 to date has not been 
described in the several transgenic mouse models overexpressing a-synuclein. The 
relevance of aSP22 in the pathogenesis of PD thus awaits further characterization. 

Synphilin-1, an interactor with a-synuclein, is a synaptic vesicle-enriched pro- 
tein that has previously been shown to form Lewy body-like inclusions when coex- 
pressed with a-synuclein.^^ Synphilin-1 is found in Lewy bodies, and abnormal 
accumulation of synphilin-1 is specific for brain lesions in which a-synuclein is a 
major component.^^ We recently identified synphilin-1 as a direct target for parkin- 
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mediated ubiquitination and further showed that parkin ubiquitinates proteins within 
cytosolic inclusions formed by coexpression of synphilin-1 and a-synuclein.-'^ Our 
results suggest a molecular link between the formation of Lewy bodies, the UPS, 
parkin, and synphilin-1 and support the speculation that functional parkin is required 
for Lewy body formation. Our results also linked the major nonglycosylated form of 
a-synuclein and parkin in a common biochemical pathway through their interactions 
with synphilin-1. Although the function of synphilin-1 is currently unknown, its 
ability to generate inclusions in the presence of a-synuclein indicates that it may 
play a role in Lewy body formation. We recently observed that parkin could mediate 
both K-48- and K-63-linked polyubiquitination of synphilin-1.^^ Unlike K-48- 
linked polyubiquitination, K-63-linked polyubiquitination of proteins is not associ- 
ated with proteasomal degradation.'* Indeed, while K-48-linked ubiquitination of 
synphilin-1 leads to a reduction in its steady state levels, the K-63-linked ubiquiti- 
nation of synphilin-1 did not affect its turnover rate. It is therefore conceivable that 
aberrant K-63-linked ubiquitination of synphilin-1 could lead to the intracytoplas- 
mic accumulation of protein. Interestingly, parkin-mediated ubiquitination of pro- 
teins present in cytoplasmic inclusions formed by coexpression of a-synuclein and 
synphilin-1 occurs via K-63 but not K-48 linkage.^^ Our results suggest that K-63- 
linked ubiquitination of synphilin-1 by parkin may be involved in Lewy body pathol- 
ogy associated with idiopathic PD. 

The microtubule-associated protein tau is another protein present in Lewy bodies 
that is a parkin substrate (Petrucelli et al, submitted). While tauopathies and synu- 
cleinopathies are quite distinct phenomena, several recent genetic studies implicate 
tau in PD.'*^''" Furthermore, tau pathology was found in a case of autosomal-reces- 
sive early-onset PD caused by parkin mutations.'*^ Petrucelli et al. demonstrated 
physical and functional interactions between tau and parkin and, further, showed that 
tau accumulates in the brain of ARJP patients (Petrucelli et al, submitted). These 
findings indicate that tau pathology may contribute to the demise of nigral neurons 
in PD caused by parkin mutations. 

A more general role for parkin in the ubiquitin degradation pathway is suggested 
by the observation that parkin is upregulated in response to cellular unfolded protein 
stress.^ Elevation of parkin relieves unfolded protein-mediated toxicity through ubiq- 
uitinating and targeting improperly folded protein to the proteasome for clearance. 
For this purpose, parkin recruits a different set of E2s, UBC6 and UBC7. Both UBC6 
and UBC7 are resident to the endoplasmic recticulum (ER). Indeed, recent evidence 
showed that parkin ubiquitinates the putative G protein-coupled transmembrane re- 
ceptor Pael-R when it becomes unfolded.^"* When overexpressed in cells, Pael-R has 
a propensity to become unfolded and insoluble. The accumulation of unfolded Pael- 
R can be toxic to cells. Parkin protects against unfolded Pael-R-mediated cytotoxic- 
ity by facilitating unfolded Pael-R removal in the proteasome through ubiquitina- 
tion.^'* Consistent with this notion is the observation that there is an elevation of 
insoluble Pael-R in the brain of ARJP patients lacking functional parkin. 

While more substrates of parkin undoubtedly will be identified with time, the cur- 
rent spectrum of parkin substrates is already indicative of the involvement of parkin 
in both familial and sporadic PD (FIG. 1). Under normal circumstances, parkin acts 
as an E3 ligase that will control the fate of the target proteins it ubiquitinates. Parkin- 
mediated K-48-linked ubiquitination will target its substrates for proteasomal clear- 
ance, while parkin-mediated K-63-linked ubiquitination is likely to modulate its tar- 
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FIGURE 1. Depiction of the cast of molecular characters, felons, conspirators and sus- 
pects in PD. 

get substrate's function—for example, in cell signaling. In ARJP patients lacking 
functional parkin, parkin substrates destined for degradation accumulate instead. 
The accumulation of these parkin substrates, such as aSP22, tau, and Pael-R, would 
be toxic to cells. It is likely that these cells fail to sequester the accumulated toxic 
proteins as inclusion bodies due to a loss in parkin-mediated ubiquitination.'*^''*'* 
However, Farrer and colleagues recently described the presence of Lewy bodies and 
Lewy neurites in an ARJP patient with compound heterozygous parkin mutations.'*^ 
This patient contains a null mutation in one parkin allele and a R275W substitution 
in the other. We have shown that the R275W mutation in parkin substantially reduc- 
es, but does not abolish, its catalytic competency.^-' Hence, the Lewy bodies and neu- 
ritic inclusions described by Farrer and colleagues could be related to the activity of 
parkin. This would be consistent with the speculation that functional parkin is re- 
quired for Lewy body formation and the finding that ARJP patients with homolo- 
gous null mutations in parkin lack Lewy body pathology. It is not known at this 
moment whether failure of parkin-mediated K-63-linked ubiquitination of proteins 
would contribute to ARJP. However, this mode of ubiquitination could potentially be 
linked to Lewy body formation in sporadic PD. The etiology of sporadic PD is likely 
complex, with environmental factors possibly playing an integral part, through the 
potential modulation of susceptibility genes for PD. Environmental insults that cause 
oxidative damage and other cellular stresses would, among other effects, increase the 
number of misfolded or unfolded proteins. The latter would trigger the unfolded pro- 
tein response (UPR) that would initially involve the upregulation of chaperone pro- 
teins such as members of the HspTO family. These chaperones would be instrumental 
in alleviating stresses due to unfolded proteins through the refolding of these pro- 
teins. Indeed, overexpression of Hsp70 rescues the motoric and neuropathologic fea- 
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tures of transgenic flies expressing normal and mutant forms of a-synuclein.'*^ In the 
presence of continuous or more intense insults, the unfolded protein load is likely to 
overwhelm chaperones. The UPS, whose response would include the elevation of 
parkin expression to aid ER-associated degradation, would then fulfill the second 
line of cellular defence against unfolded proteins. The recruitment of an alternative 
set of E2s resident in the ER by parkin may be dedicated to degradation-linked ubiq- 
uitination of proteins. Another collaborator of parkin function is a protein called 
CHIR Recent evidence from Takahashi's group showed that CHIP is a mammalian 
E4-like molecule that positively regulates parkin activity.'''^ CHIP and Hsp70 are 
both binding partners of parkin, and all three proteins exist as a complex with Pael- 
R. However, the amount of CHIP in the complex increases during ER stress. Appar- 
ently, CHIP facilitates parkin-mediated ubiquitination of Pael-R by promoting the 
dissociation of Hsp70 from parkin and Pael-R. Interestingly, the association of 
Hsp70 with Pael-R inhibits the E3 ligase activity of parkin."*' This observation sup- 
ports our model that Hsp70 chaperone activity represents the first line of defence 
against unfolded proteins. When Hsp70 activity becomes insufficient to cope with 
the unfolded protein stress, E3 ligases such as parkin would take over. We envisaged 
that if unfolded proteins accumulate beyond a certain threshold, leading to proteaso- 
mal impairment, the cell would sequester the ubiquitinated unfolded proteins in the 
form of Lewy body inclusions in an attempt to prolong its survival. Our model thus 
supports the general hypothesis that functional parkin is required for Lewy body for- 
mation and the notion that the formation of Lewy body-like inclusions is a cellular 
mechanism to sequester toxic products that would otherwise be an immediate threat 
to the cell. Although Lewy bodies may be beneficial initially, they are space-filling 
entities that would ultimately disrupt cellular function, leading to cell death. Addi- 
tionally, the sequestration of parkin in such inclusions would also deplete the cell of 
functional parkin and further contribute to neuronal death. In this light, the operating 
level of parkin in the cell is therefore crucial. Supporting this view is the increasing 
evidence that parkin haploinsufficiency may be sufficient for disease in some cas- 
es."** As ubiquitination and proteasomal degradation are both ATP-dependent pro- 
cesses, it is conceivable that events depleting the cell of its ATP could tax the UPS 
function. Blockage of UPS activity would, in turn, lead to increased oxidative stress. 
Thus, mitochondrion dysfunction and reduction of complex 1 activity in sporadic PD 
may be intimately linked with UPS derangements. 

UCHLl AND OTHER SUSPECTS 

UCHLl is a member of a gene family whose products hydrolyze small C terminal 
adducts of ubiquitin to generate the ubiquitin monomer. Expression of UCHLl is 
highly specific to neurons and to cells of neuroendocrine lineage. An I93M missense 
mutation in the UCHLl gene has been linked to PD in a sibling pair from a small 
German pedigree.'*^ The I93M mutation causes a partial loss of its ubiquitin hydro- 
lase activity in vitro.^^ Since hydrolysis of ubiquitin adducts is important in the prop- 
er funcfioning of the UPS, impairment of UCHLl activity could lead to aberrations 
in the proteolytic pathway and aggregation of proteins, including the UCHLl protein 
itself. Indeed, UCHLl is present in Lewy bodies. The occurrence of UCHLl in Lewy 
bodies and its function in the proteasome pathway thus make it a persuasive candi- 
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date gene in PD. However, subsequent sequence analyses of UCHLl performed by 
others in several dominantly inherited PD cases have failed to detect the I93M sub- 
stitution.^"'^' Currently, the general view of this mutation is that it represents either 
a rare cause of PD or a benign substitution occurring in a single family. We speculate 
that an alternative way in which UCHLl could potentially act as a felon in PD is 
when its activity becomes overpromoted. Rapid and aberrant deubiquitination of 
polyubiquitinated proteins could stabilize proteins intended for degradation and con- 
tribute to their accumulation. A novel p53-interacting protein, herpesvirus-associat- 
ed ubiquitin-specific protease (HAUSP), has recently been shown to stabilize the 
levels of p53 by direct deubiquitination.^-^ HAUSP has intrinsic enzymatic activity 
that specifically deubiquitinates p53, leading to increased p53 levels both in vitro 
and in vivo. In contrast, expression of a catalytically inactive point mutant of HAUSP 
in cells increases the level of p53 ubiquitination and destabilizes p53. It is not known 
at this moment whether genetic mutations or environmental factors could modulate 
UCHLl activity or expression level. But aberrant UCHLl deubiquitination could be 
a mechanism contributing to protein aggregation. 

There are many other suspects abetting PD pathogenesis, including (1) cyto- 
chrome P450 enzymes, which are involved in the detoxification of xenobiotics; (2) 
N-acetyltransferase 2, whose activity governs the rate of aromatic amine detoxifica- 
tion; and (3) apolipoprotein E (APOE), an extracellular ligand for receptors that 
clears remnants of chylomicrons and very-low-density lipoproteins.^^ Due to the 
lack of strong evidence for roles in PD, interest in these suspects has dissipated. 
Some newer suspects whose dysfunction may contribute to PD include transcription 
factors such as Nurr 1, Ptx-3, and Lmxlb, which regulate dopaminergic cell neuro- 
genesis, and the protein kinase PKCy. Comprehensive reviews of these newer PD 
candidates have appeared elsewhere.^'^"* 

CONCLUSIONS 

It is tempting to try to unify the multiple genes and sporadic causes of PD into 
one pathogenic biochemical pathway. The identification and characterization of the 
three PD gene products, a-synuclein, parkin, and UCHLl, has certainly helped us to 
conceive a general molecular pathway leading to PD. While we await the identity of 
the genes in other PD loci to be elucidated, the evolving picture of PD pathogenesis 
is one that converges onto cellular protein mishandling linked to UPS dysfunction. 
The firm establishment of UPS derangements as a major pathogenic biochemical 
pathway for PD would be instrumental in the design of rational therapeutic targets 
for PD patients. Potential draggable targets for PD could then include components 
of the protein handling squad, such as the chaperones, cochaperones, E3 ligases, and 
collaborators of E3 ligases. Other cellular components that help police the dopam- 
inergic activities would also be potential targets for PD therapy. For example, p-sy- 
nuclein has recently been suggested to be a natural negative regulator of a-synuclein 
aggregation.^^ Thus, the antiamyloidogenic property of p-synuclein might also pro- 
vide a novel strategy for the treatment of neurodegenerative disorders such as PD. 
Undoubtedly, with better understanding of the molecular mechanisms underlying 
PD, new and useful therapeutic targets will emerge. As we move into the postgen- 
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omic era, we certainly hope to move towards novel and effective treatment strategies 
for PD that go beyond L-DOPA. 
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ABSTRACT: Hallmark lesions of neurodegenerative synucleinopathies contain 
a-synuclein (a-syn) that is modifled by nitration of tyrosine residues and pos- 
sibly by dityrosine cross-linking to generated stable oligomers. Data gathered 
from in vitro experiments and from model systems of cells transfected with 
wild-type and mutant a-syn revealed that conditions resulting in a-syn nitra- 
tion also induce formation of a-syn inclusions with similar biochemical char- 
acteristics to protein extracted from human lesions. The detection of tyrosine- 
nitrated a-syn signifies the formation of reactive nitrogen species capable of 
both radical and electrophilic attack on aromatic residues as well as nucleo- 
philic additions and oxidations. The cellular sources and biochemical reactivity 
of reactive nitrogen species in the central nervous system remain largely un- 
known, but kinetically fast reactions of nitric oxide with superoxide to form 
peroxynitrlte as well as enzymatic one-electron oxidation of nitrite are two im- 
portant sources of reactive nitrogen species. Based on these findings a model is 
proposed where the process of fibrllization can be differentially affected by ox- 
idants and nitrating species. Posttranslational modifications of a-syn by reac- 
tive nitrogen species inhibits fibril formation and results in urea- and SDS- 
insoluble, protease-resistant a-syn aggregates that maybe responsible for cel- 
lular toxicity. 

KEYWORDS: oxidative stress; tyrosine nitration; dityrosine; a-synuclein; pro- 
tein aggregation 

OXIDATIVE AND NITRATIVE STRESSES IN 
NEURODEGENERATIVE DISORDERS 

Partial reduction of oxygen by one electron produces superoxide, whereas two- 
electron reduction produces hydrogen peroxide. Enzymatic and other scavenging 
pathways rapidly remove superoxide and hydrogen peroxide to avoid formation of 
secondary strong oxidants. Under pathological conditions the overproduction of ox- 
idants may overwhelm the cellular antioxidant capacity, resulting in undesired oxi- 
dation of cellular molecules and ultimately cell death. Augmentation of intracellular 
defenses in humans as well as in model systems of neurodegenerative disorders has 
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provided support for the generally held hypothesis that oxidative stress is a critical 
component in the pathogenesis of neurodegeneration.'"^ A major obstacle in deter- 
mining the oxidative burden in human subjects and in animal models is the inability 
to measure reactive species directly. Due to their highly reactive and evanescent bio- 
chemical and biophysical nature, reactive species cannot be quantified directly; and 
evidence for their existence in disease comes from the detection of relatively stable 
products derived by the oxidation of cellular macromolecules. During aging or under 
low but continuous production of oxidants during pathological states the frequency 
of oxidation of biological targets increases; and possibly as repair processes slow, 
detection of oxidized proteins, lipids, and even DNA becomes apparent."* 

The production of reactive oxygen species during oxidative stress could also alter 
the biological targets affected by nitric oxide, a versatile signaling molecule in the 
central nervous system (CNS) and vascular compartments.^ Nitric oxide has been 
implicated in both neuroprotective and neurodestructive mechanisms and in the 
presence of reactive oxygen intermediates forms reactive nitrogen species capable 
of modifying tyrosine residues in proteins to 3-nitrotyrosine.^ Support for the role of 
nitric oxide in neuronal injury, in the presence or absence of oxidative stress, comes 
from animals models utilizing inhibitors of nitric oxide synthesis as well as mice de- 
ficient either in the neuronal or the inducible form of nitric oxide synthase. These 
mice were found to be resistant to stroke and ischemia,'''^ NMDA neurotoxicity,^ 1- 
methyl-4-phenyl-l,2,3,6 tetrahydropyridine (MPTP) toxicity,'"-'' and various mito- 
chondrial neurotoxins.'^''^ In all the model systems where nitric oxide appears to 
contribute to neurotoxicity, nitration of specific proteins has been detected by a va- 
riety of immunological and analytical approaches'2''''''^ only within the cells affect- 
ed by the insult. Among human pathologies nitrated proteins have been detected in 
postmortem brain lesions associated with multiple sclerosis, amyotrophic lateral 
sclerosis, and Alzheimer's and Parkinson's diseases.'^''^^0 Therefore, nitration of 
proteins may serve as another index of stress (nitrative) associated with oxidative 
stress, since the nitrating agents are derived from the biochemical interaction of ni- 
tric oxide with reactive oxygen species. 

ACCUMULATIONS OF ABNORMAL PROTEIN FILAMENTS ARE 
HALLMARKS OF SYNUCLEINOPATHIES AND OTHER 

NEURODEGENERATIVE DISORDERS 

Accumulation of proteinacious fibrils are a common neuropathological feature of 
several different sporadic and hereditary neurodegenerative diseases.^' Wild-type 
a-synuclein (a-syn) is a major component of Lewy bodies (LBs) in sporadic Par- 
kinson's diseae, dementia with LBs, a subtype of Alzheimer's disease known as the 
LB variant of Alzheimer's disease, as well as of glial cytoplasmic inclusions in mul- 
tiple system atrophy.^^"^^ Wild-type a-syn as well as aggregated and truncated a- 
syn have been recovered from purified LBs, and a-syn solubility is reduced in af- 
fected regions of Lewy body disease and multiple system atrophy brains.^^ These 
findings and in vitro evidence^^"^^ that wild-type as well as mutant a-syn aggregate 
and assemble into filaments suggest that alterations in a-syn may lead to the forma- 
tion of filamentous a-syn inclusions in vivo. 
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MDVFMKGLS - KAKEGV-VfKAAE - KTKQGV-AEAAabG - KIKeCV-LYagV GS 

R1 R2 (P)        R3 

KTKEGV-VHGVAsjT-VAE - KTKEQV-THVGG - AVVTGV-JA\/AQ- KTVEGA- 

GSIAAA-TGFV 

R4 (T) R5 R6 R7 

NAG peptide 

KKDQL-GKNEEGAPQE-GILEDMPVDP-DNEAY125EMPSE-EGY133QDY136EPEA 

FIGURE 1. Amino acid sequence of a-synuclein. A unique feature of the peptide se- 
quence is the presence of 6 or possibly 7 imperfect 11-residue repeats of KTKEGV (R) in 
the conserved core in the N terminal (residues 10-86). The repeating domains consist of res- 
idues with a high tendency for helical conformation (A, L, K, and E). The first five repeats 
are hydrophilic and are predicted to form amphipathic a-helices that would promote lipid 
association.■'■' The last two repeats are part of the hydrophobic core of the protein, residues 
61-95. This peptide sequence {underlined) has been identified as the non-AP component of 
amyloid (NAC peptide)."*^ The minimal peptide required for fibril formation is residues 71- 
82.^^ Mutations responsible for familial forms of PD are A30P and A53T.''^''*^ In human 
brain inclusions a-syn is modified by tyrosine nitration in all four residues, and all four res- 
idue are capable of cross-linking via dityrosine formation. 

a-SUNUCLEIN: RANDOM STRUCTURE AND 
NO APPARENT FUNCTION 

a-Synuclein is a soluble protein consisting of 140 amino acids (sequence in 
FIG. 1) with a predicated molecular mass of 14,460.16 and an isoelectric point of 
4.67. Spectroscopic techniques revealed that the wild-type a-syn contains as little as 
3% a-helices and 23% P-sheets, whereas the rest of the protein assumes a random 
conformation. The function of a-syn remains uncertain, although the preferential lo- 
calization to presynaptic nerve terminals and its interaction with lipids and proteins 
suggest some regulatory fiinction associated with dopamine production and lipid 
vesicle trafficking.-'''^^ Of interest are the numerous interactions of a-syn with pro- 
teins, suggesting that the abundance of this relatively unstructured protein may be 
important in allowing stochiometric protein-protein interactions that may regulate 
the function of the interactive proteins.^^"^* A focus of our investigations has been 
the C terminus, which is rich in negatively charged residues and three tyrosine resi- 
dues. Sequence alignment of a ([either E or D]-X-X-[ED]-X-X-[ED]) motif revealed 
possible similarities with proteins such as tubulin, neurofilament, and the mitochon- 
drial chaperonin CNP60 protein; and published data indicated that a-syn, but not p- 
synuclein—another member of the synclein family, can associate with proteins in a 
manner consistent with a chaperone-like activity.^^ The chaperone-like function of 
a-s)Ti requires stochiometric amounts of protein, suggesting that this putative func- 
tion would require sufficiently high concentrations of a-syn. Interactions with syn- 
philin-l,^" parkin,'*' tyrosine hydroxylase,-'^ dopamine transporter,-'^ phospholipase 
D,^^ and P-synuclein^^ may be critical in understanding both the physiological and 
pathological function of this protein. In addition posttranslation modification such 
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FIGURE 2. Working model for the role of oxidative/nitrative modifications on a-synu- 
clein aggregation. The relative slow turnover rate of a-syn allows the protein to establish 
reversible associations with lipid membranes and proteins. (1) Monomeric a-synuclein ex- 
ists in equilibrium with vesicle lipids as well as in association with proteins. (2) Although 
the in vivo conditions that induce a-syn to dimerize have not been identified, dimerization 
of monomeric synuclein leads to the formation of oligomers that initiate the cascade of fibril 
formation (3) that ultimately leads to formation of inclusions and Lewy bodies.^^- (4) The 
process of fibril formation can be disrupted by tyrosine nitration of a-syn or by oxidative 
formation of dopamine adduct(s) but not by oxidation of the protein.'''''''^ However, oxidative 
cross-linking via dityrosine formation may initiate the cascade of fibril production. (5) 
Moreover, oxidants and nitrating species can covalently cross-link either a-syn-oligomers 
or fibers forming urea- and SDS-insoluble, protease-resistant a-syn aggregates.^ • If the 
oxidants and nitrating agents encounter a-syn in fibril form, then the aggregated synuclein 
can be incorporated in the inclusions or Lewy bodies. It remains unknown if protofibril oli- 
gomers, fibrils, or insoluble aggregates (or even all three) cause cellular toxicity Possibly 
toxicity is derived by multiple pathways: (a) loss of monomeric a-syn to fibrils may disturb 
the equilibrium and thus the association with lipids and proteins, resulting in disturbances 
of normal cellular functions; (b) the oligomers, fibrils, and covalently cross-linked post- 
translationally modified synuclein exhibit a cytotoxic gain of function; and finally (c) the 
cell becomes metabolically stressed by the energetic demand to repair oligomers, fibrils, and 
covalently cross-linked a-syn. This metabolic demand, coupled with the presence of oxida- 
tive/nitrative stresses in part derived from mitochondria or dopamine-mediated production 
of reactive intermediates,^^''""^^ results in cellular dysfunction. Alternatively the cell con- 
sumes considerable energy attempting to remove the modified synuclein, and as a result nor- 
mal turnover of cellular proteins is impaired or ignored, resulting in inappropriate signaling 
and dysfunction. 

as glycosylation'" and serine phosphorylation^^''*^'''^ have been detected, and their 
potential role in the pathogenesis of synucleipathies is under investigation. 

a-SYNUCLEIN IS POSTTRANSLATIONALLY MODIFIED BY 
NITRATION AND OXIDATION IN VIVO 

Based on data gathered to understand the molecular basis of the selectivity of pro- 
tein tyrosine nitration in vivo we uncovered that tyrosine residues in the vicinity of 
charged amino acids (mostly acidic residues) are primary targets for nitration.''*''*'* 
Within the a-syn sequence the carboxyl terminus contains there tyrosine residues in 
an aspartate- and glutamate-rich environment, suggesting a reasonable site for mod- 
ification. Indeed, in vitro exposure of the protein to nitrating agents resulted in nitra- 
tion of these three tyrosine residues; and, moreover, in oxidation of tyrosine to form 
dityrosine that cross-linked the protein to form SDS and urea-stable dimer and multi- 
oligomeric forms."*^ A series of monoclonal antibodies were then raised and charac- 
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terized by mutational analysis that recognizes only nitrated a-syn or only nitrated 
and oxidized a-syn.-^"'^^ These antibodies revealed a highly selective labeling of a- 
syn not only in LBs but also in dystrophic neurites, indicating a wide-spread but 
highly selective modification of a-syn in PD and other related synucleopathies.^"-^^ 
Selective nitration of a-syn but not of other presynaptic proteins has also been de- 
tected in MPTP-challenged mice.'*^ This selective targeting of a-syn for oxidative 
and nitrative modification clearly implies the formation of nitrating agents and is de- 
rived in part, as alluded to before, from the protein structure and not the biochemical 
nature of the nitrating agent, the abundance of the protein, or even the number of ty- 
rosine residues in the protein. This selective targeting may provide some clues re- 
garding the molecular and biochemical events that lead to the pathogenesis of PD, 
as an important determinant in the selection of protein(s) for nitration is the site of 
formation of the nitrating agent. Based on these observations a model is proposed 
that implicates oxidative/nitrative stress in the formation of a-syn inclusions and cel- 
lular death in PD. 
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ABSTRACT: Autosomal-recessive juvenile parkinsonism (AR-JP) is caused by 
mutations in tlie parkin gene. Parlcin protein is cliaracterized by a ubiqultin- 
lilie domain at its NH2 terminus and by two RING finger motifs and one IBR 
(in between RING finger) motif at its COOH-terminus (RING-IBR-RING). We 
sliowed that the parlcin protein is an E3 ubiquitin ligase, which binds to ubiq- 
uitin-conjugating enzymes (E2s) through its RING-IBR-RING motif. The 
pathogenesis of AR-JP, therefore, was hypothesized to be accumulation of un- 
identified neurotoxic protein (a substrate of parlcin). On the basis of this hy- 
pothesis, the substrate of parkin was sought using a yeast two-hybrid system. 
A putative G protein-coupled transmembrane polypeptide, named Pael (par- 
kin-associated gndothelin receptor-/ike) receptor, was identified as a parkin 
binding protein. When overexpressed in cells, this receptor tends to become un- 
folded, insoluble, and ubiquitinated. The insoluble Pael receptor leads to endo- 
plasmic reticulum (ER) stress-induced cell death. Parkin specifically 
ubiquitinates this receptor in the presence of ER-resident E2s and promotes 
the degradation of unfolded Pael receptor, resulting in suppression of the cell 
death induced by the accumulation of unfolded Pael receptor in the ER. More- 
over, the insoluble form of Pael receptor accumulates in the brain of AR-JP pa- 
tients. This protein is highly expressed in the dopaminergic neurons in the 
substantia nigra, which is specifically affected in Parkinson's disease; although 
it is also widely expressed in oligodendroglias in the fiber tract. In conclusion, 
we showed that the accumulation of unfolded Pael receptor (a substrate of par- 
kin) may cause selective death of dopaminergic neurons in AR-JP. 

KEYWORDS: AR-JP; parkin; Pael receptor; ER stress; ERAD 

INTRODUCTION 

Parkinson's disease (PD) is the second most common neurodegenerative disease 
among elderly people. More than 1% of people aged 65 or older are afflicted with 
PD. The main clinical feature of PD is progressive motor disturbances (tremor, ri- 
gidity, and akinesia). Although the rate of disease progression is variable, wheel 
chair or bed confinement usually occurs years after disease onset. 
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Most PD cases are sporadic rather than familial (5-10%) and are presumably in- 
herited. Autosomal-recessive juvenile parkinsonism (AR-JP), the most frequent 
cause of familial PD, is characterized by several unique features including young age 
at onset (most under age 40) and superb responsiveness to L-dopa. The neuropatho- 
logical hallmark of AR-JP is selective degeneration of dopaminergic neurons in the 
substantia nigra, similar to that of the common form of Parkinson's disease. Howev- 
er, the pathology of AR-JP is not usually accompanied by Lewy bodies (cytoplasmic 
neuronal inclusions), which are the histopathological signature for common PD.'"^ 

In 1998, parkin was identified as the gene responsible for AR-JP.^ Here, the phys- 
iological and pathophysiological function of parkin in ER stress is discussed. 

RESULTS AND DISCUSSION 

The Structure and Function of the Parkin Protein 

Parkin is a 465-amino acid protein characterized by a ubiquitin-like domain at its 
NH2 terminus and two RING finger motifs and one IBR (m between RING fingers) 
motif at its COOH-terminus (RING-IBR-RING). The RING finger motif is a variant 
of the zinc finger motif, which has metal binding activity and cysteine and histidine 
residues present at certain intervals. 

Although the RING finger motif is found in a wide variety of proteins, the phys- 
iological function of this motif has been unknown until recently. However, recent 
findings implicate the RING domain in specific ubiquitination events.^ Protein ubiq- 
uitination begins with the formation of a thiol-ester linkage between the COOH ter- 
minus of ubiquitin and the active-site cysteine of the ubiquitin-activating enzyme 
(El). Ubiquitin then is transferred to a ubiquitin-conjugating enzyme (E2), again 
through a thiol-ester linkage. Ubiquitin-protein ligases (E3s), which are primarily 
responsible for providing specificity to ubiquitin conjugation, interact with E2 and 
the substrate, facilitating the formation of isopeptide bonds between the COOH-ter- 
minus of ubiquitin and lysines either on a target protein or on the last ubiquitin of a 
protein-bound multiubiquitin chain. Multiubiquitin chains are potent targeting sig- 
nals for protein degradation in proteasomes.^ A number of RING finger-containing 
proteins including Mdm2 and Siah are shown to be E3s. In RING-type E3s, RING 
finger motifs serve as recruiting motifs for specific E2 enzymes. These facts suggest 
that parkin, which contains the RING-IBR-RING motif, is a new E3 ubiquitin ligase. 

Parkin actually turned out to be a RING-type E3 ubiquitin ligase.^""^ We have 
shown that wild-type parkin ubiquitinates an unidentified substrate protein. By con- 
trast, disease-related mutated parkin has lost its E3 activity, indicating a close inverse 
correlation between enzymatic activity and disease phenotype.^ These results sug- 
gest that a genetic defect in parkin causes the substrate of parkin to escape degrada- 
tion and accumulate, and may lead to PD. This hypothesis implies a key role for the 
substrate of parkin in the neurodegenerative process. 

The Identification of Pael Receptor as a Substrate of Parkin 

To identify the substrate of parkin, we carried out a yeast two-hybrid screening 
of human adult brain cDNA libraries using full-length parkin as bait. One of the iso- 
lated clones contained a COOH terminal portion of endothelin receptor-like protein. 
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which is a putative G protein-coupled receptor with its unidentified ligand, very sim- 
ilar to endothelin receptor type B in sequence. We renamed this receptor Pael (par- 
kin-associated endothelin receptor-/ike) receptor (Pael-R; GenBank accession 
number: AF502281).'0 

Pael-R was specifically ubiquitinated by parkin in the presence of Ubc6 and Ubc7 
in an in vitro ubiquitination assay. Moreover, the half-life of Pael-R in cultured neu- 
roblastoma cells transiently transfected with a Pael-R expression vector was dramat- 
ically shortened from one hour to less than 30 minutes by parkin coexpression. 
These results indicate that Pael-R is an in vivo substrate of parkin. 

Pael-R Is a Substrate of Endoplasmic Reticulum-Associated Degradation 

It has been shown that the ubiquitin-proteasome pathway plays an important role 
in the degradation of membrane or secretory protein at the level of endoplasmic 
reticulum (ER). The ER is an organelle that carries out the quality control of mem- 
brane or secretory protein folding. Newly synthesized secretory proteins enter the 
ER, where ER chaperones such as BiP bind and help the proper folding of these pro- 
teins. Properly folded proteins are then allowed to enter the normal secretory path- 
way composed of Golgi apparatus, plasma membrane, endosome, lysosome, and 
various intermediate transport compartments. However, the proteins that do not fold 
correctly are retrotranslocated to the cytosol, where these "failed" proteins are de- 
graded. This process is called endoplasmic reticulum-associated degradation 
(ERAD).'' ERAD substrates (i.e., ER luminal or ER transmembrane proteins) are 
transported through a channel-like protein complex termed a "translocon" back to 
the cytosol, where they are subject to ubiquitin-proteasome degradation. 

Because parkin binds to Ubc6 and Ubc7 (ER-resident E2s involved in ERAD) 
and Pael-R was ubiquitinated in vitro in the presence of both parkin and Ubc6/7, it 
has been suggested that parkin is an E3 involved in ERAD and Pael-R is a substrate 
of ERAD. To test this idea, we caused overexpression of Pael-R in a dopaminergic 
neuroblastoma cell line, SH-SY5Y. When these cells were lysed with a nonionic de- 
tergent such as Triton X-100, properly folded and unfolded proteins substantially 
partitioned into detergent-soluble and -insoluble fractions, respectively.'^ 

Interestingly, a significant amount (up to 50%) of Pael-R was detected in the in- 
soluble fraction when cells transiently transfected with a plasmid containing a Pael- 
R cDNA were given no additional treatment, suggesting that the proper folding of 
Pael-R is inherently difficult. Treatment with ER stress-inducing reagents such as tu- 
nicamycin and 2-mercaptoethanol increased the level of insoluble Pael-R and de- 
creased the level of soluble Pael-R, indicating that the soluble and insoluble Pael-R 
correspond to properly folded and unfolded species of Pael-R. Moreover, treatment 
with lactacystin, a selective proteasomal inhibitor, dramatically increased the level of 
insoluble Pael-R without affecting the level of soluble Pael-R. This result indicates 
that inhibition of ERAD by lactacystin resulted in the accumulation of unfolded, in- 
soluble Pael-R and provides strong evidence that Pael-R is a substrate of ERAD. 

Abnormal Accumulation of Pael-R and ER Stress-Induced Cell Death 

To examine the effect of Pael-R accumulation on cell viability, Pael-R overex- 
pressing cells were treated with lactacystin to induce forced accumulation of Pael- 
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R. Immunofluorescence analysis revealed the accumulation of Pael-R in the ER 6 h 
after the addition of lactacystin. Prolonged lactacystin treatment led to Pael-R aggre- 
gate formation. As the aggregate formed, the cells became round and shrunken, sug- 
gesting apoptotic cell death and that accumulation of Pael-R causes cell death. 

Then what is the mechanism underlying Pael-R-induced cell death? Abnormal 
accumulation of unfolded proteins in the ER constitutes a major threat to cell viabil- 
ity. This situation is called "unfolded protein stress" or ER stress. Cells make at- 
tempts to overcome ER stress in various ways including transcriptional upregulation 
of ER chaperones (such as GRP78/BiP) and components of ERAD (such as Ubc7), 
and general translational suppression. These cellular responses are collectively 
called the "unfolded protein response" (UPR). When the amount of accumulated un- 
folded protein exceeds the threshold level, the cells undergo cell death accompanied 
by activation of c-Jun N terminal kinase (JNK) and caspase-12.'^'''* At the early 
stage of Pael-R accumulation, GRP78/BiP was upregulated at the transcriptional 
level, indicating that accumulation of Pael-R indeed induced ER stress. Moreover, 
we have already found that parkin mRNA is increased when cells are subjected to 
tunicamycin- or 2-mercaptoethanol-induced ER stress and that the resulting parkin 
overexpression suppressed ER stress-induced cell death of the human neuroblasto- 
ma cell line SH-SY5Y expressing endogenous Pael-R. Parkin-mediated cell death 
suppression is at least partially explained by parkin-mediated degradation of Pael-R. 
Consistent with this idea, Pael-R overexpression-induced cell death is suppressed by 
coexpression of parkin, which is accompanied by a significant decrease of insoluble, 
but not soluble, Pael-R. 

On the basis of these findings, accumulation of Pael-R is most likely the patho- 
genetic mechanism underlying AR-JP. Seeking direct evidence to support this idea, 
we examined brains from AR-JP patients to determined whether they contained ac- 
cumulated Pael-R. We prepared homogenates of AR-JP as well as control brain sam- 
ples, separated them into detergent-soluble and -insoluble fractions, and measured 
the amount of Pael-R in each fraction. The protein level of insoluble, but not soluble, 
Pael-R was 10-30-fold higher in AR-JP brains than that in non-AR-JP brains. More- 
over, in three out of four AR-JP brains examined, an increased level of GRP78/BiP 
was observed, suggesting that AR-JP brains were also under ER stress caused by the 
accumulation of unfolded Pael-R. Given that neurodegeneration in AR-JP is caused 
by ER stress-induced cell death, cytoplasmic inclusions composed of unfolded Pael- 
R may not be formed before cellular demise, providing reasonable explanation for 
the absence of Lewy bodies or other types of neuronal inclusion bodies in AR-JP. 

Tissue Distribution Pattern of Pael-R 

Pael-R mRNA is highly expressed in the central nervous system, especially in the 
substantia nigra and the corpus callosum, the latter being composed mainly of nerve 
fibers and not of neuronal cell bodies.'^-'^ Immunohistochemical analysis revealed 
that Pael-R is generally strongly expressed in oligodendrocytes and poorly expressed 
in neurons except hippocampal neurons and dopaminergic neurons in the substantia 
nigra. Assuming that postmitotic neurons are more vulnerable to ER stress than re- 
newable oligodendrocytes, selective degeneration of dopaminergic neurons in AR- 
JP can be partly explained by this unique distribution pattern of Pael-R. On the other 
hand, dopaminergic neurons are thought to be constitutively exposed to oxidative 
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FIGURE 1. Diagram showing (top) the normal functioning of Pael-R and (bottom) the 
pathogenic mechanism of AR-JP. 

Stress and especially sensitive to various stresses, providing another factor contrib- 
uting to the lesion selectivity in AR-JP. 

CONCLUSION 

Taken together, our evidence strongly suggests that accumulation of Pael-R is 
causative in AR-JP (FIG. 1).'" Recently, the accumulation of misfolded proteins has 
been implicated in the pathogenesis of many neurodegenerative diseases including 
amyotrophic lateral sclerosis, Alzheimer's disease, Parkinson's disease, and poly- 
glutamine disease."''^ Our study showed that AR-JP is also one of these so-called 
"conformational diseases." Potentially cytotoxic misfolded protein is usually detox- 
ified either by refolding with molecular chaperones or degradation through the 
ubiquitin-proteasome pathway. Manipulations of such refolding or degrading ma- 
chineries may provide opportunities for treatment of currently intractable neuro- 
degenerative diseases. 
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ABSTRACT: A paradigm shift in understanding Parkinson's disease (PD) and 
related disorders is emerging from studies showing that alpha-synuclein (AS) 
gene mutations cause familial PD; AS is abnormally nitrated, phosphorylated, 
and ubiquitinated; AS forms neuronal and glial inclusions; AS fibrillizes in 
vitro; and AS transgenic animals develop neurodegeneration with AS amyloid 
inclusions. Thus, PD and related synucleinopathies are brain amyloidoses that 
may share similar mechanisms and targets for drug discovery. 

KEYWORDS: Parkinson's disease; alpha-synuclein; synucleinopathies; neuro- 
degenerative brain amyloidoses 

Parkinson's disease (PD) is the most common neurodegenerative movement disor- 
der, but because its underlying mechanisms are poorly understood, only symptom- 
atic treatments that partially or transiently ameliorate some of the impairments 
associated with PD are available (reviewed in Ref. 1). However, recent research 
breakthroughs implicate a-synuclein (AS) abnormalities in mechanisms of PD (re- 
viewed in Refs. 2-7), and this will hasten development of more effective PD thera- 
pies. For example, AS pathologies are now recognized as the defining brain amyloid 
lesions of diverse neurodegenerative disorders known as a-synucleinopathies (also 
called synucleinopathies) that appear to share similar disease mechanisms (TABLE 

1); and further insights into the role that AS plays in PD and other neurodegenerative 
brain amyloidoses are likely to provide new targets for the discovery of drugs to treat 
these diseases (reviewed in Refs. 2-9). 

As summarized and discussed in more detail elsewhere,^"'^ a paradigm shift in 
understanding mechanisms of PD began in 1997, and this is resulting in the conver- 
gence of several lines of evidence implicating brain amyloid deposits formed by 
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TABLE 1. Neurodegenerative diseases with prominent filamentous AS lesions 

Sporadic and familial Parkinson's disease 
Sporadic and familial Alzheimer's disease 
Dementia with Lewy bodies 
Multiple system atrophy 
Down's syndrome 
Neuronal degeneration with brain iron accumulation type 1 (Hallervorden-Spatz disease) 
Pure autonomic failure 
REM sleep behavior disorder 

NOTE: Sporadic and hereditary neurodegenerative diseases characterized by filamentous AS 
brain lesions. Disease in which AS lesions are the predominant or sole form of brain amyloid are 
shown in italics. Notably, AD is a triple brain amyloidosis because it is associated with lesions 
formed by deposits of fibrillar tau, Ap, and AS. 

abnormally aggregated AS filaments in these processes.'^"^^ The following key ob- 
servations support this new perspective on PD and related disorders: 

(1) Mutations in the AS gene cause familial PD; 
(2) Lewy bodies (LBs) and dystrophic Lewy neuritis are detected by anti-AS 

antibodies, but these hallmark PD amyloid lesions also occur in other dis- 
orders including Alzheimer's disease (AD), the LB variant of AD 
(LBVAD), and dementia with LBs (DLB); 

(3) AS filaments are recovered from PD and DLB brains as well as from LBs 
purified from DLB brains; 

(4) recombinant AS forms LB-like filaments with properties that are typical 
for amyloid fibrils and amino acids 71-82 in AS are essential for filament 
assembly; 

(5) AS single transgenic (TG) mice and flies develop a neurodegenerative dis- 
ease phenotype with filamentous AS amyloid deposits; 

(6) cortical LBs detected with antibodies to AS correlate with dementia in PD, 
DLB, and LBVAD; 

(7) anti-AS antibodies detect more LBs in familial AD, sporadic AD, and 
Down's syndrome brains with AD pathology than previously described 
using other antibodies, suggesting that LBs are present in most cases of 
sporadic and hereditary AD; 

(8) AS forms filaments that aggregate into amyloid-like glial cytoplasmic 
inclusions (GCIs), which are hallmarks of neurodegeneration with brain 
iron accumulation type 1 (NBIA-1) and multiple system atrophy (MSA); 

(9) epitope mapping studies with anti-AS antibodies demonstrate that regions 
spanning the entire length of AS are present in LBs and GCIs; 

(10) filamentous AS aggregates in LBs, GCIs, and related lesions contain 
abnormally nitrated, phopshorylated, and ubiquitinated residues; 

(11) cells transfected with AS followed by treatment with nitric oxide genera- 
tors develop LB-like AS inclusions; 

(12) double TG mice overexpressing mutant human amyloid-beta (Ab) precur- 
sor proteins and AS show an augmentation in AS inclusions; 
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(13) coexpression of heat shock proteins (HSPs) with AS in flies and of p-synu- 
clein with AS in mice leads to an amelioration of the disease phenotype 
seen in single AS TG animals, while a drug (geldanamycin) that induces 
HSPs in AS TG flies prevents degeneration of LB-containing neurons fol- 
lowing treatment of the TG flies with this drug. 

Thus, prominent AS pathologies with the physical-chemical properties of amyloid 
deposits are the hallmark brain lesions of several neurodegenerative disorders that 
may represent different manifestations of nervous system degeneration due to com- 
mon underlying disease mechanisms. Accordingly, these disorders are classified to- 
gether as neurodegenerative synucleinopathies, and each of these disorders can be 
regarded as different forms of brain amyloidosis (TABLE 1). 

The deleterious effects of AS aggregates on central nervous system (CNS) neu- 
rons (e.g., LBs) in PD or glial cells (e.g., GCIs) in MSA remain to be elucidated. 
However, LBs are likely to impair the function/viability of affected neurons based 
on studies of TG animal models of neurodegenerative diseases that have been engi- 
neered to overexpress AS in the CNS.^''^'"^ For example, AS filaments form a dense 
meshwork that could "trap" proteins destined for axonal transport, thereby depriving 
processes of trophic factors or other essential proteins. As a result of this cascade of 
events, axons arising from neurons harboring LBs may undergo a "dying back" pro- 
cess that disrupts synaptic transmission and eventually culminates in the degenera- 
tion of affected neurons. These speculations notwithstanding, the availability of TG 
animal models of LB-like inclusions generated by expressing mutant and wild-type 
human AS in the CNS will enable experimental tests of hypotheses about neurode- 
generation in PD as well as the screening of new drugs that might reverse or prevent 
PD and related synucleiopathies. 

In addition to synucleinopathies, emerging data implicate amyloid deposits 
formed by diverse proteins and peptides in the onset/progression of many other spo- 
radic and hereditary neurodegenerative disorders (including AD, which is a triple 
brain amyloidosis, because it is associated with lesions formed by deposits of fibril- 
lar tau, Ap, and AS). Indeed, accumulating evidence suggests a mechanistic link be- 
tween abnormal filamentous amyloid aggregates and the degeneration of affected 
brain regions in neurodegenerative disorders. Inexplicably, many of these neurode- 
generative diseases share an enigmatic symmetry: that is, missense mutations in the 
gene encoding the disease protein cause an early-onset, highly aggressive familial 
disorder, as well as the hallmark brain amyloid lesions of the disease; but the same 
brain amyloid lesions also can be formed from the corresponding wild-type protein 
in sporadic variants of these conditions. Thus, clarification of this enigmatic symme- 
try in one disease could have a significant impact on understanding mechanisms un- 
derlying all of these disorders and on efforts to develop more effective therapies to 
treat them. Moreover, by addressing these important issues, it is likely that insights 
into the underlying mechanisms of PD and related synucleinopathies will emerge, 
and it may be possible to clarify the perplexing, but well-documented, cooccurrence 
of PD and AD in the same patient, which is more common than chance alone would 
predict.^''^ More significantly, this research is likely to stimulate the discovery of in- 
novative therapies designed to disrupt neurodegenerative mechanisms, including 
brain amyloidosis caused by the accumulation of filamentous AS aggregates; and 
thereby to block or retard the progression of PD and related synucleinopathies. 
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ABSTRACT: Mitochondrial dysfunction, due to either environmental or genetic 
factors, can result in excessive production of reactive oxygen species, triggering 
the apoptotic death of dopaminergic cells in Parkinson's disease. Mitochondri- 
al free radical production is promoted by the inhibition of electron transport 
at any point distal to the sites of superoxide production. Neurotoxins that in- 
duce parkinsonian neuropathology, such as MPP* and rotenone, stimulate su- 
peroxide production at complex I of the electron transport chain and also 
stimulate free radical production at proximal redox sites including mitochon- 
drial matrix dehydrogenases. The oxidative stress caused by elevated mito- 
chondrial production of reactive oxygen species promotes the expression and 
(or) intracellular distribution of the proapoptotic protein Bax to the mitochon- 
drial outer membrane. Interactions between Bax and BH3 death domain pro- 
teins such as tBid result in Bax membrane integration, oligomerization, and 
permeabilization of the outer membrane to intermembrane proteins such as 
cytochrome c. Once released into the cytosol, cytochrome c together with other 
proteins activates the caspase cascade of protease activities that mediate the 
biochemical and morphological alterations characteristic of apoptosis. In addi- 
tion, loss of mitochondrial cytochrome c stimulates mitochondrial free radical 
production, further promoting cell death pathways. Excessive mitochondrial 
Ca^"^ accumulation can also release cytochrome c and promote superoxide pro- 
duction through a mechanism distinctly different from that of Bax. Ca^""" acti- 
vates a mitochondrial inner membrane permeability transition causing 
osmotic swelling, rupture of the outer membrane, and complete loss of mito- 
chondrial structural and functional integrity. While amphiphilic cations, such 
as dibucaine and propranolol, inhibit Bax-mediated cytochrome c release, 
transient receptor potential channel inhibitors inhibit mitochondrial swelling 
and cytochrome c release induced by the inner membrane permeability transi- 
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tion. These advances in the knowledge of mitochondrial cell death mechanisms 
and their inhibitors may lead to neuroprotective interventions applicable to 
Parkinsons's disease. 

KEYWORDS: apoptosis; cytochrome c; calcium; excitotoxicity; Bax 

INTRODUCTION 

Parkinson's disease (PD) is a progressive neurodegenerative disease character- 
ized clinically by bradykinesia, rigidity, resting tremor, and ataxia. These symptoms 
are caused by decreased dopamine release in the striatum. Pathologically, PD is 
characterized primarily by the death of dopaminergic neurons in the substantia nigra 
pars compacta and the formation of ubiquitin- and a-synuclein-positive cytoplasmic 
inclusions (Lewy bodies). The molecular mechanisms responsible for these changes 
are not clearly understood. One theory is that mitochondrial dysfunction, due to ei- 
ther environmental or genetic factors, results in excessive oxidative stress that trig- 
gers apoptotic cell death. 

EVIDENCE FOR A MITOCHONDRIAL ETIOLOGY OF 
PARKINSON'S DISEASE 

Several lines of evidence support the hypothesis that mitochondrial dysfunction 
contributes to the etiology of Parkinson's disease. Electron transport chain complex 
I activity is reduced in PD substantia nigra autopsy specimens as well as in PD plate- 
lets.''^ A mitochondrial genomic etiology for defective complex I in PD is strongly 
suggested by the presence of altered complex I activity, abnormal mitochondrial 
morphology, and impaired mitochondrial energy-dependent activities in cybrid cell 
lines containing a normal nuclear genome but mitochondrial DNA from PD pa- 
tients.^"^ Parkinson's disease cybrids are also more sensitive to death induced by 
MPP"*", a dopaminergic neuron-selective toxin that induces Parkinson-like lesions 
and symptoms in both humans and animals.^ Additional evidence for a mitochondri- 
al etiology of PD is the finding that chronic systemic treatment of rats with rotenone, 
a highly specific complex I inhibitor, can induce Lewy body neuropathology in ad- 
dition to nigrostriatal dopaminergic degeneration and neurologic features of PD.^ 

MITOCHONDRIAL INITIATION OF NECROTIC AND 
APOPTOTIC CELL DEATH 

Mitochondria have long been considered as mediators of cell death in neuro- 
degenerative disorders. The significance of mitochondrial injury was previously 
thought to be limited to the potential effects such injury has on maintaining sufficient 
cellular ATP to avoid necrotic cell death. However, we now understand that mito- 
chondria are the primary mediators of cell death caused by abnormal levels of intra- 
cellular Ca^"*" elicited during excitotoxicity^ and that mitochondrial mechanisms of 
neural cell death include oxidative stress and apoptosis in addition to metabolic fail- 
ure (FIG. 1). Relatively mild mitochondrial injury, where ATP levels are maintained 
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FIGURE 1. Mitochondrial mechanisms of neural cell death. Exitotoxic levels of intra- 
cellular Ca^'*' accumulate within mitochondria, potentially causing metabolic failure, oxida- 
tive stress, and apoptosis via the release of cytochrome c and other proapoptotic 
mitochondrial proteins. Proteins, such as Bax, also mediate the release of mitochondrial cy- 
tochrome c, which, in addition to activating the caspase apoptotic cascade, can also stimu- 
late mitochondrial free radical production. The levels and (or) subcellular distribution of 
these proteins is under the control of trophic factors and is also affected by oxidative stress. 
Mitochondrial free radical production is stimulated by the neurotoxins MPP""" and rotenone 
and may be elevated by genomic or environmentally mediated alterations in electron trans- 
port chain activities. 

near normal, results in mainly apoptotic cell death. More extensive injury that causes 
ATP depletion shifts the form of cell death toward necrosis. Excessive accumulation 
of Ca^+ that occurs during excitotoxic stimulation is likely not the only mediator of 
mitochondrial injury. Mitochondria are the targets of reactive oxygen species (ROS) 
generated by a number of different systems, including the mitochondrial electron 
transport chain (ETC), cyclooxygenases, Fe^^-catalyzed hydroxyl radical (OH*) for- 
mation, and peroxynitrite formed from the reaction of nitric oxide (NO') with super- 
oxide (02~). The levels and activities of mitochondrial antioxidant defense 
systems—for example, superoxide dismutase and glutathione peroxidase—and the 
redox state of mitochondrial NAD(P)H are therefore extremely important determi- 
nants of the extent of oxidative mitochondrial injury and neural cell survival. 

THE INTRINSIC MITOCHONDRIAL PATHWAY OF APOPTOSIS 

Discovery of the involvement of the release of mitochondrial cytochrome c in the 
activation of the cell death protease (caspase) cascade leading to apoptosis is one of 
the most important and certainly most unexpected events in the history of cell death 
research (FIG. 2). Release of several proapoptotic mitochondrial proteins, such as cy- 
tochrome c and apoptosis initiating factor (AIF), and their redistribution to the cytosol 
and nucleus during neural cell death in vitro and in vivo are well documented.^ Sev- 
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FIGURE 2. Mitochondrial participation in apoptosis. Agents, such as Ca^'^, ROS, and 
ceramide, as well as proapoptotic proteins, such as Bax, stimulate the release of other pro- 
apoptotic proteins—for example, cytochrome c (C in the figure)—from the mitochondrial 
intermembrane space into the cytosol. Cytochrome c and procaspase 9 together with apop- 
tosis activating factor 1 (Apaf-1) form a multiprotein complex (apoptosome) that activates 
caspase 9, which then cleaves procaspase 3, forming active caspase 3. This caspase, together 
with other caspases it activates, proteolytically degrades a variety of proteins, causing the 
molecular and morphological alterations characteristic of apoptosis. Cell surface "death re- 
ceptors," such as Fas, can activate caspase 3 directly through activation of caspase 8 (not 
shown) or participate in the mitochondrial pathway by processing Bid to form tBid, which 
greatly stimulates the release of cytochrome c by Bax. The antiapoptotic protein Bcl-2 is ca- 
pable of inhibiting the release of cytochrome c mediated by either Ca^"*" or Bax. 

eral factors are capable of triggering the release of proapoptotic proteins from mito- 
chondria, including elevated Ca^+, ROS, ceramide, and other cell death proteins, such 
as Bax and tBid. Some apoptotic proteins, such as tBid, are activated by proteolytic 
cleavage and redistribute to the mitochondria in response to signals—for example, ac- 
tivation of the Fas and tumor necrosis factor (TNF)-a "cell death receptors." In addi- 
tion to setting the mitochondrial pathway in motion, these receptors can trigger 
apoptosis via an "extrinsic pathway" by stimulating caspase 8-medated activation of 
caspase 3 through proteolytic cleavage. We obtained evidence for Fas receptor acti- 
vation in the penumbra surrounding brain infarcts caused by closed head injury in hu- 
mans.^ The involvement of Fas and TNFa receptor activation in PD dopaminergic 
cell death is less clear. While the ligands for these receptors and other inflammatory 
cytokines are elevated in nigrostriatal dopaminergic regions and in the cerebrospinal 
fluid of PD patients,^ these changes may reflect nonneuronal, proinflammatory cell 
activation.'" Despite this controversy, abundant evidence obtained from patients and 
from animal models indicates that apoptosis plays a critical role in PD dopaminergic 
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cell death and that the mitochondrial pathway of apoptosis is integrally involved.'' 
Therefore, the molecular mechanisms responsible for the release of proapoptotic pro- 
teins from mitochondria are potential targets for therapeutic intervention in PD. 

There are two fundamentally different mechanisms of mitochondrial protein re- 
lease under consideration. The first involves physical disruption of the mitochondrial 
outer membrane and simple diffusion of cytochrome c from its normal exclusive lo- 
cation in the space located between the outer and inner mitochondrial membranes. 
The second mechanism involves transport of cytochrome c through a pore located in 
the outer membrane. 

A likely cause for the physical disruption of the outer membrane is the osmotic 
swelling of the compartment surrounded by the inner membrane (matrix) due to an 
increased permeability of the inner membrane to small osmotically active solutes. 
There is a large body of literature describing this swelling phenomenon known as the 
mitochondrial membrane permeability transition (MPT).'^ This activity is triggered 
by abnormal mitochondrial Ca^"*" accumulation and is promoted by oxidative stress 
and reactive metabolites, such as peroxynitrite. The MPT is generally defined as a 
relatively nonspecific increase in inner membrane permeability that results in a sub- 
stantial increase in matrix volume and a decrease in mitochondrial membrane poten- 
tial that can be inhibited by the presence of the drug cyclosporin A (CsA) and by 
overexpression of the antiapoptotic gene Bcl-2,'^ both of which protect against 
MPP"''-induced dopaminergic cell death.''*''^ Although CsA is very effective at in- 
hibiting the MPT for non neural cell mitochondria, Ca^^-induced cytochrome c re- 
lease from brain mitochondria is relatively resistant to inhibition by CsA in the 
presence of physiologically realistic concentrations of the cytosolic components 
Mg2+andATP.'^ 

We recently found that 2-aminoethoxydiphenyl borate, an inhibitor of transient 
receptor potential (TRP) channels, is much more effective than CsA at protecting 
against Ca^"'"-induced cytochrome c release from brain mitochondria.'^ This obser- 
vation and others suggest that the MPT is associated with activation of Trp channels, 
a potential new class of targets for neuroprotection in PD and other brain disorders. 

The MPT is an attractive mechanism of acute neural injury due to its activation 
by factors known to be associated with excitotoxicity and because of its sensitivity 
to inhibition by certain drugs and gene products known to be neuroprotective. How- 
ever, increasing evidence indicates that the mechanism by which proapoptotic pro- 
teins such as Bax and tBid release cytochrome c and cause other forms of 
mitochondrial dysfunction is independent of the MPT and involves either pore for- 
mation or lipid alterations at the mitochondrial outer membrane.'^~^'' The potential 
importance of Bax in PD is illustrated by the observation that Bax-knockout mice 
are resistant to nigrostriatal cell death induced by MPP"*".^' 

The Bax-mediated mechanism of cytochrome c release is not inhibited by CsA 
but is inhibited by specific amphiphilic cations, such as dibucaine and propranolol, 
known to affect membrane lipid-protein interactions.^^ In addition to activation of 
proapoptotic proteins like Bid by cell death receptors, expression of the genes coding 
for these proteins and mitochondrial-protein interactions are promoted by high Ca^"'" 
and ROS through their stimulation of complex signal transduction cascades.^^ 
Therefore, Ca^"*" together with oxidative stress can promote cytochrome c release and 
apoptosis by both the MPT- and Bax-mediated molecular mechanisms that exhibit 
different pharmacologic sensitivities. 
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Mechanisms of mitochondrial proapoptotic protein release in addition to the 
MPT- and Bax-dependent pathways should also be considered. As AIF release ap- 
pears downstream of cytochrome c release and caspase activation,^'* it is possible 
that proteolytic cleavage of AIF or an anchoring protein might be necessary. Also, 
as cytochrome c release stimulates mitochondrial generation of reactive oxygen spe- 
cies,'^^ the oxidative modification of mitochondrial membrane lipids or proteins 
could be another event responsible for or promoting release of proapoptotic mito- 
chondrial proteins. 

A possible key to the development of mitochondrial neuroprotective interven- 
tions is the understanding of the mechanisms by which the antiapoptotic, mitochon- 
drial protein Bcl-2 inhibits cytochrome c release mediated by both MPT-dependent 
and -independent pathways. Bcl-2 and its close relative BC1-XL exert some form of 
antioxidant activity that confers cytoprotection against ROS that may also inhibit ac- 
tivation of the MPT.'^'^^ In contrast, Bcl-2 inhibition of Bax appears to involve di- 
rect protein-protein interaction, impairment of Bax oligomerization, and 
consequently inhibition of pore formation.^' Stimulation of Bcl-2 expression has 
been demonstrated in several ischemic preconditioning paradigms and may repre- 
sent a primary mechanism of neuroprotection by estrogen.^^ Investigators have also 
utilized protein transduction domains to deliver exogenous BC1-XL to cells through- 
out the brain and have demonstrated neuroprotection when these fusion proteins 
were administered by intraperitoneal injection up to 1 hour following the occlusion 
of the middle cerebral artery of mice.'^^ Delivery of neuroprotective proteins, such 
as Bcl-2 and glial cell line-derived neurotrophic factor (GDNF), as a therapeutic ap- 
proach for neurodegenerative disorders like Parkinson's disease is therefore possible 
and may prove to be effective. 

MITOCHONDRIAL MECHANISMS OF REACTFVE OXYGEN 
SPECIES GENERATION 

As several lines of evidence suggest that elevated mitochondrial ROS production 
contributes to the etiology of Parkinson's disease and as oxidative stress is a potent 
activator of apoptosis, understanding the mechanisms of mitochondrial free radical 
production is critically important in elucidating the pathophysiology of Parkinson's 
and other neurodegenerative diseases. The two most commonly cited sites of mito- 
chondrial ROS production are ubisemiquinone (during complex III reduction) and 
complex I, although others, such as complex II, may also contributed^ The site of 
mitochondrial ROS production implicated most strongly in Parkinson's disease is 
complex I of the electron transport chain. Some neurotoxins that induce PD neuro- 
pathology in vivo, such as MPP"^ and rotenone, are inhibitors of complex I and stim- 
ulate ROS generation in vitro?^ Acting along with hydroxyl radical (OH') and 
peroxynitrite (HNOO~), these ROS species can cause oxidative damage and inhibi- 
tion of mitochondrial enzyme activities, including those of complex I and alpha-ke- 
toglutarate dehydrogenase complex (aKGDC) (FIG. 3).^^'^^ This inhibition can lead 
to metabolic failure through impairment of electron transport-dependent generation 
of the proton-motive force that drives the synthesis of ATP. Complete detoxification 
of superoxide depends on the enzymes superoxide dismutase (SOD), glutathione 
peroxidase (GPX), and glutathione reductase (GR) together with glutathione and a 
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FIGURE 3. Mitochondrial generation and detoxification of reactive oxygen species. 
The site of mitochondrial reactive oxygen species (ROS) production most widely implicated 
in Parkinson's disease is complex I of the electron transport chain. Indirect evidence for in- 
volvement of complex I includes the observations that neurotoxins capable of inducing Par- 
kinson's symptoms and neuropathology in vivo, such as MPP"^ and rotenone, are inhibitors 
of complex I and stimulate ROS generation in vitro. However, these same agents result in 
inhibition of the overall enzyme activity of a-ketoglutarate dehydrogenase complex 
(aKGDC), a multisubunit complex that can also catalyze superoxide (02~) and consequent- 
ly H2O2 production. The ROS metabolites most likely to mediate oxidative injury to mito- 
chondria and other cellular constituents are hydroxyl radical (OH') and peroxynitrite 
(HNOO~). These agents can cause oxidative damage and inhibition of mitochondrial en- 
zyme activities, including those of complex I and aKGDC. This inhibition can lead to met- 
abolic failure through impairment of electron transport-dependent generation of the proton- 
motive force that drives the synthesis of ATP at complex V (FIFQ ATP synthetase). Complete 
detoxification of superoxide depends on the enzymes superoxide dismutase (SOD), glu- 
tathione peroxidase (GPX), and glutathione reductase (GR) together with glutathione and a 
sufficiently reduced redox state of NAD(P)H to drive the reduction of glutathione and con- 
sequently the reduction of H2O2 to H2O. 

sufficiently reduced redox state of NAD(P)H to drive the reduction of glutathione 
and consequently the reduction of H2O2 to H2O. 

Our recent observations indicate that in addition to complex I, several tricarbox- 
ylic acid cycle dehydrogenases are potential sources of ROS, with aKGDH appear- 
ing the most active.-''* In particular, the rate of ROS production by isolated brain 
mitochondria measured under a state of rapid metabolism, as normally exists in neu- 
rons, was highest with a-ketoglutarate as respiratory substrate, even though several 
other substrates support higher rates of respiration. Zinc also promotes ROS produc- 
tion by the lipoamide dehydrogenase component of aKGDH, but it inhibits overall 
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enzyme activity.^^ Considering the findings that environmental exposure to zinc is a 
risk factor for Parkinson's disease and that otKGDH enzyme activity is reduced in 
PD and in Alzheimer's disease,^^ the relationships between this enzyme complex, 
ROS production, and dopaminergic cell death in cellular and animal models of PD 

require further investigation. 
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ABSTRACT: The pathogenesis of Parkinson's disease (PD) remains obscure, but 
there is increasing evidence that impairment of mitochondrial function, oxida- 
tive damage, and inflammation are contributing factors. The present paper re- 
views the experimental and clinical evidence implicating these processes in PD. 
There is substantial evidence that there is a deficiency of complex I activity of 
the mitochondrial electron transport chain in PD. There is also evidence for in- 
creased numbers of activated microglia in both PD postmortem tissue as well 
as in animal models of PD. Impaired mitochondrial function and activated 
microglia may both contribute to oxidative damage in PD. A number of thera- 
pies targeting inflammation and mitochondrial dysfunction are efficacious in 
the MPTP model of PD. Of these, coenzyme Qio appears to be particularly 
promising based on the results of a recent phase 2 clinical trial in which it sig- 
nificantly slowed the progression of PD. 
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THE ROLE OF FREE RADICALS AND IMPAIRED ENERGY 
METABOLISM IN PARKINSON'S DISEASE 

All aerobic organisms are continually exposed to oxidative stress.' Oxidative 
phosphorylation involves the transfer of electrons, which can lead to the generation 
of free radicals, independently existing species that contain one or more unpaired 
electrons. Most free radicals are unstable reactive species that can extract an electron 
from neighboring molecules to complete their own orbital. This leads to oxidation 
of neighboring molecules. Critical biologic molecules including DNA, proteins, and 
membrane lipids are subject to oxidative damage. 

Mitochondria are believed to be the most important cellular source of free radi- 
cals generating superoxide radicals at ubiquinone and NADH dehydrogenase (com- 
plex I).-^ Superoxide is normally converted by superoxide dismutase (SOD) to H2O2. 
H2O2 reacts with transition metals to generate hydroxyl radicals, the prime media- 
tors of cell damage. Superoxide can also react with nitric oxide to the form of per- 
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oxynitrite (ONOO").^ This reaction occurs at the rate of 6.7 x 10^ M"' S"', threefold 
faster than the rate of superoxide dismutation by superoxide dismutase. Peroxyni- 
trite generation thus depends on the concentration of superoxide and nitric oxide in 
the cell. Peroxynitrite can exist in an activated "hydroxyl radical-like" transitional 
state. At physiologic pH, peroxynitrite may diffuse over several cell diameters to 
produce cell damage by oxidizing lipids, proteins, and DNA. Peroxynitrite can react 
with Cu,Zn SOD to form nitronium ion, which may then nitrate tyrosine residues."* 
The 3-nitrotyrosine so generated is an excellent biochemical marker of peroxyni- 
trite-mediated oxidative damage. 

Much of the current interest in the association between neurodegeneration and 
mitochondrial dysfunction/oxidative damage stems from studies of l-methyl-4- 
phenyl-l,2,3,6-tetrahydropyridine (MPTP)-induced parkinsonism. The MPTP mod- 
el of PD results in a clinical syndrome that replicates the major features of PD in man 
and nonhuman primates.^ MPTP is metabolized to MPTP+ and MPP+ (l-methyl-4- 
phenylpyridinium) by the enzyme monoamine oxidase B. MPP"*" is subsequently se- 
lectively taken up by dopaminergic terminals and concentrated in neuronal mito- 
chondria in the substantia nigra. In vitro experiments demonstrated that 
nicotinamide dehydrogenase (NADH), complex I of the electron transport chain, is 
weakly and reversibly inhibited by MPP"*", leading to reductions in mitochondrial 
ATP production.^ MPP"*" can also cause irreversible inactivation of complex I by gen- 
erating free radicals and increasing lipid peroxidation.' Inhibition of NADH dehy- 
drogenase by MPP"*" leads to superoxide production in isolated bovine heart 
submitochondrial particles and in v/vo.^'^ Finally, MPTP-induced damage is attenu- 
ated in transgenic mice overexpressing superoxide dismutase.^^ We previously 
showed that mice deficient in either MnSOD or glutathione peroxidase show in- 
creased vulnerability to MPTP toxicity." •' ^ Thus, the MPTP model of parkinsonism 
has already set a precedent for a causal relationship between mitochondrial dysfunc- 
tion and oxidative cellular damage. 

Evidence extending this hypothesis to the pathogenesis of idiopathic PD comes 
from a 30-40% decrease in complex I activity in the substantia nigra.'^"'^ Reduced 
staining for complex I subunits in PD substantia nigra, but preserved staining for 
subunits of the other electron transport complexes, has been demonstrated immuno- 
histochemically.'^ Strong support for a mitochondrial DNA-encoded defect comes 
from studies that showed that complex I defects from PD platelets are transferable 
into mitochondrial-deficient cell lines.*^''^ These defects are associated with in- 
creased free radical production, increased susceptibility to MPP"*", and impaired mi- 
tochondrial calcium buffering.^^ Direct sequencing of mitochondrial complex I and 
tRNA genes, however, failed to show homoplasmic mutations.^' 

OXIDATIVE DAMAGE IN PD 

A great deal of interest has been focused on the possibility that oxidative damage 
may play a role in the pathogenesis of PD. There are studies showing increased lev- 
els of malondialdehyde and cholesterol lipid hydroperoxides, markers for lipid per- 
oxidation, in PD substantia nigra.^^'^^ There are widespread increases in protein 
carbonyls in PD postmortem brain tissue.^'' Concentrations of 8-hydroxy-2-deoxy- 
guanosine, a marker of oxidative damage to DNA, are significantly increased in PD 
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substantia nigra and striatum.^^'-^^ However, attempts to detect increased free radi- 
cals using electron spin resonance have been unsuccessful. Evidence for nitrosyl 
radicals in PD substantia nigra was recently obtained.^^ Another means of looking 
for oxidative stress is to measure concentrations of reduced glutathione. Reduced 
glutathione is decreased in PD substantia nigra by approximately 50%.^^"^' Individ- 
uals with incidental Lewy body disease may have presymptomatic PD, and they have 
a 35% reduction in reduced glutathione as compared with age-matched controls.^^ 

INFLAMMATION AND PD 

There is increasing evidence that inflammation may contribute to PD pathogene- 
sis. There is an increase in reactive microglia in the striatum and substantia nigra of 
patients with idiopathic PD.^^'^'* Although gliosis may in some circumstances be 
beneficial, at other times it exerts deleterious effects. Microglial cells, which are the 
resident macrophages in the brain, respond to many insults with rapid proliferation, 
hypertrophy, and expression of a number of cytokines.^^-^^ The brain area that en- 
compasses the substantia nigra has the highest density of microglia in the brain.^^ 
Activated microglia upregulate cell surface markers such as the macrophage antigen 
complex-I (MAC-1), and they produce a variety of proinflammatory cytokines. 
There appears to be a graded response with differential expression depending on the 
severity of the insult.^^ A consequence of activation of microglia is the production 
of reactive oxygen species. They can originate from NADPH oxidase, which produc- 
es superoxide (O2'); COX-2, which produces free radicals as a byproduct of prostag- 
landin synthesis; and from inducible nitric oxide synthase (iNOS), which generates 
NO*. iNOS, because it does not require Ca^* for activity, produces much higher lev- 
els of NO* for longer periods (hours) than do the endothelial and neuronal isoforms 
of NOS, which require Ca^"^ for activity. NADPH-oxidase is a major source of activ- 
ity-dependent superoxide.^^ The reaction of ©2' with NO" generates peroxynitrite 
ONOO", which is strongly implicated in PD pathogenesis. Prior studies showed that 
Lewy body-positive substantia nigra neurons in PD stain with antibodies to 3-nitro- 
tyrosine, which is thought to be a specific marker for peroxynitrite-mediated dam- 
age.^' More recent studies showed that Lewy bodies react with antibodies to nitrated 
a-synuclein, the major protein component of Lewy bodies.'*'* 

It was reported in a small number of cases that the mRNA for the Clq and C9 
components of complement are increased in PD substantia nigra."*' A number of cy- 
tokines including interleukin (IL)-l, IL-6, and tumor necrosis factor (TNF)-a con- 
tribute to inflammatory processes. Studies of TNFa showed it to be increased 366% 
in the striatum and 432% in the cerebrospinal fluid (CSF) of PD patients.''^ Further- 
more, an increase in TNFa imunoreactive glial cells was reported in the substantia 
nigra of PD patients, as compared to controls.''^''''* 

The density of glial cells expressing IL-ip and interferon (IFN)-Ywas also in- 
creased in PD substantia nigra."*"* Others found increased levels of Il-lp and IL-6 in 
the caudate, putamen, and cerebral cortex of postmortem PD brains."*^ Both IL-ip 
and IL-6 were also found to be increased in the CSF of PD patients."*^ Another group 
found an increase in IL-6 in the CSF of PD patients and reported that levels inversely 
correlate with the severity of PD."''' Last, an IL-ip polymorphism was reported to in- 
crease the risk of PD."'^-''^ 
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INFLAMMATION IN ANIMAL MODELS 

Although there has been tremendous progress in genetic models of PD, they are 
not yet ideal in producing the cardinal features of PD.^ The most experience has been 
with toxin models of PD including MPTP, rotenone, and 6-hydroxydopamine. An 
activation of microglia in both the striatum and in the substantia nigra has been well 
documented to occur in the MPTP model of PD.^""^^ The microglial activation was 
associated with elevated IL-6 levels.^^ MPTP toxicity is also associated with in- 
creases in IL-1 p.^^ We demonstrated that mice deficient in IL-1 p converting enzyme 
are markedly resistant to MPTP neurotoxicity.^'* A recent study showed that mino- 
cycline prevented MPTP-induced activation of microglia, as well as the formation of 
IL-lp, activation of NADPH-oxidase, and induction of iNOS.^^ This was associated 
with reduced 3-nitrotyrosine formation, and reduced loss of substantia nigra dopam- 
inergic neurons.^^ Another group showed protection as well^^ but suggested that 
minocycline may also have direct neuroprotective effects. This was recently shown 
to be the case with direct effects on the mitochondrial permeability transition and 
cytochrome c release.^* The importance of inflammation was underscored by a 
study of humans exposed to MPTP in which persistent activation of microglia was 
associated with oxidative degeneration of substantia nigra neurons.^' Recently sys- 
temic administration of rotenone to rats was shown to produce an excellent animal 
model of PD.^^ Studies of rotenone toxicity in neuron/glia cultures from rat mesen- 
cephalon show enhanced neurodegeneration in the presence of glia.^^ A critical fea- 
ture of the toxicity was the release of O2* from microglia, which was attenuated by 
inhibitors of NADPH oxidase. 

There is also substantial evidence for neuroinflammation playing a role in pro- 
gressive neurodegeneration following administration of 6-hydroxydopamine.^'' 
Studies using PET and PKl 195 (a ligand for activated microglia) showed that an in- 
crease in activated microglia occurs coincident with loss of dopaminergic neurons.^' 
Minocycline was reported to inhibit microglial activation and to protect nigral cells 
after 6-OHDA injection into mouse striatum.^^ Chronic infusion of lipopolysaccha- 
ride for 2 weeks into the substantia nigra results in rapid activation of microglia, fol- 
lowed by a delayed and gradual loss of nigral neurons beginning at 4-6 weeks and 
reaching 70% at 10 weeks.^-^ 

ANTIINFLAMMATORY AGENTS FOR NEUROPROTECTION 

A number of antiinflammatory agents have shown promise for the amelioration 
of degeneration of dopaminergic neurons induced by MPTP. Approaches have uti- 
lized both transgenic mice as well as pharmacologic agents. MPTP-induced activa- 
tion of microglia is associated with an upregulation of iNOS and 3-nitrotyrosine 
formation.^^ Studies in iNOS-deficient mice show that degeneration of dopaminer- 
gic neurons is significantly attenuated; but there is no protection of dopaminergic 
terminals.^'''^^ However, there have been no reports of the effects of pharmacologic 
inhibition of iNOS on MPTP neurotoxicity. Another inflammatory pathway impli- 
cated in neurodegeneration is cyclooxygenase 2 (COX-2). COX-2 is expressed and 
regulated in glial cells by cytokines and lipopolysaccharide.^^ However, in excito- 
toxic lesions, synaptic excitation, apoptotic neuronal death, and cerebral ischemia 
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COX-2 is expressed primarily in neurons.^''"''° Cyclooxygenase catalyzes the forma- 
tion of prostaglandins, which involves reduction of the hydroperoxide resulting in 
the generation of free radicals. Superoxide radicals, a COX-2 reaction product, can 
react with NO' to form the strong oxidant peroxynitrite. A recent study showed that 
overexpression of COX-2 can activate cell cycle genes, which may contribute to ap- 
optotic cell death^' Mice overexpressing COX-2 show increased vulnerability to 
kainic acid and have elevated lipid peroxidation. COX-2 inhibitors inhibit lipo- 
polysaccharide-induced increases in TNF-a, which can stimulate astrocytic 
glutamate release^^'^^ Neuronal death mediated by Af-methyl-D-aspartate (NMDA) 
is diminished in a dose-dependent manner by COX-2 inhibitors in primary neuronal 
cultures.'^'' Transgenic mice that are deficient in COX-2 show reduced susceptibility 
to focal ischemia and to NMDA neurotoxicity.''^ The COX-2 inhibitor meloxicam 
significantly attenuated both the reduction of striatal dopamine levels and the deple- 
tion of substantia nigra dopaminergic neurons.'^ In COX-2-deficient mice, however, 
there was protection against loss of dopaminergic neurons in the substantia nigra, but 
no protective effect against lowering of striatal dopamine levels.'^ 

Another promising approach is to use thalidomide. Thalidomide reduces COX-2 
levels and also inhibits TNFa production.■'^"^° Mice deficient in both TNFa recep- 
tors are resistant to MPTP toxicity.^' Thalidomide has been reported to attenuate 
MPTP-induced decreases in striatal dopamine levels, but the numbers of dopamin- 
ergic neurons in the substantia nigra were not examined.^^ Another approach is to 
use phosphodiesterase IV inhibitors, which inhibit the breakdown of cAMP. Phos- 
phodiesterase IV is selectively localized to immune cells and the central nervous sys- 
tem. Type IV phosphodiesterase inhibitors are effective against inflammatory 
lesions in the central nervous system, such as those produced in experimental auto- 
immune encephalomyelitis.^^'^"' Rolipram inhibits lipopolysaccharide-induced in- 
creases in plasma levels of TNFa in rats.^^ Phosphodiesterase IV inhibitors are also 
neuroprotective against MPTP neurotoxicity.^^ In these studies, several phosphodi- 
esterase IV inhibitors produced neuroprotection against both MPTP-induced deple- 
tion of striatal dopamine and as loss of substantia nigra neurons. 

Last, peroxisome proliferator-activated receptor (PPAR)-Y agonists show good 
antiinflammatory effects. A broad range of proinflammatory genes are transcription- 
ally regulated by the nuclear hormone receptor PPAR-y. PPARs are a subfamily of 
ligand-activated transcription factors structurally related to the steroid and retinoic 
acid receptor families.^'^ The PPAR-y isoform is expressed in adipocytes, where it 
regulates lipid metabolism and reduces insulin resistance. Newly developed drugs of 
the thiazolidinedione class target the PPAR-y receptor and reduce plasma glucose in 
type 2 diabetics, although they do not alter glucose levels in nondiabetic animals and 
humans.^^ PPAR-y agonists suppress the expression of the proinflammatory cytok- 
ines IL-lp, TNFa, and IL-6,89,90 ^g well as of MMP-9 and iNOS.^'^^^ -phe PPAR- 
y agonist troglitazone reduces cell death in cultured cerebellar neurons after 
glutamate exposure.^'' The PPAR-y agonist pioglitazone reduced the severity and in- 
cidence of experimental allergic encephalomyelitis.'^ Pioglitazone was recently 
shown to exert neuroprotective effects against MPTP-induced degeneration of sub- 
stantia nigra neurons; however, it did not protect against striatal dopamine depletion. 
Lipopolysaccharide induces iNOS expression and release of nitric oxide in microglia, 
and COX-2 expression in neurons.^'' PPAR-y agonists inhibit lipopolysaccharide- 
induced cell death as well as increases in nitric oxide and COX-2 activity.^^ 
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COENZYME Qio AND CREATINE AS POTENTIAL THERAPIES FOR PD 

Coenzyme Qio, which is also known as ubiquinone, is an essential cofactor of the 
electron transport chain, where it accepts electrons from complexes 1 and 2. ^ Co- 
enzyme Qio also serves as an important antioxidant in both mitochondria and lipid 
membranes.^^''^" It is a lipid-soluble compound composed of redox-active quinone 
as well as a hydrophobic tail. It is soluble and mobile in the hydrophobic core of the 
phospholipid bilayer of the inner membrane of the mitochondria. 

Considerable interest has been shown in the potential utility of coenzyme Qjo for 
treatment of mitochondrial disorders.'"^ There have been several reports of benefi- 
cial effects in patients with mitochondrial defects; and we have demonstrated that 
coenzyme QIQ increased brain mitochondrial coenzyme Qio concentrations in ma- 
ture and older animals.'*'^ It also decreased a-tocopherol concentrations in mito- 
chondria consistent with a sparing effect. We found that coenzyme QIQ exerts 
neuroprotective effects against the mitochondrial toxins malonate and 3-nitropropi- 
onic acid.^"^''"'' It also showed neuroprotective effects against MPTP toxicity in old- 
er mice.'"^ We found that coenzyme Qio levels were significantly reduced in 
mitochondria from PD patients.'^^ We also demonstrated that coenzyme Qio supple- 
mentation significantly increased plasma levels in PD patients. Recently a small 
phase II clinical trial was undertaken.^"' Patients were assigned to placebo or coen- 
zyme Qio at 300, 600, or 1200 mg daily. They were evaluated using the Unified Par- 
kinson's Disease Rating Scale at screening, baseline, and up to 16 months. In this 
pilot trial the administration of coenzyme Qio showed a significant slowing of dis- 
ease progression. 

We also investigated whether creatine can exert neuroprotective effects. The cre- 
atine kinase system can shuttle high-energy phosphates such as phosphocreatine 
(PCr) to sites of energy usage in the cell, such as ion pumps in organelles, the plasma 
membranes, and the endoplasmic reticulum.'"^'**'^ Creatine may exert neuroprotec- 
tive effects by increasing PCr levels and thereby providing extra energy for ion ho- 
meostasis and the functional and structural integrity of mitochondria. Creatine exerts 
neuroprotective effects in vitro as well as in vivo. Creatine protects against both 
glutamate and p-amyloid toxicity in rat hippocampal neurons.''"'^^^ Creatine also 
protects against 3-nitropropionic acid and glutamate neurotoxicity in rat hippocam- 
pal and striatal neurons.''^ We found that creatine protects against both malonate 
and 3-nitropropionic acid striatal neurotoxicity in vivo'}^^ and against MPTP toxic- 
ity in a dose-dependent manner.''' Creatine administration also exerts neuroprotec- 
tive effects in transgenic mouse models of both amyotrophic lateral sclerosis and 
Huntington's disease.''^""^ We recently demonstrated that creatine can exert addi- 
tive neuroprotective effects when administered in combination with COX-2 inhibi- 
tors against MPTP neurotoxicity (unpublished data). 

CONCLUSIONS 

The pathogenesis of PD is unknown, but a substantial body of evidence impli- 
cates both mitochondrial dysfunction, oxidative damage, and inflammation in dis- 
ease pathogenesis. Agents targeting both mitochondrial dysfunction and 
inflammation are effective in attenuating damage to dopaminergic neurons in the 
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MPTP model of PD. One of these agents, coenzyme QIQ, has shown initial promise 
as an agent to slow the progression of PD. Clinical trials of other agents to slow the 
progress of PD are urgently needed. We suspect that combinations of agents target- 
ing different disease mechanisms may produce additive or synergistic neuroprotec- 

tive effects that will lead to effective therapies to slow or halt PD. 
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ABSTRACT: Experimental intoxication models are used to study the more com- 
mon sporadic form of Parkinson's disease (PD). l-Methyl-4-phenyl-l,2,3,6- 
tetrahydropyrimidinc (MPTP) animal models of PD provide a valuable and 
predictive tool to probe the molecular mechanisms of dopamine neuronal cell 
death in PD. MPTP is a powerful neurotoxin that induces neuronal degenera- 
tion in the substantia nigra pars compacta and produces PD-like symptoms in 
several mammalian species tested, a feat not yet accomplished in genetically en- 
gineered mice expressing human genetic mutations. The mechanisms of 
MPTP-induced neurotoxicity are not yet fully understood but involve activa- 
tion of N-methyl-D-aspartate (NMDA) receptors by glutamate, production of 
NO by nNOS and iNOS, oxidativc injury to DNA, and activation of the DNA 
damage-sensing enzyme poly (ADP-ribose) polymerase (PARP). Recent exper- 
iments indicate that translocation of a mitochondrial protein apoptosis induc- 
ing factor (AIF) from mitochondria to the nucleus depends on PARP activation 
and plays an important role in excitotoxicity-induced cell death. This article 
briefly reviews the experimental findings regarding excitotoxicity, PARP acti- 
vation, and AIF translocation in MPTP toxicity and dopaminergic neuronal 
cell death. 

KEYWORDS: Parkinson's disease; apoptosis inducing factor; MPTP mouse 
model 

INTRODUCTION 

Parkinson's disease (PD) is a neurological disorder characterized by slowness of 
movement, resting tremors, rigidity, and difficulty with balance.'"-' These clinical fea- 
tures are primarily due to the progressive loss of dopaminergic neurons in the substan- 
tia nigra pars compacta (SNpc).'* The degeneration of dopaminergic neurons is 
associated with the characteristic Lewy body formation (a-synuclein aggregation with 
eosinophilic intraneuronal inclusions).^"^ Although there are temporary therapeutic 
approaches available such as dopamine replacement and surgical treatment to alleviate 
PD symptoms, no current treatment strategy can stop the progression of this disease. 
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The identification of genetic mutants that lead to PD in familial cases is a won- 
derful advancement for PD research and allows the generation of genetically engi- 
neered mice to study the disease. However, it must not be forgotten that familial PD 
is a relatively rare event and the majority of patients suffer from sporadic PD. Exper- 
imental intoxication models have been to study the more common sporadic form of 
PD. l-Methyl-4-phenyl-l,2,3,6-tetrahydropyrimidine (MPTP) animal models of PD 
provide a valuable and predictive tool to probe the molecular mechanisms of dopam- 
ine neuronal cell death in PD. MPTP is a powerful neurotoxin that induces neuronal 
degeneration in SNpc and produces PD-like symptoms in several mammalian spe- 
cies tested,^'' a feat not yet accomplished in genetically engineered mice express- 
ing human genetic mutations. The mechanisms of MPTP induced neurotoxicity are 
not yet fully understood, but overexcitation of N-methyl-D-aspartate (NMDA) re- 
ceptors by glutamate plays an important role in MPTP-induced parkinsonism.'^"'^ 
Excessive NMDA-receptor stimulation leads to activation of neuronal nitric oxide 
synthase (nNOS) and production of NO and other free radicals that cause DNA dam- 
age and subsequent activation of the DNA damage sensing enzyme, poly (ADP-ri- 
bose) polymerase (PARP).'^"^' PARP overactivation in response to MPTP 
administration plays a critical role in striatal neuronal cell death. Our recent experi- 
ments indicate that translocation of a mitochondrial protein, apoptosis-inducing fac- 
tor (AIF) from mitochondria to the nucleus depends on PARP activation and plays 
an important role in excitotoxicity-induced cell death.^^ This article briefly reviews 
the experimental findings regarding excitotoxicity, PARP activation, and AIF trans- 
location in MPTP toxicity and dopaminergic neuronal cell death. 

EXCITOTOXICITY, NO, AND ACTIVATION OF PARP IN 
MPTP-INDUCED NEURONAL CELL DEATH 

MPTP is used to generate animal models for the investigation of sporadic PD as 
MPTP exposure in mammals replicates parkinsonian mortoric signs.^ MPTP pene- 
trates the blood-brain barrier and is converted, primarily in glial cells, into the active 
agent, l-methyl-4-phenylpyridinium (MPP+) by monoamine oxidase. MPP+ is se- 
lectively taken up into dopaminergic neurons via the high-affinity and energy-depen- 
dent dopamine transporters.^^'^'' Once in dopaminergic neurons, free cytosolic 
MPP+ enters mitochondria by an energy-dependent mechanism and is then concen- 
trated in the organelle.-^^'^^ MPP+ is a selective and potent mitochondrial complex I 
inhibitor of the electron transport chain and impairs mitochondrial functions leading 
to decrements in cellular ATP levels. Energetic failure in dopaminergic neurons in- 
duces depolarization of neuronal membrane potential and release of the excitotoxic 
neurotransmitter, glutamate. In addition, decrements in cellular ATP pools impair 
the uptake of extracellular glutamate. These functional changes trigger excessive 
glutamate accumulation in the extracellular space and cause overstimulation of 
glutamate receptors. In vivo experiments show that administration of certain selec- 
tive NMDA antagonists such as AP7, GPP, and MK801 provide significant protec- 
tion against MPP+ induced toxicity. Repeated application of these NMDA 
antagonists can also result in long-term protection after intranigral administration of 
MPP+.'^ These results strongly support the notion that excitotoxicity plays an im- 
portant role in MPTP-induced toxicity. 
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MPTP-induced excitotoxicity is mediated mainly via formation of NO and other 
free radicals. Overactivation of NMDA receptors causes a large amount of calcium 
influx into neuronal cells and activating nNOS to produce NO. NO can combine with 
superoxide anion to form the very toxic compound, peroxynitrite.^'^'^^^ There exists 
compelling evidence that the generation of NO radical plays a prominent role in 
MPTP-induced neurotoxicity. Inhibition of the activity of NOS can protect neurons 
from MPTP-induced reduction of striatal dopamine and its metabolites, homovanil- 
lic acid (HVA) and dihydroxyphenylacetic acid (DOPAC).^^ Studies using the NOS 
inhibitor, 7-nitroindasazole show that the protective effect is dose-dependent. NOS 
inhibition can protect mice against MPTP-induced loss of dopaminergic neurons in 
the MPTP mouse model.^^ Finally, mice lacking the gene for nNOS show significant 
resistance to MPTP-induced dopaminergic neurotoxicity.-^^ Taken together these 
data indicate that NO is key player in MPTP-induced neurotoxicity. 

NO and peroxynitrite-mediated neurotoxicity in the MPTP mouse model is be- 
lieved to damage DNA, which subsequently activates the nuclear enzyme, PARP.^'^ 
^' PARP is a DNA binding protein and it can sense the nick of DNA molecule in- 
duced by free radicals or other damaging reagents. The activity of PARP is com- 
pletely dependent on the number of DNA breaks and it is totally inactive in the 
absence of DNA nicks.'''^2' Among more than ten different PARPs, PARP-1 is the 
most abundant being expressed at approximately one molecule per 1,000 DNA base 
pairs.^^ The damaged DNA in dopaminergic neurons is detectable in both wild type 
and PARP-1 knockout (KO) neurons after MPTP administration.^^ Stimulation of 
NMDA receptors preferentially causes the activation of PARP in wild type of mice, 
whereas in our experiments we failed to observe the activation of PARP-1 in the mice 
lacking the gene for nNOS, suggesting that formation of NO is critical in activating 
PARP.^^'^' Activation of PARP plays an important role in MPTP-induced neurotox- 
icity in mice. Following MPTP administration, mitochondrial complex I of the elec- 
tron transport chain is inhibited, leading to decrements in intracellular ATP levels. 
When PARP is activated, NAD is depleted via poly(ADP-ribosyl)ation of nuclear 
proteins, and ATP is further depleted in an effort to resynthesize NAD. Some reports 
indicate that PARP inhibitors, such as benzamide and DHIQ, can significantly pro- 
tect the brain from MPTP-induced decreases in ATP and NAD levels, as well as dec- 
rements in striatal dopamine and its metabolites, DOPAC and HVA.^"'"^'' In the 
PARP-/- mice MPTP exposure fails to produce the reductions of dopamine, HVA, 
and DOPAC in striatum by 80-90% as observed in wild type mice.^' MPTP also 
causes a 60% reduction of both tyrosine hydroxylase (TH) and Nissl-stained neurons 
in SNpc in the wild type of mice, whereas these neurons are spared in PARP-/- mice. 
In addition, the time course of PARP activation and the presence of PAR polymer in 
cells correlates with dopaminergic neuronal cell death.^' These results taken togeth- 
er implicate PARP activation as a principal determinant of MPTP-induced dopamin- 
ergic cell death. 

PARP ACTIVATION INDUCED NEURONAL CELL DEATH IS MEDIATED 
VIA APOPTOSIS INDUCING FACTOR TRANSLOCATION 

Overactivation of PARP triggers a cell death cascade resulting in tissue damage. 
In wild-type mice, intrastriatal microinjection of NMDA produces well-delineated 
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lesions. In contrast, microinjection of NMDA does not produce a visible lesion in the 
PARP-/- mice. In addition, cultured PARP-/- cortical neurons are remarkably resis- 
tant to excitotoxicity induced by NMDA-receptor stimulation.^^ These results link 
production of NO and other free radical species to PARP activation and to the cell 
death and tissue damage after an excitotoxic insult. However, it is still uncertain how 
activation of PARP triggers the cell death cascade. Recent investigations indicate 
that excitotoxicity followed by PARP activation is likely mediated via apoptosis in- 
ducing factor (AIF) and its translocation from mitochondria to the nucleus.^^ 

AIF is a mitochondrial flavoprotein that mediates caspase-independent cell 
death.^^ In response to toxic stimuli, AIF initiates cell death by translocation from 
mitochondria to the nucleus to induce nuclear condensation and DNA fragmenta- 
tion.^^"^' Results from our group support a link between AIF in PARP-mediated cell 
death.^^ We observe that NMDA mediated excitotoxicity is caspase independent and 
PARP dependent. In cultured cortical neurons, five-minutes of NMDA (500 nM) ex- 
posure elicits neurotoxicity in a delayed manner. Neuronal cell death induced by 
NMDA is significantly reduced by PARP inhibitors including, DPQ and completely 
blocked in cortical cultures from mice lacking PARP-1 gene. In contrast, neuronal 
cell death caused by NMDA receptor overstimulation cannot be prevented by the 
broad-spectrum caspase inhibitors, boc-aspartyl-fmk (BAF) and Z-VAD.fmk.^^'''^ 
Following PARP activation AIF translocates from mitochondria to the nucleus, pre- 
ceding cytochrome c release and activation of the major execution caspase, caspase 
3.15 min after NMDA receptor stimulation, AIF translocation can be detected in the 
nucleus. In contrast, release of cytochrome c and activation of caspase-3 is detected 
1-2 hours after NMDA treatment. The time course of AIF translocation is coincident 
with changes in nuclear morphology (nuclear condensation) and DNA damage. Ac- 
companying AIF translocation is mitochondrial membrane depolarization and phos- 
phatidylserine exposure on the cell surface. In response to NMDA receptor 
stimulation, AIF translocation is also coincident with PARP activation in NMDA 
treated neurons. PARP activation can be easily detected 15 minutes after NMDA re- 
ceptor stimulation. In contrast, in PARP-1 knockout cortical neurons AIF transloca- 
tion does not occur, the nucleus remains undisturbed and the cells do not die 
following NMDA-receptor stimulation.''2'43 These results taken together suggest 
that AIF and its translocation triggered via PARP activation may play a prominent 
role in NMDA excitotoxicity. To investigate the functional the role of AIF in excito- 
toxcity, AIF translocation was blocked by overexpression of Bcl-2, an anti-apoptotic 
protein that prevents AIF translocation.^^ Overexpression of Bcl-2 protein protects 
cells against PARP dependent death.^^'"*^ In a more direct experiment, addition of 
neutralizing antibodies to AIF provides substantial cytoprotection against PARP de- 
pendent cell death.^^ In total, these observations make a compelling argument for 
PARP-dependent death being mediated by via mitochondrial release of AIF and its 
translocation to the nucleus. 

AIF IN THE MPTP MODEL OF PD 

Consistent with the in vitro studies, our in vivo observations indicate that translo- 
cation of AIF into the nucleus may play an important role in MPTP induced toxicity. 
Exposure of mice to MPTP results in significant and persistent decreases in dopam- 
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FIGURE I. Model of PARP AND AIF actions in the MPTP model of dopaminergic 
neurotoxicity. MPTP can penetrate the blood-brain barrier and is converted to MPP+. MPP+ 
is transported into dopaminergic neurons by the dopamine transporter and accumulates in 
mitochondria, where it inhibits mitochondria! complex I of the electron transport chain. The 
blockade of oxidative phosphorylation results in loss of cellular ATP levels, neuronal excit- 
ability, glutamate release, and activation of NMDA receptors. Calcium flows through 
NMDA receptors, activating nNOS to produce NO. NO reacts with superoxide anion to form 
peroxynitrite, which in turn damages DNA and activates PARP. PARP activation results in 
synthesis of PAR polymers, ribosylation of proteins, and consumption of NAD and ATP. 
These PARP-dependent events signal to the mitochondria to induce AIF release and trans- 
location to the nucleus. In the nucleus AIF triggers large-scale DNA fragmentation and nu- 
clear condensation. These nuclear changes in neurons are likely the final commitment point 
in the neurotoxic cascade. 

ine and its metabolites in the striatum, and tyrosine hydroxylase (TH) immunoreac- 
tivity. MPTP exposure results in irreversible dopaminergic neurodegeneration in the 
SNcp.^"'' In the MPTP-treated mice, we find AIF in the nucleus in the TH positive 
neurons as soon as 2 hours after the last MPTP injection. However, AIF translocation 
is not seen in PARP-1 KO mice injected with MPTP.'*'' With the mounting evidence 
that AIF plays a critical role in PARP-dependent death and the observations for a ma- 
jor role for PARP activation in mediating MPTP-induced dopaminergic neurotoxic- 
ity, these observations of AIF translocation in wild type but not PARP-1 KO mice 
following MPTP exposure implicates AIF as a candidate molecule in the MPTP trig- 
gered death cascade. The MPTP neurotoxic cascade may proceed in the following 
manner (FiG. 1). When adininistered to mice, MPTP can penetrate the blood-brain 
barrier. In brain, MPTP is converted to MPP+ by monoamine oxidase BP'^^ MPP+ 
is selectively taken up by dopaminergic neurons via the dopamine transporter and 
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accumulates in mitochondria of dopaminergic neurons. In mitochondria, MPP+ se- 
lectively inhibits the mitochondrial complex I of the electron transport chain and 
blocks the oxidative phosphorylation, leading to drop in cellular ATP levels, which 
indirectly causes neuronal depolarization, release of glutamate and overexcitation of 
NMDA receptors. Overstimulation of NMDA receptors by excessive extracellular 
glutamate results in opening the calcium channels and elevations in intracellular cal- 
cium. Elevated intracellular calcium activates nNOS to synthesize NO. NO reacts 
with superoxide anion to form peroxynitrite, which is a potent DNA damaging agent. 
DNA damage, in turn, activates PARR PARP activation produces PAR polymers and 
at the same time consumes NAD and ATP. The generation of PAR polymers, the ri- 
bosylation of proteins and the loss of NAD and ATP and/or other factors caused by 
PARP activation signal to the mitochondria to induce AIF release and translocation. 
These events precede cytochrome c release and caspase activation. The translocation 
of AIF is associated with DNA fragmentation and nuclear condensation. The dis- 
mantling of the nuclear structure is likely the final commitment point to cell death. 

SUMMARY 

Research in Parkinson's disease is entering a new era. Advances in understanding 
the molecular mechanisms of cell death and the pathogenesis of sporadic and famil- 
ial Parkinson's disease is creating new therapeutic opportunities for the treatment of 
this disease. It is likely that both neuroprotective and neurorestorative therapies will 
be necessary to elicit complete recovery from the devastating effects of PD. A better 
understanding of the basic processes involved in neurotoxicity is a prerequisite to de- 
rive new therapeutic interventions. AIF appears to be a central executioner of neu- 
ronal cell death and may be an engaging target for new therapeutic interventions to 
rescue neuronal cells. 
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ABSTRACT: The study of immature midbrain dopamine (DA) neurons and 
dopaminergic cell lines in culture provides an opportunity to analyze mecha- 
nisms of cell death and avenues of potential intervention relevant to Parkin- 
son's disease (PD) in a controlled environment. Use of cell culture models has 
provided evidence for different sets of intracellular changes associated with DA 
neuron death following exposure to the neurotoxins 6-hydroxydopamine and 
MPP+, supporting roles for oxidative stress and impaired energy metabolism 
as significant factors endangering these cells. Interference with death of cul- 
tured DA neurons has provided an initial test system that has yielded all the 
identified neurotrophic factors for DA neurons. More recent work suggests 
that combinations of molecules secreted by myelinating glial cells and their 
precursors provide even greater neuroprotection for DA neurons. Most recent- 
ly, culture systems have been used to implicate microglial activation in DA 
neuron injury, providing impetus to the investigation of antiinflammatory 
agents as potential therapeutics for PD. Thus, cell culture models provide an 
important bidirectional link between mechanistic studies and clinically rele- 
vant observations. 

KEYWORDS: culture; neurotoxin; apoptosis; oxidant stress; neurotrophic fac- 
tors; microglia; inflammation; pramipcxole 

Symptoms of Parkinson's disease (PD) have been linked primarily to degeneration 
of dopamine (DA) neurons in the substantia nigra and the ensuing effects of striatal 
DA depletion on the activity of neurons within basal ganglia circuitry. While this rel- 
atively focal neurodegeneration is the culprit in PD, the cause of degeneration re- 
mains unknown. As inquiry into the etiology of PD goes on, one approach to 
prevention and therapy is identification of factors that specifically render DA neu- 
rons vulnerable to decay. While such studies are nearly impossible to conduct in 
populations of PD patients, models of the DA system, both in whole animals and iso- 
lated cells grown in culture, can be powerful tools. This brief review focuses upon 
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the use of DA neurons held in the controlled environment of cell culture as a system 
for analyzing mechanisms of cell death and avenues for potential intervention rele- 
vant to PD. 

CHARACTERISICS OF THE CELL CULTURE MODEL 

At the outset, it is important to acknowledge the characteristics of cell culture sys- 
tems that can impact the types of studies conducted and the interpretation of data ob- 
tained. Among these factors are types of cells, cell density, and culture environment. 

Types of Cells 

Cultures of both primary immature DA neurons and immortalized lines of cells 
exhibiting features of the DA neuron phenotype have been employed to study degen- 
eration and neuroprotection relevant to PD. Each type of culture presents attributes 
and limitations. Dopaminergic cell lines by their nature are altered from the normal 
state of the DA neuron to provide cells with the capacity for continuous proliferation. 
The impact of this proliferative state on the expression of differentiated features of 
the DA phenotype remains a question in studies using these cells. However, cell lines 
provide a homogeneous population of cells for study, allowing for reproducibility 
across experiments, and sufficient numbers of DA-like neurons to enable certain mo- 
lecular analyses that would be difficult on primary cultures. The ability to bank these 
cells promotes the ease and lowers the costs of experimentation. Primary cultures are 
derived from tissue harvested from embryonic or early postnatal donors. As such, the 
main advantage of these cultures is that they contain authentic DA neurons cultured 
in the context of their naturally occurring neighboring cell types. The region of the 
developing ventral mesencephalon containing the substantia nigra can be surgically 
isolated from donors, yielding cultures that include the specific type of DA neuron 
of relevance to PD. However, the use of primary cells is considerably more challeng- 
ing than working with cell lines. The numbers and types of cells comprising the cul- 
tures rely upon the precision and reproducibility of the surgical isolation. Even in the 
hands of skilled practitioners DA neurons comprise less than 5% of cells in primary 
culture. This lack of enrichment in DA neurons and heterogeneity of cells in culture 
complicate certain types of analysis. Measurements used must be able to detect the 
DA neuron "signal" against the background "noise" of many other cells. Primary DA 
neurons harvested are usually postmitotic, limiting the life span of the cultures and 
requiring new harvests with each new study. Cultured DA neurons are immature and 
may not accurately reflect responses of adult DA neurons. 

Cell Density 

One pervasive variable in cell culture work is the density at which cells are plated. 
Plating density is of particular importance in primary cultures containing DA 
neurons due to demonstrated trophic effects of the resident glial cells for DA neu- 
rons, ^"^ and DA neurons for each other.'' For example, we have found that the den- 
sity of cells in primary cultures significantly affects their response to insult. 
Microisland cultures,^ containing 30,000 cells, were significantly more resistant to 
withdrawal of serum from the culture medium than were cultures with 1/4 of this 
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density. Similarly, when one evaluates results of cell culture experiments one must 
understand that the ability to manipulate cell density can significantly impact the ex- 
perimental outcome. For example, the experimenter has the option to use low-den- 
sity cultures when investigating agents that may increase DA neuron survival in 
order to provide a greater opportunity to detect survival effects against the back- 
ground of suboptimal conditions. While this approach is common, it biases the ex- 
periment toward detection of modest effects and may exaggerate their biological 
significance. Work in our laboratory has shown that treatment of primary cultures 
plated at 7500 cells/well enables the detection of a significant enhancement of DA 
neuron survival in the presence of the caspase inhibitor acetyl-tyrosinyl-valyl- 
alanyl-aspartyl-chloro-methylketone (Ac-YVAD-cmk) that is not present in denser 
cultures plated at 30,000 cells/well. The two culture conditions yield entirely differ- 
ent conclusions concerning the potential efficacy of this agent in the prevention of 
DA neuron degeneration. 

Culture Environment 

The environment of cells in culture is accessible to manipulation in several ways, 
each of which can influence the experimental outcome. The physical interaction of 
cells with the culture well can yield notable differences in cell density within a single 
culture. In our experience, cells plated in fluid that fills the well produce preferential 
survival of DA neurons around the outer edge, with sparse survival in the center of 
the well. As noted above, cell density can impact experimental outcomes, and vari- 
able density within a single well can be problematic. An alternative method is the 
microisland culture technique,^ in which cells are plated in a drop of fluid in the cen- 
ter of the culture well, not contacting an edge. Cells settle and attach to the dish in 
small circular cultures that present greater uniformity of cell density and no "edge 
effect." Multiple types of culture medium are available that, depending upon the rec- 
ipe, can promote or inhibit the survival of glial cells and the general viability of cul- 
tured neurons. Filter floor inserts can be used to introduce an additional cell type and 
to study interactions by secreted diffusible factors as compared to physical cell-cell 
interactions. Cultured cells are bathed in a fluid environment through which experi- 
mental agents can be delivered. This provides direct access to the cells, but may not 
simulate delivery of agents to cells in the intact nervous system. It has become in- 
creasingly clear that all aspects of the culture environment may significantly impact 
experimental observations. Standard procedure has been to provide cultures with 
20% oxygen within the incubators in which cells are maintained. It has become clear 
that this oxygen level is far in excess of the approximately 1-3% oxygen these cells 
experience in the environment of the developing brain, yielding a persistent environ- 
ment of oxidative stress while in culture. Any experimental manipulations are super- 
imposed upon this undefined background of cellular stress. Perhaps one of the most 
interesting examples of the effects of the culture environment on cells involves the 
concept of w vitro replicative senescence, or the Hayflick limit.^ This is the finding 
that proliferative cell types held in culture divide a finite number of times and then 
enter growth arrest, or cellular senescence. This phenomenon has long been believed 
to be a reflection of an intrinsic cellular mechanism of aging. Recent reports indicate 
that replicative senescence is a consequence of "culture shock," or suboptimal con- 
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ditions, and that alterations in the culture environment can yield unlimited prolifer- 
ation of normal cellsJ'^ 

With these caveats in mind, it remains true that cell culture models provide an im- 
portant research tool. Cultures provide direct access to the DA neuron, allovi'ing 
study of intracellular mechanisms of toxicity and neurotrophism, dose-response 
studies of experimental agents, and rapid screening of potential novel therapeutics. 
Cell culture provides an important bidirectional link between mechanistic studies 
and clinically relevant observations. The remainder of this review will discuss exam- 
ples of the use of primary DA neuron cultures for identifying factors that endanger 
DA neurons and may provide avenues for development of novel therapeutics. 

NEUROTOXINS FOR DOPAMINE NEURONS 

A variety of evidence suggests that two important factors that may mediate de- 
generation of DA neurons in PD are oxidative stress and impaired energy metabo- 
lism.^''" The neurotoxins 6-hydroxydopamine (6-OHDA) and l-methyl-4-phenyl- 
1,2,3,6-tetrahydropyridine (MPTP) are widely used to generate animal models of PD 
and when administered in vivo can produce relatively selective degeneration of the 
mesostriatal DA system. Accordingly, better understanding of mechanisms of DA 
neuron degeneration in response to these toxins may provide clues to mechanisms of 
cell death in PD. Culture systems are well suited to this type of analysis, and detailed 
studies of the response of cultured primary DA neurons to these agents have been 
pursued.''"'^ The findings of these experiments suggest that 6-OHDA and MPTP 
endanger DA neurons via distinct mechanisms. Cultures of embryonic day 14 (El4) 
mouse ventral mesencephalon, containing the relevant developing DA neurons, were 
exposed to concentrations of each toxin determined to yield 50-70% death of DA 
neurons over 24^8 hours. To determine whether the toxins were producing apop- 
totic cell death, cultures were stained for the presence of annexin-V, an early marker 
of apoptosis and indicator of translocation of phosphatidylserine residues fi-om the 
inner to the outer leaflet of the plasma membrane. At 6 hours after exposure to the 
toxins, 83% of DA neurons exposed to 6-OHDA stained positive for annexin-V, 
while none were positive after exposure to the toxic metabolite of MPTP, MPP+. 
Similarly, treatment of toxin-exposed cultures with the caspase inhibitor BAF signif- 
icantly protected DA neurons exposed to 6-OHDA (78.7% recovery), with no effect 
on DA neurons exposed to MPP+. By these measures, 6-OHDA, but not MPP+, kills 
DA neurons via apoptotic mechanisms. Additional experiments used fluorophores to 
assess mitochondrial membrane potential and generation of reactive oxygen species. 
These measures indicated that both neurotoxins generate bursts of reactive oxygen 
species within minutes of exposure. Disparate effects were detected for mitochon- 
drial membrane potential. 6-OHDA induced a transient collapse of the mitochondri- 
al membrane potential followed by hyperpolarization, consistent with rapid 
oxidative inactivation of components of metabolic pathways and a pattern typical of 
apoptosis. In contrast, MPP-l- produced depolarization of the membrane potential 
that was delayed by 12-24 hours. This pattern is consistent with inhibition of com- 
plex I and a delayed metabolic death. Several other possible participants in MPP-i-- 
mediated DA neuron death did not appear to be significant. Blockade of excitotox- 
icity with a variety of glutamate receptor blockers and calcium channel blockers had 
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no effect on MPP+ toxicity. Treatment of cultures with alternate metabolic sources 
to address impaired energy metabolism and with nitric oxide synthase inhibitors pro- 
vided only modest protection from MPP+ toxicity. So while the findings are consis- 
tent with 6-OHDA endangering DA neurons via increased oxidative stress and 
induction of apoptosis, mechanisms associated with MPP+ appear to be different and 
less clear. 

Interestingly, these culture findings did suggest a role of reactive oxygen species 
in the action of both neurotoxins. Accordingly, the investigators tested the protective 
effects of a potent antioxidant in the culture model, the carboxyfullerene compound 
C3. Effects were compared to the DA neurotrophic factor glial cell line-derived neu- 
rotrophic factor (GDNF). This molecule arguably has received the most attention as 
a potential therapeutic for PD. C3 treatment produced potent rescue of DA neurons 
in 6-OHDA-exposed cultures (92% recovery) and partial protection of MPP+ treat- 
ed cultures (37.5% recovery). This is consistent with the primary role of oxidant 
stress in 6-OHDA toxicity and its participation in MPP+ toxicity. In both instances 
GDNF was less effective, rescuing 38%) and 29%) of DA neurons treated with 6- 
OHDA and MPP+, respectively. Thus, studies of DA neurotoxin actions using cell 
culture models support the role of oxidant stress in the demise of DA neurons and 
suggest the potential efficacy of carboxyfullerene derivatives as potential therapeutic 
protectants in PD. 

INFLAMMATION AND DOPAMINE NEURONS 

Recently, interest has turned to the role of inflammation in a host of neurodegen- 
erative diseases. Large numbers of activated microglia are present in the substantia 
nigra in PD'^''^ and MPTP-induced parkinsonism.'^ Whether activated microglia 
participate in the pathogenesis of PD has been a matter of conjecture. Proinflamma- 
tory cytokines, including interleukin (IL)-1 p, interferon (INF)-y, and tumor necrosis 
factor (TNF)-a, are elevated in PD substantia nigra and cerebrospinal fluid.'^''^"'^ 
Still, it remains to be determined whether microglia can provoke or enhance DA neu- 
ron degeneration in PD, or whether they are present as phagocytes. Another use of 
cell culture models is in the study of such interactions between two defined cell 
populations. 

In a clever series of experiments, investigators exploited the propensity of micro- 
glia to tightly adhere to plastic to generate a purified population of microglia from 
3-4-day-old rat brain.^^ To determine conditions for activating microglia, cultures 
were exposed to either bacterial lipopolysaccharide (LPS) or immunoglobulins 
(IgGs) from serum of PD patients, and release of IL-lp and TNF-oc into culture me- 
dium were measured as markers of microglial activafion. After exposure to either ac- 
tivating agent, inflammatory cytokine levels increased approximately 20-fold, with 
an accompanying 15-fold increase in release of reactive oxygen species detected in 
culture medium. The investigators then cocultured either resting microglia or acti- 
vated microglia with cells of a dopaminergic cell line, MES 23.5 cells, or primary 
cultures of E14 rat ventral mesencephalon. Coculture with resting microglia had no 
effect on either type of dopaminergic neuron. However, coculture of MES 23.5 cells 
with activated microglia reduced tyrosine hydroxylase (TH) activity, a marker of the 
DA phenotype, by approximately 65%). Cocultures then were incubated with neutral- 
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izing antibodies to the inflammatory cytokines and selective inhibitors of reactive 
oxygen species to determine the factors contributing to microglial-mediated cytotox- 
icity. The results indicated that the reactive oxygen species nitric oxide (NO) and hy- 
drogen peroxide (H2O2), but not the cytokines, were responsible for dopaminergic 
cell injury. For primary cultures of ventral mesencephalon, at 2 days after coculture 
with activated microglia, approximately 85% of TH-positive DA neurons were lost. 
Thus, evidence derived from use of cell culture models supports the view that acti- 
vated microglia may initiate or amplify oxidative stress contributing to DA neuron 
degeneration in PD. In addition, therapeutic strategies that incorporate prevention of 
inflammation, and specifically microglial activation, may be beneficial in treatment 
ofPD. 

NEUROPROTECXrVE STRATEGIES 

Cell culture systems historically have provided the initial test system for novel 
therapeutic molecules. For PD, virtually every neurotrophic molecule for DA neu- 
rons has been characterized using cell cultures.^' Experimental agents are tested for 
their capacity to improve baseline survival and differentiated features of cultured DA 
neurons, as well as their capacity to protect DA neurons against insults such as serum 
deprivation and addition of toxins. Two examples of potential therapeutic approach- 
es developed in cell culture models are reviewed briefly here. 

The first example is pramipexole (PPX), a D3-type DA receptor agonist. PPX has 
sevenfold higher affinity for the D3 receptor than for D2 or D4 receptors.^^ At low 
concentrations PPX decreases DA synthesis, release, and the firing of DA neurons, 
thereby decreasing extracellular DA concentrations.^^ PPX also has antioxidant ac- 
tivity.^"* Both actions would reduce oxidative stress and could benefit survival of DA 
neurons. In fact, when added to primary cultures of ventral mesencephalon exposed 
to neurotoxic concentrations of levodopa (l-dopa),^^'^^ PPX reduced DA neuron 
death in a dose-dependent manner.^'' In order to assess the individual contributions 
of actions via the D3 receptor versus antioxidant properties, a number of pharmaco- 
logical experiments were performed.^^'^^ Experiments utilized 7-OH-DPAT, a D3 
agonist without intrinsic antioxidant properties, and antioxidants including toco- 
pherol. Addition of 7-OH-DPAT to cultures treated with 1-dopa and PPX potentiated 
the protection of DA neurons. Addition of the D3 antagonist U99194 decreased the 
protective effect of PPX. Addition of agents affecting D2 receptor function were 
without effect. In contrast, 7-OH-DPAT did not by itself protect DA neurons in 1- 
dopa-treated cultures but did provide protection when combined with low levels of 
tocopherol. Interestingly, treatment of cultures containing DA neurons with either 
PPX or 7-OH-DPAT produced conditioned medium that, when placed on sister cul- 
tures, increased the number and growth of DA neurons. Taken together, the effects 
of PPX appear to be attributable to a combination of antioxidant actions and actions 
at the D3 DA receptor that stimulates secretion of neurotrophic activity for DA neu- 
rons. Further studies suggest that the D3-stimulated neurotrophic activity is oxidant 
labile. Thus, PPX may present the unique capacity to stimulate DA neurotrophic ac- 
tivity and protect that activity from inactivation in the presence of prooxidants such 
as 1-dopa via its additional antioxidant properties. 
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The second example is the identification of DA neurotrophic activity produced by 
the glial progenitor cell type 02A (oligodendrocyte-type 2 astrocyte precursor). 
Several reports in the literature document that striatal target tissue exerts trophic ef- 
fects on DA neurons in coculture systems.''■■'^^^^ Our own experience in transplan- 
tation paradigms confirmed that implanting grafts of embryonic striatal tissue near 
grafts of DA neurons improved their survival and influenced the directionality of DA 
neurite extension.^^ A preliminary report in the literature suggested that striatal cul- 
tures enriched in 02A progenitor cells released activity into the culture medium that 
protected cultured DA neurons from death produced by serum deprivation.-'^ We 
pursued this finding in a series of culture experiments of our own.^^ 

We exploited a prior finding that exposure of cultures to a combination of the mi- 
togens platelet-derived growth factor (PDGF)-AA and basic fibroblast growth factor 
(bFGF) induced proliferation of 02A progenitor cells and enriched cultures in this 
cell type.-'^ Accordingly, we collected tissue from E14 rat striatum (lateral ganglion- 
ic eminence, LGE), dispersed the cells, plated them in culture, and exposed the cul- 
tures to fresh mitogens at 48-hour intervals for 1 month. As cultures became 
confluent during this interval cells were divided and replated. After 1 month of en- 
richment in 02A progenitors, mitogens were discontinued; and we collected culture 
medium containing factors secreted by the cells at 24-hour intervals for several days. 
Cultures stained with the 02A progenitor cell marker A2B5+ confirmed that mito- 
gen-treated cultures contained numerous dense clusters of 02A cells. Staining for 
markers of neurons, astrocytes, and mature oligodendrocytes confirmed their pres- 
ence as well, but with much reduced prevalence in comparison to 02A cells. 

Striatal 02A (S02A) conditioned medium (CM) was aliquoted and diluted to 
achieve concentrations of 0, 25, 50, 75, and 100% S02A CM. When primary micro- 
island cultures of E14 rat ventral mesencephalon were exposed to increasing concen- 
trations of S02A CM during the first 4 days in culture, TH+ DA neurons increased 
in number in a dose-dependent manner, achieving a 400% increase at concentrations 
>75% S02A CM. CM from striatal cultures not enriched in 02A cells produced 
only modest increases in DA neuron survival that did not reach statistical signifi- 
cance. In addition to increasing the number of TH+ neurons in cultures, S02A CM 
increased the expression of TH in individual neurons by 43%. 

As discussed earlier, culture conditions can be manipulated to yield different pop- 
ulations of cells. In the present experiments, mesencephalic cultures were main- 
tained in hormone-supplemented serum-free (HSSF) medium. These conditions do 
not support mesencephalic astrocytes, and staining for the marker glial fibrillary 
acidic protein (GFAP) confirmed that cultures were essentially free of astrocytes. 
Treatment with S02A CM did not increase the number of glia. Thus, the effects of 
CM on the number of TH+ neurons was not attributable to an indirect effect mediat- 
ed by astrocytes. Counts of all neurons, visualized by staining for microtuble-asso- 
ciated protein (MAP)-2, revealed no significant increase in numbers in cultures 
exposed to S02A CM. This finding supports a relatively specific effect of CM on 
TH-(- DA neurons and is consistent with their known prevalence at approximately 5% 
of the neurons in culture. 

The increased number of TH+ cells in cultures exposed to S02A CM could rep- 
resent an effect on cell survival or be a function of increased TH expression. In- 
creased TH expression was documented and would allow visualization of cells with 
levels of TH below the limit of detection by the immuncytochemical technique. Ac- 
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cordingly we examined the effects of S02A CM on cell death by visualizing the 
number of apoptotic profiles in culture using the TdT-mediated dUTP-biotin nick 
end labeling (TUNEL) technique and measuring levels of lactate dehydrogenase in 
the culture medium. For both measures, increasing concentrations of S02A CM 
yielded corresponding dose-related decreases in markers of cell death. Thus, while 
S02A CM clearly increases expression of TH, its effects on numbers of DA neurons 
in culture also can be related to inhibition of cell death. 

In a final experiment we compared the effects of S02A CM and another glial con- 
ditioned medium, Schwann cell conditioned medium (SCCM),'*" to known neu- 
rotrophic factors for DA neurons. Microisland cultures were plated and held in HSSF 
medium supplemented with published optimal concentrations of neurotrophic fac- 
tors (GDNF, 50ng/mL; brain-derived neurotrophic factor [BDNF], 50 ng/mL; neu- 
rotrophin [NT]-4, 10 ng/mL; NT3, 10 ng/mL; neurturin [NTN], 10 ng/mL; bFGF, 
10 ng/mL; epidermal growth factor [EOF], 10 ng/mL) or 75% CM fi-om confluent 
cultures of S02A cells or rat Schwann cells collected at 24-hour intervals. Cultures 
were fixed and stained for TH on day 4 in vitro. In these culture conditions, only 
GDNF, S02A CM, and SCCM significantly increased DA neuron survival, with 
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FIGURE 1. Neurotrophic effects of known factors and conditioned medium from 
Schwann cells and striatal 02A progenitor cells for embryonic DA neurons in microisland cul- 
tures. In these culture conditions, survival-promoting effects of several known growth factors 
were modest and not statistically significant. Only GDNF and cell conditioned media signifi- 
cantly enhanced the number of TH+ DA neurons in culture at 4 days in vitro. In addition, the 
combinations of molecules secreted by striatal 02A cells and Schwann cells significantly out- 
performed GDNF. These natural mixtures of molecules appear to provide an improved source 
of dopamine neurotrophic activity over any single identified molecule. *P < 0.05 as compared 
to control. +P < 0.0001 as compared to GDNF. Data presented is mean + SEM of cell counts 
in treatment conditions/control conditions. ABBREVIATIONS: THir = TH immunoreactive; 
GDNF = glial cell line-derived neurotrophic factor; BDNF = brain-derived neurotrophic fac- 
tor; NT4 = neurotrophin 4; NT3 = neurotrophin 3; NTN = neurturin; bFGF = basic fibroblast 
growth factor; EGF = epidermal growth factor; SCCM = Schwann cell condifioned medium 
(75%); S02A = striatal 02A progenitor cell conditioned medium (75%). 
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S02A CM and SCCM exhibiting significantly better effects than GDNF (FIG. 1). 
bPGF had a significant detrimental effect on the number of TH+ neurons. To our 
knowledge this is the only example of such a comparison of the effects of DA neu- 
rotrophic factors in microisland cultures, and it is an example of the impact of culture 
conditions on experimental outcome measures. As discussed earlier, potential surviv- 
al-promoting factors often are screened purposely in suboptimal culture conditions 
that favor detection of a positive effect. However, such conditions may exaggerate the 
biological significance of a given outcome. It is of interest that with microisland cul- 
tures, a condition in which the cultured cells are maintained in closer physical prox- 
imity to one another, effects of many of the identified neurotrophic molecules for DA 
neurons were modest and did not reach statistical significance. Of these, only GDNF 
exerted a significant effect on the number of DA neurons and was significantly out- 
performed by the natural combinations of molecules secreted by cultured S02A and 
Schwann cells. This comparison suggests that these cell-derived mixtures are more 
potent than any individual molecule and may be of significant therapeutic interest. 

CONCLUSIONS 

In this brief review we have summarized the main issues related to the use of cell 
culture systems to study DA neurons and have provided examples of the use of cul- 
ture models to examine mechanisms of DA neuron degeneration and to identify po- 
tential therapeutics. It is reasonable to ask whether cell culture findings effectively 
translate into valuable approaches in vivo. For the examples provided here, cell cul- 
ture findings have been predictive of results in animal models of PD and in some cas- 
es have been studied for relevance in the disease itself The response of cultured DA 
neurons to neurotoxins supports the important roles of oxidative stress and impaired 
mitochondrial energy metabolism. These continue to be important themes in the de- 
velopment of therapeutic approaches, although simple use of the antioxidant toco- 
pherol has proved ineffective in PD.'"''*^ The identification of activated microglia as 
active participants in DA neuron degeneration, as suggested by culture findings, has 
been confirmed in animal models of FD^^'^"* and generated interest in clinical appli- 
cation of antiinflammatory drugs for PD. For the neuroprotective strategies, prami- 
pexole has been shown to diminish DA neuron death in an animal model of PD^^ and 
has demonstrated efficacy as a monotherapy in mild-to-moderate PD.'*^ Finally, neu- 
rotrophic activity derived from S02A cells or Schwann cells has been shown to aug- 
ment survival and function of transplanted embryonic DA neurons in a rat model of 
p]r)47-49 ^j^j jp stimulate TH expression in adult DA neurons of rats and mon- 
j-gyg 50,51 jims^ the unique access to the DA neuron provided by cell culture systems 
serves as an important setting for analyzing cellular mechanisms, as well as a valu- 
able prelude to preclinical animal studies and clinical trials. 
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ABSTRACT: The etiology of Parkinson's disease (PD) has yet to be delineated. 
Human genetic studies as well as neurotoxicant and transgenic animal models 
of PD suggest that multiple events trigger the initiation of this progressive age- 
related neurodegenerative disorder. In addition, we propose that despite dis- 
parate disease triggers a convergent pathobiologic pathway exists leading to 
cell death. The common pathway model posits that both familial and sporadic 
forms of Parkinson's disease obligately share a common pathophysiological 
substrate. Herein we discuss the evidence for a common pathway model of Par- 
kinson's disease through a review of synuclein transgenic models and outline 
an approach for the idenfication of shared therapeutic targets. We end with a 
discussion of a potential alternative therapy for Parkinson's disease. 

KEYWORDS: Parkinson's disease; synuclein; single-chain antibodies; transgenic 
animals 

The etiologic basis of Parkinson's disease (PD), the second most prevalent neurode- 
generative disorder, is unknown. Several lines of evidence point to both genetic and 
environmental components in the development of this disease.'"'^ Originally de- 
scribed by James Parkinson as "shaking palsy," PD is typified by motoric dysftinc- 
tion resulting in both tremor and rigidity.'^ Neuropathologically, PD cases manifest 
intracytoplasmic inclusions known as Lewy bodies, gliosis, and neuronal loss spe- 
cific to the nigrostriatal system. Lewy bodies are composed of aggregated proteins, 
most notably a-synuclein and ubiquitin. a-Synuclein has received considerable at- 
tention in etiopathogensis following the description of several kindreds in which 
dominantly inherited mutations in the human gene result in early-onset PD.^""-^^ 
However, these familial forms account for a very small percentage of the total PD 
cases. Environmental factors including pesticides, herbicides, and industrial chemi- 
cals have also been flagged as potential risk factors for pD.i i.'4-16,26,27 Together, ge- 
netic and environmental factors may act synergistically to initiate a series of cellular 
events leading to the parkinsonian syndrome. 
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Although the initiating triggers for sporadic PD may be disparate, the pathologi- 
cal result is uniformly described as a pronounced loss of dopaminergic neurons 
(DAN) in the nigrostriatal pathway. The consequence of this loss is a decrease in the 
neurotransmitter dopamine (DA) and motor dysfunction. Patients in the early stages 
of PD are aided by treatment with the drug levodopa, which is converted centrally to 
DA. However, as the disease progresses most patients become refractory to levodopa 
therapy. Thus, there is a great need to better understand the molecular mechanisms 
of PD and to design new therapies that would rescue, protect, and/or possibly gen- 
erate new DAN. To elucidate the molecular events important in PD requires disease 
models that faithfully recapitulate the disorder. Many laboratories have produced a 
number of toxicant and genetic models that reproduce many of the pathological fea- 
tures of PD.''^'''^^ Herein we review the evidence for a common pathway model for 
PD through examination of models and outline an approach for the identification of 
potential shared therapeutic targets. 

COMMON PATHWAY MODEL OF PD 

Mutations in both a-synuclein and parkin appear sufficient to produce, respec- 
tively, rare dominant and recessive familial forms of PD. In addition, neurotoxicants 
including classes of pesticides, herbicides, and industrial chemicals are potential risk 
factors. The "common pathway" model posits that all PD must share a common 
pathobiologic course. Whether triggered by rare genetic mutations, pure toxicant 

Protein Aggregation 

Environmental ^    Prcsynaplic   ^^,^_W     compensation ^^H^K^^   Cett death 
+     "^^"""^^^^    Iiyury ^^    Metabolic Stress ^ 

Genetic Vuinerabiiity Jf Mitochondria! dysfunction 
Misfolded a-synuclein 

/ 

Therapeutic 
opportunities 
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Z]ur) *""'«'• Vopammedefieumy 

FIGURE 1. Schematic diagram depicting the common pathway model for PD. Envi- 
ronmental factors such as pesticides, herbicides, and industrial chemicals have been identi- 
fied as potential risk factors for PD; whereas specific genetic mutations appear sufficient to 
produce rare familial PD, suggesting that the majority of idiopathic cases will result from 
an interplay between environmental exposure and inherited vulnerability. Thus multiple 
triggers produce the common clinical PD syndrome. Possible therapeutic targets are high- 
lighted: (1) specific triggering mechanisms; (2) shared early pathway step prior to presyn- 
aptic dopamine dysfunction; targeting misfolded a-synuclein; (3) shared later pathway step 
when dopaminergic neuron dysfijnction occurs; (4) restoring dopamine biosynthesis in den- 
ervated striatum. (Adapted from W.J. Bowers, et al.^) 
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forms, or interactions between environmental toxicant and genetic vulnerability, all 
PD is postulated to be mechanistically convergent (FIG. 1 and Ref. 5). These multiple 
initiating mechanisms trigger cellular events, the first step of which results in pre- 
synaptic injury and dysfunction of the nigrostriatal tract. We surmise that presynap- 
tic injury is clinically silent. Presynaptic injury is envisioned to stimulate cellular 
compensation, during which we predict that intracellular proteins such as a-synucle- 
in initiate pathologic folding and consequent cell injury, perhaps by compromising 
proteosomal function. Progressive injury wrought by impaired disposal of possibly 
toxic abnormally folded and oxidized proteins are believed to evolve over years. As 
compensatory responses fail, neurochemical dysfunction (e.g., diminished DA re- 
lease, uptake, and vesicular loading) are attended by bioenergetic failure, marked re- 
active oxygen species (ROS) generation, and finally cell death. 

Clinical and pathological evidence support this common pathway model indepen- 
dently of the triggering mechanism. First, all PD patients have a selective and profound 
loss of ventral midbrain dopamine neurons. Second, the invariant loss of DA-releasing 
nigrostriatal presynaptic terminals precedes cell body loss in the substantia nigra.^^"^^ 
Third, loss of these dopaminergic projection neurons results in the cardinal PD clinical 
features: bradykinesia, akinesia, tremor, rigidity, and postural reflex impairment (re- 
viewed in Ref 33). Fourth, neuropathology reveals the presence of a-synuclein and 
ubiquitin containing Lewy bodies.^"^"^^ Finally, systemic absorption of exogenous 
neurotoxicants best exemplified by MPTP induce in mouse, monkey, and man a clini- 
cal, biochemical, and pathological parkinsonian syndrome.'^'''^''*' Taken together, 
these data indicate that disparate triggers elicit a cellular, biochemical, and presumably 
molecular response that results in the familiar parkinsonian syndrome. 

Additional support for a convergent model of PD and the role of a-synuclein de- 
rives from recently developed animal models of familial a-synuclein mutations. Al- 
though rare, mutations in the a-synuclein gene cause intracytoplasmic a-synuclein 
inclusions and early-onset disease.-^^^^^ These autosomal-dominant cases directly im- 
plicate specific coding region mutations (A30P, A53T) in a-synuclein aggregation 
and/or degradation. Moreover, diminished protein processing is further supported by 
mutations in parkin and ubiquitin carboxy-terminal-hydrolase-LI (UCHLl) two pro- 
teins involved in ubquitin-dependent proteosomal function.' 0.20,42-52 Linj^agg of tox- 
icant injury to protein aggregation has been provided by recent evidence that MPTP 
sdmulates production and oxidative modification of a-synuclein.^^"^^ 

TRANSGENIC MODELS OF PD 

In our common pathway model a-synuclein plays an important role in DAN-spe- 
cific dysfunction and death. To better appreciate its role in PD several laboratories 
are using transgenic technology to overexpress wild-type and mutant a-synuclein 
(see TABLE 1 and Refs. 1,3,4,7). 

Transgenic mouse models that use promoters capable of widespread expression 
such as PDGF, prion, and Thyl generally result in increased protein accumuladon, 
motor signs, abnormal axons, and neurites in multiple brain regions.^^"^^ Transgenic 
mice employing the Thy 1.2 promoter to drive a-synuclein overexpression display 
swollen neurites in the cerebellar Purkinje layer, nucleus dentatus, hippocampus, 
neocortex, and brain stem.^^ A second Thyl :a-synuclein transgenic mouse demon- 
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TABLE 1. Comparison of a-synuclein transgenic animals 

Transgenic 
model human 
a-synuclein Promoter 

NT 
function 

Protein 
accum. 

Neuronal 
abnorm. 

Motor 
dysf. Ref. 

WT 

WT 
A53T 
A3 OP 

human PDGF-p 

ratTH 

ND 

(-) 
(+) 

(+) 
(+) 

{-) 

(+) 

(-) 

58 

60 

WT 
A30P 

mouse Thy 1.2 ND (+) ND (+) 56 

WT 
A53T 

mouse Thyl ND (+) (+) (+) 59 

WT ratTH (+) (-) (-) (+) 61 

A53T/A30P ratTH (+) (-) (+) (+) 61 

WT 
A53T 
A30P 

prion ND (+) (+) (+) 57 

ABBREVIATIONS: NT = neurotransmitter; accum. = accumulation; Neuronal abnorm. = neuronal 
abnormalities, such as swollen neurites; Motor dysf. = motor dysfunction, such as alterations in 
behavioral tests of motor function. 

strated neuropathologic a-synuclein aggregates and inclusions in an equally wide 
range of brain regions but most notably not in the substantia nigra pars compacta.^^ 
In fact, this transgene fails to express in ventral midbrain dopaminergic neurons, 
suggesting that these mice may be a more appropriate model for diffuse Lewy body 
disease rather than for PD (personal communication and Ref 59). Cytoplasmic in- 
clusions and a-synuclein aggregates, but no fibrillar material, were also observed in 
the neocortex, hippocampus, and substantia nigra of transgenic mice using the hu- 
man PDGF-p promoter.^* When driven by the mouse prion promoter, transgene 
product accumulation in the midbrain, cerebellum, brain stem, and spinal cord was 
correlated with an earlier onset of disease and death.^' 

To more faithfully recapitulate pathogenesis including neuroanatomical, neuro- 
chemical, and neuropathological changes in DAN only, two laboratories have devel- 
oped transgenic animal models in which the catecholaminergic promoter tyrosine 
hydroxylase drives a-synuclein expression. One group reported modest a-synuclein 
accumulation without inclusions or neurochemical change when wild-type, A53T, or 
A3 OP a-synuclein was overexpressed.^^ On the other hand, our laboratory engi- 
neered two TH-driven transgenic lines that overexpress wild-type (ha-syn) or dou- 
bly mutated (hm^a-syn) human a-synuclein. The doubly-mutated a-synuclein 
transgene contains both the A53T and A30P mutations within the same open reading 
frame^' (see FIG. 2, panel A). Transgenic animals were evaluated neuroanatomically, 
neurochemically, behaviorally, and neuropathologically.^' Overexpression of either 
a-synuclein resulted in an age-dependent phenotype that included a range of motoric 
dysfunction, abnormal neurites, and neurotransmitter alterations, but no Lewy body 
inclusions. We have shown that a-synuclein mRNA is highly expressed in the sub- 
stantia nigra (SN) in these animals by in situ hybridization analysis (FIG. 2, panel B). 
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FIGURE 2. Generation and characterization of human a-synuclein transgenic mice. 
(A) Map of the human double mutant a-synuclein construct used for engineering the trans- 
genic mice. (B) a-Synuclein niRNA Expression. Image of ;>? situ hybridization from hm^a- 
SYN at the level of the SN. (C-E) Immunohistochemistry using a human specific polyclonal 
antibody to a-synuclein (C,D) in hm^a-SYN line and (E) in nontransgenic littermates. This 
antibody detected only human a-synuclein protein but not mouse a-synuclein. Human a- 
synuclein was most highly expressed in the cell bodies and dendrites of the SN and VTA, 
their axons, and in the striatum. (F-H) Striatal protein was subjected to 2-D PAGE followed 
by Western blotting using a polyclonal Ab to a-syn that recognizes both mouse and human 
a-syn. (F) Nontransgenic littermate controls demonstrated a larger single spot migrating at 
approximately 15 kDa and a much smaller spot (arrow) migrating at a slightly smaller MW 
and at a slightly more basic pi suggestive of a dephosphorylated form of mouse a-syn. Lines 
hm^a-syn-39 (G) and hwa-syn-5 (H) demonstrated unique spots migrating at a similar MW 
to mouse a-syn, but at different and slightly more acidic pis. (Reproduced from E.K. Rich- 
field, et o/.^' with permission.) 

Both ha-syn and hm-^a-syn express high levels of a-synuclein protein in midbrain 
DAN cell bodies and their striatal projections^' (FIG. 2, panels C,D). a-Synuclein 
colocalized with TH in cell bodies and dendrites of the SN, ventral tegmental area, 
locus ceruleus; and projection fields in the dorsal striatum, nucleus accumbens, ol- 
factory tubercle, and cerebral cortex. The subcellular distribution of a-synuclein is 
both nuclear and cytoplasmic compared to TH which is strictly cytoplasmic^' (FIG. 

3, panels D-F). Whether a-synuclein nuclear localization identifies a previously un- 
disclosed action remains to be determined. Of interest, hm^a-syn axons in the me- 
dian forebrain bundle were pathologically dilated and beaded, resembling Lewy 
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FIGURE 3. Colocalization of ha-SYN protein and abnormal axons and neurites in 
young ha-SYN transgenic mice. Double-label fluorescent IHC for TH (A,D,G), ha-SYN 
(B,E,H), both ha-SYN and TH (C,F,I) in a sagittal section from hm^a-SYN (A-C), a hwa- 
SYN SN neuron (D-F), or from hm^a-SYN median forebrain bundle (MFB, G-I). Confocal 
microscopy was used to image sections at 0.4-|im thickness using either the red or green fil- 
ter (D-I) or routine fluorescent microscopy at 1.25x (A-C). The ha-SYN protein was 
present in dopaminergic cell bodies and dendrites (B and E) and nigrostriatal axons and ter- 
minals (B and H) in a distribution that matched that of TH (A,D,G). The ha-SYN protein 
was present in both the cytoplasm and the nucleus of neurons (E). Abnormal neurites were 
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neurites. However, no Lewy body-like inclusions were appreciated^' (FIG. 3, panels 
J-M). Behavioral studies of these animals demonstrated an age-dependent decline in 
spontaneous activity and motor function, thus paralleling some of the clinical hall- 
marks of PD^' (data not shown). 

Why do different transgenic lines exhibit varying degrees of neuropathology? 
Our hm^a-syn model may represent a slower progress and possibly a more reflective 
model of the human disease, possibly because of TH promoter use. Most interesting- 
ly, our mice support the notion that the toxicity of a-synuclein does not require Lewy 
body formation but rather another, misfolded, protein structural state. This observa- 
tion reinforces the concept of pathogenic stages as articulated in a common pathway 
model. 

a-Synuclein transgenic animals are aiding in the identification of molecular 
mechanisms of PD pathogenesis, particularly the identification of cellular factors 
that regulate the aggregation and toxicity of a-synuclein. Although no model fully 
recapitulates all aspects of PD, the models appear to have great utility in addressing 
interactions between candidate neurotoxicants and a-synuclein itself Indeed, our 
laboratory has shown that ha-syn and hm^a-syn mice manifest enhanced sensitivity 
to MPTP treatment. When treated, the transgenic mice exhibited markedly decreased 
locomotor activity and DAT density compared with nontransgenic littermates.^' 

To unravel the molecular basis of our staged convergent pathobiologic model we 
have embarked on an integrated and comparative bionomics analysis of striatum and 
substantia nigra in mouse models (a-synuclein transgenics and MPTP treatment) 
and human PD. This bipartite bionomics approach uses conventional high-density 
oligonucleotide microarray technology (Affymetrix) and a three-dimensional pro- 
teomics methodology to identify gene/gene product changes. Proteomics is accom- 
plished by 2D-gel electrophoresis, differential spot detection, recovery, and 
digestion, followed by SELDI-TOF mass spectroscopy. 

To discriminate pathophysiologically important changes we assert that the iden- 
tified molecule must be expressed in the nigrostriatal pathway. Second, the molecule 
must be misregulated by neurotoxicant treatment and/or transgene expression in a 
temporally predictable manner. This combination of transcriptomic and proteomic 
methods will undoubtedly identify genes and gene products whose abundance is al- 
tered in PD and its models. Preliminary studies from the 2D-gel analysis followed 
by limited computer analysis demonstrates that five proteins are increased in hm^a- 
syn striatum, while four proteins are reduced compared to nontransgenic littermates 
(TABLE 2). Likewise five proteins were decreased in hm^a-syn substantia nigra 

present in dendrites of SN and VTA neurons and axons to the striatum (G-I) and elsewhere. 
Fluorescent IHC for TH was performed in a nontransgenic littermate control mouse (J and 
K) or a hm^a-SYN mouse (L and M) in the MFB (J and L) or the nucleus accumbens (K 
and M). Confocal microscopy using a lOOx objective at 0.5-|J.m steps was performed and a 
total of 10 sections stacked to make the final image. TH is normally present in MFB axons 
of control mice in a discontinuous manner, with the majority of axons having a uniform di- 
ameter with occasional modest dilations (J). In hm^a-SYN mice TH axons were more bead- 
ed and dilated in appearance, with more discontinuities (L). In the Aeb, TH was present in 
smaller caliber processes and terminals of control mice (K). In hm^a-SYN mice the smaller 
caliber processes and terminals were more dilated and punctate (M). (Reproduced from E.K. 
Richfield, et al.^^ with permission.) 
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TABLE 2. Results of 2-D gel SELDI-TOF analysis 

Brain region Spot No. MW PI -fold change 

Striatum Ill 52,265 5.86 +3.70 

156 42,069 5.98 +153.55 

165 39,657 5.88 +4.83 

177 39,167 7.38 + 10.15 

264 28,882 5.52 -6.11 

277 25,937 5.18 +3.52 

356 15,096 5.43 -5.03 

358 14,687 6.42 -3.64 

Substantia nigra 35 76,893 6.18 -7.85 

59 67,595 5.64 -3.13 

178 38,982 7.17 -3.09 

291 26,073 5.79 -3.35 

345 18,291 6.84 -4.79 

NOTE: Striatum and substantia nigra were dissected from hm^SYN and C57B1/6 mice; protein 
lysates were prepared and run on a 2-D gel. 2-D electrophoresis was performed according to the 
method of O'Farrell*^ by Kendrick Labs, Inc. (Madison, WI) followed by limited computer com- 
parison to determine differences between hm^SYN and C57B1/6 lysates. Protein spots of interest 
were excised from the Coomassie blue-stained gels, rehydrated, in-gel trypsinized, spotted onto 
Ciphergen H4 chips, and subjected to SELDI-TOF. Peptide molecular weights will be utilized for 
protein identification using peptide mass fingerprinting (ExPASy/Peptldent). 

(TABLE 2). These preliminary studies are indicative of the power of bionomic ap- 
proaches combined with transgenic animal technology. 

This bionomic approach must demonstrate that the identified dysregulated genes 
and their products are complicit in the pathophysiologic process. This will require 
using additional transgenesis and/or gene transfer to achieve gain and loss of func- 
tion of the identified candidate molecules within the nigrostriatal pathway. 

RATIONALE FOR MISFOLDED a-SYNUCLEIN AS A TARGET FOR 
MOLECULAR THERAPY 

The precise mechanism(s) by which a-synuclein promotes injury and neurode- 
generation is unknown. Insights gleaned from its apparent role in synaptic function 
and plasticity may delimit its potential pathologic contributions.^^"^'* Synelfin, the 
avian homologue of a-synuclein, is developmentally regulated during the critical pe- 
riod of canary song learning development.^^ a-Synuclein is also developmentally 
regulated in mouse brain with a profile that is similar to those of other presynaptic 
proteins, such as synaptophysin, synaptotagmin I, and synapsin.^^'^^ Interestingly, 
neuronal cells transfected to overexpress human a-synuclein exhibit reduced neurite 
outgrowth and alterations in cell adhesion capacity.^'' Whether such neuritic abnor- 
malities are reflective of normal or pathologic a-synuclein function is unknown. 

Other data disclose additional functions for a-synuclein including a role in oxi- 
dative stress. Binding and functional interaction of wild-type a-synuclein to the 
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dopamine transporter (DAT) elicits membrane clustering of DAT, acceleration of DA 
uptake, and apoptosis.^^ This a-synuclein and DAT interaction could exacerbate tox- 
icant-induced apoptosis. Inducible expression of wild-type and mutant a-synuclein 
(G209A) levels in HEK293 cells did not induce cell death, but toxic synergism be- 
tween G209A mutant a-synuclein and dopamine was found.^^ Reports of DA-in- 
duced toxicity and cell death presumably results from the inherent reactivity of the 
neurotransmitter.^^'^" DA is readily oxidized to DA quinone resulting in the release 
of superoxide and hydrogen peroxide.^"-'' Furthermore, DA can covalently modify 
cysteine, forming S-cysteinyl dopamine on affected proteins, irreversibly modifying 
protein functionJ-^ DA terminals actively degenerate following DA-induced toxicity, 
and DA-derived orthoquinone (DAQ) forms covalent adducts with a-synuclein re- 
sulting in long-lived protofibril intermediates7^''^ Taken together, these studies sug- 
gest that DA conspires with a-synuclein resulting in the generation of ROS and DA 
adduct formation on proteins leading to synaptic terminal dysfunction. 

a-Synuclein misfolding is favored by mutation or oxidative damage and thus ap- 
pears to be a central feature of the variously triggered forms of PD. Consistent with 
the idea that accumulation of aberrantly folded protein is integral to pathogenesis are 
the other familial forms that are characterized by loss of function mutations in the 
parkin and UCH-Ll genes. Since both gene products participate in the ubiquitin pro- 
teasome, it is evident that clearance of aberrantly folded proteins is slowed in par- 
kinsonian dopaminergic neurons (reviewed in Ref 46). Moreover, a nexus between 
toxicants such as MPTP and a-synuclein misfolding has also been established by ex- 
periments demonstrating that oxidative stress promotes the formation of a-synuclein 
aggregates and inclusions (reviewed in Refs. 17,75). This is also observed with other 
toxicants such as paraquat and rotenone.^'^ A key question remains unanswered: 
which form(s) of a-synuclein compromise(s) neuronal function? 

STEADY STATE a-SYNUCLEIN MODEL AND ALTERNATIVE 
THERAPIES FOR PD 

We postulate that within DAN a steady state exists between the native a-synucle- 
in (random coil), the preprotofibrillar conformer (P-sheet), and the aggregated form 
(FIG. 4). In this scenario either oxidative stress or the presence of A53T a-synuclein 
drives native conformers towards toxic oligomers. As a molecular instigator of PD, 
a-synuclein is analogous to amyloid beta (A(}), which forms extracellular deposits 
and is a pathological hallmark of Alzheimer's disease.'^~^^ Intracellular protein de- 
posits are relevant to other neurological diseases as well, including amyotrophic lat- 
eral sclerosis and expanded polyglutamine disorders (reviewed in Ref 79). 

Under physiological conditions a-synuclein exists in a native random coil con- 
formation and is normally targeted for degradation. Under conditions of oxidative 
stress, a-synuclein adopts an altered conformation (P-sheet; preprotofibrillar) that 
can serve as the nidus for pathophysiological seeding of toxic protein aggregates 
(preprotofibrils). The alteration in steady state towards a pathogenic p-sheet (pre- 
protofibrillar)-containing population may represent a locus for therapeutic interven- 
tion. Furthermore, mutant a-synuclein relatively favors the P-sheet conformation 
without oxidative stress. Based on this evidence we suggest that therapies specifical- 
ly designed to interact and reduce toxic a-synuclein conformers will attenuate dis- 



MAGUIRE-ZEISS & FEDEROFF: CONVERGENT PATHOBIOLOGIC MODEL 161 

(A) 
Native/Random Coil Pre-protofibrillar Aggregates 

7> •^ 

(B) 
Oxidative 
Stress 

Genetic 
Mutations 
A53T 

. Targeted 
Degradation 

(C) 
Oxidative 
Stress 

Targeted 
Degradation 

Genetic 
Mutations 
A53T 

FIGURE 4. Schematic diagram of the dynamics between a-synuclein conformers. (A) 
Under normal physiological conditions a steady state exists between random coil, pre- 
protofibrillar, and aggregated a-synuclein conformers. (B) Under conditions of oxidative 
stress (neurotoxicant treatment) the steady state shifts toward the preprotofibrillar and ag- 
gregated a-synuclein conformers. Likewise, mutant a-synuclein (A53T) demonstrates a 
similar steady state shift. (C) ScFv's directed against conformer-specific forms of a-synu- 
clein will either deplete the available pool of native or preprotofibrillar a-synuclein or target 
misfolded a-synuclein for degradation decreasing toxicity. 

ease progression. Thus, preventing the formation of toxic preprotofibrillar forms of 
a-synuclein should be a goal of future therapeutics. 

Our laboratory is pursuing a gene therapy approach whereby conformation-spe- 
cific single-chain Fvs (scFvs) are expressed and intended to interfere with a-synu- 
clein preprotofibrillar formation. ScFvs are composed of the minimal antibody 
binding site formed by noncovalent association of the Vjj and VL variable domains 
joined by a flexible polypeptide linker. Human scFv-phage libraries are available 
and allow for high-affinity human scFv antibodies to be selected from combinatorial 
libraries.*'' Antibody engineering makes it possible to manipulate the genes encod- 
ing the scFvs, allowing for antibody binding site expression within mammalian cells. 
Genetically fusing the scFv to intracellular targeting signals allows for specific sub- 
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cellular expression.**' These intracellular antibodies, termed intrabodies, are capable 
of modulating target protein function. Intrabodies have been used for both phenotyp- 
ic and functional knockdown of target molecules. Perhaps most relevant to PD ther- 
apy through a-synuclein targeting is the recent work using human scFv intrabodies 
to disrupt huntingtin aggregation.^^ Huntingtin-specific scFvs bound to the N termi- 
nal polyglutamine residues and promoted solubility of what otherwise would have 
been aggregated protein complexes. 

In PD we suggest that protein aggregates forming within DAN are seeded, require 
the preprotofibrillar conformers of a-synuclein (p-sheet), and are cytotoxic. Identi- 
fication of scFvs that will selectively recognize the preprotofibrillar conformers of 
a-synuclein is anticipated to attenuate protein toxicity (FIG. 4). In one case, scFvs 
could interact with a-synuclein prior to aggregation, thereby depleting the pool of 
available protein. In a second scenario scFvs bind to and deplete preprotofibrillar a- 
synuclein, thus attenuating aggregation. A third possibility is that scFvs interact with 
aggregated a-synuclein and efficiently target the complex for degradation. Each of 
these proposed strategies would decrease protein toxicity and potentially mitigate 
pathophysiologic damage. 

SUMMARY 

Transgenic models of a-synuclein overexpression will help to elucidate a-synu- 
clein's role in PD pathogenesis. We postulate that combined genetic vulnerability 
and neurotoxicant exposure will provide mechanisms to examine sporadic PD. Our 
convergent pathobiologic model stipulates that disparate insults initiate a disease 
process that obligately share a common pathway leading to cell death. We further 
posit that a-synuclein misfolding is a proximal shared earlier step in the pathway. 
This critical step is suggested to induce cellular compensation that ulfimately fails. 
The delineation of the transition from adaptive compensatory signaling to prodeath 
signaling affords the opportunity for therapeutic intervention. Our bionomic ap- 
proach is formulated to identify both upstream (triggering stage) and downstream 
(compensatory or prodeath) targets involved in the convergent pathobiologic model. 
Genomic and proteomic methodologies in concert with innovative biologic ap- 
proaches such as scFv gene transfer in transgenic/neurotoxicant models provide a 
basis to validate underlying pathogenic mechanisms and hold promise in the longer 
term for therapy. 
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ABSTRACT: The nosological relationship between Parliinson's disease, dement- 
ing syndromes with Lewy bodies, and Alzheimer's disease has been the subject 
of continuing debate. Here I argue, on the basis of recent data from families 
with hereditary versions of these diseases and from transgenic modeling, that 
these nosological debates are inevitable, Impossible to resolve, and a product of 
the fact that we define diseases as entities rather than processes. 

KEYWORDS: Lewy body disease; Parkinson's disease; Alzheimer's disease 

Lewy bodies are eosinophilic lesions that are found in (presumably) damaged neu- 
rons. They have been considered to be the pathognomic lesion for Parkinson's 
disease' and clearly show a predilection for nigral neurons. This predilection, how- 
ever, even in pure cases of clinically diagnosed Parkinson's disease, is not absolute. 
Lewy bodies in the nigra stain darkly, possibly because of the presence within them 
of oxidized catechols, and have been recognized there for many years. However, 
with the advent of, first, ubiquitin^ and, more recently, a-synuclein^ stains, it has be- 
come clear that their distribution is much wider and their frequency in brains much 
higher than was previously realized. 

In 1984 Kosaka and colleagues'* described an entity characterized by dementia 
and by Lewy bodies in cortical regions with a varying amount of "senile changes" 
(plaques and tangles). Since this first description, the nosological confusion between 
these diseases and Alzheimer's disease has continued, with many different names 
being proposed for entities with overlapping pathological and clinical phenotypes, 
including diffuse Lewy body disease,'* Lewy body dementia,^ senile dementia of 
Lewy body type,^ and the Lewy body variant of Alzheimer's disease.^ A consensus 
conference went some way toward simplying the nomenclative confusion to demen- 
tia with Lewy bodies* but the boundaries of the disease with respect to Parkinson's 
disease and Alzheimer's disease remain unclear.^ A key observation was that Lewy 
bodies were a common copathology with AP pathology in those cases of dementia 
where there were few tangles.'^ 
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Genetic analysis of kindred's autosomal-dominant diseases has shown the way 
that this conundrum can be understood. First, the realization that Lewy bodies can 
occur in families with amyloid precursor protein mutations" and in families with 
presenilin mutations'^ clearly shows that Lewy body formation can be initiated, rel- 
atively directly, by AP pathology. Second, genetic analysis of kindreds with Parkin- 
son's disease'^ identified mutations in the ot-synuclein gene'"* and led directly to the 
realization that a-synuclein was the primary constituent of Lewy bodies.^ However, 
clinical investigation of these kindreds showed that, while parkinsonism was usually 
the presenting feature, in some cases dementia was the presenting feature,'"* and the 
pathology of these cases showed extensive cortical pathology.' ^ In other words, from 
a genetic perspective, Parkinson's disease in these kindreds and "pure" dementia 
with Lewy bodies (with no amyloid pathology) are genetically closely related (one 
would say identical except that it must be likely that modifier genes alter the precise 
location of the pathology). Furthermore, genetic variability in a-synuclein expres- 
sion contributes to the risk of sporadic disease,'^ suggesting that while the autoso- 
mal-dominant disease is rare, the lessons learned from its analysis can be more 
generally applied. 

The production of transgenic mice with a-synuclein transgenes has been infor- 
mative. While these mice do not develop Lewy bodies, they do develop subtle a-sy- 
nuclein pathology.'^ In agreement with the human data showing that individuals 
with APP mutations also have Lewy bodies, crossing these mice with mice with APP 
mutations also potentiated this a-synuclein pathology.'^ 

These data allow a simple synthesis (FIG. 1). In some individuals, for genetic rea- 
sons, Lewy bodies occur with a distribution that is often, but not always, nigracen- 

AD/PD - Pathways to neurodegeneration 

® 
APP mutations/ 

Trisomy 21 
Synuclein 
mutations 

or overexpresslon, 
or 

other factors 

FIGURE 1. The relationship between pathologies: in Alzheimer's disease the AP pa- 
thology is upstream of, and can potentiate, the Lewy body pathology. This latter can be ac- 
tivated directly by a-synuclein mutations (or other genetic lesions). If an individual close to 
the threshold for developing Lewy bodies starts to develop AP pathology, this can initiate 
the cortical Lewy body formation (see Ref. 20). ABBREVIATIONS: AD = Alzheimer's disease; 
PD = Parkinson's disease; DLB = dementia with Lewy bodies. 
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tric.'^ However, Lewy body formation can be potentiated by AP pathology. This 
pathology is largely cortical. If this pathology occurs, it can potentiate Lewy body 
formation, especially in the cortical regions in which it occurs. 

Conceptually, these ideas resemble those we have previously promulgated for the 
tauopathies; in particular, FIGURE 1 is derived from Reference 20. However, the par- 
allels with tau pathologies are truly remarkable. Tangle pathology can be caused by 
APP^' and presenilin mutations^^ and thus occur in the presence of AP pathology. 
Tangle pathology can be caused directly by tau mutations.^^ Tangle pathology can 
be predisposed to by tau haplotypes.^'''^^ It is even the case that sporadic tangle dis- 
ease has two variants—a common parkinsonian variant, progressive supranuclear 
palsy, and a less common, more dementing illness, corticobasal degeneration. The 
production of mice with tau mutations that develop tangles in the midbrain^^ but, 
when crossed with mice with APP mutations, develop cortical tangles^' is particu- 
larly revealing and imitates the likely situation in the many cases of dementia with 
Lewy bodies, where amyloid pathology "pushes" cortical Lewy body pathology in 
someone who is genetically predisposed. 

Under these circumstances, it can be seen that the nosological conundrum is in- 
surmountable in that there is a continuum between these disease processes.^^ How- 
ever, medicine is, of course, a pragmatic art; and making the best practical diagnosis 
is driven by the wish to ensure the best treatment. Arguments about nosology should 
be driven only by these pragmatic considerations. 

Finally, this review does not take into account the likely cross-talk between tau 
and synuclein pathologies.'^^ It is clear that such cross-talk occurs, but what under- 
lies it is not yet understood. 
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Transgenic Models of a-Synuclein Pathology 

Past, Present, and Future 

MAKOTO HASHIMOTO, EDWARD ROCKENSTEIN, AND ELIEZER MASLIAH 

Departments ofNeurosciences and Pathology, University of California, San Diego, 
LaJolla, California 92093, USA 

ABSTRACT: Accumulation and toxic conversion to protofibrils of a-synuclein 
has been associated with neurological disorders such as Parkinson's disease 
(PD), Lewy body disease, multiple system atrophy, neurodegeneration with 
brain iron accumulation type 1, and Alzheimer's disease. In recent years, mod- 
eling these disorders in transgenic (tg) mice and flies has helped improve un- 
derstanding of the pathogenesis of these diseases and has established the basis 
for the development of new experimental treatments. Overexpression of a-sy- 
nuclein in tg mice in a region- and cell-specific manner results in degeneration 
of selective circuitries accompanied by motor deficits and inclusion formation 
similar to what is found in PD and related disorders. Furthermore, studies in 
singly and doubly tg mice have shown that toxic conversion and accumulation 
can be accelerated by a-synuclein mutations associated with familial parkin- 
sonism, by amyloid P peptide 1-42 (Ap 1-42), and by oxidative stress. In con- 
trast, molecular chaperones such as Hsp70 and close homologues such as a- 
synuclein have been shown to suppress toxicity. Similar studies are underway 
to evaluate the effects of other modifying genes that might play a role in a-sy- 
nuclein ubiquitination. Among them considerable interest has been placed on 
the role of molecules associated with familial parkinsonism {Parkin, UCHL-1). 
Furthermore, studying the targeted overexpression of a-synuclein and other 
modifier genes in the nigrostriatal and limbic system by using regulatable pro- 
moters, lentiviral vectors, and siRNA will help improve understanding of the 
molecular mechanisms involved in selective neuronal vulnerability, and it will 
aid the development of new treatments. 

KEYWORDS: a-synclein; transgenic models 

INTRODUCTION 

Abnormal accumulation and misfolding (toxic conversion) of synaptic proteins 
in the nervous system is being extensively explored as a key pathogenic event lead- 
ing to neurodegeneration in Parkinson's disease (PD), Lewy body disease (LBD), 
Alzheimer's disease (AD), and other neurological disorders.'"-' In PD and related 
conditions, such as LBD, abnormal accumulation of a-synuclein occurs in neuronal 
cell bodies, axons, and synapses;'*"^ while in AD, misfolded amyloid P peptide 1-42 
(Ap 1-42), a proteolytic product of amyloid precursor protein metabolism, accumu- 
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FIGURE 1. a-Synuclein expression in the human nervous system. (A) Diagram of a- 
synuclein structure. (B) a-Synuclein synaptic localization in the normal human brain. (C) 
a-Synuclein in Lewy bodies and neurites in Lewy body disease. 

lates in the neuronal endoplasmic reticulum and extracellularly.'"' In contrast, in 
disorders with trinucleotide repeat, such as Huntington's disease, accumulation of 
misfolded proteins occurs in the neuronal cytosol and nuclei.'"'" The key pathogen- 
ic event triggering synaptic loss and selective neuronal cell death in these disorders 
is still unclear; "^''^ however, recent studies suggest that nerve damage might result 
from the conversion of normally nontoxic monomers (and small oligomers) to toxic 
oligomers and protofibrils.'^''^ Larger polymers and fibers that often constitute the 
intracellular inclusions and extracellular lesions might not be as toxic.'^ 

a-Synuclein is a 140-amino acid synaptic molecule (FIG. 1) that was originally 
identified in human brain as the precursor protein of the non-AP component (NAC) 
of AD amyloid""" and is known to belong to a family that includes P-synuclein (or 
phosphoneuroprotein M),^^'^' y-synuclein (or breast carcinoma-specific factor),-^^ 
and synoretin.^^ In LBD, accumulation of misfolded a-synuclein has been proposed 
to be centrally involved in the pathogenesis of the disease^^'-^^ because: (i) this mol- 
ecule is present in Lewy bodies (LBs)'''^'''^''' (FIG. 1); (ii) mutations in the a-synucle- 
in gene are associated with rare familial forms of parkinsonism^^-^' (FIG. 1); and (iii) 
a-synuclein expression in transgenic (tg) mice^" (FIG. 2) and Drososphila^^ mimics 
several aspects of PD. 

a-Synuclein is capable of self-aggregating to form both oligomers and fibrillar 
polymers with amyloid-like characteristics^^ (FIGS. 3 and 4). Most recent evidence 
suggests that there might be both low-molecular weight (MW) nontoxic oligomers 
that associate with the cell membrane as well as higher-MW toxic oligomers 
(protofibrils).^^"^"* Association of nontoxic oligomers with components of the plas- 
ma membrane such as polyunsaturated fatty acids might play a role in synaptic plas- 
ticity.^^   In  contrast,  higher-MW  toxic  oligomers   form  protofibrils  that  can 
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potentially damage the cell membrane.'^'^^ The role of fibril formation in PD and 
related disorders is more controversial, but several studies suggest that fibrils might 
represent less toxic byproducts or even a cellular strategy to inactivate or isolate 
more toxic oligomers (Figs. 3 and 4).^^"^'' Oligomerization could occur in several 
stages, including formation of protofibrils, nucleation,^' and fibril formation.^^'^^ 
For a more detailed description and analysis of this topic, the reader is advised to 
consult the chapter by Lansbury and colleagues published in these proceedings. 
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FIGURE 2. a-Synuclein expression in the nervous system of transgenic mice. (A) a- 
Synuclein expression in the mouse brain in under the PDGF promoter {in situ hybridization). 
(B and C) a-Synuclein expression and inclusion formation in the neocortex and basal gan- 
glia in the PDGF-a-synuclein tg mouse. (D) a-Synuclein expression in the mouse brain in 
under the mXhyl promoter {in situ hybridization). (E and F) a-Synuclein expression and 
neuronal accumulation in the neocortex and basal ganglia in the mlhyl-a-synuclein tg 
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FIGURE 3. A description of the factors promoting or blocking a-synuclein aggrega- 
tion in Lewy body disease. 
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FIGURE 4. Proposed differential action of a-synuclein protofibrils and fibrils in Lewy 
body disease toxicity and pathogenesis. 

Because of the implications for better understanding the disease pathogenesis and 
development of new treatments, conditions promoting or blocking a-synuclein ag- 
gregation and toxic conversion are now being extensively studied in tg animals and 
in vitro models. In general terms and for the purposes of this paper, the role of the 
following factors will be considered: (i) mutations associated with familial parkin- 
sonism;^'''**' (ii) posttranscriptional modifications associated with oxidative stress 
mediated by neurotoxins l-methyl-4-phenyl-l,2,3,6-tetrahydropyridine (MPTP, 
paraquat), iron, cytochrome C, copper (II), and dopamine;^^''"^^ (iii) posttranscrip- 
tional modifications associated with signaling events or conjugation (phosphoryla- 
tion, glycosylation, ubiquitination);'*^'''^ (iv) binding to lipid membrane 
vesicles;-'^'''^'^^ and (v) interactions with molecules that promote aggregation (such 
as NAC and Ap)'^'^*'"^^ or that block aggregation (such as (i-synuclein).^^ 

In this context, the main objectives of this paper are to provide a perspective with 
respect to the following efforts: 

(1) the modeling of PD and related disorders in tg mice; 
(2) the definition of the in vivo role of factors promoting or blocking a- 

synuclein aggregation in the pathogenesis of PD and related disorders. 

Several reviews have been recently published on the subject of tg modeling of 
PD, and the reader is advised to consult them for additional information.^^^^^ 

DIFFERENTIAL EFFECTS OF WILD-TYPE AND MUTANT 
a-SYNUCLEIN IN tg MODELS OF TOXIC CONVERSION 

Since progressive intraneuronal aggregation of a-synuclein has been proposed to 
play a central role in the pathogenesis of PD and related disorders,^''"''^'* most tg 
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FIGURE 6. Reversal of dopaminergic deficits in a-synuclein tg mice following apo- 
morphine treatment. (A) Diagram of the open field. (B) Assessment of thigmotaxis (percent- 
age in periphery of cage) before and after apomorphime treatment. 

models have been focused on investigating the in vivo effects of a-synuclein accu- 
mulation using neuronal specific promoters (TABLE 1). Among these models, over- 
expression of wild-type (wt) a-synuclein under the regulatory control of the platelet- 
derived growth factor P (PDGPP) promoter (FIG. 2) has been shown to result in mo- 
tor deficits, dopaminergic loss, and formation of inclusion bodies.^" Mice with the 
highest levels of expression showed (line D) intraneuronal accumulation of a-synu- 
clein that started at 3 months of age and was accompanied by loss of tyrosine hy- 
droxylase (TH) fibers in the caudoputamen region and synapses in the temporal 
cortex. Although no apparent neuronal loss was detected in the substantia nigra 
(SN), measurements of dopamine levels in the caudoputamen region showed a 25- 
50% decrease at 12 months of age (FIG. 5). Analysis of locomotor activity in the 
open field showed that these tg mice had increased thigmotaxis, a behavior that has 
been associated with dopaminergic activity. Supporting a role for alterations in the 
dopaminergic system, this abnormal behavior was ameliorated upon treatment with 
apomorphine, a compound known to promote dopamine release (FIG. 6). Further- 
more, at this age, tg mice showed mild-to-moderate motor deficits in the rotarod, 
particularly those mice with the greatest loss of dopamine, indicating that more sub- 
stantial deficits (>75%) of this transmitter might be necessary for more overt deficits 
to appear. 

To determine whether different levels of human (h) a-synuclein expression from 
distinct promoters might result in neuropathology mimicking other synucleopathies, 
we also compared patterns of ha-synuclein accumulation in the brains of tg mice ex- 
pressing this molecule from the murine (m) Thy-1 and PDGFP promoters" (FIG. 2). 
In mThy-1-ha-synuclein tg mice, this protein accumulated in synapses and neurons 
throughout the brain, including the thalamus, basal ganglia, SN, and brain stem. Ex- 
pression of ha-synuclein from the PDGFp promoter resulted in accumulation in syn- 
apses of the neocortex, limbic system, and olfactory regions as well as formation of 
inclusion bodies in neurons in deeper layers of the neocortex (lines A and D). Fur- 
thermore, one of the intermediate expressor lines (line M) displayed ha-synuclein 
expression in glial cells mimicking some features of multiple system atrophy. These 
results show a more widespread accumulation of ha-synuclein in tg mouse brains. 
Taken together, these studies support the contention that ha-synuclein expression in 
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FIGURE 7. Abnormal accumulation of in a-synuclein oligomers in PDGF-a-synucle- 
in (A53T) mutant mice. (A) Western blot analysis with 72-10 and syn-l antibodies against 
a-synuclein showing increased. (B-D) Immunocytochemical analysis with a human specific 
antibody against a-synuclein (72-10). 

tg mice might mimic some neuropathological alterations observed in LBD and other 
synucleopathies, such as multiple system atrophy.^^ 

However, these studies did not clarify the potential relationship among synaptic 
damage, a-synuclein oligomerization and fibrillation, inclusion formation, and neu- 
rological deficits. Because previous studies have shown that mutations associated 
with familial parkinsonism accelerate a-synuclein aggregation and oligomeriza- 
tion,^^''*'' we compared the patterns of neurodegeneration, a-synuclein aggregation, 
and neurological alterations in tg mice expressing wt or mutant (mut) (A53T) ha- 
synuclein at comparable levels under the PDGpp promoter. For this purpose, two tg 
lines that express moderate levels of a-synuclein in a similar anatomical and cellular 
distribution were compared (line A, which expresses wt ha-synuclein,^*''^' and a 
newly developed line 8, which expresses mut ha-synuclein—that is, A53T) (FiG. 7). 
Additional comparisons were done against our well-described line D, which ex- 
presses higher levels of wt ha-synuclein-"''^' (FIG. 7). Lower expresser lines were se- 
lected for these experiments to avoid unintended effects of very high levels of 
expression as observed with other more strong promoters such as Thy-1 and PrP. 
These mice express about a third of the levels of ha-synuclein, compared to our 
higher expresser line D, which is approximately equivalent to a 1.5-to-l ratio with 
respect to endogenous levels. Remarkably, we found that mice expressing mut a-sy- 
nuclein developed progressive motor deficits and neurodegeneration, associated 
with a-synuclein accumulation in synapses and neurons; but very few or no inclu- 
sions were found (FIG. 7). In contrast, mice from line A (wt ha-synuclein) did not 
show neurodegenerative or neurological deficits, but they did display formation of 
inclusions. Analysis of the patterns of a-synuclein aggregation by Western blot us- 
ing the Syn-l antibody showed that in the mut line there was greater formation of a- 
synuclein oligomers compared to the wt line (FIG. 7). This is consistent with recent 
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Studies comparing the neuropathogenic effects of human wt and mut a-synuclein un- 
der the control of the PrP promoters (TABLE 1). For example, mice expressing mut, 
but not wt, a-synuclein developed a severe and complex motor impairment leading 
to paralysis and death.^^ These animals developed age-dependent intracytoplasmic 
neuronal a-synuclein inclusions paralleling disease onset, and the a-synuclein in- 
clusions recapitulated features of human counterparts. Moreover, immunoelectron 
microscopy revealed that the a-synuclein inclusions contained 10-16-nm-wide 
fibrils similar to human pathological inclusions. These mice demonstrate that A53T 
a-synuclein leads to the formation of toxic filamentous a-synuclein neuronal inclu- 
sions that cause neurodegeneration.^^ 

Similarly, other studies have shown that under the PrP promoter, mice expressing 
the A53T ha-synuclein, but not wt or the A30P variants, develop adult-onset neuro- 
degenerative disease with progressive locomotor dysfiinction leading to death^ (TA- 
BLE 1). Pathologically affected mice exhibit neuronal abnormalities (in perikarya 
and neurites), including pathological accumulations of a-synuclein and ubiquitin. 
Consistent with abnormal neuronal accumulation of a-synuclein, brain regions with 
pathology exhibit increases in detergent-insoluble a-synuclein and a-synuclein 
aggregates.^^ 

Under the mThy-1 promoter (TABLE 1), expression of either wt or mut a-synucle- 
in results^'' in extensive a-synuclein accumulation throughout the central nervous 
system, in some cases including the SN or the motor neurons.^^ In the model devel- 
oped by van der Putten et al.,^^ mice develop early-onset motor decline, axonal de- 
generation, and a-synuclein accumulation in the spinal cord but not ip the SN. In 
contrast, in our models, we observed less overt motor deficits, but considerable ac- 
cumulation of a-synuclein in cortical and subcortical regions.^' In both models there 
is accumulation of detergent-insoluble a-synuclein; however, its effects in the nigral 
system in terms of cell death are not completely clear. 

To address the question of selective neuronal vulnerability and involvement of tg 
mice expressing either wt or mutated (A53T or A30P) forms of ha-synuclein under 
control of the 9-kb rat TH promoter studies have been developed (TABLE 2).^' Initial 
studies in these mice showed accumulation of a-synuclein in the SN neurons but no 
neurodegeneration or motor deficits. More recent studies in tg mice expressing either 
wt or doubly mutated forms of ha-synuclein under control of the 9-kb rat TH pro- 
moter have shown that the expression of ha-synuclein in nigrostriatal terminals re- 
sulted in increased density of the dopamine transporter and enhanced toxicity to the 
neurotoxin MPTP. Expression of a doubly mutated ha-synuclein reduced locomotor 
responses to repeated doses of amphetamine and blocked the development of sensi- 
tization compared to adult wt ha-synuclein-5 tg mice. Expression of doubly mutated 
ha-synuclein adversely affects the integrity of dopaminergic terminals and leads to 
age-related declines in motor coordination and dopaminergic markers.^' 

Further studies to investigate the role of selective neuronal vulnerability in the 
SN and a-synuclein mutations have been accomplished in rat using lentiviral and 
adenoassociated viral vectors (TABLE 3).*'^"^'* In contrast to tg mice models, a selec- 
tive loss of nigral dopaminergic neurons associated with a dopaminergic denerva- 
tion of the striatum was observed in animals expressing either wt or mut forms of 
ha-synuclein. This neuronal degeneration correlates with the appearance of abun- 
dant a-synuclein-positive inclusions and extensive neuritic pathology detected with 
both a-synuclein and silver staining. Rat a-synuclein similarly leads to protein ag- 
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gregation but without cell loss, suggesting that inclusions are not the primary cause 
of cell degeneration in PD.^^ 

In summary, under the PDGpp, both wt and mut a-synuclein tg mice develop be- 
havioral deficits and synaptic alterations following a limbic and cortical pattern; 
however, mut a-synuclein is more toxic, even though very few inclusions are formed 
compared to wt a-synuclein tg mice. Under the PrP promoter, mut a-synuclein is 
more toxic than wt, inclusion-like structures develop, and more widespread involve- 
ment of the lower motor system is observed. With the thy-1 construct, both wt and 
mut a-synuclein are toxic, and inclusion-like structures develop that can affect the 
cortex, subcortex, or spinal cord. Furthermore, these in vivo models support the con- 
tention that a-synuclein-dependent neurodegeneration is associated with abnormal 
accumulation of detergent-insoluble a-synuclein (probably representing oligomeric 
forms) rather than with inclusion formation representing fibrillar polymeric a-synu- 
clein. The specific accumulation of detergent-insoluble a-synuclein in these tg mice 
recapitulates a pivotal feature of LBD,^^ and it is of significance in the future devel- 
opment and evaluation of novel treatments. 

DIFFERENTIAL EFFECTS OF POSTTRANSCRIPTIONAL 
MODIFICATIONS IN a-SYNUCLEIN 

TOXIC CONVERSION 

Although characterizing the role of a-synuclein mutations has improved our un- 
derstanding of the role of protein misfolding in the pathogenesis of PD, these muta- 
tions comprehend only a small fraction of the cases. It is estimated that over 95% of 
the cases of PD and related disorders are sporadic.^^ Thus, complex interactions be- 
tween environmental and genetic susceptibility factors might be at play. For exam- 
ple, the potential role of factors promoting oxidative stress is under intense 
investigation (FiG. 3). Factors such as iron, cytochrome C, copper (II), dopam- 
ine,^^'""^^'^^'^* and neurotoxins have been shown in vitro to alter a-synuclein con- 
formation leading to aggregation and toxic protofibril formation. Among such 
factors, the key discovery by Langston and colleagues of l-methyl-4-phenylpyridin- 
ium ion as a powerful dopaminergic neurotoxin led to the development of acute mod- 
els of parkinsonism in murine and simian models.^^ 

Since the neurotoxin MPTP promotes oxidative stress^" and degeneration of the 
dopaminergic system, mimicking some aspects of PD, we seek to determine the ef- 
fects of chronic MPTP treatment on tg mice overexpressing a-synuclein. For this 
purpose, tg mice expressing high levels of a-synuclein throughout the cortex and SN 
under the control of the Thy-1 promoter were treated with low doses of MPTP and 
analyzed ultrastructurally.^''^^ Electron microscopy analysis demonstrated that 
compared to control groups. Thy 1-a-synuclein tg mice treated with MPTP showed 
extensive mitochondrial alterations, invagination of the nuclear membrane, and for- 
mation of electrodense intracytoplasmic inclusions. Taken together, these studies 
suggest that oxidative stress and the associated mitochondrial damage might contrib- 
ute to aggregation of a-synuclein and to the pathogenesis of PD. Further supporting 
a role of oxidative stress in the pathogenesis of disorders with a-synuclein accumu- 
lation, recent studies have shown that this molecule is present in a nitrosylated form 
that promotes abnormal conformation.''^-^^ Consistent with this possibility, we have 
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observed increased 3-NT immunostaining in the a-synuclein tg mice. In neuronal 
cell lines overexpressing a-synuclein, there is also increased reactivity for markers 
of oxidative stress that are reversible with antioxidant treatments (for example, 
vitamin E)."*^ 

Another factor promoting oxidative damage and abnormal protein conformation 
that might play a role in a-synucleopathies is amyloid P-protein (FIGS. 3 and 4). This 
is interesting because AD and PD are associated with the cerebral accumulation of 
P-amyloid and a-synuclein, respectively.''^ Some patients have clinical and patho- 
logical features of both diseases, raising the possibility of overlapping pathogenetic 
pathways. We refer to this condition as the Lewy body variant (LBV) of AD;^"* how- 
ever, others prefer different terms such as combined AD+PD, senile dementia of the 
Lewy body type, or LBD.''^ To better understand the role of amyloid production in 
a-synucleopathies, we generated tg mice with neuronal expression of human AjJ, a- 
synuclein, or both.^^ The functional and morphological alterations in doubly tg mice 
resembled the LBV of AD. These mice had severe deficits in learning and memory, 
developed motor deficits before a-synuclein singly tg mice did, and showed promi- 
nent age-dependent degeneration of cholinergic neurons and presynaptic terminals. 
They also had more a-synuclein-immunoreactive neuronal inclusions than a-synu- 
clein singly tg mice. Ultrastructurally, some of these inclusions were fibrillar in dou- 
bly tg mice, whereas all inclusions were amorphous in a-synuclein singly tg mice. 
AP promoted aggregation of a-synuclein in a cell-free system and intraneuronal ac- 
cumulation of a-synuclein in cell culture. Ap may contribute to the development of 
LBD by promoting the aggregation of a-synuclein and exacerbating a-synuclein- 
dependent neuronal pathologies. Therefore, treatments that block the production or 
accumulation of AP could benefit a broader spectrum of disorders than previously 
anticipated. 

Other posttranscriptional modifications that might promote a-synuclein aggrega- 
fion and toxic conversion include phosphorylation and conjugation (FIG. 3). In this 
regard, recent mass spectrometry analyses and studies with an antibody that specif- 
ically recognizes phospho-Ser 129 of a-synuclein have shown that this residue is se- 
lectively and extensively phosphorylated in synucleinopathy lesions, including those 
in patients with PD and related disorders and in a-synuclein tg mice."*^ Furthermore, 
phosphorylafion of a-synuclein at Ser 129 promoted fibril formation in vitro. These 
results highlight the importance of phosphorylation of filamentous proteins in the 
pathogenesis of neurodegenerative disorders. In Drosophila, synuclein overexpres- 
sion results in LB formation and dopaminergic neuronal loss.^' Furthermore, direct- 
ed expression of the molecular chaperone Hsp70 prevented dopaminergic neuronal 
loss associated with a-synuclein in Drosophila, and interference with endogenous 
chaperone activity accelerated a-synuclein toxicity.'^ The fact that LBs in human 
postmortem tissue immunostained for molecular chaperones suggests that chaper- 
ones may play a role in PD progression. Among them, ubiquitination appears to play 
an important role. This is significant because mutations in the Parkin gene, also 
known to be associated with familial PD, have been shown to result in deficient a- 
synuclein ubiquitination.''^"^' Studies in tg mice are underway in which a-synuclein 
tg mice are crossed with Parkin or UCHL-1 KO mice. The prediction is that this will 
result in defective a-synuclein ubiqutination and proteosome degradation, with 
worsening of the phenotype but probably with no inclusion formation. 
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ROLE OF ENDOGENOUS INHIBITORS IN PREVENTING AND 
MODULATING a-SYNUCLEIN TOXIC CONVERSION 

Toxic conversion of a-synuclein is not only the result of factors promoting ag- 
gregation but might also be the consequence of a failure of factors preventing ag- 
gregation (FIG. 3). Thus a critical balance between aggregation and anti- 
aggregation factors might be at play. Endogenous mechanisms to prevent toxic con- 
version include clearance, proteolysis, and production of inhibitors of aggregation. 
Among these, we have characterized p-synuclein, the nonamyloidogenic homo- 
logue of a-synuclein, as an inhibitor of aggregation of a-synuclein.^^ For this pur- 
pose, doubly tg mice expressing both a- and P-synuclein were generated and 
analyzed in the rotarod and by confocal microscopy. These studies showed that P- 
synuclein ameliorated the motor deficits, neurodegenerative alterations, and neu- 
ronal accumulation of a-synuclein seen in a-synuclein tg mice. Similarly, cell lines 
stably transfected with P-synuclein were resistant to accumulating a-synuclein, 
when this later molecule was expressed under the control of the inducible muri- 
sterone A system. a-Synuclein coimmunoprecipitated with P-synuclein both in the 
brains of doubly tg mice and in the doubly transfected cell lines. Furthermore, p- 
synuclein has also been shown to reduce AP aggregation. Our results raise the in- 
triguing possibility that P-synuclein might be a natural negative regulator of a-sy- 
nuclein and Ap aggregation.^^ 

The synucleins are natively unfolded proteins.^" In support of an antiamy- 
loidogenic effect of p-synuclein, we^^ as well as others have shown that P-synuclein, 
which lacks 11 central hydrophobic residues compared to its homologues, exhibited 
the properties of a random coil, whereas a- and y-synucleins were slightly more 
compact and structured. y-Synuclein, unlike its homologues, formed a soluble oligo- 
mer at relatively low concentrations, which appears to be an off-fibrillation pathway 
species. Although they have biophysical properties similar to those of a-synuclein, 
p- and y-synucleins inhibit a-synuclein fibril formation. Complete inhibition of a- 
synuclein fibrillation was observed at 4:1 molar excess of P- and y-synucleins. No 
significant incorporation of P-synuclein into the fibrils was detected. The lack of 
fibrils formed by a-synuclein is most readily explained by the absence of a stretch 
of hydrophobic residues from the middle region of the protein.^' 

The mechanisms by which P-synuclein might block a-synuclein aggregation in 
vivo are under investigation. One possible mechanism is that a-synuclein transloca- 
tion to the plasma and mitochondrial membranes might be regulated by P-synuclein. 
In this regard, it was recently described that aggregation of a-synuclein in the mem- 
brane fractions was stimulated by mitochondrial dysfunction, suggesting a patholog- 
ical relevance of a-synuclein in these fractions. Consistent with this view,*^ 
immunoblot analysis for the tg mice brain using sensitive a-synuclein-1 antibody 
showed that aggregation of a-synuclein in the particulate fractions in single a-synu- 
clein mice was significantly suppressed in doubly tg mice expressing a and p-synu- 
clein. Thus, pathological aggregation of a-synuclein in the membrane fractions may 
be negatively regulated by its nonamyloidogenic homologue, p-synuclein (FiG. 4). In- 
terestingly, the 50-kDa immunoreactive band in non-tg mice, which might represent 
physiological oligomers of a-synuclein,*^ was absent in both singly and doubly tg 
mice, suggesting that equilibrium of a-synuclein oligomerization under the physio- 
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logical conditions may be easily affected by different spices of a-synuclein as well as 
P-synuclein. Currently, it is unknown how interference with this physiological pro- 
cess might interfere with neuroplasticity. However, it may be ideal to design therapeu- 
tic drugs that would selectively act on the process of pathological aggregation of a- 
synuclein. Taken together, these findings suggest that P-synuclein homologues or de- 
rivatives might have a therapeutical potential for the treatment of AD, LBD, and PD. 

CONCLUSIONS 

Several tg mouse models for a-synucleopathy have now been developed. Models 
employing the PDGpp promoter display involvement of the neocortex, limbic sys- 
tem, and (to a lesser extent) the nigrostriatal pathways, with a-synuclein accumula- 
tion and inclusion formation. Under the mThy-1 and PrP promoters there is more 
widespread expression of a-synuclein throughout the brain, including the subcortex 
and spinal cord. In these animals, there is a more dramatic locomotor phenotype and 
increased lethality with involvement of the neuromuscular junction and motor sys- 
tem. The A53T mut a-synuclein appears to be more toxic, probably because of its 
increased susceptibility to forming toxic protofibrils. Models selectively targeting 
the nigral system have been developed using the TH promoter or viral vectors. In tg 
models, oxidative stress and amyloid P-protein accelerate a-synuclein accumula- 
tion, mimicking combined PD and AD. In contrast, molecular chaperones such as 
Hsp70 and close homologues such as a-synuclein have been shown to suppress tox- 
icity. Similar studies are underway to evaluate the effects of other modifying genes 
that might play a role in a-synuclein ubiquitination. For example, considerable in- 
terest has been focused on the role of molecules associated with familial parkin- 
sonism {Parkin, UCHL-1). With the discovery of a-synuclein and the advent of new 
experimental animal models for PD and related disorders, the potential for the de- 
velopment and discovery of new treatments has been significantly bolstered. 
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ABSTRACT: Experimental models of dopamlnergic neurodegeneration play a 
critical role in our quest to elucidate the cause of Parkinson's disease (PD). De- 
spite the recent development of "genetic models" that have followed upon the 
discovery of mutations causing rare forms of familial PD, toxic models remain 
at the forefront when it comes to exploring the pathogenesis of sporadic PD. 
Among these, the model produced by the neurotoxin l-methyl-4-phenyl- 
1,2,3,6-tetrahydropyridine (MPTP) has a competitive advantage over all other 
toxic models because once this neurotoxin causes intoxication, it induces in hu- 
mans a syndrome virtually identical to PD. For the past two decades, the com- 
plex pharmacology of MPTP and the key steps in the MPTP neurotoxic process 
have been identified. These molecular events can be classified into three 
groups: First, those implicated in the initiation of toxicity, which include ener- 
gy failure due to ATP depletion and oxidatlve stress mediated by superoxide 
and nitric oxide; second, those recruited subsequently in response to the initial 
neuronal perturbations, which include elements of the molecular pathways of 
apoptosis such as Bax; and, third, those amplifying the neurodegenerative in- 
sult, which include various proinflammatory factors such as prostaglandins. 
Herein, these different contributing factors are reviewed, as is the sequence in 
which it is believed these factors are acting within the cascade of events respon- 
sible for the death of dopamlnergic neurons in the MPTP model and in PD. 
How to target these factors to devise effective neuroprotective therapies for PD 
is also discussed. 

KEYWORDS: apoptosis; cell death; nitric oxide; neurotoxicity; neurodegenera- 
tion; MPTP; Parkinson's disease (PD); reactive oxygen species; superoxide 
dismutase 

INTRODUCTION 

l-Methy-4-phenyl-l,2,3,6-tetrahydropyridine (MPTP) is a byproduct of the 
chemical synthesis of a meperidine analog with potent heroin-like effects. MPTP 
can induce a parkinsonian syndrome in humans almost indistinguishable from Par- 
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kinson's disease (PD).' Recognition of MPTP as a neurotoxin occurred early in 
1982, when several young drug addicts mysteriously developed a profound parkin- 
sonian syndrome after the intravenous use of street preparations of meperidine an- 
alogs that, unknown to anyone, were contaminated with MPTP.^ In humans and 
nonhuman primates, depending on the regimen used, MPTP produces an irrevers- 
ible and severe parkinsonian syndrome that replicates almost all of the features of 
PD; in nonhuman primates, however, a resting tremor characteristic of PD has been 
demonstrated convincingly only in the African green monkey.^ It is believed that in 
PD the neurodegenerative process occurs over several years, while the most active 
phase of neurodegeneration is completed within a few days following MPTP admin- 
istration."*'^ However, recent data suggest that, following the main phase of neuronal 
death, MPTP-induced neurodegeneration may continue to progress "silently" over 
several decades, at least in humans intoxicated with MPTP.^'^ Except for four 
cases,^'** no human pathological material has been available for study; thus, the 
comparison between PD and the MPTP model is limited largely to nonhuman pri- 
mates.^ Neuropathological data show that MPTP administration causes damage to 
the nigrostriatal dopaminergic pathway identical to that seen in PD,'" yet there is a 
resemblance that goes beyond the loss of substantia nigra pars compacta (SNpc) 
dopaminergic neurons. Like PD, MPTP causes a greater loss of dopaminergic neu- 
rons in the SNpc than in the ventral tegmental area' '''^ and, in monkeys treated with 
low doses of MPTP (but not in humans), a greater degeneration of dopaminergic 
nerve terminals in the putamen than in the caudate nucleus.'^''"^ However, two typ- 
ical neuropathologic features of PD have, until now, been lacking in the MPTP mod- 
el. First, except for the SNpc, pigmented nuclei such as the locus coeruleus have 
been spared, according to most published reports. Second, the eosinophilic intra- 
neuronal inclusions called Lewy bodies, so characteristic of PD, have not, thus far, 
been convincingly observed in MPTP-induced parkinsonism;' however, in MPTP- 
injected monkeys, intraneuronal inclusions reminiscent of Lewy bodies have been 
described.' ^ Despite these imperfections, MPTP continues to be regarded as an excel- 
lent animal model of sporadic PD, and the belief is that studying MPTP toxic mecha- 
nisms will shed light on meaningful pathogenic mechanisms implicated in PD. 

Over the years, MPTP has been used in a large variety of animal species, ranging 
from worms to mammals. To date, the most frequently used animals for MPTP stud- 
ies have been monkeys, rats, and mice.'^ The administration of MPTP through a 
number of different routes using different dosing regimens has led to the develop- 
ment of several distinct models, each characterized by some unique behavioral and 
neuropathological features. Herein, we will restrict our discussion to mice, since 
they have emerged as the preferred animals to explore cellular and molecular alter- 
ations produced by MPTP, in part because lines of engineered animals that are so 
critical to these types of investigations are available only in mice.'^ 

MPTP MODE OF ACTION 

As illustrated in FIGURE 1, the metabolism of MPTP is a complex, multistep pro- 
cess.'^ After its systemic administration, MPTP, which is highly lypophilic, rapidly 
crosses the blood-brain barrier. Once in the brain, the protoxin MPTP is metabolized 
to l-methyl-4-phenyl-2,3-dihydropyridinium (MPDP+) by the enzyme monoamine 
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FIGURE 1. Schematic diagram of MPTP metabolism. After its systemic administra- 
tion, MPTP crosses the blood-brain barrier. Once in the brain, MPTP is converted to MPOP"*" 
by monoamine oxidase B within nondopaminergic cells, and then to MPP* by an unknown 
mechanism. Thereafter, MPP+ is released, again by an unknown mechanism, in the extracel- 
lular space. From there, MPP"^ is taken up by the dopamine transporter and thus enters 
dopaminergic neurons. 

oxidase B within nondopaminergic cells, and then (probably by spontaneous oxida- 
tion) to l-methyl-4-phenylpyridinium (MPP+), the active toxic compound. Thereaf- 
ter, MPP"*" is released (by an unknown mechanism) into the extracellular space. Since 
MPP* is a polar molecule, unlike its precursor MPTP, it cannot freely enter cells, but 
depends on the plasma membrane carriers to gain access to dopaminergic neurons. 
MPP* has a high affinity for plasma membrane dopamine transporter (DAT),'' as 
well as for norepinephrine and serotonin transporters. The obligatory character of 
this step in the MPTP neurotoxic process is demonstrated by the fact that blockade 
of DAT by specific antagonists such as mazindol^*^ or ablation of the DAT gene in 
mutant mice^' completely prevents MPTP-induced toxicity. Conversely, transgenic 
mice with increased brain DAT expression are more sensitive to MPTP.^^ 

Once inside dopaminergic neurons, MPP"*" can follow at least three routes 
(FIG. 2): (1) it can bind to the vesicular monoamine transporters (VMAT), which will 
translocate MPP"*" into synaptosomal vesicles;^^ (2) it can be concentrated within the 
mitochondria;^"* and (3) it can remain in the cytosol and interact with different cyto- 
solic enzymes.^^ The fraction of MPP+ destined to each of these routes is probably 
a function of MPP"*" intracellular concentration and affinity for VMAT, mitochondria 
carriers, and cytosolic enzymes. The importance of the vesicular sequestration of 
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FIGURE 2. Schematic diagram of MPP+ intracellular pathways. Inside dopaminergic 
neurons, MPP"*" can bind to the vesicular monoamine transporters, be translocated into syn- 
aptosomal vesicles, be concentrated by an active process within the mitochondria, and re- 
main in the cytosol and interact with different cytosolic enzymes. 

MPP+ is demonstrated by the fact that cells transfected to express greater density of 
VMAT are conveiled from MPP"^-sensitive to MPP+-resistant cells.^^ Conversely, 
we demonstrated that mutant mice with 50% lower VMAT expression are signifi- 
cantly more sensitive to MPTP-induced dopaminergic neurotoxicity compared to 
their wild-type littermates.^* These findings indicate that there is a clear inverse re- 
lationship between the capacity of MPP+ sequestration (that is, VMAT density) and 
the magnitude of MPTP neurotoxicity. Inside dopaminergic neurons, MPP"*" can also 
be concentrated within the mitochondria (FIG. 2),^"* where it impairs mitochondrial 
respiration by inhibiting complex I of the electron transport chain^^-^^ through its 
binding at or near the site of the mitochondrial poison rotenone.^^'^" 

MPTP MECHANISM OF ACTION 

Currently, it is believed that the neurotoxic process of MPTP is made up of a cas- 
cade of deleterious events, which can be divided into early and late neuronal pertur- 
bations and secondary nonneuronal alterations. All of these, to a variable degree and 
at different stages of the degenerative process, participate in the ultimate demise of 
dopaminergic neurons. 
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Early Events 

Soon after its entry into dopaminergic neurons, MPP"*" binds to complex I and, by 
interrupting the flow of electrons, leads to an acute deficit in ATP formation. It ap- 
pears, however, that complex I activity must be reduced >70% to cause severe ATP 
depletion in nonsynaptic mitochondria^' and that, in contrast to in vitro MPTP, in 
vivo MPTP causes only a transient 20% reduction in mouse striatal and midbrain 
ATP levels,^^ raising the question as to whether an MPP+-related ATP deficit can be 
the sole factor underlying MPTP-induced dopaminergic neuronal death. Another 
consequence of complex I inhibition by MPP+ is an increased production of reactive 
oxygen species (ROS), especially of superoxide.^^"^^ A recent demonstration^^ 
showed that early ROS production can also occur in this model from the autooxida- 
tion of dopamine resulting from an MPP^-induced massive release of vesicular 
dopamine to the cytosol. The importance of MPP+-related ROS production in the 
dopaminergic toxicity process in vivo is demonstrated by the fact that transgenic 
mice with increased brain activity of copper/zinc superoxide dismutase (SODl), a 
key ROS-scavenging enzyme, are significantly more resistant to MPTP-induced 
dopaminergic toxicity than their nontransgenic littermates.^^ However, several lines 
of evidence support the concept that ROS exert many or most of their toxic effects 
in the MPTP model in conjunction with other reactive species such as nitric oxide 
(NO)^^^' produced in the brain by both the neuronal and the inducible isoforms of 
the enzyme NO synthase.'*^''*^ Comprehensive reviews of the source and the role of 
NO in the MPTP model can be found in Przedborski and Vila' and in Przedborski 
and Dawson.^'* 

Late Events 

In response to the variety of functional perturbations caused by the depletion in 
ATP and the production of ROS, death signals, which can activate the molecular 
pathways of apoptosis, arise within intoxicated dopaminergic neurons. Although at 
this time we cannot exclude with certainty the possibility that apoptotic factors are 
in fact always recruited regardless of MPTP regimen, only prolonged administration 
of low-to-moderate doses of MPTP is associated with definite morphologically de- 
fined apoptotic neurons.^'"*^ Supporting the implication of apoptotic molecular fac- 
tors in the demise of dopaminergic neurons after MPTP administration is the 
demonstration that the proapoptotic protein Bax is instrumental in this toxic mod- 
el.''^ Overexpression of the antiapoptotic Bcl-2 also protects dopaminergic cells 
against MPTP-induced neurodegeneration.'*'^''*^ Similarly, adenovirus-mediated 
transgenic expression of the X chromosome-linked inhibitor of apoptosis protein 
(XIAP), an inhibitor of executioner caspases such as caspase-3, also blocks the death 
of dopaminergic neurons in the SNpc following the administration of MPTP."*^'^" 
Additional caspases are also activated in MPTP-intoxicated mice such as caspase-8, 
which is a proximal effector of the tumor necrosis factor receptor (TNFr) family 
death pathway.^' Interestingly, however, in the MPTP mouse model it is possible 
that caspase-8 activation is consequent to the recruitment of the mitochondria-de- 
pendent apoptotic pathway and not, as in many other pathological settings, to the li- 
gation of TNFr.^^ Other observations supporting a role of apoptosis in the MPTP 
neurotoxic process include the demonstration of the resistance to MPTP of the fol- 
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lowing: mutant mice deficient in p53,^^ a cell cycle control gene involved in pro- 
grammed cell death; mice with pharmacological or genetic inhibition of c-Jun N 
terminal kinases;''*"^^ or mice that received a striatal adenoassociated virus vector 
delivery of an Apaf-1-dominant negative inhibitor.^^ Collectively, these data show 
that during the degenerative process the apoptotic pathways are activated and con- 
tribute to the actual death of intoxicated neurons in the MPTP model. 

Secondary Events 

The loss of dopaminergic neurons in the MPTP mouse model is associated with 
a glial response composed mainly of activated microglial cells and, to a lesser extent, 
of reactive astrocytes.^^ From a neuropathological standpoint, microglial activation 
is indicative of an active, ongoing process of cell death. The presence of activated 
microglia in postmortem samples from MPTP-intoxicated individuals who came to 
autopsy several decades after being exposed to the toxin^^ suggests an ongoing de- 
generative process and thus challenges the notion that MPTP produces a "hit and 
run" kind of damage. Therefore, this important observation^^ suggests that a single 
acute insult to the SNpc by MPTP could set in motion a self-sustained cascade of 
events with long-lasting deleterious effects. With mice injected with MPTP and 
killed at different time points thereafter, it appears that the time course of reactive 
astrocyte formation parallels that of dopaminergic structure destruction in both the 
striatum and the SNpc, and that glial fibrillary acidic protein (GFAP) expression re- 
mains upregulated even after the main wave of neuronal death has passed.^*'~°^ 
These findings suggest that, in the MPTP mouse model,^^ the astrocyte activation is 
secondary to the death of neurons and not the reverse. This conclusion is supported 
by the demonstration that blockade of MPP"*" uptake into dopaminergic neurons com- 
pletely prevents not only SNpc dopaminergic neuronal death but also GFAP upreg- 
ulation.^'* Remarkably, activation of microglia, which is also quite strong in the 
MPTP mouse model,^''"^^•^^ occurs earlier than that of astrocytes and, more impor- 
tant, reaches a maximum before the peak of dopaminergic neurodegeneration.^^ In 
light of the MPTP data presented above, it can be surmised that the response of both 
astrocytes and microglial cells in the SNpc clearly occurs within a time frame allow- 
ing these glial cells to participate in the demise of dopaminergic neurons in the 
MPTP mouse model and possibly in PD. Activated microglial cells can produce a 
variety of noxious compounds, including ROS, reactive nitrogen species (RNS), 
proinflammatory cytokines, and prostaglandins. Observations showing that block- 
ade of microglial activation mitigates nigrostriatal damage caused by MPTP sup- 
ports the notion that microglia participate in MPTP-induced neurodegeneration.^* 
Among specific deleterious factors, cyclooxygenase type-2 (Cox-2) has emerged as 
an important determinant of cytotoxicity associated with inflammation.*^'^^ In the 
normal brain, Cox-2 is significantly expressed only in specific subsets of forebrain 
neurons that are primarily glutamatergic in nature,^^ which suggests a role for Cox- 
2 in the postsynaptic signaling of excitatory neurons. However, under pathological 
conditions, especially those associated with a glial response, Cox-2 expression in the 
brain can increase significantly, as does the level of its products (for example, pros- 
taglandin E2, or PGE2), which are responsible for many of the cytotoxic effects of 
inflammation. Interestingly, Cox-2 promoter shares many features with inducible ni- 
tric oxide synthase (iNOS) promoter;^^ thus, these two enzymes are often coex- 
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pressed in disease states associated with gliosis. Therefore, it is not surprising to find 
Cox-2 and iNOS expressed in SNpc glial cells of postmortem PD samples;'' PGE2 
content is also elevated in SNpc from PD patientsJ^ Of relevance to the potential 
role of prostaglandin in the pathogenesis of PD is the demonstration that the phar- 
macological inhibition of both Cox-2 and Cox-l'^ and the genetic ablation of Cox- 
2 attenuates MPTP neurotoxicity.'^ 
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ABSTRACT: The striatum Is viewed as the principal input structure of the basal 
ganglia, while the internal pallidal segment (GPi) and the substantia nigra pars 
reticulata (SNr) are output structures. Input and output structures are linked 
via a monosynaptic "direct" pathway and a polysynaptic "Indirect" pathway 
involving the external pallidal segment (GPe) and the subthalamic nucleus 
(STN). According to current schemes, striatal dopamine (DA) enhances trans- 
mission along the direct pathway (via Dl receptors), and reduces transmission 
over the indirect pathway (via D2 receptors). DA also acts on receptors in GPe, 
GPi, SNr, and STN. Electrophysiologic and other studies in primates rendered 
parkinsonian by treatment with the dopaminergic neurotoxin MPTP have 
demonstrated a reduction of neuronal activity of GPe and an increase of neu- 
ronal discharge in STN, GPi. and SNr. These findings are compatible with the 
view that striatal DA loss results in increased activity over the indirect path- 
way. Prominent bursting, oscillatory discharge patterns, and increased syn- 
chronization of neighboring neurons are found throughout the basal ganglia. 
These may result from changes in the activity of local circuits (e.g., the 
GPe-STN "pacemaker") or from more global abnormalities of the basal gan- 
glia-thalamocortical network. These findings have been replicated in human 
patients undergoing microelectrode-guided stereotactic procedures targeted at 
GPi or STN. PET studies in patients with Parkinson's disease have lent further 
support to the proposed circuit abnormalities. The current models of basal 
ganglia function have recently been criticized. For instance, the strict separa- 
tion of direct and indirect pathways and the segregation of Dl and D2 receptors 
have been questioned, and the almost complete absence of motor side effects of 
pallidal or thalamic lesions in human patients and animals is inconsistent. 
These results suggest that changes in discharge patterns and synchronization 
between basal ganglia neurons, abnormal network interactions, and compen- 
satory mechanisms are at least as important in the pathopohysiology of parkin- 
sonism as changes in discharge rates in individual basal ganglia nuclei. Lesions 
of GPi or STN are effective in treating parkinsonism, because they reduce or 
abolish abnormal basal ganglia output, enabling remaining circuits to function 
more normally. 
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INTRODUCTION 

Recent progress in neuroscience research has led to major insights into the struc- 
ture and function of the basal ganglia and into the pathophysiologic basis of disor- 
ders of basal ganglia origin, such as Parkinson's disease.'"^ The availability of 
suitable animal models, in particular the MPTP model of primate parkinsonism, has 
been crucial in this progress.'*'^ In addition, the renaissance of stereotactic surgery 
for Parkinson's disease and other movement disorders has provided valuable neu- 
ronal recording and imaging data from human subjects. In the following, we sum- 
marize, from a systems perspective, the pathophysiologic concepts that have arisen 
from the animal models and from work in patients with Parkinson's disease. 

PATHOLOGIC SUBSTRATE IN PARKINSON'S DISEASE 

Idiopathic Parkinson's disease is characterized by the cardinal signs of akinesia 
(impaired movement initiation and poverty of movement), bradykinesia (slowness of 
movement), muscular rigidity, and tremor at rest. The etiology of the disease is most 
likely multifactorial, with both genetic and environmental/toxic factors resulting in 
a relatively selective degeneration of dopaminergic neurons in the substantia nigra 
pars compacta (SNc), which project to the striatum (e.g., Ref 6), and, to a lesser ex- 
tent, to other basal ganglia nuclei such as the external and internal segments of the 
globus pallidus (GPe, GPi, respectively), the subthalamic nucleus (STN), and the 
substantia nigra, pars reticulata (SNr).^ In early phases of the disease, dopamine loss 
affects particularly the sensorimotor portion of the striatum, the putamen, resulting 
in the appearance of motor disturbances early in the disease (e.g., Ref. 7). In later 
stages, more widespread dopamine loss affecting other regions of the basal ganglia 
(such as the caudate nucleus and the pallidum) and extrabasal ganglia areas (such as 
cortex, hypothalamus, and thalamus) as well as spread of neuronal degeneration to 
nondopaminergic systems (such as the locus coeruleus and the raphe nuclei) may 
cause the development of additional signs and symptoms (such as cognitive disabil- 
ities, sleep disorders, and mood disturbances). 

ANATOMICAL SUBSTRATE FOR CIRCUIT DYSFUNCTION 
IN PARKINSONISM 

In order to understand how the loss of dopamine in the basal ganglia leads to the 
signs and symptoms of parkinsonism, it is necessary first to consider some of the an- 
atomic and physiologic details of the basal ganglia and related structures. 

The basal ganglia are a group of functionally related subcortical nuclei that in- 
clude the neostriatum (comprised of the caudate nucleus and the putamen), ventral 
striatum, GPe, STN, GPi, SNr and SNc. They are anatomically related to large por- 
tions of the cerebral cortex, thalamus, and brain stem. The corticobasal ganglia- 
thalamocortical circuits appear to be organized in an orderly arrangement of segre- 
gated reentrant circuits that is thought to significantly enhance the efficiency and 
speed of cortical processing (see left half of FIG. 1). Most authors believe, however, 
that the range of behaviors seen in humans, nonhuman primates, and other species 
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FIGURE 1. Simplified schematic diagram of the basal ganglia-thalamocortical circuit- 
ry under normal conditions (left) and rate changes in parkinsonism (right). Inhibitory con- 
nections are shown as filled arrows, excitatory connections as open arrows. The principal 
input nuclei of the basal ganglia, the striatum and the STN, are connected to the output nu- 
clei, GPi and SNr. Basal ganglia output is directed at several thalamic nuclei (VA/VL and 
CM) and at brain stem nuclei (PPN and others). In parkinsonism, dopaminergic neurons in 
the SNc degenerate, which results, via a cascade of changes in the other basal ganglia nuclei, 
in increased basal ganglia output from GPi and SNr. This, in turn, is thought to lead to inhi- 
bition of related thalamic and cortical neurons. In addition to the changes shown here, there 
are prominent alterations in discharge patterns (see text). For abbreviations, see text. 

requires some intermodular transfer of information. Such cross-talk may occur 
through interactions of the basal ganglia with some of the brain stem areas or the 
SNc, which are not as distinctly organized into functional territories. 

In primates, projections from the somatosensory, motor, and premotor cortices 
terminate in the postcommissural putamen, the "motor portion" of the striatum;^-' 
while associative cortical areas project to the caudate nucleus and the precommis- 
sural putamen;'^''' and projections from limbic cortices, amygdala, and hippocam- 
pus terminate preferentially in the ventral striatum (e.g., Ref. 12). Cortical inputs 
also terminate in the STN.'^'^'' This projection originates in the primary motor, pre- 
frontal, and premotor cortices.'^'''' 

A second major group of inputs to striatum and STN arises from the intralaminar 
thalamic nuclei, the centromedian nucleus (CM) and the parafascicular nucleus (Pf) 
(e.g., Refs. 15-17). In primates, CM projects to the motor portions of putamen and 
STN, whereas Pf projects largely to the associative and limbic territories.'^"^*' 

Topographically segregated cortical information is conveyed from the striatum to 
the output nuclei of the basal ganglia (GPi and SNr). Striatofugal projections main- 
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tain the striatal organization into motor, limbic, associative, and oculomotor territo- 
ries.^' The connections between the striatum and the basal ganglia output nuclei are 
thought to be organized into a direct and an indirect pathway.^'^^'^^ The direct path- 
way arises from striatal neurons that project monosynaptically to neurons in GPi and 
SNr, whereas the indirect pathway arises from a different set of neurons that projects 
to GPe (see Ref. 24 for a review). Some striatofugal neurons may also collateralize 
more extensively, reaching GPe, GPi, and SNn'^^ GPe conveys the information it re- 
ceives either directly to GPi/SNr or via the STN. 

The population of striatal neurons that gives rise to the direct pathway can be fur- 
ther characterized by the presence of the neuropeptides substance P and dynorphin, 
by the preferential expression of the dopamine Dl receptors, and by the fact that 
these neurons (as well as most striatal interneurons) appear to be the targets of tha- 
lamic inputs from the centromedian nucleus.^^'^^ The population that gives rise to 
the indirect pathway expresses preferentially enkephalin and dopamine D2 
receptors^^'^' and may be the principal target of cortical inputs.^^'^^ The functional- 
ly important segregation of Dl and D2 receptors between the direct and indirect 
pathways has been most clearly demonstrated in dopamine-depleted animals, while 
several studies in normal animals have supported the existence of a degree of overlap 
between Dl- and D2-positive cell populations (e.g., Refs. 29, 30). However, the Dl/ 
D2 dichotomy may still serve to explain the apparent dual action of dopamine, re- 
leased from the nigrostriatal pathway arising in the substantia nigra pars compacta, 
on striatal output. Dopamine appears to modulate the activity of the basal ganglia 
output neurons in GPi and SNr by facilitation of transmission over the direct path- 
way and inhibition of transmission over the indirect pathway (e.g., Ref 31). The net 
effect of striatal dopamine release appears to be to reduce basal ganglia output. A 
reduction of dopamine release as is seen in Parkinson's disease will therefore result 
in a net increase in basal ganglia output. 

Basal ganglia output arises from both GPi and SNr. The division of GPi into a 
caudoventral "motor" portion and rostromedial associative and limbic areas^^ is 
maintained in the pallidothalamic projections.^^ The motor territory of GPi projects 
almost exclusively to the posterior part of the ventrolateral nucleus (VLo in 
macaques), which in turn sends projections towards the supplementary motor area 
(SMA),^^'-'^ the primary motor cortex (Ml),-'-'"^^ and the premotor (PM) cortical ar- 
eas.^^ Associative and limbic areas project preferentially to the parvocellular part of 
the ventral anterior (VA) and the dorsal VL nucleus (VLc in macaques)^^ and may 
be transmitted in turn to prefrontal cortical areas,■'^'^^ as well as to motor and sup- 
plementary motor regions^^). 

The SNr can be broadly subdivided into a dorsolateral sensorimotor and a ventro- 
medial associative territory (e.g., Refs. 40, 41). Projections from the SNr to the thal- 
amus terminate in the magnocellular division of the ventral anterior nucleus (VAmc) 
and in the mediodorsal nucleus (MDmc). These nuclei, in turn, innervate anterior re- 
gions of the frontal lobe, including the principal sulcus (area 46) and the orbital cor- 
tex (area 11),"*^ as well as premotor areas and the frontal eye field.^^ 

Both GPi and SNr also send projections to the noncholinergic neurons of the 
pp-[^43^5 ^jjj fjjg CM/Pf nuclei.■^'^'^■' Additional projections from the SNr reach the 
superior colliculus; these may play a critical role in the control of saccades and ori- 
enting behaviors.'*^ 
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MOVEMENT-RELATED BASAL GANGLIA ACTIVITY IN NORMAL 
AND PARKINSONIAN ANIMALS 

Voluntary movements appear to be initiated at the cortical level of the motor cir- 
cuit, with output to brain stem and spinal cord, and to multiple subcortical targets 
including the thalamus, putamen, and the SIN. Cortical activation of an ensemble of 
striatal motor territory neurons that give rise to the direct pathvi^ay leads to a reduc- 
tion of inhibitory basal ganglia output and subsequent disinhibition of related 
thalamocortical neurons'*'' and facilitation of the movement. In contrast, activation 
of striatal neurons that give rise to the indirect pathway will lead to increased basal 
ganglia output and, presumably, to suppression of movement. Since the majority of 
neurons in GPi increase their firing rate with movement,''^'''^ it has been speculated 
that the main role of the basal ganglia is to inhibit and stabilize the activity of the 
thalamocortical network. As far as motor function is concerned, the basal ganglia 
may play a role in the control of specific kinematic parameters, such as amplitude, 
velocity, and direction (see, e.g., Refs. 47, 50-52) or may "focus" movements," al- 
lowing intended movements to proceed and suppressing unintended movement (see 
discussion in Ref. 1). Besides these elemental functions in motor control, a multitude 
of other motor functions have been proposed, such as a role in self-initiated (inter- 
nally generated) movements, in motor (procedural) learning, and in movement se- 
quencing (e.g., Refs. 54-56). The functions of the nonmotor portions of the basal 
ganglia may be analogous to the motor functions but are less well explored. 

Global Activity Changes in the Basal Ganglia 

The study of pathophysiologic changes in the basal ganglia that result from loss of 
dopaminergic transmission has been greatly facihtated by the discovery that primates 
treated with MPTP develop behavioral and anatomic changes that closely mimic the 
features of Parkinson's disease in humans.^'"'^* Early studies in this model suggested 
that the metabolic activity (as measured with the 2-deoxy-glucose technique) is in- 
creased in both pallidal segments (e.g., Refs. 59,60). This was interpreted as evidence 
for increased activity of the striatum-GPe connection and the STN-GPi pathway; or, 
alternatively, as evidence for increased activity via the projections from the STN to 
both pallidal segments. It was then shovra with microelectrode recordings of neuronal 
activity that MPTP-induced parkinsonism in primates is associated with reduced tonic 
neuronal discharge in GPe and increased discharge in STN, GPi, and SNr, as compared 
to normal controls (see example recordings in FIG. 2 and Refs. 61-64). In parkinsonian 
patients undergoing pallidotomy it has been shown that the average discharge rate in 
GPe is significantly lower than that in GPi.^^"*'' 

The changes in discharge rates in the basal ganglia nuclei have been interpreted as 
indicating that striatal dopamine depletion leads to increased activity of striatal neu- 
rons of the indirect pathway, resulting in inhibition of GPe, and subsequent disinhibi- 
tion of STN and GPi/SNr. In addition, loss of dopamine in the striatum should also lead 
to reduced activity via the inhibitory direct pathway. Increased basal ganglia output to 
the thalamus and increased inhibition of thalamocortical neurons have been corrobo- 
rated by 2-deoxy-glucose studies in which increased (synaptic) activity in the VA and 
VL nucleus of thalamus was demonstrated.^^-^" PET studies in parkinsonian patients 
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FIGURE 2. Raster displays of spontaneous neuronal activity recorded in different bas- 
al ganglia structures within the basal ganglia circuitry in normal and parkinsonian primates. 
Shown are 20 consecutive 1000-ms segments of data from GPe, STN, and GPi. The neuronal 
activity is reduced in GPe and increased in STN, GPi, and SNr (not shown). In addition to 
the rate changes, there are also obvious changes in the firing patterns of neurons in all four 
structures, with a marked prominence of burstiness and oscillatory discharge patterns in the 
parkinsonian state. For abbreviations and further explanation, see text. 

have shown that the activation of motor and premotor areas in parkinsonian patients is 
reduced (e.g., Refs. 68, 69) although no changes have been seen in the thalamus. Al- 
terations of cortical activity in motor cortex and supplementary motor areas have also 
been demonstrated with single-cell recording in hemiparkinsonian primates.^** The 
proposed pathophysiologic model of changes in the level of activity in the basal gan- 
glia-thalamocortical motor circuit is summarized in FIGURE 1. 

The basal ganglia circuitry incorporates multiple negative and positive feedback 
loops, which may play a prominent role in the development and maintenance of ab- 
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normal discharge in the basal ganglia output structures. Some of the primary feed- 
back loops that may directly affect GPi activity involve intrinsic basal ganglia 
structures such as GPe and STN, or structures outside of the basal ganglia, such as 
the thalamic nucleus CM, or the pedunculopontine nucleus (PPN).''''''^ Positive 
feedback loops, for instance those involving PPN and STN and the pathway through 
CM and the putamen, tend to enhance the abnormalities of discharge in the basal 
ganglia output nuclei associated with Parkinson's disease; whereas negative feed- 
back circuits, such as a feedback involving CM and STN, will act to normalize neu- 
ronal discharge in the basal ganglia output nuclei. 

Conceivably, increased tonic inhibition of thalamocortical neurons by excessive 
output from GPi/SNr may reduce the responsiveness of cortical mechanisms in- 
volved in motor control. Increased tonic inhibition of thalamocortical neurons by in- 
creased basal ganglia output in parkinsonism may also render precentral motor areas 
less responsive to other inputs normally involved in initiating movements or may in- 
terfere with "set" functions that have been shown to be highly dependent on the in- 
tegrity of basal ganglia pathways.^^ All of these effects may lead to akinesia. 

Brain stem areas such as the PPN may also be involved in the development of aki- 
nesia. It has been shown that lesions of this nucleus in normal monkeys can lead to 
hemiakinesia, possibly by reducing stimulation of SNc neurons by input from the PPN 
or by a direct influence on descending pathways.'^'"''* It remains unclear, however, 
whether the motor abnormalities seen after PPN inactivation are, in fact, related to par- 
kinsonism, or represent changes in behavioral state or other disturbances that have no 
direct relation to Parkinson's disease. It is noteworthy that these animals do not mani- 
fest rigidity or tremor, which appear to be critically dependent on thalamic circuitry. 

Due to the fact that parkinsonism is a network or circuit disease, surgical or phar- 
macologic interventions at a variety of targets within the network could be success- 
ful. This can, indeed, be appreciated when considering the results of lesion studies 
in parkinsonian primates. One of the most important and dramatic in this regard was 
the demonstration that lesions of the STN in MPTP-treated primates reverse all of 
the cardinal signs of parkinsonism, presumably by reducing GPi activity.''^•''^ Simi- 
larly, GPi and SNr inactivation have been shown to be effective against at least some 
parkinsonian signs in MPTP-treated primates.''^"^^ 

Over the last decade, these results from animal studies have rekindled interest in 
fiinctional neurosurgical approaches to the treatment of medically intractable Par- 
kinson's disease. This was first employed in the form of GPi lesions (pallidoto- 
jjjy)80-84 ajj(j^ jjjoj.e recently, with STN lesions (see, e.g., Ref 85). In addition, high- 
frequency deep-brain stimulation (DBS) of both the STN and GPi have been shown 
to reverse parkinsonian signs, probably by multiple modes of action—for instance, 
by inhibition of STN neurons through "depolarization block" or activation of inhib- 
itory afferents, or by true activation of STN efferents to the pallidum. PET studies in 
pallidotomy and DBS patients performing a motor task have shown that frontal mo- 
tor areas whose metabolic activity was reduced in the parkinsonian state became ac- 
tive again after the procedure.^'*^^ 

Altered Discharge Patterns 

Several important findings in lesion patients are not compatible with the rate- 
based model presented in FIGURE 1. For instance, in contrast to the prediction of sim- 
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pie rate-based models, lesions of the "basal ganglia-receiving" areas of the thalamus 
(VA/VL) do not lead to parkinsonism and are, in fact, beneficial in the treatment of 
both tremor and rigidity (see, e.g., Ref 87). Similarly, lesions of GPi in the setting 
of parkinsonism lead to improvement in all aspects of Parkinson's disease without 
any obvious detrimental effects. Furthermore, they are effective against both parkin- 
sonism and drug-induced dyskinesias (see, e.g., Refs. 88, 89). Dyskinesias are 
thought to arise from pathologic reduction in basal ganglia outflow''^" and should, 
thus, not respond positively to further reduction of pallidal outflow (see, e.g., Ref 
91). These findings suggest that factors other than changes in the discharge rates may 
be important in the development of Parkinson's disease. 

Alterations in discharge patterns and synchronization between neighboring neu- 
rons have been extensively documented in parkinsonian monkeys and patients. For 
instance, neuronal responses to passive limb manipulations in STN, GPi, and thala- 
mus (e.g., Refs. 61-63, 92) have been shown to occur more often, to be more pro- 
nounced, and to have widened receptive fields after treatment with MPTP. There is 
also a marked change in the synchronization of discharge between neurons in the 
basal ganglia (see example in FIG. 3). Cross-correlation studies have revealed that a 
substantial proportion of neighboring neurons in globus pallidus and STN discharge 
in unison in MPTP-treated primates.^^ This is in contrast to the virtual absence of 
synchronized discharge of such neurons in normal monkeys (e.g., Ref 93). Finally, 
the proportion of cells in STN, GPi, and SNr with discharge in oscillatory or 
nonoscillatory bursts is greatly increased in the parkinsonian state.^^'^■''^'''^^ 

It has been argued that some of these abnormal discharge patterns may develop 
as a reflection of abnormal, proprioceptive input. This is particularly obvious for 
tremor, in which proprioceptive input to the basal ganglia would be expected to be 
oscillatory. However, tremor could also be caused by synchronized oscillations in 
the basal ganglia arising from changes in local pacemaker networks, such as a feed- 
back circuit involving GPe and STN,^^ perhaps through loss of extrastriatal dopam- 
ine (see, e.g., Refs. 97, 98). In addition, intrinsic membrane properties of basal 
ganglia neurons are conducive to the development of oscillatory discharge.'^''"" In- 
creased inhibitory basal ganglia output may also contribute to the generation of os- 
cillatory discharge in the thalamus,'-"" which may then be transmitted to the cortex. 
Finally, and perhaps most likely, oscillations throughout the entire basal ganglia- 
thalamocortical network may be tightly related to each other, so that no one "oscil- 
lator" can be identified as their sole source (see, e.g., Ref 102). 

While tremor is perhaps the most obvious example of a parkinsonian sign that 
may develop as a consequence of abnormally patterned basal ganglia output, certain 
aspects of akinesia or bradykinesia may also be related to altered neuronal activity. 
Thus, increased phasic activity in the basal ganglia may erroneously signal excessive 
movement or velocity to precentral motor areas, leading to a slowing or premature 
arrest of ongoing movements and to greater reliance upon external clues during 
movement. Alternatively, phasic alteration of discharge in the basal ganglia may 
simply introduce noise into thalamic output to the cortex that is detrimental to cor- 
tical operations. The polarity and exact nature of the abnormal patterning and overall 
activity in the basal ganglia-thalamocortical pathways may determine the nature of 
the resulting movement disorder. 
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Consistent with the notion that changes in basal ganglia discharge may result in 
tremor, lesions of the STN or GPi significantly reduce tremor in MPTP-treated Af- 
rican green monkeys and in patients with parkinsonism.^^'^"''^' 

Besides the skeletomotor abnormalities, parkinsonism is also associated with oc- 
ulomotor abnormalities, such as hypometric and slow saccades (e.g., Ref. 103), au- 
tonomic dysfunction, depression, anxiety, sleep disturbances, impaired visuospatial 
orientation, and cognitive abnormalities (e.g., Ref. 104). It is likely that at least some 
of these abnormalities rely on abnormal discharge in nonmotor circuits of the basal 
ganglia, which may be affected by dopamine loss in much the same way as the motor 
circuit. This is particularly true for oculomotor abnormalities that may directly result 
from dopamine depletion in the caudate nucleus (see, e.g., Refs. 105, 106). Similar- 
ly, some of the cognitive and psychiatric disturbances seen in parkinsonian patients 
are reminiscent of syndromes seen after lesions of the dorsolateral prefrontal cortex 
(problems with executive functions) or of the anterior cingulate (apathy, personality 
changes) and may be the result of loss of dopamine in the dorsolateral or ventral cau- 
date nucleus, respectively.'"^ 

CONCLUSIONS 

From the considerations above, a complex model of parkinsonism emerges in 
which relatively selective dopamine depletion in the striatum and other basal ganglia 
nuclei results in increased and disordered discharge and synchronization in motor ar- 
eas of the basal ganglia thalamocortical motor loops. In fact, the motor circuit in Par- 
kinson's disease may be "taken hostage" by widespread discharge abnormalities that 
greatly interfere with its normal functions. Abnormal activity in the basal ganglia 
feedback loops may contribute to the development of parkinsonism. Individual par- 
kinsonian motor signs appear to be caused by distinct abnormalities in basal ganglia 
discharge. It is probable that progressive loss of dopamine in nonmotor areas of the 
striatum and other basal ganglia nuclei may underlie the nonmotor abnormalities of 
Parkinson's disease. The development of the different signs of movement disorders 
may be the consequence of changes in the rate, patterns, and degree of synchroniza- 
tion of discharge; of altered proprioceptive feedback; and of the appearance of 
"noise" in the basal ganglia output signal. 

The current models of basal ganglia pathophysiology are incomplete and should 
be taken as a first draft of basal ganglia dysfunction in the different disease states. 
Most pertinently, changes in phasic discharge patterns and new anatomical connec- 
tions need to be better incorporated into any new concept of basal ganglia function, 
and greater emphasis needs to be placed on the manner in which thalamic, brain 
stem, and cortical neurons utilize basal ganglia output. 
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The Role of dial Reaction and Inflammation in 
Parkinson's Disease 
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ABSTRACT: The glial reaction is generally considered to be a consequence of 
neuronal death in neurodegcnerative diseases such as Alzheimer's disease, 
Huntington's disease, and Parkinson's disease. In Parkinson's disease, post- 
mortem examination reveals a loss of dopaminergic neurons in the substantia 
nigra associated with a massive astrogliosis and the presence of activated 
microglial cells. Recent evidence suggests that the disease may progress even 
when the initial cause of neuronal degeneration has disappeared, suggesting 
that toxic substances released by the glial cells may be involved in the propaga- 
tion and perpetuation of neuronal degeneration. Glial cells can release delete- 
rious compounds such as proinflammatory cytokines (TNF-a, Il-lp, IFN-7), 
which may act by stimulating nitric oxide production in glial cells, or which 
may exert a more direct deleterious effect on dopaminergic neurons by activat- 
ing receptors that contain intracytoplasmic death domains involved in apopto- 
sis. In line with this possibility, an activation of proteases such as caspasc-3 and 
caspase-8, which are known effectors of apoptosis, has been reported in Par- 
kinson's disease. Yet, caspase inhibitors or invalidation of TNF-a receptors 
does not protect dopaminergic neurons against degeneration in experimental 
models of the disease, suggesting that manipulation of a single signaling path- 
way may not be sufficient to protect dopaminergic neurons. In contrast, the 
antiinflammatory drugs pioglitazone, a PPAR-7 agonist, and the tetracycline 
derivative minocycline have been shown to reduce glial activation and protect 
the substantia nigra in an animal model of the disease. Inhibition of the glial 
reaction and the inflammatory processes may thus represent a therapeutic tar- 
get to reduce neuronal degeneration in Parkinson's disease. 

KEYWORDS: cytokines; neuroprotection; apoptosis; dopamine neuron; substan- 
tia nigra 

SUBPOPULATIONS OF DOPAMINERGIC NEURONS ARE 
SELECTIVELY AFFECTED IN PARKINSON'S DISEASE 

Parkinson's disease is characterized by a slow and progressive degeneration of 
dopaminergic neurons in the mesencephalon. Yet, evidence suggests that the loss of 
these neurons is heterogeneous across different catecholaminergic cell groups. In- 
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deed, neuronal loss is extremely severe in the substantia nigra pars compacta, mod- 
erate in the ventral tegmental area and catecholaminergic cell group A8, and almost 
nil in the central gray substance.' Furthermore, within the substantia nigra itself, the 
most severe loss occurs in the ventrolateral part of the substantia nigra pars compac- 
ta.^'-' More recently, when compartmental patterns of calbindin D28K immunostain- 
ing were used to subdivide the substantia nigra with landmarks independent of the 
degenerative process, zones of very high vulnerability were identified.'* Dopamine- 
containing neurons were identified in the calbindin-rich regions (matrix) and in five 
calbindin-poor pockets (nigrosomes) defined by analysis of the three-dimensional 
networks formed by the calbindin-poor zones. Within these zones, cell loss followed 
a strict order, depletion being maximal in the main pocket located in the caudal and 
mediolateral part of the substantia nigra pars compacta. Furthermore, the degree of 
loss of dopamine-containing neurons in the substantia nigra pars compacta was re- 
lated to the duration of the disease, with a pattern of neuronal loss consistent from 
one parkinsonian substantia nigra to another. The reason for such a differential vul- 
nerability of dopaminergic neurons within the parkinsonian substantia nigra is not 
known. Yet, the different nigral compartments may differ in terms of their content of 
growth factor, receptors, compounds related to excitotoxicity, agents involved in ox- 
idative metabolism, and activity of potentially predisposing genes such as those for 
a-synuclein^ and parkin.^ 

In addition to their heterogeneity in terms of susceptibility to the as yet unknown 
agent causing their death, dopaminergic neurons in the parkinsonian substantia nigra 
may also differ with regard to their individual status. Indeed, at least three types of 
dopaminergic neurons can be described in the parkinsonian substantia nigra. The 
first type of dopaminergic neurons, probably located mostly in the matrix, is still un- 
affected by the pathological process and corresponds to "healthy" surviving neurons. 
In contrast, the second type of dopaminergic neurons is already engaged in a degen- 
erative process and displays "typical features" of apoptosis or autophagic degenera- 
tion.' Whether such severely affected neurons can be protected from 
neurodegeneration using a therapeutic strategy is not knovra, but in vitro experi- 
ments using caspase inhibitors suggest this goal will be difficult to attain.^ 

Finally, the last type of dopaminergic neurons in the parkinsonian substantia nigra 
consists in "suffering" neurons. These neurons may not function adequately and in 
that respect differ from the still healthy neurons. Yet, unlike apoptotic neurons, they 
may not be engaged in the irreversible final stage of degeneration. Some of these 
dopaminergic neurons in the substantia nigra may contain Lewy bodies, which are 
the histopathological hallmarks of the disease (for review, see Fomo^). The concept 
of suffering neurons in the parkinsonian substantia nigra is further supported by the 
identification of another cell type in the substantia nigra of parkinsonian patients but 
not in that of normal individuals. These cells contain neuromelanin (the end product 
in the catabolism of catecholamines by autoxidation) in the absence of tyrosine hy- 
droxylase immunoreactivity.' These pigmented tyrosine hydroxylase-negative neu- 
rons may represent "wounded" neurons that once contained tyrosine hydroxylase. 
Within the parkinsonian substantia nigra, these neurons can represent as much as 
20% of the surviving melanized neurons, indicating that there are many suffering 
neurons in the brain of the patients that have ceased to function long before their ac- 
tual death. If so, it suggests that we should be less concerned about those neurons 
that are dead, and instead focus our attention more on those in the early stages of de- 



216 ANNALS NEW YORK ACADEMY OF SCIENCES 

generation. These neurons may, on the one hand, be a suitable target for neurorestor- 
ative and neuroprotective strategies and, on the other hand, be particularly sensitive 
to a final common pathway of neuronal degeneration. We therefore need to consider 
the mechanisms involved in the degeneration of these wounded neurons. 

IS THE GLIAL REACTION INVOLVED IN THE PROGRESSION OF 
NEURONAL DEGENERATION IN PARKINSON'S DISEASE? 

The mechanism by which dopaminergic neurons degenerate in Parkinson's dis- 
ease is not yet known. Yet, several lines of evidence suggest that oxidative stress, ex- 
citotoxic mechanisms, and altered protein catabolism participate in the cascade of 
events leading to neuronal degeneration in this disease.'""'^ These cellular and mo- 
lecular alterations ultimately lead to apoptosis.''''^'''* In addition, degeneration of 
dopaminergic neurons is associated with a strong glial reaction, which is generally 
considered to be a nonspecific consequence of neuronal degeneration. In the follow- 
ing paragraphs, we will review the data suggesting that a subset of reactive glial cells 
may participate actively in dopaminergic cell demise during Parkinson's disease by 
virtue of their inflammatory properties. 

The astroglial reaction in the substantia nigra of patients with Parkinson's disease 
is a well-known neuropathological characteristic of the disease. Furthermore, in 
their seminal study, McGeer and coworkers reported a large number of reactive hu- 
man leucocyte antigen-DR (HLA-DR)-positive microglial cells in the substantia ni- 
gra of patients with Parkinson's disease.'^ Such a glial reaction has also been 
described in the affected brain regions in other neurological disorders such as Alz- 
heimer's disease and brain infarct (for review, see McGeer and McGeer'^) as well as 
in animal models of Parkinson's disease.'''''^ These data suggest that glial activation 
is not specific to Parkinson's disease and that it likely represents a common phenom- 
enon in neurodegenerative disorders. However, recent evidence supports the notion 
that a subpopulation of activated glial cells may be deleterious in Parkinson's disease 
and particularly so for suffering or wounded neurons. Strong support for this hypoth- 
esis came from the study of young drug addicts who developed a parkinsonian syn- 
drome after l-methyl-4-phenyl-l,2,3,6-tetrahydropyridine (MPTP) intoxication.'^ 
In a recent study, these authors reported a postmortem neuropathological study of 
three subjects with MPTP-induced parkinsonism.^" Interestingly, gliosis and clus- 
tering of microglial cells around nerve cells were detected despite survival times 
ranging from 3 to 16 years. These findings not only indicate ongoing nerve cell loss 
after a time-limited insult, but suggest that activated microglial cells may perpetuate 
neuronal degeneration. One may thus speculate that after a primary insult of envi- 
ronmental or genetic origin, the glial reaction may enhance the degeneration of 
dopaminergic neurons. However, this question cannot be resolved by postmortem 
studies alone. Much insight into the potential involvement of inflammation-mediat- 
ed nerve cell death in Parkinson's disease has in fact come from experimental models 
of the disease. Indeed, lipopolysaccharides (LPS), which activate glial cells and in- 
duce the expression of proinflammatory cytokines, have been shown to kill dopam- 
inergic neurons in mixed neuron-glial cell cultures but not in pure neuronal 
cultures.2' This indicates that the production of a glial factor induced by LPS (very 
likely cytokines) is able to kill dopaminergic neurons at least in vitro. These results 



HIRSCH et al: ROLE OF GLIAL REACTION AND INFLAMMATION 217 

were recently confirmed by McNaught and Jenner in experiments in which they 
showed that LPS-activated astrocytes could cause neuronal death in a time-depen- 
dent manner in primary ventral mesencephalic neuronal cultures.-^^ Furthermore, 
these authors extended this finding by showing that the toxicity of agents capable of 
inducing the death of dopaminergic neurons, such as MPP"*" or 6-hydroxydopamine, 
was enhanced when the dopaminergic neurons were cultured with LPS-activated as- 
trocytes. In vivo models of Parkinson's disease also support the notion that activated 
glial cells may participate in the degeneration of dopaminergic neurons. Indeed, Her- 
rera and coworkers reported that a single intranigral injection of LPS induces dam- 
age to dopaminergic neurons in the substantia nigra with preservation of GABAergic 
or serotoninergic neurons.^^'-^'* More recently, the same authors showed that dexam- 
ethasone, a potent antiinflammatory drug that interferes with many of the features 
characterizing proinflammatory glial reaction, prevented the loss of catecholaminer- 
gic content, tyrosine hydroxylase activity, and tyrosine-hydroxylase immunostain- 
ing induced by LPS injection and also the bulk activation of microglia- 
macrophages.^^ 

Taken together, these data clearly show that activated glial cells can participate in 
the death of dopaminergic neurons. The mechanism by which microglial cells can 
amplify injury to the nigral dopaminergic neurons is not yet known. However, the 
factors involved in this deleterious effect are very likely cytokines, including tumor 
necrosis factor-a (TNF-a), interleukin-ip (IL-IP), and interferon-y (IFN-y). 

PROINFLAMMATORY CYTOKINES IN PARKINSON'S DISEASE 

Several studies have reported a marked increase of cytokine levels in the brain 
and cerebrospinal fluid (CSF) of parkinsonian patients.^^ In addition, a higher den- 
sity of glial cells expressing TNF-a, IL-ip, and IFN-y was observed in the substantia 
nigra of patients with Parkinson's disease as compared to age-matched control sub- 
jects.^^'^^ Some of these cells were sometimes in close proximity to blood vessels 
and degenerating dopaminergic neurons, suggesting their involvement in the patho- 
physiology of Parkinson's disease. Two mechanisms that are not mutually exclusive 
may explain the deleterious role of cytokines in the parkinsonian substantia nigra. 

First, proinflammatory cytokines can induce the production of nitric oxide in 
glial cells.-^^ This mechanism involves the induction of a low-affinity receptor for 
immunoglobulin E (CD23) and its activation by an as yet unknown ligand. Nitric ox- 
ide may diffiise towards dopaminergic neurons, where it may play a deleterious role 
by inducing lipid peroxidation and DNA strand breaks and inhibiting mitochondrial 
respiration and energy metabolism.^' In support of this hypothesis, an increased 
density of glial cells expressing the inducible isoform of nitric oxide synthase and 
CD23 has been reported in the substantia nigra of patients with Parkinson's disease 
as compared to age-matched control subjects.-^^'^^ A role of nitric oxide in cell de- 
mise in Parkinson's disease is further supported by the increased nitrite levels ob- 
served in the CSF of patients with Parkinson's disease^' and detectable 
immunoreactivity for nitrotyrosine in Lewy bodies.^^ 

The second mechanism by which proinflammatory cytokines may play a delete- 
rious role in Parkinson's disease may be more direct. Indeed, dopaminergic neurons 
in the substantia nigra express specific receptors for these molecules. For instance, 
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type 1 TNF-a receptors are expressed on dopaminergic neurons of the human sub- 
stantia nigra." Two types of TNF-a receptors, type 1 (TNFRl) and type 2 (TNFR2), 
which are encoded by different genes and are coupled to two distinct transduction 
pathways, may mediate distinct effects of TNF-a. TNFRl has the potential to induce 
apoptotic cytotoxicity,^^ fibroblast proliferation, antiviral activity, NFKB activation, 
and cell adhesion molecule activation.^'''^^ TNFR2 seems to be involved in cellular 
proliferation processes^^'^'' and also to potentiate the effect of TNFRl.^^'^' The 
transduction pathways coupled to TNFRl are of great interest in terms of degenera- 
tion of dopaminergic neurons. Indeed, TNF-a induces trimerization of TNFRl on 
binding that leads, through the adaptor molecules TNFRl-associated protein with a 
death domain (TRADD) and FAS-associated protein with a death domain (FADD), 
to the autoproteolytical activation of caspase-8.'*° Caspase-8 may in turn either 
cleave effector caspases, such as caspase-3, directly or amplify the death signal 
through the translocation of BID, a proapoptotic member of the Bel-family, to the 
mitochondria and the subsequent release of cytochrome c from the mitochondrial in- 
tennembrane space into the cytosol."*' Cytochrome c release also eventually triggers 
caspase-3 activation, which plays an important role in cell degeneration. Finally, 
caspase-8 can also be activated downstream of mitochondrial cytochrome c release, 
possibly to amplify the BID-induced cytochrome c release."'^'''^ Such a TNF-a re- 
ceptor transduction pathway is of particular relevance for Parkinson's disease, as it 
is very likely to be activated in the neurons most vulnerable to the disease process. 
Indeed, in a human postmortem study, we showed a significant decrease in the per- 
centage of FADD-immunoreactive dopaminergic neurons in the substantia nigra 
pars compacta of patients with Parkinson's disease compared to control subjects.'*" 
Furthermore, this decrease correlated with the known selective vulnerability of ni- 
gral dopaminergic neurons in Parkinson's disease, suggesting that this pathway con- 
tributes to the susceptibility of dopaminergic neurons to TNF-mediated apoptosis in 
Parkinson's disease. Similar results were obtained for caspase-3. Indeed, we ob- 
served a positive correlation between the degree of neuronal loss in dopaminergic 
cell groups affected in the mesencephalon of parkinsonian patients and the percent- 
age of caspase-3-positive neurons in these cell groups in control subjects. Further- 
more, we also found a significant decrease of caspase-3-positive pigmented neurons 
in the substantia nigra pars compacta of parkinsonian patients compared to control 
subjects.'''* Taken together, these findings suggest that the melanized dopaminergic 
neurons expressing the TNFRl transduction pathway are particularly prone to de- 
generation in Parkinson's disease if this pathway is activated during the course of the 
disease. A crucial finding in support of the activation of this pathway came from a 
postmortem study of caspase activation in Parkinson's disease. Using an antibody 
raised against activated caspase-3, the percentage of active caspase-3-positive neu- 
rons among dopaminergic neurons was shown to be significantly higher in parkin- 
sonian patients than in control subjects.'*'' Similarly, the proportion of melanized 
neurons displaying caspase-8 activation in Parkinson's disease was also higher than 
in control subjects.^ Interestingly, the proportion of activated caspase-3-positive 
neurons among neurons containing Lewy bodies was higher than in neurons that did 
not contain Lewy bodies.'*'' In contrast, immunoreactivity for activated caspase-3 
was not observed in neurons displaying the typical features of apoptosis. These data 
suggest that caspase-3 activation occurs in suffering neurons just before degenera- 
tion by apoptosis. This concept is further supported by experimental models of Par- 
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kinson's disease, in which the exact time course of caspase activation and apoptosis 
could be studied. Thus, in mice intoxicated by MPTP, caspase-3 activation was 
shown to slightly precede the death of dopaminergic neurons by apoptosis."*^ Taken 
together, these data suggest that the activation of the TNF-a transduction pathway is 
very likely involved in the pathophysiology of Parkinson's disease and especially in 
the induction of apoptosis, which has already been described in this disease (for a 
review, see Hartmann and Hirsch"*^). 

The data reviewed in the preceding paragraph suggest that proinflammatory cy- 
tokines may participate in the pathophysiology of Parkinson's disease either by pro- 
ducing nitric oxide, which may subsequently have a deleterious effect on 
dopaminergic neurons, or by activating specific transduction pathways coupled to 
receptors for cytokines. Nevertheless, it is very likely that these pathophysiological 
events are not specific to Parkinson's disease, as similar changes have been de- 
scribed in other neurodegenerative diseases. However, this lack of specificity does 
not preclude the development of neuroprotective strategies based on inhibition of the 
inflammatory processes in Parkinson's disease. 

ARE INFLAMMATORY PROCESSES A POTENTIAL THERAPEUTIC 
TARGET IN PARKINSON'S DISEASE? 

The use of antiinflammatory drugs to prevent dopaminergic degeneration in Par- 
kinson's disease has not yet been formally tested in patients. The concept that anti- 
inflammatory agents may be beneficial in Parkinson's disease thus relies on 
preclinical studies of w vitro or in vivo models of the disease. In vivo, various com- 
pounds such as nonsteroidal antiinflammatory drugs (NSAIDs) with their targets 
COX, NFKB, and others, including steroids, immunophilins, thalidomide, and phos- 
phodiesterase IV inhibitors, have been studied with variable results (TABLE 1). Fur- 
thermore, gene manipulation in mice has shown that C0X2 and iNOS are of 
particular interest in such strategies (TABLE 2). However, fi-om our own data, it ap- 
pears that manipulation of a single specific pathway or a downstream pathway in- 
volved in the inflammatory processes does not protect dopaminergic neurons against 
degeneration in models of Parkinson's disease. In contrast, agents with a broader 
spectrum of action on the inflammatory processes are more likely to protect dopam- 
inergic neurons against degeneration. To analyze the putative role of TNF-a receptor 
transduction pathways in parkinsonism, we compared the effect of the parkinsonian 
drug MPTP in mice lacking TNFRl, TNFR2, or both receptors and in wild-type lit- 
termates.'*' Postmortem analysis revealed no difference in the number of nigral 
dopaminergic neurons, whatever the group intoxicated by MPTP. These data suggest 
that a simple manipulation of the transduction pathway coupled to TNF-a receptors 
in Parkinson's disease is unlikely to prevent the progressive degeneration of dopam- 
inergic neurons in the disease. Such negative results may be explained by the fact 
that the other proinflammatory cytokines produced in the parkinsonian substantia ni- 
gra and in experimental models of the disease may also participate in the death of 
dopaminergic neurons. Moreover, experiments in primary dopamine cultures of rat 
embryo showed that broad-spectrum and specific caspase-8 inhibitors did not result 
in neuroprotection against MPP"*" (the active metabolite of MPTP) intoxication.* Not 
only did the caspase inhibitors not protect dopamine cultures against MPP"*" toxicity. 
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but they even seemed to enhance the toxic properties of MPP+. Furthermore, these 
molecules induced a switch from apoptosis to necrosis. Indeed, apoptotic features 
could be readily detected in dopaminergic cultures treated with MPP"^ alone, where- 
as the morphological changes observed in the cultures co-treated with caspase inhib- 
itors were compatible with necrosis with regard to membrane leakage. In contrast, 
the presence of a high concentration of glucose in the culture medium alone or in 
conjunction with caspase inhibitors afforded a partial protection of dopamine neuron 
cultures against MPP+. Thus, these data indicate that it will be extremely difficult to 
save neurons with strongly impaired functioning using neuroprotective strategies. 
The data rather suggest that a cocktail of neuroprotective agents (in our case, caspase 
inhibitors and glucose) or agents with a broader spectrum of action should be used 
to protect dopaminergic neurons. We recently tested this hypothesis by activating 
peroxisome proliferator-activated receptor-y (PPAR-y), a member of the nuclear re- 
ceptor superfamily that has recently been shown to inhibit inflammatory processes 
(probably by counteracting NFKB activation) in a variety of cell types in vitro—in- 
cluding monocytes-macrophages'***'''' and microglial cells^"—and in vivo.^' We 
showed that in mice intoxicated by MPTP, orally administered pioglitazone, a selec- 
tive PPAR-y agonist currently used in the treatment of diabetes, attenuated the 
MPTP-induced microglial activation and prevented the dopaminergic cell loss in the 
substantia nigra.^^ j^ contrast, pioglitazone did not influence the microglial response 
in the striatum nor did it affect the loss of striatal tyrosine hydroxylase immunoreac- 
tivity induced by MPTP. Similarly, other neuroprotective strategies that efficiently 
protect dopaminergic neurons in the substantia nigra, such as the invalidation of the 
inducible form of nitric oxide synthase, have also been shown to have little effect on 
dopaminergic terminals in the striatum."-^'* These data suggest that after MPTP in- 
toxication the mechanisms regulating microglial activation may be different in 
dopaminergic terminals and in dopaminergic cell bodies. Furthermore, they indicate 
that combined neuroprotective strategies should be developed for dopaminergic cell 
bodies and terminals. Fulfilling these criteria, minocycline, a tetracycline derivative 
that inhibits microglial activation, was recently shown to reduce glial activation and 
protect dopaminergic structures in the entire striatonigral system in the MPTP mouse 
model^^'^** or 6-hydroxydopamine rat model.^'' The experimental data suggest that 
the minocycline-induced suppression of microglial activation is essential for its neu- 
roprotective effect. These findings demonstrate the potentially deleterious role of ac- 
tivated glia for the pathogenesis of Parkinson's disease. 

In conclusion, the data reviewed here suggest an involvement of the glial reaction 
and inflammatory processes in the progression of neuronal degenerafion in parkin- 
sonian syndromes. Pharmacological manipulation of these pathways affords a rela- 
tive degree of neuroprotection. Yet, it remains to be determined if such molecules 
will be neuroprotective in Parkinson's disease. Epidemiological studies concentrat- 
ing on the effects of nonsteroidal antiinflammatory drugs in Parkinson's disease may 
help to answer this question before clinical trials are initiated. 
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ABSTRACT: Over most of the past century, it was thought that the adult brain 
was completely incapable of generating new neurons. However, in the last de- 
cade, the development of new techniques has resulted in an explosion of new 
research showing that (i) neurogenesis, the birth of new neurons, is not restrict- 
ed to embryonic development, but normally also occurs in two limited regions 
of the adult mammalian brain (the olfactory bulb and the dentate gyrus of the 
hippocampus); (ii) that there are significant numbers of multipotent neural 
precursors in many parts of the adult mammalian brain; and (iii) that it is pos- 
sible to induce neurogenesis even in regions of the adult mammalian brain, like 
the neocortex, where it does not normally occur, via manipulation of endoge- 
nous multipotent precursors in situ. In the neocortex, recruitment of small 
numbers of new neurons can be induced in a region-specific, layer-specific, and 
neuronal type-specific manner, and newly recruited neurons can form long-dis- 
tance connections to appropriate targets. This suggests that elucidation of the 
relevant molecular controls over adult neurogenesis from endogenous neural 
precursors/stem cells may allow the development of neuronal replacement 
therapies for neurodegenerative disease and other central nervous system inju- 
ries that may not require transplantation of exogenous cells. 

KEYWORDS: neurogenesis; neocortex; neural precursors; neural stem cells; tar- 
geted apoptosis; neuronal recruitment 

Neural cell replacement therapies are based on the idea that neurological function 
lost due to injury or neurodegenerative disease can be improved by introducing new 
cells that can replace the function of lost neurons. Theoretically, the new cells can 
do this in one of two general ways.' New neurons could anatomically integrate into 
the host brain, becoming localized to the diseased portion of the brain, receiving af- 
ferents, expressing neurotransmitters, and forming axonal projections to relevant 
portions of the brain. Alternatively, newly introduced cells could constitutively se- 
crete neurotransmitters into local central nervous system (CNS) tissue, or they could 
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be engineered to produce growth factors to support the survival or regeneration of 
existing neurons. Growing knowledge about the normal role of endogenous neural 
precursors, their potential differentiation fates, and their responsiveness to a variety 
of cellular and molecular controls suggests that neuronal replacement therapies 
based on manipulation of endogenous precursors either in situ or ex vivo may be pos- 
sible. 

Neuronal replacement therapies based on the manipulation of endogenous pre- 
cursors in situ may have advantages over transplantation-based approaches, but they 
may have several limitations as well. The most obvious advantage of manipulating 
endogenous precursors in situ is that there is no need for external sources of cells. 
Cells for transplantation are generally derived from embryonic tissue, nonhuman 
species (xenotransplantation), or cells grown in culture. Use of embryo-derived tis- 
sue aimed towards human diseases is complicated by limitations in availability and 
by both political and ethical issues; for example, current transplantation therapies for 
Parkinson's disease require tissue from several embryos. Xenotransplantation of an- 
imal cells carries potential risks of introducing novel diseases into humans and raises 
questions about how well xenogenic cells will integrate into the human brain. In 
many cases, cultured cells need to be immortalized by oncogenesis, increasing the 
risk that the cells may become tumorigenic. In addition, transplantation of cells from 
many of these sources risks immune rejection and may require immunosuppression. 

However, there are also potential limitations to manipulating endogenous precur- 
sor cells as a neuronal replacement therapy. First, such an approach may be practi- 
cally limited to particular regions of the brain, since multipotent neural precursors 
are densely distributed only in particular subregions of the adult brain (for example, 
the subventricular zone [SVZ]/subependimal zone [SEZ] and hippocampal subgran- 
ular zone). In addition, the potential differentiation fates of endogenous precursors 
may be too limited to allow their integration into varied portions of the brain. Anoth- 
er potential difficulty is that it may be difficult to provide the precise combination 
and sequence of molecular signals necessary to induce endogenous precursors to ef- 
ficiently and precisely proliferate and differentiate into appropriate types of neurons 
deep in the brain; this will likely be a critical issue to achieve proper integration and 
function by the newborn neurons. 

The substantial amount of prior research regarding constitutively occurring neu- 
rogenesis provides insight into the potential and limitations of endogenous precursor 
based neuronal replacement therapies. In this chapter, we will first review results 
from several laboratories on the nature and location of endogenous neural precursors 
and then review some of our experiments demonstrating that endogenous neural pre- 
cursors can be induced to differentiate into neurons in regions of the adult brain that 
do not normally undergo neurogenesis, such as the cerebral cortex. Because of space 
limitations, we refer readers to other review articles that cover the broad field of con- 
stitutive adult neurogenesis in more detail. 

IDENTITY OF ADULT NEURAL PRECURSORS 

The effort to identify the neural precursors that contribute to olfactory bulb neu- 
rogenesis has generated a great deal of controversy. Research took an interesting turn 
with the provocative discovery that "glia-like" cells (for example, cells showing phe- 
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notypic and antigenic features of glia, including cytoplasmic glycogen inclusions 
and expression of the intermediate filament protein GFAP, glial acidic fibrillary pro- 
tein) from the adult SVZ/SEZ can give rise to neurons and may therefore be neural 
precursors/stem cells.^ In a series of elegant experiments, Alvarez-Buylla and col- 
leagues showed that some SVZ astrocytes in the adult mammalian brain are able to 
form multipotent neurospheres in vitro (by many considered a property of neural 
stem cells) and are the source of new neurons of the olfactory bulb. These data 
strongly suggest that at least a subset of SVZ astrocyte-like cells are neural precur- 
sors. They selectively labeled SVZ astrocytic cells and traced the label via selective 
viral infection, using a receptor for an avian leukosis virus under the control of the 
GFAP promoter in transgenic mice, to newly generated neurons of the olfactory 
bulb.^ Similarly, GFAP-positive astrocyte-like cells in the subgranular layer (SGL) 
of the adult hippocampus (the other major site of adult neurogenesis) divide and gen- 
erate new neurons.-' These data support the idea that a subset of astrocyte-like cells 
have the properties of neural precursors and suggests discussion regarding the proper 
name to assign to these cells. Are they really bonafide astrocytes? It appears that 
only a very small fraction of astrocyte-like cells in the SVZ behave as neural precur- 
sors. Could related cells exist in other regions of the postnatal and adult brain? Or 
rather, is this subset of SVZ astrocytes a unique class of GFAP-expressing precursors 
that should be considered distinct and potentially given a new name? 

In contrast with these results, Frisen's group published experiments reporting that 
ependymal cells lining the lumenal surface of the adult ventricular zone are adult 
neural precursors.'* These results contrast with those of Doetsch et al., who reported 
that ependymal cells did not divide in vivo or under their culture conditions in vitro.^ 
A parallel report from van der Kooy's lab reported that, while ependymal cells divide 
as spheres in vitro, they do not possess multipotential precursor properties.^ It re- 
mains to be established whether experimental differences between the three groups 
account for their different results (reviewed in Barres^). The idea that some subset 
of astrocyte-like cells can behave as neural precursors is supported by later studies 
suggesting that 1-10% of astrocytes isolated from several regions of the early post- 
natal brain (SVZ, cerebral cortex, cerebellum, spinal cord) and grown as monolayers 
are able to form "neurospheres" that can give rise to both neurons and glia in vitro.^ 
Moreover, retrovirally mediated expression of exogenous genes can drive some post- 
natal astrocyte-like cells to become neurons in vitro.^ Interestingly, there are devel- 
opmental and spatial constraints to astrocyte-like cells, specifically their 
multipotency, which is normally restricted to the first two postnatal weeks in mice, 
with the apparent exception of a subset of astrocyte-like cells from the SVZ that ap- 
pear to retain their multipotency during adulthood.^ This could mean that such cells 
in young animals may still be immature and retain their precursor attributes initially, 
until approximately PI0-11.^ However, it may be that the neurogenic environment 
of the SVZ can support and maintain the multipotency of a subset of astrocyte-like 
precursors, even in the adult brain. 

Although the idea that glial cells could be neural precursors may sound unusual, 
it is supported by previous studies (long ignored) that in lizards and newts a special 
class of radial ependymoglia that extend from the ventricular zone (VZ) lumen to the 
pial surface can divide and give rise to both neurons and glia after injury, critical for 
spinal cord regeneration.'" In line with these observations, similar radial glial cells 
are present in the adult brain of the canary in regions of active neurogenesis, suggest- 
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ing that they may be the progenitors of newly generated neurons.'' Moreover, results 
from our laboratory show that adult astrocytes from the cerebral cortex can differen- 
tiate into transitional radial glia in response to signals that induce neurogenesis from 
transplanted immature precursors.'^ In general, the notion that cells of the radial glia 
lineage may have features of neural precursors during development and thus be able 
to generate both glia and neurons is not new.'^"'' We may imagine adult astrocyte- 
like cells as precursors with broad potential in neurogenic regions of the CNS (SVZ 
and dentate gyrus) and more restricted potential in nonneurogenic regions (cerebral 
cortex, spinal cord). If this is true, one future challenge will be to understand whether 
astrocyte-like cells from nonneurogenic regions can be induced to assume multipo- 
tential neuronal precursors properties, towards the goal of neuronal repopulation and 
CNS repair in situ. 

THE LOCATION OF ADULT MAMMALIAN MULTIPOTENT 
PRECURSORS 

Neurogenesis is normally restricted mainly to two specific regions of the adult 
mammalian brain: the SVZ or the SEZ, which provides neurons to the olfactory bulb, 
and the dentate gyrus of the hippocampus. If adult multipotent precursors were lim- 
ited to these two neurogenic regions of the adult CNS, it would severely limit the po- 
tential of neuronal replacement therapies based on in situ manipulation of 
endogenous precursors. However, adult multipotent precursors have been isolated 
and cultured in vitro from several other regions of the adult brain, including caudal 
portions of the SVZ, spinal cord,'^'*'' septum,'^ striatum,'^ neocortex,'^ optic 
nerve,'^ and retina.^" The precursors derived from all these regions can self-renew 
and differentiate into neurons, astroglia, and oligodendroglia (the three main cell 
types of the brain) in vitro. In nonneurogenic regions of the mature brain, it is 
thought that they normally differentiate only into glia or die. Cells from each region 
have different requirements for their proliferation and differentiation. Understanding 
the similarities and differences between the properties of multipotent precursors de- 
rived from different regions of the brain will be instrumental in potentially develop- 
ing neuronal replacement therapies based on manipulation of endogenous 
precursors. 

MANIPULATION OF AN INHIBITORY ENVIRONMENT 

The fact that new neurons are born only in very restricted areas of the adult mam- 
malian brain, even though neural precursors are found quite ubiquitously in the adult 
CNS, suggests that precursors from different regions may have different potential. 
Alternatively or in addition, local environments may differ in their ability to support/ 
allow neurogenesis from these precursors. Data from several groups have shown that 
multipotent precursors from several regions of the adult brain have a broad potential 
and can differentiate into at least the three different broad cell types, astroglia, oli- 
godendroglia, and neurons, given an appropriate in vitro or in vivo environment. This 
led us to explore the fate of multipotent precursors in an adult cortical environment, 
which does not normally support de nova neurogenesis. 
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Our lab has previously shown that cortex undergoing synchronous apoptotic de- 
generation of projection neurons forms an instructive environment that can guide the 
differentiation of transplanted immature neurons or neural precursors.^'"^^ Imma- 
ture neurons or multipotent neural precursors transplanted into targeted cortex can 
migrate selectively to layers of cortex undergoing degeneration of projection neu- 
rons, differentiate into projection neurons, receive afferent synapses, express appro- 
priate neurotransmitters and receptors, and reform appropriate long-distance 
connections to the original contralateral targets of the degenerating neurons in adult 
murine neocortex.'^'^^"^^ Together, these results suggested to us that cortex under- 
going targeted apoptotic degeneration could direct endogenous multipotent precur- 
sors to integrate into adult cortical microcircuitry. In agreement with this hypothesis, 
we found, for the firs time, that endogenous multipotent precursors, normally locat- 
ed in the adult brain, can be induced to differentiate into neurons in the adult mam- 
malian neocortex, without transplantation.^' We induced synchronous apoptotic 
degeneration of corticothalamic neurons in layer 6 of anterior cortex and examined 
the fates of dividing cells within cortex, using BrdU and markers of progressive neu- 
ronal differentiation. BrdU"*" newborn cells expressed NeuN, a mature neuronal 
marker, and survived at least 28 weeks, while no new neurons were observed in con- 
trol, intact cortex. Moreover, some newborn neurons displayed typical pyramidal 
neuron morphology (large, 10-15 |im diameter somata with apical processes) char- 
acteristic of neurons that give rise to long-distance projections. Retrograde labeling 
from thalamus demonstrated that newborn BrdU"'" neurons can form appropriate 
long-distance corticothalamic connections.^' Together, these results demonstrate 
that endogenous neural precursors can be induced in situ to differentiate into cortical 
neurons, survive for many months, and form appropriate long-distance connections 
in the adult mammalian brain. The same microenvironment that supports the migra- 
tion, neuronal differentiation, and appropriate axonal extension of transplanted neu- 
roblasts and precursors also supports and instructs the neuronal differentiation and 
axon extension of endogenous precursors. These results demonstrate that the normal 
absence of constitutive cortical neurogenesis does not reflect an intrinsic limitation 
of the endogenous neural precursors' potential, but more likely results from a lack 
of appropriate microenvironmental signals necessary for neuronal differentiation or 
survival. Elucidation of these signals could enable CNS repair. Recently, other 
groups have reported similar and complementary results in hippocampus-'^ and stri- 
atum,^^ confirming and further supporting this direction of research. 

CONCLUSION 

Recent research suggests that it may be possible to manipulate endogenous neural 
precursors in situ so that they undergo neurogenesis in the adult brain, towards future 
neuronal replacement therapy for neurodegenerative disease and other CNS injury. 
Multipotent precursors, capable of differentiating into astroglia, oligodendroglia, 
and neurons exist in many portions of the adult brain. These precursors have consid- 
erable plasticity; and although they may have limitations in their integration into 
some host sites, they are, when heterotopically transplanted, capable of differentia- 
tion into neurons appropriate to a wide variety of recipient regions. Many adult pre- 
cursors are capable of migrating long distances, using both tangential and radial 
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forms of migration. Endogenous adult neural precursors are also capable of extend- 
ing axons significant distances through the adult brain. In addition, in vitro and in 
vivo experiments have begun to elucidate the responses of endogenous precursors to 
both growth factors and behavioral manipulations and are beginning to provide key 
information towards manipulation of their proliferation and differentiation. Recent 
experiments from our lab have shown that, under appropriate conditions, endoge- 
nous precursors can differentiate into neurons, extend long-distance axonal projec- 
tions, and survive for long periods of time in regions of the adult brain that do not 
normally undergo neurogenesis. Other laboratories have recently reported similar 
results in other systems. These results indicate that there exists a sequence and com- 
bination of molecular signals by which neurogenesis can be induced in the adult 
mammalian cerebral cortex and other regions where it does not normally occur. 

Together, these data suggest that neuronal replacement therapies based on manip- 
ulation of endogenous precursors may be possible in the future. However, several 
questions must be answered before neuronal replacement therapies using endoge- 
nous precursors become a reality. The multiple signals that are responsible for en- 
dogenous precursor division, migration, and differentiation and axon extension and 
survival will need to be elucidated for such therapies to be developed efficiently.^"' 
These challenges also exist for neuronal replacement therapies based on transplan- 
tation of precursors, since donor cells, whatever their source, must interact with the 
mature CNS's environment to integrate into the brain. In addition, it remains an open 
question whether potential therapies manipulating endogenous precursors in situ 
would necessarily be limited to portions of the brain near adult neurogenic regions. 
However, even if multipotent precursors are not located in very high numbers out- 
side of neurogenic regions of the brain, it may be possible to induce them to prolif- 
erate from the smaller numbers that are more widely distributed throughout the 
neuraxis. Potentially, it may be possible to induce the repopulation of diseased mam- 
malian brain via the specific activation and instructive control over endogenous neu- 
ral precursors along desired neuronal lineages. However, the field is just beginning 
to understand the complex interplay between particular neural precursors' potential, 
their heterogeneity, and how to take advantage of what may be partial cell type re- 
striction, permissive and instructive developmental signals, and modulation of spe- 
cific aspects of neuronal differentiation and survival. Progress over the past decade 
has been great, and the coming decades promise to offer significant insight into these 
and other critical issues for the field. 
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ABSTRACT: Chronic neurodegenerative diseases, including Parkinson's disease, 
are characterized by a selective loss of specific subsets of neuronal populations 
over a period of years or even decades. While the underlying causes of the var- 
ious neurodegenerative diseases are not clear, the death of neurons and the loss 
of neuronal contacts are key pathological features. Pinpointing molecular 
events that control neuronal cell death is critical for the development of new 
strategies to prevent and treat neurodegenerative disorders. 
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APOPTOTIC DEATH PATHWAYS 

Recent data obtained from studies of human postmortem brains, as well as animal 
and cell culture models, suggest that apoptosis and other forms of programmed cell 
death contribute to neurodegeneration (TABLE 1, Refs. 1-21). Necrosis may also play 
a role in neurodegenerative disorders but is probably more important in acute and ex- 
treme insults to the brain. Apoptosis is a type of programmed cell death character- 
ized by a cascade of proteolytic events orchestrated by the caspase family of cysteine 
proteases (see FIG. 1). There are two principal pathways leading to apoptotic cell 
death. These include the "extrinsic" or death receptor-initiated pathway and the "in- 
trinsic" or mitochondrial pathway.^^'-^^ The extrinsic pathway originates with bind- 
ing of death-promoting ligands (such as Fas ligand, FasL) to their cognate death 
receptors (such as Fas).^^ There is a large family of death ligands and death recep- 
tors, and the FasL/Fas system is outlined as a prototype. Ligand binding induces oli- 
gomerization of death receptors and promotes their association with adapter 
molecules such as Fas-associated death domain protein (FADD).^^ The receptor- 
FADD interaction occurs via a protein-protein binding motif known as the death do- 
main.^^ The initiator caspase, procaspase-8, is then recruited to the death-inducing 
signaling complex via binding to the death effector domain of FADD.^' The result- 
ing proximity of multiple procaspase-8 molecules facilitates their autocatalytic 
cleavage to the active protease caspase-8.^^ 

The intrinsic pathway is initiated by the release of cytochrome c from mitochon- 
dria and its subsequent association with apoptosis activating factor-! and pro- 
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TABLE 1. Evidence that programmed cell death contributes to neurodegenerative 
diseases 

Disease Type of neuron Reference 

Parkinson's disease dopamine 1-4 

Alzheimer's disease hippocampal/cortieal 5-9 

Huntington's disease striatal/cortical 1-13 

Amyotrophic lateral sclerosis motor 14-18 

Spinoeerebellar ataxias cerebellar 19-21 

caspase-9.2^ This large protein complex (the apoptosome) promotes the activation of 
caspase-9.^'' Each of the above initiator caspases, 8 and 9, cleave downstream exe- 
cutioner caspases, such as caspase-3, from the pro-form to the active protease. Acti- 
vation of the executioner caspases then results in the cleavage of critical cellular 
proteins and apoptosis.^'-^^ 

The intrinsic death pathway is regulated by both pro- and antiapoptotic members 
of the Bcl-2 family.^^ Bax and Bak are pro-apoptotic members of the Bcl-2 family 
that appear to serve a redundant function in making the mitochondrial membrane 
permeable to cytochrome c.^'' Cytochrome c release from mitochondria occurs by 
formation of a Bax- or Bak-containing "pore" in the outer mitochondrial membrane 
that permits passage of small proteins.^^ The proapoptotic function of Bax is atten- 
uated by antiapoptotic members of the Bcl-2 family (Bcl-2, BC1-XL) that het- 
erodimerize with Bax and sequester it away from mitochondria.^^ Conversely, BH3 
domain-only Bcl-2 family members, including Bim, Bid, Dp5/Hrk, and Bad, pro- 
mote the proapoptotic effects of Bax by binding to Bcl-2, thus freeing Bax to incor- 
porate into the mitochondrial membrane.^^ 

pro^aspS 

APOPTOSIS 

FIGURE 1. Extrinsic and intrinsic death signaling cascades. 
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Besides the sequestration of Bcl-2 away from Bax by BH3-only proteins, anoth- 
er critical step required for initiation of cytochrome c release is the active translo- 
cation of Bax from the cytoplasm to mitochondria. The factors regulating this 
process are unclear at present, but recent data indicate that opening of the mitochon- 
drial permeability transition pore (mitoPTP) stimulates Bax movement to mito- 
chondria.3^ The mitoPTP is a heteromeric protein complex that includes the 
voltage-dependent anion channel, the adenine nucleotide translocator, and cyclo- 
philin D, as well as several other proteins.^^ The mitoPTP is localized at contact 
sites between the inner and outer mitochondrial membranes. Some apoptotic stimuli 
are capable of opening the mitoPTP, resulting in disruption of the mitochondrial 
membrane potential (depolarization), a decline in ATP production, and entry of sol- 
utes and water into the mitochondrial matrix. Ultimately, mitochondrial swelling 
and rupture of the outer mitochondrial membrane can occur. Precisely how opening 
of the mitoPTP induces Bax translocation to mitochondria is unknown, but an in- 
hibitor of the pore, cyclosporin A (which binds to cyclophilin D in the pore), blocks 
Bax localization to mitochondria.'"* Thus, cytochrome c release is regulated by mul- 
tiple signals that involve Bcl-2 family members: (1) opening of the mitoPTP stim- 
ulates Bax translocation to mitochondria; (2) increased expression of BH3-only 
proteins, such as Bim, results in sequestration of Bcl-2 away from Bax; and 3) Bax, 
once free from Bcl-2, inserts into the mitochondrial outer membrane to form a pore 
for cytochrome c release. 

In some cells, the extrinsic death pathway plays the major role in the execution of 
apoptosis. The death-inducing signaling complex (DISC) forms very efficiently, 
generating large amounts of active caspase-8, which directly activates caspase-3. In 
other cells, small amounts of caspase-8 are generated because of insufficient DISC 
formation, requiring a mitochondrial contribution to the execution of apoptosis. The 
extrinsic pathway can activate the mitochondrial pathway by the cleavage of Bid by 
active caspase-8. Truncated Bid (tBid) sequesters Bcl-2 and promotes cytochrome c 
release and caspase-9 activation. Still, in other cell types, the mitochondrial pathway 
appears to be the dominant mechanism for executing apoptosis. The signaling events 
that regulate activation of the mitochondrial death pathway are poorly understood. 

APOPTOSIS AND NEURODEGENERATION 

Aberrant apoptotic mechanisms are thought to contribute significantly to many 
neurodegenerative disorders, including Parkinson's disease and Alzheimer's dis- 
ease.'"^ Recent findings indicate that components of both the extrinsic (death recep- 
tors or their ligands) and intrinsic (Bcl-2 family members) death pathways are 
regulated at the level of expression during neurodegeneration or neuronal injury in 
yly^AXM Moreover, transgenic animal models or spontaneously occurring mutants 
of specific death receptor signaling molecules or Bcl-2 family members provide fur- 
ther evidence that these pathways are involved in neuronal injury.'*^-'''* 

In vitro studies using cultured neurons have shown that the BH3-only protein Bim 
is upregulated following either nerve growth factor (NGF) withdrawal from primary 
sympathetic neurons'*^ or serum and potassium withdrawal from primary cerebellar 
granule neurons.''^ Moreover, overexpression of Bim or related BH3-only family 
members promotes neuronal apoptosis in a Bax-dependent manner,'''' and neurons 
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isolated from Bim knock-out mice show increased resistance to apoptosis.^^ These 
observations support a general mechanism by which BH3-only protems, such as 
Bim block the Bcl-2-mediated repression of Bax-dependent cytochrome c release, 
thus'initiating the intrinsic or mitochondrial death pathway in some neurons. 

In contrast to the above findings implicating a role of the intrmsic death pathway 
in neurodegenerative conditions, there have been fewer in vitro studies examming 
the involvement of the extrinsic death pathway in promotmg neuronal apoptosis. Le- 
Niculescu et al. showed that FasL mRNA is induced following trophic factor with- 
drawal in cerebellar granule neurons; and furthermore, sequestration of FasL with 
FasFc attenuates granule neuron apoptosis.^^ However, additional data supporting a 
role for the extrinsic death pathway in neuronal apoptosis have not been forthcom- 
ing Recently, our laboratory has investigated the role of both extrinsic and intrinsic 
signaling pathways in regulating neuronal death in an in vitro model system, which 
is described in the text that follows. We have learned two general features from our 
studies- (1) Some types of neurons die using the classic apoptotic machinery de- 
scribed in the preceding text; whereas other neurons die by programmed mecha- 
nisms distinct from apoptosis. (2) Multiple signaling pathways are either activated 
or interrupted during neuronal death, but interruption of a single pathway is some- 
times sufficient to block apoptosis. 

MODEL SYSTEM FOR STUDYING NEURONAL CELL DEATH 

We have investigated signaling pathways that control neuronal death using pri- 
mary cerebellar neuronal cultures. These cultures, derived from the cerebella of ear- 
ly postaatal rats, survive and differentiate when maintained in media containing 10 /o 
serum and 25 mM potassium.^O Granule neurons, which constitute -95% of the cell 
population, undergo apoptosis when they are switched to serum-free medium con- 
taining 5 mM potassium. Purkinje neurons, which make up -3% of the culture, un- 
dergo delayed cell death when serum factors are removed from their culture media. 

INVOLVEMENT OF EXTRINSIC PATHWAYS IN 
NEURONAL CELL DEATH 

To investigate whether death receptor signaling is involved in the apoptotic cell 
death of cerebellar granule neurons subjected to trophic factor withdrawal, we used 
adenoviral gene transfer to introduce a gene encoding a mutant protein that bbcks 
death receptor signaling. The gene encoded AFADD, a truncated protein that lacks 
the death effector domain, and therefore inhibits coupling of liganded death recep- 
tors to the inifiator caspase-8.5'.52 Cerebellar cell cultures were infected with in- 
creasing fiters of adenoviral, AUl-tagged, dominant-negative FADD (Ad-AUl- 
AFADD) Forty-eight hours following infection, cells were switched from control 
medium containing serum and 25 mM potassium to apoptotic medium lacking serum 
and containing 5 mM potassium. After an additional 24-h incubation, cells were 
fixed and nuclei were stained with Hoechst dye. Granule neurons containing con- 
densed and/or fragmented nuclei were scored as apoptotic. In most experiments, 
apoptosis increased from about 6% in control medium to approximately 70/o after 
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FIGURE 2. Granule neurons in proximity to AFADD-expressing Purkinje cells demon- 
strate increased survival. Uninfected granule neurons (left panels) or granule neurons infect- 
ed with Ad-AUl-AFADD at an m.o.i. = 50 (right panels) were incubated in either control 
(25K + Ser) or apoptotic (5K - Ser) medium for 24 hr and then stained with DAPI and anti- 
AUl. Condensed and/or fragmented nuclei were abundant in uninfected granule neurons in- 
cubated in 5K - Ser medium. Apoptotic granule neurons were also plentiful in fields infect- 
ed with AFADD that did not contain any AFADD-expressing Purkinje cells (Field A). In 
contrast, fields infected with AFADD that contained one or more AFADD-positive Purkinje 
cells displayed a significant decrease in the number of apoptotic granule neurons following 
trophic factor withdrawal (Field B). Scale bar = 20 microns. 

24 h of trophic factor withdrawal. Infection with a control adenovirus had no effect 
on granule neuron apoptosis, whereas infection with AFADD adenovirus resulted in 
a significant reduction in granule neuron apoptosis.^^ Initially, this result suggested 
that death receptor signaling may play a direct role in cerebellar granule neuron ap- 
optosis. However, immunocytochemical analysis revealed that adenoviral AFADD 
was not efficiently expressed in granule neurons, but instead showed marked expres- 
sion in the small number of Purkinje neurons found in these cerebellar cell cultures 
(FIG. 2). Moreover, the ability of adenoviral AFADD to rescue granule neurons from 
apoptosis was dependent on their proximity to AFADD-expressing Purkinje cells. 
Experiments using IGF-I receptor blocking antibodies indicated that AFADD-medi- 
ated survival of cerebellar granule neurons requires local action of Purkinje cell-de- 
rived IGF-I. Two major conclusions were drawn from these results. First, although 
the data did not support a direct role for the extrinsic death pathway in cerebellar 
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FIGURE 3. IGF-I protects cerebellar granule neurons from apoptosis in a PI3K-depen- 
dent manner. Top panel: Cerebellar granule neurons were incubated for 24 hr in either con- 
trol (25K -I- Ser) or apoptotic (5K - Ser) medium containing either PBS vehicle (VEH) or 
IGF-I (200 ng/mL) in the absence or presence of wortmannin (WORT, 100 nM). Following 
incubation, ccrebcller granule neurons were fixed and nuclei were stained with DAPI. Scale 
bar = 10 microns. Bottom panel: The percentages of apoptotic cerebellar granule neurons 
observed under the conditions described in images were quantified by counting approxi- 
mately 500 granule neurons per field in two fields per condition. 
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granule neuron apoptosis, the results were the first to demonstrate that death receptor 
signaling in Purkinje neurons indirectly influences the survival of granule neurons. 
Second, selective suppression of the extrinsic death pathway in Purkinje cells is suf- 
ficient to rescue neighboring granule neurons that depend on Purkinje cell-derived 
trophic support including IGF-I. 

INTRINSIC DEATH PATHWAYS AND NEURONAL DEATH 

Recent data from a number of laboratories indicate that the intrinsic death path- 
way plays an important role in executing apoptosis of granule neurons.^'*'^^ To de- 
termine if IGF-I protected granule neurons from apoptosis by blocking components 
of the intrinsic pathway, we examined the effects of IGF-I on the various components 
of the intrinsic pathway working from the executioner caspases backward to the ini- 
tiator caspases and mitochondrial regulators (see FIG. 1). Apoptosis was induced in 
the cerebellar granule neurons by removing serum from the medium and lowering 
the potassium concentration from 25 mM to 5 mM. FIGURE 3 demonstrates the neu- 
roprotective effects of IGF-I in granule neurons. Apoptosis was quantified by count- 
ing the percentage of Hoesht-stained nuclei that were condensed or fragmented. In 
culture medium containing 25 mM potassium and serum, less than 10% of the gran- 
ule neurons are apoptotic. When the extracellular potassium is reduced to 5 mM and 
serum is removed from the medium, about 80% of the neurons are apoptotic by 24 
h. IGF-I markedly blocks apoptosis in a PI3-kinase (PI3K)-dependent manner. Us- 
ing Western blotting techniques with antibodies against activated caspase 3, we de- 
tected caspase 3 activation within 6 h of serum and potassium deprivation. IGF-I 
totally inhibited caspase-3 activation in a PI3K-dependent manner. Immediately up- 
stream of caspase-3 cleavage in the intrinsic pathway is the activation of the initiator 
caspase-9. Recently, caspase-9 activation was shown to be required for caspase-3 
cleavage in cerebellar granule neurons deprived of serum and depolarizing potassi- 
um.^^ Consistent with this finding, we observed marked cleavage of caspase-9 indic- 
ative of its activation in granule neurons deprived of trophic support. As was 
observed for caspase-3 cleavage, activation of caspase-9 was significantly inhibited 
by IGF-I in a PI3K-dependent manner, demonstrating that IGF-I suppresses a key 
component of the intrinsic death pathway in granule neurons. 

Caspase-9 is activated following its association with Apaf-1 and cytochrome c, 
which assemble into a large oligomeric complex known as the apoptosome.^" For- 
mation of the apoptosome occurs after release of the mitochondrial protein cyto- 
chrome c into the cytoplasm. Our studies showed that in granule neurons maintained 
in the presence of serum and depolarizing potassium, cytochrome c was localized 
predominantly in mitochondria, with only diffuse staining observed in neuronal pro- 
cesses. Removal of serum and depolarizing potassium for 4 h resulted in a rapid re- 
distribution of cytochrome c from mitochondria to a diffuse staining throughout the 
cytoplasm (FiG. 4). This redistribution was accompanied by the formation of many 
pronounced punctate areas of cytochrome c staining. The latter were observed pri- 
marily, although not exclusively, in distinct focal complexes localized to neuronal 
processes. In contrast to cytochrome c staining, no detectable redistribution of the 
mitochondrial marker Mitotracker Green was observed in neuronal processes under 
apoptotic conditions, indicating that the punctate areas of cytochrome c staining 
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FIGURE 4. IGF-I blocks cytochrome c release from mitochondria and prevents its re- 
distribution to focal complexes localized in neuronal processes. Cerebellar granule neurons 
were incubated for 4 h in control (25K + Ser) or apoptotic (5K - Ser) medium containing 
either PBS vehicle or IGF-I (200 ng/niL) in the absence or presence of wortmannin (WORT, 
100 nM). Following incubation, neurons were fixed in 4% paraformaldehyde, permeabilized 
with 0.2% Triton-X-100, and blocked with 5% BSA. Cytochrome c was localized by incu- 
bating the cells with a polyclonal antibody to cytochrome c and a Cy3-conjugated secondary 
antibody. Digitally deconvolved images were then captured using a 63x oil objective. Scale 
bar = 10 microns. (A) Cerebellar granule neuron incubated in control medium demonstrated 
intense cytochrome C staining in the perinuclear region consistent with localization to mito- 
chondria. Very diffuse staining was observed in neuronal processes. (B) Granule neurons in- 
cubated in apoptotic medium for 4 h showed a marked redistribution of cytochrome c. Note 
the overall diffuse staining throughout the cytoplasm accompanied by the formation of dis- 
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were not associated with intact mitochondria. Inclusion of IGF-I during trophic fac- 
tor withdrawal prevented the release and redistribution of cytochrome c from mito- 
chondria. Addition of wortmannin in combination with IGF-I restored the release of 
cytochrome c from mitochondria and its redistribution to focal complexes in neu- 
ronal processes, indicating that the effects of IGF-I on cytochrome c release were 
PI3K-dependent (FIG. 4). Thus, IGF-I inhibits the release of cytochrome c from mi- 
tochondria, and in this manner blocks the subsequent activation of the intrinsic ini- 
tiator caspase-9. 

A potential mechanism by which cytochrome c release is regulated involves the 
formation of a Bax- or Bak-containing "pore" in the outer mitochondrial membrane 
that permits passage of proteins.^"*'^' The BH3-only Bcl-2 family members, includ- 
ing Bad, Bid, Dp5/Hrk, and Bim, promote the proapoptotic effects of Bax and Bak, 
while concomitantly suppressing the prosurvival function of Bcl-2.^^'^^ Recently, 
Bim has been shown to be upregulated following both nerve growth factor (NGF) 
withdrawal from primary sympathetic neurons, and serum and potassium withdraw- 
al from granule neurons.''^'^^ Moreover, overexpression of Bim has been shown to 
promote apoptosis of cerebellar granule neurons.'*' Our laboratory examined wheth- 
er IGF-I was capable of regulating Bim induction in cerebellar granule neurons. Im- 
munoblotting for Bim following acute trophic factor withdrawal in granule neurons 
(FIG. 5) demonstrated a marked increase in the expression of Bim short, the most 
proapoptotic splice variant of this protein family. ^^ IGF-I completely blunted the in- 
duction of Bim, indicating that suppression of Bim is one mechanism by which IGF- 
I inhibits cj^ochrome c release from mitochondria. 

Bim expression is regulated by multiple transcription factors. In NGF-deprived 
sympathetic neurons, dominant-negative c-Jun partially attenuated the induction of 
Bim mRNA and Bim^L protein, inhibited cytochrome c release, and rescued sympa- 
thetic neurons from apoptosis.''^ c-Jun has also been implicated in the apoptosis of 
cerebellar granule neurons,^' and an inhibitor of the JNK signaling pathway (CEP- 
1347) was recently shown to partially blunt the induction of Bim mRNA in cerebel- 
lar granule neurons subjected to trophic factor withdrawal.'*'' In agreement with 
these findings, we found that the p38/JNK inhibitor SB203580 significantly attenu- 
ated both the activation of c-Jun and the increase in Bimg expression in cerebellar 
granule neurons deprived of trophic support. However, IGF-I failed to inhibit c-Jun 
activation under conditions where it significantly blocked induction of Bimg. These 
results indicated that c-Jun plays a role in the regulation of Bim expression during 
granule neuron apoptosis, but IGF-I suppresses the induction of Bim via a mecha- 

tinct, brightly fluorescent focal complexes on the cell bodies and processes. (C) The area de- 
marcated by the box in A is enlarged to show the diffuse cytochrome c staining in a control 
neuronal process. (D) The area demarcated by the box in B is enlarged to show the intense 
cytochrome c staining localized to discrete focal complexes (indicated by arrowheads) in 
neuronal processes. (E) Granule neurons incubated in apoptotic medium containing exoge- 
nous IGF-I displayed cytochrome c localization to mitochondria similar to controls. (F) 
Granule neurons incubated in apoptotic medium containing both IGF-I and wortmannin 
showed cytochrome c staining similar to granule neurons incubated in apoptotic medium 
alone. Focal complexes of cytochrome c staining are indicated by arrowheads. 
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FIGURE 5. IGF-I inhibits induction of the BH3-only Bcl-2 family member Bim in a 
PI3K-dependent manner. Cerebellar granule neurons were incubated for 6 h in either control 
(25K + Ser) or apoptotic (5K - Ser) medium containing either PBS vehicle (VEH) or IGF-I 
(200 ng/mL) ± wortmannin (WORT, 100 nM). Following incubation, cell lysates were sub- 
jected to SDS-PAGE on 15% polyacrylamide gels and proteins were transferred to PVDF 
membranes. Bim expression was assessed by immunoblotting with a polyclonal antibody to 
Bim that specifically recognized an approximately 15-kDa protein, consistent with the ap- 
parent molecular weight of Bim short (BimJ. To affirm equal protein loading, the blot was 
then stripped and reprobed for the antiapoptotic Bcl-2 family member BCIXL, which did not 
demonstrate any significant change in expression under the conditions of this experiment. 

nism that does not involve modulation of JNK/c-Jun signaling. This conclusion was 
in agreement with the work of Whitfield et al.,'^^ who proposed that JNKyc-Jun sig- 
naling cooperates with a distinct JNK/c-Jun-independent pathway to stimulate the 
expression of Bim in sympathetic neurons deprived of NGF. 

In this context, the forkhead transcription factor, FKHRLl had recently been 
shown to regulate Bim expression in hematopoietic cells.^^ Cytokine withdrawal 
from a pro-B cell line induced activation (dephosphorylation) of FKHRLl, induc- 
tion of Bim, and apoptosis.^^ Moreover, expression of a constitutively active mutant 
of FKHRLl, in which three putative AKT phosphorylation sites are mutated to ala- 
nine, induced Bim expression, cytochrome c release, and apoptosis in hematopoietic 
cells.^2 Given that FKHRLl is a known substrate for AKT in neurons,^^ we ques- 
tioned whether the AKT-mediated inactivation of FKHRLl may be one mechanism 
by which IGF-I inhibits apoptosis. Indeed, overexpression of a constitutively active, 
FKHRLl triple phosphorylation site mutant had been shown to induce apoptosis of 
cerebellar granule neurons.^"* In our studies, we showed that trophic factor with- 
drawal from cerebellar granule neurons led to an inactivation of AKT, a correspond- 
ing activation of FKHRLl, and translocation of FKHRLl to the nucleus. All of these 
effects, along with the induction of Bim, were prevented by IGF-I in a PI3K-depen- 
dent manner. In addition, adenoviral expression of a dominant-negative mutant of 
AKT was sufficient to activate FKHRLl and induce Bim expression in granule neu- 
rons maintained in the presence of serum and depolarizing potassium. Taken togeth- 
er, our data suggest that IGF-I attenuates the induction of Bim in trophic factor- 
deprived granule neurons via a PI3K/AKT-mediated inactivation of the FKHRLl 
transcription factor. Overall, our results demonstrated that suppression of the intrin- 
sic death signaling cascade is a principal mechanism underlying the neuroprotective 
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effects of IGF-I in granule neurons. IGF-I blocks Bim induction, cytochrome cre- 
lease, and activation of the intrinsic initiator caspase-9 and the executioner caspase- 
3 in granule neurons deprived of trophic support. Moreover, IGF-I inhibits the ac- 
tions of FKHRLl, a transcriptional regulator of Bim, suggesting a novel c-Jun-in- 
dependent mechanism for the modulation of Bim in neurons. 

PROGRAMMED CELL DEATH DISTINCT FROM APOPTOSIS 

The data discussed above indicate that cerebellar granule neurons, when deprived 
of trophic support, die by classic apoptotic mechanisms involving the mitochondrial 
death pathway. The extrinsic or death receptor pathway indirectly regulates the sur- 
vival of granule neurons by its effects on Purkinje cells that provide trophic support 
such as IGF-I to the granule neurons. Ongoing studies in our laboratory indicate that 
Purkinje neurons, in contrast to the granule neurons, die by a cell death program that 
is caspase independent and morphologically distinct from apoptosis (manuscript in 
preparation). Death is not characterized by nuclear condensation but rather by exten- 
sive autophagic-lysosomal vacuolation. Thus, even under the same culture condi- 
tions with the same apoptotic stimulus, some neurons die using the classic apoptotic 
machinery described above; whereas other types of neurons die by programmed 
mechanisms distinct from apoptosis. Recent data from other laboratories support the 
notion that, in addition to apoptosis, other forms of programmed cell death may 
participate in neurodegeneration. In light of numerous unique mechanisms of neu- 
ronal cell death, care must be taken in making broad general conclusions about 
mechanisms of neuronal cell death as they relate to specific disease pathology. It will 
be necessary to investigate the molecular mechanisms of cell death in specific neu- 
ronal subtypes to define better therapeutic strategies for the various neurodegenera- 
tive disorders. 
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ABSTRACT: In our attempts to understand how the balance between self-renew- 
al and differentiation is regulated in dividing precursor cells, we have discov- 
ered that intracellular redox state appears to be a critical modulator of this 
balance in oligodendrocyte-type-2 astrocyte (0-2A) progenitor cells. The in- 
tracellular redox state of freshly isolated progenitor cells allows prospective 
isolation of cells with different self-renewal characteristics, which can be fur- 
ther modulated in opposite directions by prooxidants and antioxidants. Redox 
state is itself modulated by cell-extrinsic signaling molecules that alter the bal- 
ance between self-renewal and differentiation: growth factors that promote 
self-renewal cause progenitors to become more reduced, while exposure to sig- 
naling molecules that promote differentiation causes progenitors to become 
more oxidized. Moreover, pharmacological antagonists of the redox effects of 
these cell-extrinsic signaling molecules antagonize their effects on self-renewal 
and differentiation, further suggesting that cell-extrinsic signaling molecules 
that modulate this balance converge on redox modulation as a critical compo- 
nent of their effector mechanism. A further example of the potential relevance 
of intracellular redox state to development processes emerges from our at- 
tempts to understand why different central nervous system (CNS) regions ex- 
hibit different temporal patterns of oligodendrocyte generation and 
myelinogenesis. Characterization of 0-2A progenitor cells (0-2A/0PCs) iso- 
lated from different regions indicates that these developmental patterns are 
consistent with properties of the specific 0-2A/0PCs resident in each region. 
Marked differences were seen in self-renewal and differentiation characteris- 
tics of 0-2A/0PCS isolated from cortex, optic nerve, and optic chiasm. In con- 
ditions where optic nerve-derived 0-2A/0PCs generated oligodendrocytes 
within 2 days, oligodendrocytes arose from chiasm-derived cells after 5 days 
and from cortical 0-2A/0PCs after only 7-10 days. These differences, which 
appear to be cell intrinsic, were manifested both in reduced percentages of 
clones producing oligodendrocytes and in a lesser representation of oligoden- 
drocytes in individual clones. In addition, responsiveness of optic nerve-, chi- 
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asm-, and cortex-derived 0-2A/0PCs to thyroid hormone (TH) and ciliary 
neurotrophic factor (CNTF), well-characterized induccrs of oligodendrocyte 
generation, was inversely related to the extent of self-renewal observed in basal 
division conditions. These results demonstrate hitherto unrecognized complex- 
ities among the precursor cells thought to be the immediate ancestors of oligo- 
dendrocytes and suggest that the properties of these different populations may 
contribute to the diverse time courses of myelination in different CNS regions. 
Strikingly, 0-2A/0PCs isolated from cortex and analyzed immediately upon 
isolation were more reduced in their redox state than were optic nerve-derived 
cells, precisely as would be predicted from our analysis of the role of redox state 
in modulating the balance between self-renewal and differentiation. Chiasm- 
derived cells, which exhibited self-renewal properties intermediate between 
cortex- and optic nerve-derived cells, were more reduced than optic nerve cells 
but more oxidized that cortical 0-2A/0PCs. 

KEYWORDS: myelination; development; oligodendrocyte-type-2 astrocyte pro- 
genitor; oligodendrocyte precursor cell; oligodendrocyte; self-renewal; pre- 
cursor cell 

INTRODUCTION 

Modulation of the balance between self-renewing divisions and differentiation is 
at the heart of precursor cell function in development, tissue repair, and tissue ho- 
meostasis, yet relatively little is known about physiological mechanisms central to 
such modulation. For example, on a biochemical level, one of the only properties re- 
ported to be predictive of self-renewal characteristics in precursor cells of different 
lineages (i.e., hematopoietic stem cells and hepatic precursor cells, as described, 
e.g., in Refs. 1-3) was that cells with a greater tendency to undergo self-renewing 
divisions showed a lesser extent of labeling with such mitochondrial dyes as 
rhodamine-123. This reduced labeling was originally thought to be due to expres- 
sion of P-glycoprotein by cells with a greater self-renewal potential, but subsequent 
studies on hematopoietic stem cells raised the possibility that it may instead be re- 
flective of mitochondrial activity and intracellular redox state."* Such a correlation 
of such an important physiological state with self-renewal characteristics is poten- 
tially of great interest. It is not known, however, whether this correlation is coinci- 
dental or whether it provides an important clue to understanding this critical feature 
of precursor cell biology. 

To examine the possibility that intracellular redox regulation plays an important 
functional role in modulating the self-renewal characteristics of precursor cells, we 
studied the correlation between redox state and the balance between self-renewal and 
differentiation in dividing oligodendrocyte-type-2 astrocyte (0-2A) progenitor cells 
(also referred to has oligodendrocyte precursor cells, or OPCs, and here abbreviated 
as 0-2A/0PCs).^ This population, which gives rise to the myelin-forming oligoden- 
drocytes of the central nervous system (CNS) (see, e.g., Refs. 6-8), provides one of 
the most extensively characterized and tractable precursor cell systems available for 
such studies. It is possible to obtain pure populations of 0-2A/OPCs that can be in- 
duced to undergo division and differentiation by growth in simple chemically de- 
fined medium supplemented with platelet-derived growth factor (PDGF, the best 
characterized 0-2A/OPC mitogen; see, e.g., Refs. 9 and 10). 
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0-2AyOPCs obtained from the optic nerves of 7-day-old (P7) rat pups and grown 
in the presence of saturating levels of PDGF, one of the important mitogens for 
these cells^'" exhibit an approximately equal probability of undergoing a self-re- 
newing division or exiting the cell cycle and differentiating into an oligodendro- 
cyte.'^ The tendency of dividing 0-2A/0PCs to generate oligodendrocytes is 
enhanced if cells are coexposed to such signaling molecules as thyroid hormone, 
ciliary neurotrophic factor, or retinoic acid (see, e.g., Refs. 13-15). Signaling mol- 
ecules of the bone morphogenetic protein family induce differentiation along oligo- 
dendrocyte and astrocyte pathways, respectively.'^'^^-'^ In contrast, coexposure to 
neurotrophin-3 or basic fibroblast growth factor (bFGF) inhibits differentiation and 
is associated with increased precursor cell division and self-renewal.'^''^''^ 

Previous studies have shown that the degree to which exposure to signaling mol- 
ecules alters the balance between self-renewal and differentiation in dividing 0-2A/ 
OPCs is very extensive. It is possible to induce nearly synchronous differentiation 
of all clonally related cells into oligodendrocytes when cells are exposed to thyroid 
hormone (TH) and type-1 astrocytes;^^'^*' varying degrees of asymmetric division 
and differentiation are seen in the presence of other combinations of factors;^^ and 
almost complete suppression of differentiation with continuous promotion of self- 
renewal occurs when cells are grown in the presence of both PDGF and bFGF. '^ At 
least a subset of these signaling molecules is also known to be of importance in vi- 
vo. For example, hypothyroid animals show reduced oligodendrocyte genera- 
tion,'^'^' and animals in which neurotrophin-3 (NT-3) levels are artificially 
increased show increases in 0-2A/0PC proliferation.'^ Both of these results are 
consistent with the outcomes of in vitro studies on the effects of TH and NT-3 on 
0-2A/0PC division and differentiation.'^''^''^ 

In a consideration of situations in which plasticity of precursor cell behavior 
might play a role, one possibility is seen in the striking phenomenon that different 
regions of the CNS develop according to different schedules, with great variations 
seen in the timing of both neurogenesis and gliogenesis.-^^ For example, neuron pro- 
duction in the rat spinal cord is largely complete by the time of birth, is still ongoing 
in the rat cerebellum for at least several days after birth, and continues in the olfac- 
tory system and in some regions of the hippocampus of multiple species throughout 
life. Similarly, myelination has long been known to progress in a rostral-caudal di- 
rection, beginning in the spinal cord significantly earlier than in the brain (see, e.g., 
Refs. 23-25). Even within a single CNS region, myelination is not synchronous. In 
the rat optic nerve, for example, myelinogenesis occurs with a retinal-to-chiasmal 
gradient, with regions of the nerve nearest the retina becoming myelinated first.^^''^^ 
The cortex itself shows the widest range of timing for myelination, both initiating 
later than many other CNS regions (see, e.g., Refs. 23-25) and exhibiting an ongoing 
myelinogenesis that can extend over long periods of time. This latter characteristic 
is seen perhaps most dramatically in the human brain, for which it has been suggest- 
ed that myelination may not be complete until after several decades of life.^^'^^ 

Variant time courses of development in different CNS regions could be due to two 
fundamentally different reasons. One possibility is precursor cells are sufficiently plas- 
tic in their developmental programs that local differences in exposure to modulators of 
division and differentiation may account for these variances. Alternatively, it may be 
that the precursor cells resident in particular tissues express differing biological prop- 
erties related to the timing of development in the tissue to which they contribute. 
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Taken together, all of the above observations lead to a series of potentially related 
questions: 

(1) The balance between self-renewal and differentiation in dividing 0-2A/ 
OPCs can be modified by a wide range of signaling molecules, acting 
through diverse receptor systems. Is it possible to identify points at which 
these differing pathways converge, at least to the extent of identifying com- 
mon elements by which different kinds of signaling molecules can promote 
self-renewing division, with perhaps other elements common to factors 
that induce differentiation? Or is it possible that there are biochemical or 
molecular pathways within the cell at which all these influences converge? 

(2) Are the diverse signaling molecules that have been found to modulate the 
balance between self-renewal and differentiation in dividing 0-2A/0PCs 
of importance in understanding the different timing of oligodendrocyte 
generation in diverse CNS regions in vivol Knowledge of the role of these 
molecules may help in identifying means of modifying precursor cell func- 
tion in vivo. 

(3) To what extent do previously unrecognized differences in precursor cell 
behavior contribute to the variability in oligodendrocyte generation in 
vivol If precursor cells themselves exhibit substantial regional heterogene- 
ity in their function, this would indicate a hitherto unsuspected complexity 
in precursor cell biology. Moreover, different populations might express 
properties of greater or lesser value in the context of using them to repair 
damaged tissue following cell transplantation. 

(4) Do the observations that hematopoietic stem cells and liver precursor cells 
that show less labeling with rhodamine-123—and thus may be more 
reduced—provide an important clue to understanding the above problems? 

THE ROLE OF REDOX STATE IN MODULATING SELF-RENEWAL 
CHARACTERISTICS OF 0-2A/0PCs DERIVED FROM 

THE OPTIC NERVE OF P7 RATS 

Cellular Redox State Allows Prospective Isolation of Cells with Different 
Self-Renewal Characteristics 

To determine whether intracellular redox state might be associated with the self- 
renewal potential of 0-2A/0PCs developing in vivo, we determined whether low 
levels of labeling with redox-sensitive dyes were indicative of enhanced self-renewal 
capacity in freshly isolated 0-2A/0PCs.^ Different dyes provide information on dif- 
ferent aspects of redox state, which ultimately reflects the balance between reducing 
and oxidative equivalents within the cell. Redox state, however, is influenced in 
many ways, including by the state of mitochondrial activation, levels of reduced glu- 
tathione and other thiols, levels of NADH and NADPH, and levels of thioredoxin and 
other factors. In our experiments, cells were labeled with JC-1, rhodamine-123, or 
dihydrotetramethylrosamine (reduced rosamine), and FAGS sorting was used to pro- 
vide enriched populations of the upper and lower quintiles of labeled cells. Cells 
from each group were then plated at clonal density in the presence of PDGF, and bas- 
al self-renewal characteristics were determined. All dyes gave similar results, but ro- 
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samine was consistently associated with the best postsort viability. As rosamine 
fluorescence is most directly related to the balance between oxidative and reducing 
equivalents, this dye also provides one of the broadest measures of redox state.^^ 

Results obtained using this purification procedure were striking, rosamine'"^ 
cells grown in the presence of 10 ng/mL PDGF generated clones in which self- 
renewing divisions were prevalent. Five days after plating, 70 ± 4.3% of these con- 
sisted only of dividing progenitor cells, and the average number of cells per clone 
was 11.1 ± 0.9. In contrast, rosamine'''^'' cells, which would have had a higher intra- 
cellular level of oxidizing equivalents in vivo, underwent very little division in these 
same conditions. With rare exceptions, the largest clones consisted of four cells 
(mean = 2.5 ± 0.4 cells/clone), rosamine'^'^'' cells also demonstrated a greatly in- 
creased tendency to generate oligodendrocytes. At day 5, 47 + 4.6% of clones de- 
rived from rosamine'''^'' cells consisted of one oligodendrocyte and no progenitor 
cells, and only 29 ± 5.4% of clones contained any progenitors at all. Thus, in agree- 
ment with results obtained for hematopoietic stem cells and hepatic precursor cells 
(see, e.g., Refs. 1-4), rosamine'"* 0-2A/0PCs appeared better able to undergo self- 
renewing divisions than rosamine*"^'' cells. It is important to note that the viability 
of all populations was identical, and both rosamine'"* and rosamine'"^'' cells were 
able to undergo division and differentiation without undergoing any extensive cell 
death for at least a week after isolation. Cell morphology and antigenic phenotype 
were as seen in several previous publications. 

Antioxidant and Prooxidant Drugs Modulate Self-Renewal and 
Differentiation Characteristics in Opposite Directions 

Despite their low frequency of division, rosamine'^'s'^ 0-2A/0PCs had not 
already irreversibly committed to differentiation in vivo. This was demonstrated by 
altering intracellular redox state through exposure to Af-acetyl-L-cysteine (NAC), a 
potent antioxidant that also acts as a cysteine prodrug, thus enhancing production of 
glutathione, which is the most prevalent reduced thiol within cells and is crucial for 
maintaining a reduced intracellular environment.^^'-" Self-renewal of rosamine'''^'' 
cells was markedly enhanced in these conditions. The percentage of progenitor cell- 
containing clones at day 5 increased from 29 ± 5.4% to 65 ± 3.4%, and the average 
clone size increased almost threefold, from 2.5 ± 0.4 cells to 7.0 ± 1.2 cells per clone. 
These results suggest that aheration of intracellular redox state is a dynamic modu- 
lator of the balance between self-renewal and differentiation rather than merely be- 
ing a secondary consequence of an irrevocable fate determination. 

Further studies confirmed that the balance between self-renewal and differentia- 
tion in dividing 0-2A/0PCs could be modulated by manipulation of intracellular re- 
dox state. In these experiments, clonal 0-2A/OPCs were grown in the presence of 
PDGF with or without compounds known to alter intracellular redox state. To in- 
crease oxidative levels, we used tert-butylhydroperoxide (^BuOOH) and buthionine 
sulfoximine (BSO). f-BuOOH is a potent prooxidant,^^ while BSO inhibits synthesis 
of glutathione.^^ To render cells more reduced, the medium of dividing cells was 
supplemented with NAC. We also examined the effects of three polyhydroxyalkyl 
thiazolidine carboxylic acid drugs (GlcCys, ProCys, and RibCys). These procysteine 
drugs contribute to glutathione biosynthesis when they are taken up by cells and their 
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thilozolidine ring is opened enzymatically.^'' Thus, the antioxidant activity of these 
compounds, unlike NAC, is targeted to intracellular thiol pools. 

Treatment of dividing 0-2A/0PCs with PDGF plus 1 mM BSO or 50 nM t- 
BuOOH was associated with diminished progenitor cell division and increased 
oligodendrocyte generation. In the presence of either BSO or ?-BuOOH, approxi- 
mately half of the founder cells differentiated in the absence of division, with the rest 
undergoing one to two divisions and yielding clones containing two to seven cells 
after 5 days. Average clone sizes at this time point, in either condition, were 2.1 ± 
0.4 cells per clone, less than half that seen in basal division conditions (5.7 ± 0.8 
cells/clone). Exposure to BSO or t-BuOOH also was associated with both a reduc- 
tion in the number of clones containing only progenitor cells and an increase in the 
proportion of clones containing only oligodendrocytes. For example, when clones 
were grown in the presence of PDGF for 5 days, 43 ± 3.0% of the clones consisted 
wholly of progenitor cells. In contrast, in cultures exposed to PDGF plus BSO or t- 
BuOOH for 5 days, only 5 ± 2.4% and 7 + 3.7% of clones consisted solely of pro- 
genitor cells, respectively. Complementary changes were seen in the proportion of 
clones consisting solely of oligodendrocytes. After 5 days, 88 ± 8.3% of clones ex- 
posed to BSO or 83 ± 6.0%o of clones exposed to ^BuOOH consisted wholly of oli- 
godendrocytes, as compared with complete differentiation of only 35 ± 6.6%) of 
clones in basal division conditions. 

In contrast with the effects of exposure to prooxidants, clones of 0-2A/OPCs cul- 
tured in PDGF plus 1 mM NAC exhibited enhanced self-renewal and a marked re- 
duction in oligodendrocyte generation. After 5 days in culture, clones growing in 
medium supplemented with NAC contained an average of 11.3 ± 2.2 cells per clone, 
almost twice the value seen in clones growing in the presence of PDGF alone, with 
many clones containing more than 15 cells. In cultures grown in the presence of 
NAC for 3 days, 80 + 2.1% of clones contained only progenitor cells. Even after 5 
days, 60 ± 2.8% of clones contained only progenitor cells in these conditions. In con- 
trast, when cells were grown in basal division conditions for 3 days, 47 ± 1.1 %i of 
clones consisted only of progenitor cells, with similar values (43 + 3.0%) observed 
after 5 days. Cells exposed to NAC alone (i.e., no PDGF present) differentiated into 
oligodendrocytes without undergoing division. 

Enhanced self-renewal of 0-2A/0PCs grown in the presence of NAC continued 
for at least 7 days. Clones examined at this time were on average six times larger than 
clones exposed to PDGF alone. Moreover, in cultures exposed to PDGF plus NAC 
for 7 days, 40 ± 5.9%) of clones still contained only progenitors. In contrast, only 5 
± 2.6%) of PDGF-stimulated clones consisted solely of progenitor cells after 7 days. 
It is important to note that in cultures exposed to PDGF plus NAC for this time, in 
those clones in which division occurred, 49 + 8.5%) contained one or more oligoden- 
drocytes. Moreover, absolute numbers of oligodendrocytes in either condition were 
similar (151 ±21 and 116 ± 38 for control and NAC-treated cultures, respectively), 
demonstrating that exposure to NAC did not preclude eventual differentiation. Sup- 
plementation of basal division medium with the cysteine prodrugs GlcCys, ProCys, 
or RibCys had virtually identical effects to NAC, thus suggesting that the capacity 
of NAC to modify intracellular thiol balance was more important to its activity than 
its ability to function as an extracellular antioxidant. All of the prooxidants and cys- 
teine prodrugs examined caused the expected direction of change in intracellular re- 
dox state, as determined by rosamine fluorescence. 
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Signaling Molecules That Promote Differentiation Cause Greater Intracellular 
Oxidative Turnover, While Signaling Molecules Which Promote 

Self-Renewal Cause More Reduced Intracellular States 

While it is possible that differences in intracellular redox state in vivo might be 
due to cell-intrinsic properties or to direct exposure to pro- or antioxidants, it is also 
possible that the cell-extrinsic signaling molecules that have been previously found 
to modulate the balance between self-renewal and differentiation have as part of 
their activity the modulation of redox state. We therefore next determined whether 
redox modulation might be of any relevance in the action of cell-extrinsic signaling 
molecules upon 0-2A/0PCs. 

Growth of cells in the presence of PDGF supplemented with factors that promote 
self-renewal was associated with a more reduced intracellular redox state, as indicat- 
ed by rosamine fluorescence; while supplementation with inducers of differentiation 
was associated with increased rosamine fluorescence, indicating an increase in oxi- 
dative levels. Such effects were seen within 18 h, well before it is possible to observe 
any differences in progenitor or oligodendrocyte numbers. For example, after expo- 
sure of cells to NT-3 plus PDGF for 12 h, aggregate rosamine fluorescence was 15 
± 6% lower than in the presence of PDGF alone. This compares to treatment with 
either 1 mM NAC or 1 mM ProCys, which after 6 h in culture led to a decrease in 
rosamine fluorescence by 12 ± 4% and 18 ± 7%, respectively, relative to control val- 
ues (P < 0.05). By 18 h after exposure to NT-3, relative fluorescence was 29 ± 3% 
lower than for control cells (P = 0.0075). Similarly, 0-2A/0PCs exposed to PDGF 
plus bFGF exhibited a 23 ± 8% reduction in aggregate fluorescence values {P < 0.05; 
18-h time point) as compared with cells exposed only to PDGF. The effect of NT-3 
on redox levels was inhibited by simultaneous treatment with BSO. After exposure 
of cells to 1 mM BSO plus NT-3 plus PDGF for 12 h, mean rosamine fluorescence 
was increased by 6 ± 7% relative to growth in PDGF alone, a difference that was not 
significant. 

Exposure to TH, which induces oligodendrocyte generation, had the opposite ef- 
fect with respect to NT-3 and was associated with greater rosamine fluorescence, in- 
dicating an increase in oxidative levels. Exposure of cells to TH was associated with 
an 11 ± 4% increase in fluorescence after 3 h and a statistically significant (23 ± 4%; 
P < 0.01) increase in fluorescence by 12 h after initiation of treatment. This effect 
was significantly diminished with simultaneous exposure to 1 mM NAC: after 12 h 
in the presence of NAC plus TH plus PDGF, cells displayed mean rosamine fluores- 
cence 4 ± 13% greater than control compared with the 23 ± 4% increase observed 
for cells grown in just TH plus PDGF {P < 0.01). By comparison, cells treated with 
either 1 mM BSO or 50 nM ^BuOOH for 6 h displayed an increase in rosamine flu- 
orescence of 6 + 3% (P = 0.0723) and 9 ± 2% (P < 0.05) over control cells, respec- 
tively (data not shown). An effect of increased oxidative activation of rosamine was 
also associated with exposure to bone morphogenetic protein-4 (BMP-4), even 
though this protein causes 0-2A/0PCs to differentiate into type-2 astrocytes'^ and 
is thought to act through receptor and signaling systems very different from those 
relevant to TH action. 0-2A/0PCs exposed to PDGF plus BMP-4 exhibited a signif- 
icant increase in fluorescence by 12 h (25 ± 11%; P < 0.05), and a highly significant 
increase (38 ± 13%; P = 0.004) after 18 h. Thus, exposure to inducers of differenti- 
ation caused an increase in rosamine fluorescence, indicative of an increase in oxi- 
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dative levels, independent of whether oligodendrocyte or astrocyte differentiation 
was being stimulated. 

We also noted that the changes in geometric means of rosamine fluorescence val- 
ues were associated with a redistribution of cells within the normal range of redox 
values, rather than an alteration of the range itself A lower mean is associated with 
more cells exhibiting low levels of rosamine fluorescence, while a higher value is as- 
sociated with a redistribution of cells to a more oxidatively active portion of the 
range. Thus, exposure to NT-3, bFGF, TH, and BMP-4 appears to alter intracellular 
redox profiles within a distribution that is otherwise tightly regulated as to its upper 
and lower boundaries. 

Further demonstration of the effects on redox state of NT-3 and TH, the two sig- 
naling molecules for which the best evidence for an in vivo role has been provid- 
gj 15,18,21 ^gg obtained by analysis of cells with the JC-1 dye, which provides 
information on mitochondrial inner membrance potential (AT). Treatment with TH 
for 18 h resulted in a 18 ± 11% decrease in AT (aggregate red:green fluorescence 
ratio; P < 0.05), indicative of a more oxidative state within the cells.^^ In contrast, 
treatment with NT-3 for 18 h was associated with a 16 ± 11% increase in AT (P < 
0.05), indicative of a more reduced state within the cells. 

Pharmacological Agents That Antagonize the Redox Effects of NT-3 and TH 
Also Antagonize Their Effects on Self-Renewal and Differentiation 

We next asked whether the effects of cell-extrinsic signaling molecules on self- 
renewal and differentiation could be blocked by pharmacological manipulation of 
redox state in the opposite direction to that induced by the signaling molecule itself. 
As the best evidence for an in vivo role of such compounds in 0-2A/OPC develop- 
ment has been provided for NT-3 and TH,'^''^'^' we specifically studied the action 
of these agents. 

Cells grown in the presence of PDGF supplemented with TH and NAC exhibited 
a similar profile of self-renewal to cells grown in the presence of PDGF alone, indi- 
cating that NAC countered the effects of TH. After 5 days, 60 ± 4.8% of clones con- 
sisted of only progenitor cells in cultures exposed to TH plus NAC, a proportion even 
greater than that observed in clones exposed only to PDGF (i.e., 43 ± 3.0%.). In con- 
trast, only 10 ± 1.4% of clones consisted entirely of progenitor cells when cells were 
exposed to PDGF plus TH alone. Progenitor cells were able to undergo more self- 
renewal when exposed to TH plus NAC, and the average clone size was 4.7 ± 1.1 
cells after 5 days (as compared with 2.1 ± 0.4 cells per clone in cultures exposed to 
PDGF plus TH). Just under half of the clones differentiated without division when 
TH was present, and 81 ± 10.8% of the clones in which at least one division occurred 
contained one or more oligodendrocytes. When NAC was also present, in contrast, 
only 30 ± 4.0% of clones consisted wholly of oligodendrocytes (and most of these 
clones consisted of a single oligodendrocyte), and only 17 ± 4.2% of clones in which 
at least one division occurred contained at least one oligodendrocyte. 

In complementary experiments, exposure of cells to PDGF plus 1 |aM BSO inhib- 
ited the ability of NT-3 to enhance self-renewal, in agreement with our observations 
that BSO antagonizes the NT-3-associated alterations in redox state. Clones grown 
in the presence of PDGF plus NT-3 showed an increase in self-renewing divisions as 
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determined by average clonal size (9.7 ± 1.2 cells), a 70% increase over control val- 
ues. In contrast, in cultures treated also with 1 |iM BSO, mean clone size after 5 days 
vi^as 2.2 ± 0.4 cells, and half of the clones were single cells that differentiated into 
oligodendrocytes in the absence of division. NT-3 exposure also was associated with 
a decrease in the proportion of clones containing at least one oligodendrocyte (36 + 
2.6% by day 5, as compared with 57 ± 3.0% in basal division medium). BSO inhib- 
ited this effect, and 74 ± 5.7% of clones contained at least one oligodendrocyte in 
cultures treated with NT-3 plus BSO. 

The above results indicate strongly that the redox alterations caused by NT-3 and 
TH are essential to the mechanism by which these cell-signaling molecules modulate 
the balance between self-renewal and differentiation. Because BSO inhibits glu- 
tathione production, thus making cells more oxidized, our results suggest that the 
ability of NT-3 to render cells more reduced is necessary for this signaling molecule 
to promote self-renewal. Similarly, the ability of NAC to protect against oxidative 
agents suggests that the increased intracellular oxidation associated with exposure 
to TH may be a necessary aspect of the mechanism by which TH enhances oligoden- 
drocyte generation. 

BALANCE BETWEEN SELF-RENEWAL AND DIFFERENTION IN 0-2A/ 
OPCs FROM DIVERSE CNS REGIONS REVEALS REDOX- 

ASSOCIATED, CELL-INTRINSIC DIFFERENCES 
IN TIMING OF MYELINATION 

A2B5^ Precursor Cells Isolated from P7 Rat Cortex, Optic Chiasm, and Optic 
Nerve Exhibit Identical Patterns of Response to Inducers of 

Astrocyte Generation 

One of the most critical means by which a precursor cell population is defined is 
by determining what kind of differentiated progeny it may generate. In particular, in 
respect to glial precursor cells of the CNS, the characterization of a novel A2B5'*' tri- 
potential glial-restricted progenitor (GRP) cell from embryonic spinal cord has 
demonstrated the importance of identifying the kinds of astrocytes to which a pre- 
cursor cell may give rise. GRP cells and 0-2A/0PCs differ markedly in their re- 
sponse to inducers of astrocyte generation. Specifically, GRP cells exposed to either 
fetal calf serum or bone morphogenetic proteins give rise predominantly to A2B5~ 
astrocytes with a flattened fibroblast-like morphology (i.e., type-1 astrocytes) while 
0-2A/0PCs exposed to these same inducers of differentiation give rise exclusively 
to A2B5+ stellate (i.e., type-2) astrocytes.^^'^'' 

Examination of the response of A2B5''" cells purified from cortex (CX), optic ch- 
iasm (OC), and optic nerve (ON) of P7 rats to 3 days of exposure to FCS or BMP-4 
confirmed that all of these populations were 0-2A/0PCs. All astrocytes generated 
expressed the stellate A2B5"*'GFAP"'" phenotype of type-2 astrocytes (as described 
previously for ON^^'^^) with no generation of type-1 astrocytes. All of these popu- 
lations also give rise to oligodendrocytes. 
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Optic Chasm 0-2A/0PCs and Cortex 0-2A/0PCs Differ from Optic Nerve 
0-2A/0PCS in Their Capacity to Undergo Self-Renewal When Grown 

in the Presence of Platelet-Derived Growth Factor 

Examination of the in vitro development of purified 0-2A/0PCs (ON), 0-2A/ 
OPCs (OC), and 0-2A/0PCs (CX) progenitor cells in cultures exposed to PDGF re- 
vealed that although all populations were responsive to this mitogen, strikingly dif- 
ferent patterns of differentiation were seen.^^ Both 0-2A/0PCs (OC) and 0-2A/ 
OPCs (CX) displayed much greater tendencies than 0-2A/0PCs (ON) to undergo 
self-renewing divisions (in contrast to generating nondividing oligodendrocytes). 

0-2A/0PCS (ON) grown in the basal growth conditions that we have previously 
described to promote cell division and allow oligodendrocyte generation for these 
cells (i.e., DMEM-BS/PDGF+, TH", as described in Ref 15) yielded results similar 
to those seen previously. In addition, 57 ± 11% (mean ± SEM) of clones of 0-2A/ 
OPCs (ON) contained at least one oligodendrocyte after 3 days of/« vitro growth in 
these conditions, and this proportion increased to 86 ± 8% after 6 days of in vitro 
growth and 94 ± 4% after 7 days of/« vitro growth. The percentage of oligodendro- 
cytes in these cultures was 21 ± 11% on day 3, 53 ± 15% on day 6, and 56 ± 15% 
on day 7. 

0-2A/0PCS (OC) exhibited markedly reduced generation of oligodendrocytes as 
compared with 0-2A/0PCs (ON). After 3 days of/« vitro growth, 25 ± 8% of clones 
of 0-2A/OPCS (OC) contained oligodendrocytes, less than half the value obtained 
for 0-2A/0PCS (ON). Even after 6 days of m vitro growth, only 36 ± 13% of clones 
of 0-2A/0PCS (OC) contained oligodendrocytes. Indeed, if we specifically exclud- 
ed those cells that differentiated in the absence of any division (and those yielded 
clones consisting of one oligodendrocyte), only 2 ± 1% of the clones of 0-2A/0PCs 
(OC) contained oligodendrocytes at this time point. The relative absence of oligo- 
dendrocyte generation at the clonal level was associated with a greatly reduced con- 
tribution of oligodendrocytes to the total culture of 0-2A/0PCs (OC) as compared 
with 0-2A/0PCS (ON). 

Self-renewal was even more enhanced, and generation of oligodendrocytes even 
more reduced, in populations of 0-2A/0PCs (CX) than in cells derived from the 
optic nerve or optic chiasm. In clones of 0-2A/0PCs (CX) grown in DMEM-BS/ 
TH", only 3 ± 2% of clones contained at least one oligodendrocyte after 3 days of w 
vitro growth, and this proportion increased only to 6 ± 6% after 7 days of in vitro 
growth. Even after 10 days of;« vitro growth, less than 20 ± 1% of 0-2A/0PC (CX) 
clones grown in PDGF contained one or more oligodendrocytes. Similarly, the over- 
all percentage of oligodendrocytes in 0-2A/0PC (CX) cultures was markedly lower 
in 0-2A/0PC (CX) clones than in clones of 0-2A/OPCs (ON) at all time points an- 
alyzed. The percentage of oligodendrocytes seen in clonal cultures of 0-2A/0PCs 
(CX) was <2% on days 3, 7, and 10 in these basal division conditions. Even in those 
clones that did contain oligodendrocytes, the proportion of oligodendrocytes in these 
clones was still low: these clones rarely contained more than one to two oligoden- 
drocytes regardless of the number of 0-2A/0PCs found within the clone. 

The ability of 0-2A/0PCs (CX) to undergo extended self-renewal when exposed 
to PDGF was associated with the generation of large clonal sizes and with division 
that continued for several weeks of/« vitro growth. 0-2A/0PCs (CX) isolated as sin- 
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gle cells and grown in the presence of PDGF for 10 days generated clones with av- 
erage sizes of 100 ± 16 cells/clone, a threefold expansion in clonal size over that 
observed on day 7. In contrast, clones derived from ON did not exhibit significant 
expansion in their numbers after day 7, at which time point the average clonal size 
was 7 ± 4 cells. Moreover, 0-2A/0PCs (CX) cells were capable of dividing for more 
than 6 weeks when exposed continuously to PDGF. 

The Differing Self-Renewal Potentials ofO-2A/OPCs (CX) and 0-2A/0PCs (OC) 
as Compared with 0-2A/0PCs (ON) Cells Appear to Be Due to 

Cell-Intrinsic Differences 

One possible explanation for the differing behaviors of 0-2A/0PCs from the dif- 
ferent CNS regions examined could be that cells that undergo more self-renewal se- 
crete a factor(s) that promotes this process and/or that precursor cell populations 
more likely to differentiate secrete a factor(s) that curtails self-renewal and promotes 
differentiation. To examine these possibilities, we first tested whether 0-2A/0PCs 
(CX) were secreting soluble factors that promoted self-renewal by growing 0-2AJ 
OPCs (ON) in the presence of 0-2A/0PCs (CX) and examining the generation of 
oligodendrocytes by the 0-2A/0PCs (ON). In converse experiments, we determined 
whether soluble factor(s) secreted by 0-2A/0PCs (ON) could enhance oligodendro- 
cyte generation by 0-2A/0PCs (CX). Cells were plated in ratios of 1:20, with the 
population to be examined in a smaller dot surrounded by a larger ring of the putative 
producers of a modulatory factor(s). (Cells in the dot numbered 800-1000; in the 
ring, 10,000-30,000.) As controls, we cultured both the 0-2A/0PCs (CX) and the 
0-2A/0PCS (ON) in the presence of other cells of the same type. To determine 
whether co-culture might alter the ability of one population to influence the behavior 
of the other population, we also grew the cells in medium conditioned by either pro- 
genitor population in the absence of coculture. 

We found that the likelihood of 0-2A/OPCs (CX) and 0-2A/0PCs (ON) under- 
going either self-renewal or differentiation into oligodendrocytes was unchanged by 
exposure to medium conditioned by the other cell type. Whether 0-2A/0PCs (CX) 
were grown in the presence of 0-2A/0PCs (ON), or in the two control conditions of 
either no additional cells or additional cortical cells, <2% of the cells differentiated 
into oligodendrocytes over 5 days of growth in DMEM-BS/TH", PDOF"*". Control 
cultures of ON-derived 0-2A/0PCs had a > 10-fold higher representation of oligo- 
dendrocytes than was seen in comparable cultures of 0-2A/0PCs (CX). Although 
growth in the presence of a larger number of either 0-2A/0PCs (CX) or 0-2A/0PCs 
(ON) was associated with a slightly lower representation of oligodendrocytes than 
occurred in noncoculture controls, the differences were not significant. 

Similar results to those in the above coculture experiments were obtained when 
0-2A/0PCS (ON) or 0-2A/0PCs (OC) were exposed to conditioned medium from 
either cells from the same or the comparative tissue. Cells derived from the ON ex- 
hibited extensive differentiation, while cells derived from chiasm exhibited exten- 
sive self-renewal. 
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0-2A/0PCS (OC) and 0-2A/0PCs (CX) Differ from 0-2A/0PCs (ON) in Their 
Responsiveness to TH and to Ciliary Neurotrophic Factor 

as Inducers of Differentiation 

We next examined the responsiveness of 0-2A/0PCs (OC) and 0-2A/0PCs (CX) 
to two well-characterized inducers of oligodendrocyte generation, TH and ciliary 
neurotrophic factor (CNTF),'^"'^ to determine whether these cells also differed 
from their ON-derived counterparts in their responsiveness to these signaling 
molecules. 

Both 0-2A/0PCS (OC) and 0-2A/0PCs (CX) were induced to generate oligo- 
dendrocytes by exposure to TH, but the extent of induction was markedly less than 
was observed in cultures of ON-derived cells. In OC-derived cells, TH exposure was 
associated with a marked reduction in the proportion of clones consisting only of O- 
2A/0PCS after 6 days of/n vitro growth (22 ± 9% in the presence of TH, 64 ± 13% 
without), as well as with a marked increase in the number of clones containing only 
oligodendrocytes (49 ± 9% in the presence of TH, 28 ± 5% without). The extent of 
oligodendrocyte generation that occurred in these cultures was less than that ob- 
served in ON-derived cultures, in which 14 ± 8% of the clones consisted only of pre- 
cursor cells at this time point in the absence of TH, and 6 ± 5% when TH was present. 

0-2A/0PCS (CX) were even less responsive to TH exposure than were 0-2A/ 
OPCs (OC), although the cortical cells did exhibit some TH responsiveness. Expo- 
sure of 0-2A/0PCS (CX) to TH for 7 days was associated with a marked increase in 
the generation of oligodendrocytes, with an eightfold increase in the percentage of 
clones containing only oligodendrocytes (2% vs. 16%) and a 3.5-fold increase in the 
number of clones containing at least one oligodendrocyte (16%o vs. 58%)). Still fur- 
ther increases in the proportion of clones containing at least one oligodendrocyte 
were seen after 10 days of m vitro growth in the presence of TH. At this time point, 
93 ± 2% of the clones contained at least one oligodendrocyte, thus confirming that 
the overwhelming majority of these clones were capable of generating oligodendro- 
cytes. Nonetheless, when compared directly with the extent of differentiation seen 
in cultures of 0-2A/OPCs (ON) grown in these conditions, it was apparent that even 
when grown in the presence of TH, cultures of 0-2A/OPCs (CX) were far less likely 
to exhibit extensive differentiation than was seen in the ON-derived cultures. For ex- 
ample, after 7 days of growth in the presence of TH, only 5 ± 2%. of the total 0-2A/ 
OPC lineage cells in 0-2A/0PC (CX) cultures were oligodendrocytes, as compared 
with >80% of cells in 0-2A/0PC (ON) cultures. 

CNTF also was able to induce oligodendrocyte generation in cultures of 0-2A/ 
OPCs (OC), but to a lesser extent than was seen in cultures of 0-2A/0PCs (ON). Af- 
ter 3 days of/« vitro growth in the presence of PDGF, 25 ± 8% of 0-2A/0PC (OC) 
clones contained oligodendrocytes. When CNTF was present in the cultures, 34 ± 
5%) of the clones contained oligodendrocytes. When grown in minimal division me- 
dium supplemented with CNTF for 6 days, 73 ± 8% of 0-2A/0PC (OC) clones con- 
tained oligodendrocytes in the presence of CNTF, as compared to only 36 ± 13%> of 
clones containing oligodendrocytes at this time point in the absence of CNTF. The 
proportionate representation of oligodendrocytes in these cultures was similarly 
modulated, such that 86 ± 6% of 0-2A/0PCs (ON) were oligodendrocytes after 6 
days of growth in the presence of CNTF, as compared with a 34 ± 11% representa- 
tion of oligodendrocytes in cultures of 0-2A/0PC (OC). Similarly, on day 6, 36 ± 
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13% of clones contained oligodendrocytes in the absence of CNTF, and 73 ± 18% of 
clones contained oligodendrocytes in the presence of CNTF. 

In contrast with effects on 0-2A/0PC (ON) and 0-2A/0PC (OC) populations, 
CNTF was far less effective at inducing oligodendrocyte generation in 0-2A/0PC 
(CX) cultures. When these cells were grown in the presence of CNTF for 7 days, ~2 
±1% differentiated into oligodendrocytes, as compared with a figure of < 1 ± 0% in 
cultures exposed to PDGF alone. The proportion of clones containing oligodendro- 
cytes in the absence and presence of CNTF was also approximately the same after 7 
days in culture (6 ± 6% in the absence of CNTF, and 7 ± 1% when CNTF was 
present). However, CNTF did have an effect on 0-2A/OPC (CX) cultures by reduc- 
ing cell numbers within a clone, presumably by slowing the rate of cell division. The 
average clone size in the presence of CNTF was 8 ± 2 cells, as compared with 31 ± 
9 cells in its absence. CNTF also seemed slightly to enhance differentiation induc- 
tion by TH. As mentioned above, the percentage of oligodendrocytes generated by 
0-2A/0PC (CX) after 7 days in vitro growth was 5 + 2% in the presence of TH and 
2+1%) in the presence of CNTF. In contrast, exposure to both factors induced 12 ± 
4% of 0-2A/0PC (CX) progenitors to become oligodendrocytes, a very marked in- 
crease over the value of 0.2 ± 0.2% observed in cultures growing in the presence of 
PDGF alone. 

Freshly Isolated 0-2A/0PCs (ON), 0-2A/0PCs (OC), and 0-2A/0PCs (CX) 
Exhibit Differences in Their Intracellular Redox States, with the Degree 
of Oxidation Correlating Inversely with the Capacity for Self-Renewal 

The differences between 0-2A/0PCs from ON, OC, and CX bear a striking re- 
semblance to the differences we found to be associated with the redox balance of 
ON-derived 0-2A/0PCs. As discussed earlier, in our studies on ON-derived cells, 
we found that freshly isolated 0-2A/0PCs that possessed a relatively reduced intra- 
cellular environment were most likely to undergo continued self-renewing divisions 
when grown in the presence of PDGF. In contrast, when grown in precisely the same 
conditions, cells that were more oxidized were more likely to differentiate into oli- 
godendrocytes in the absence of extensive in vitro division. Moreover, we found that 
pharmacological manipulation to make cells more reduced antagonized the differen- 
tiation-inducing abilities of TH. Thus, in several respects, the behavior of 0-2A/ 
OPCs (OC) and, to an even greater degree 0-2A/0PCs (CX), resembled the behavior 
of 0-2A/0PCs (ON) with a more reduced intracellular redox state. Therefore, to de- 
termine whether 0-2A/0PCs isolated from ON, OC, or CX differed in their intrac- 
ellular redox state in a manner consistent with their self-renewal characteristics, we 
labeled freshly isolated cells with rosamine and analyzed them by flow cytometry. 

0-2A/0PCs (CX) progenitors displayed significantly lower levels of oxidative 
equivalents (as determined by rosamine fluorescence) than either 0-2A/0PCs (ON) 
or 0-2A/0PCs (OC) {P < 0.05), indicating a more reducing intracellular environ- 
ment in 0-2A/0PCs (CX). Data from six independent trials were compiled and stan- 
dardized so that the fluorescence level of 0-2A/0PCs (CX) was set equal to 100 
units (±21 units SEM). In comparison, average fluorescence of 0-2A/0PCs (ON) 
progenitors was 207 ± 41 units, indicating greater oxidative turnover of the fluores- 
cent probe. 0-2A/0PCs (OC) had an intermediate level of mean fluorescence at 180 
± 39 units, significantly higher than the mean fluorescence of 0-2A/0PCs (CX). 



264 ANNALS NEW YORK ACADEMY OF SCIENCES 

This value was, in addition, lower than that for 0-2A/0PCs (ON), though not signif- 
icantly {P = 0.212). Thus, these results point to a trend in intracellular redox state 
between freshly isolated 0-2A/0PCs (CX), 0-2A/0PCs (OC), and 0-2A/0PCs 
(ON), such that those cells that undergo the most self-renewal (i.e., 0-2A/0PCs 
[CX]) were the most reduced, those that undergo the least self-renewal (i.e., 0-2A/ 
OPCs [ON]) were the most oxidized, and 0-2A/0PCs (OC) were intermediate both 
in respect to self-renewal and intracellular redox state. 

DISCUSSION 

The results presented point to a remarkable association between redox regulation 
and precursor cell function. In the first portion of these studies,^ we discovered that 
intracellular redox state modulation appears to be a central biochemical/molecular 
regulator of the balance between self-renewal and differentiation. In particular, re- 
dox state modulation satisfies all of the following criteria required to support such a 
conclusion: 

(1) The proposed regulator should be altered in its level and/or function by 
cell-extrinsic signaling molecules that modulate the balance between self- 
renewal and differentiation, with signaling molecules that have opposite 
effects on self-renewal and differentiation exerting opposite effects on the 
proposed regulator. 

(2) Alterations like those caused by exposure to these signaling molecules 
should have the same effect as the signaling molecules themselves. 

(3) Substances that antagonize the alterations in the regulator caused by the 
cell-extrinsic signaling molecules should block their effects on this 
balance. 

(4) Progenitor cell populations isolated from developing animals on the basis 
of the state of the proposed regulator should exhibit predictably different 
self-renewal characteristics consistent with the outcome of the other 
analyses. 

Identification of a biochemical/molecular regulator that meets all of the above 
criteria is a strikingly different outcome from past efforts to understand how the bal- 
ance between self-renewal and differentiation is controlled. For example, the stron- 
gest evidence for a protein that might represent such a regulator has been reported 
for the cyclin-dependent kinase inhibitor p27'^'P'. P27 levels progressively accumu- 
late as 0-2A/0PCS proliferate,^^ and 0-2A/0PCs isolated from p27"'" mice under- 
go more division than do wild-type cells.^^'''° Ectopic p27 expression, however, 
causes 0-2A/0PCs to undergo cell cycle arrest in the absence of differentiation,'" a 
different outcome from that of rendering dividing 0-2A/0PCs slightly more oxi- 
dized by exposure to TH or pharmacological prooxidants. Moreover, no data has 
been provided that p27 levels are predictive of self-renewal potential or that experi- 
mental alterations in p27 levels yield the characteristic outcomes caused by TH, NT- 
3, or redox manipulation. Thus, while p27 may be a part of the mechanism that mod- 
ulates the balance between self-renewal and differentiation, the evidence for intrac- 
ellular redox state as a central modulator appears to be more comprehensive. 

The second portion of these studies^^ initially were focused on what appeared to 
be a quite separate issue, that of whether differing times of myelination in different 
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regions of the CNS might in any way be associated with the properties of the resident 
precursor cell populations. Characterization of precursor cells for oligodendrocytes 
isolated from ON, OC, and CX of P7 rats has revealed that each of these populations 
expresses distinct biological properties. In particular, cells isolated from ON, OC, 
and CX of identically aged rats show marked differences in their tendency to under- 
go self-renewing division and in their sensitivity to known inducers of oligodendro- 
cyte generation. Precursor cells isolated from the CX, a CNS region where 
myelination is a more protracted process than in the ON, appear to be intrinsically 
more likely to begin generating oligodendrocytes at a later stage and over a longer 
time period than cells isolated from the ON, raising the possibility that the different 
time courses of myelination in these CNS regions may reflect different biological 
properties of the resident precursor cell population. 

It was striking that the redox state of 0-2A/0PCs from different CNS regions 
showed an excellent correlation with the properties expressed by cells of the ON in 
which redox state was experimentally manipulated. In particular, those cells with the 
greatest self-renewal potential (i.e., cortical 0-2A/0PCs), and the least response to 
inducers of oligodendrocyte generation, exhibited the most reduced redox state 
when examined as freshly isolated cells. 

Previous studies had already demonstrated that 0-2A/0PCs isolated from ani- 
mals of different ages can have different properties.^^"^^ The results described here 
extend such observations on heterogeneity to demonstrate that the CNS of early post- 
natal rats contains multiple 0-2A/0PCs that exhibit markedly different properties, 
both in respect to their intrinsic tendency to undergo self-renewing divisions and in 
their response to inducers of oligodendrocyte generation. These differences, which 
appear to be cell intrinsic and also appear to be correlated with intracellular redox 
state, indicate a previously unanticipated complexity of phenotypes among precursor 
cells that give rise to the same differentiated cell type. The characteristics of these 
populations are such as to be consistent with the hypothesis that differences in the 
timing of myelinogenesis may be due, at least in part, to the local utilization of oligo- 
dendrocyte precursor cell populations with ftindamentally different properties. 

One of the surprising findings to emerge from our studies was the extent to which 
self-renewal characteristics and response to inducers of differentiation differed in 
precursor cells that all give rise to oligodendrocytes and are isolated from postnatal 
animals of a single age. For example, 0-2A/0PCs isolated even from adjoining CNS 
regions, the ON and the OC, exhibited marked differences in their probability of un- 
dergoing differentiation when grown in the presence of PDGF sans inducers of dif- 
ferentation (such as TH and CNTF). Still more different from ON-derived cells were 
0-2A/0PCs (CX), which were able to undergo continuous self-renewal for many 
days when grown in basal division conditions, generating large clones of up to 300 
cells that consisted predominantly of 0-2A/0PCs and containing very few oligoden- 
drocytes. Even after 10 days of/« vitro growth in these conditions, the average clonal 
composition in 0-2A/0PC (CX) cultures consisted of 99.5% progenitors and 0.5% 
oligodendrocytes. The average clonal composition in 0-2A/0PC (ON) cultures at 
this time point, in contrast, was 37% 0-2A/0PCs and 63% oligodendrocytes. In- 
deed, OPCs (CX) derived from P7 rats could be maintained as dividing cells in basal 
division medium for at least 6 weeks (unpublished observations), a continuation of 
division that we have never observed in cultures of 0-2A/0PCs (ON) grown in these 
conditions. 
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The varied properties we have observed in different 0-2A/0PC populations could 
theoretically represent a developmental progression, for which the phenotype of O- 
2A/0PC (ON) cells represents the most mature pattern of behavior. While it is diffi- 
cult to rule out this possibility, some observations suggest that, at least for 0-2A/ 
OPC (CX) cells, this may not be true. As all cells were isolated from animals of the 
same age, invoking a developmental progression would require positing a different 
timing of this progression in each tissue, which would still make these populations 
biologically different from one another. Indeed, the fact that 0-2A/0PCs (CX) con- 
tinue to express their characteristic potential for continuous and extended self-re- 
newal even after 6 weeks of zn vitro growth suggests that if such a transition occurs, 
it may occur over quite a long time frame. In addition, 0-2A/0PCs (CX) derived 
from P13 CX remain far more prone to undergoing self-renewal than 0-2A/OPCs 
(ON) isolated from P7 animals (unpublished observations). For example, <20% of 
0-2A/0PC (CX) clones derived from P13 rats contained one or more oligodendro- 
cytes after 7 days of w vitro growth in the basal division conditions of DMEM-BS/ 
TH", PDGF+, as compared with a value of 94% for 0-2A/0PC (ON) clones from P7 
rats. The proportion of P13-derived 0-2A/OPC (CX) clones containing at least one 
oligodendrocyte was increased to 67% in the presence of TH, but even in these con- 
ditions only 25% of the cells in the cultures actually differentiated into oligodendro- 
cytes after 7 days (as compared with a value of 56% for 0-2A/0PC (ON) cells from 
P7 rats). Thus, it is possible that the CX-derived cells are continuously different from 
their counterparts isolated from other regions of the CNS. Considering prior sugges- 
tions that 0-2A/0PCS of the ON migrate into this tissue from the OC,'*^''''' however, 
we suspect it is more likely that the nerve and chiasm populations will be found to 
represent a developmental continuum. 

We suggest that our present results may be analogous with our earlier discovery 
that 0-2A/0PCs isolated from postnatal and adult ON express properties consistent 
with the physiological requirements of the tissue of origin.'*^^''''*^''*^ 0-2A/0PCs 
isolated from perinatal and adult ON (originally termed 0-2A/'^"™"'' and 0-2A'"'"" 
progenitor cells, respectively, in our earlier studies on these populations) differ in a 
number of characteristics. In contrast with the rapid cell cycle times (18 ± 4 h) and 
migration (21.4 ± 1.6 |im h"') of 0-2A/0PCs^''"'""'''progenitor cells, 0-2A/OPC- 
aduli progenitor cells exposed to identical growth conditions divide in vitro with cell 
cycle times of 65 ± 18 h and migrate at rates of 4.3 ± 0.7 \im h"'. Moreover, when 
grown in conditions that promote the differentiation into oligodendrocytes of all 
members of clonal families of 0-2A/0Pa'^"'""'''progenitor cells, 0-2A/0PC'"^"" 
progenitor cells exhibit extensive asymmetric behavior and continuously generate 
both oligodendrocytes and more progenitor cells.^^ In short, 0-2A/0Pa"'"'"'"'' pro- 
genitor cells express properties that might reasonably be expected to be required dur- 
ing early CNS development (e.g., rapid division and migration, and the ability to 
rapidly generate large numbers of oligodendrocytes). In contrast, 0-2A/0PC'"'''" 
progenitor cells express stem cell-like properties that appear to be more consistent 
with the requirements for maintenance of a largely stable oligodendrocyte popula- 
tion and the ability to enter rapid division, as might be required for repair of demy- 
elinated lesions.'*^''*^''*^ 

If it is correct that distinctive physiological requirements of tissues of dissimilar 
developmental ages are associated with different biological properties of their resi- 
dent precursor cells, then similar principles might apply also at a single physiologi- 
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cal age. In analogy with our proposal that the differences between 0-2A/0PC'"'"'' 
and O-IA/OPCP'^""""'' progenitor cells of the rat ON are reflective of the differing 
physiological requirements of tissue development and tissue homeostasis, we pro- 
pose that the differences that distinguish 0-2A/0PCs (ON), 0-2A/0PCs (OC), and 
0-2A/0PCs (CX) reflect differing physiological requirements of the tissues to 
which these cell contribute. For example, a variety of experiments have indicated 
that the 0-2A/OPC population of the ON arises from a germinal zone located in or 
near the OC and enters the nerve by migration.^^'^'' Thus, it would not be surprising 
if progenitor cells of the OC expressed properties expected of cells at a potentially 
earlier stage of development than those cells that are isolated from ON of the same 
physiological age. Such properties would be expected to include the capacity to un- 
dergo a greater extent of self-renewal, much as has been seen when the properties of 
0-2A/0PCs from ONs of embryonic rats and postnatal rats have been compared.^^ 
In respect to the properties of cortical progenitor cells, physiological considerations 
also appear to be consistent with our observations. The CX is one of the last regions 
of the CNS in which myelination is initiated, and the process of myelination also can 
continue for extended periods in this region.^-'"^^ If the biology of a precursor cell 
population is reflective of the developmental characteristics of the tissue in which it 
resides, then one might expect that 0-2A/0PCs isolated from this tissue would not 
initiate oligodendrocyte generation until a later time than occurs with 0-2A/0PCs 
isolated from structures in which myelination occurs earlier. In addition, cortical O- 
2A/0PCs might be physiologically required to make oligodendrocytes for a longer 
time due to the long period of continued development in this tissue, at least as this 
has been defined in the human CNS (see, e.g., Refs. 27 and 28). 

Our findings extend upon our previous analyses of oligodendrocyte development 
by demonstrating expression of tissue-specific properties as well as age-specific 
properties by cells that share the common property of being able to generate oligo- 
dendrocytes. Moreover, the observation that cell-intrinsic differences might be asso- 
ciated with different levels of responsiveness to inducers of differentiation adds a 
new degree of complexity to our understanding of the means by which the balance 
between self-renewal and differentiation is modulated in dividing 0-2A/0PCs once 
oligodendrocyte generation begins. We previously proposed that once this stage of 
oligodendrocyte creation is initiated, the regulation of differentiation is shifted from 
control by a cell-intrinsic biological clock to regulation by the environment.'^ Our 
present results suggest that the extent of environmental regulation that occurs is 
modulated by cell-intrinsic properties that modify responsiveness to environmental 
signals. 

It will be important to determine whether the differences we have observed will 
be associated with differing patterns and extents of oligodendrocyte production fol- 
lowing transplantation of these various populations in vivo. Although it is well es- 
tablished that transplanted 0-2A/0PCs can readily repair demyelinating damage 
(see, e.g., Refs. 8, 51, and 52), it might be that cells with the characteristics of 0-2A/ 
OPCs (CX) can generate a larger number of oligodendrocytes from each injected cell 
than would be the case for 0-2A/0PCs (ON), an outcome that would indicate a 
greater potential utility of 0-2A/0PC (CX)-like cells in such applications. 

Our results raise the intriguing possibility that at least one of the cell-intrinsic 
properties that regulate self-renewal and responsiveness to environmental factors is 
intracellular redox state. It seems particularly striking that the differences between 
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0-2A/OPC (CX), 0-2A/0PC (OC), and 0-2A/OPC (ON) populations are very much 
like differences we found being modulated by intracellular redox state in studies on 
purified ON-derived 0-2A/0PCs.^'^^ In this regard, we were particularly intrigued 
to find that the comparative redox states of these three populations were precisely as 
would be predicted from our other analyses. Such results make it seem an attractive 
hypothesis that cell-intrinsic mechanisms contributing to redox state modulation 
play an important role in regulating fundamental aspects of precursor cell function. 
If this is correct, then deciphering what these cell-intrinsic mechanisms might be 
should prove of considerable interest. 

Available data from the study of several biological systems provides strong rea- 
son to believe that redox modulation functions as a central integrator of multiple pro- 
cesses related to self-renewal and differentiation, rather than as a controller of a sin- 
gle unique downstream effector pathway. Many different signaling pathways appear 
to converge on regulation of redox state, and redox alterations can in turn modulate 
several different pathways of possible relevance in modulation of self-renewal and 
differentiation. Several components of the redox regulatory network can be altered 
by exposure of cell to such cell-extrinsic signaling molecules as neurotrophins,^^'^'* 
type 1 interferon,^^ stem cell factor,^* transforming growth factor-P,^^ inflammatory 
cytokines (see, e.g., Ref 58), and thyroid hormone,^^ and also by ras activation.^** 
Increased levels of oxidative stress can in turn induce elevations in proteins (such as 
the cyclin-dependent kinase inhibitor p21 *^"'^'P'; see Ref 61) and could potentially 
modify function of transcription complexes (such as AP-1; see Ref 62), thus affect- 
ing cell division and/or differentiation. In addition, intracellular redox state can itself 
impinge on many aspects of cell signaling (see, e.g., Ref 63 for review). In this con- 
text, one of the more intriguing aspects of our studies is the observation that what 
appear to be relatively small changes in intracellular redox state are associated with 
profound differences in cellular behavior. Such observations are consistent with 
findings that as little as a 10% decrease in average glutathione levels significantly 
decreases calcium influx in peripheral blood lymphocytes stimulated with anti-CD3 
antibody.^'' An ability of relatively small changes in redox state to modulate cell 
function would enable this fundamental component of cellular physiology to func- 
tion as a highly sensitive central rheostat that integrates cell-intrinsic states with cell- 
extrinsic signals. 
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ABSTRACT: Parkinson's disease (PD) is a common neurodegenerative disorder 
characterized by a progressive loss of dopaminergic neurons in the substantia 
nigra pars compacta. Recent observations linli cyclooxygenase type-2 (COX-2) 
to the progression of the disease. Consistent with this notion, studies with the 
dopaminergic neurotoxin l-methyl-4-phenyl-l,2,3,6-tetrahydropyridine 
(MPTP) show that inhibition and ablation of COX-2 markedly reduce the del- 
eterious effects of this toxin on the nigrostriatal pathway. The similarity be- 
tween this experimental model and PD strongly supports the possibility that 
COX-2 expression is also pathogenic in PD. 

KEYWORDS: inflammation; neurotoxicity; neurodegeneration; MPTP; Parkin- 
son's disease; reactive oxygen species; superoxide dismutase 

INTRODUCTION 

Inflammatory processes associated with an increased expression of cyclooxyge- 
nase (COX) and elevated prostaglandin Ej (PGE2) levels have been linked to a vari- 
ety of neurodegenerative disorders, including Parkinson's disease (PD), 
amyotrophic lateral sclerosis, and Alzheimer's disease.' COX, which converts 
arachidonic acid to PGH2, the prostaglandin precursor of PGE2 and several others, 
comes in eukaryotic cells in two main isoforms: COX-1, which is constitutively ex- 
pressed, and COX-2, which is inducible.^ COX-2 is rapidly upregulated at inflam- 
matory sites and appears to be responsible for the formation of proinflammatory 
PGs.-^ Thus, COX-2 may contribute to the neurodegenerative process that is seen in 
Parkinson's disease^ and that are the focus of this manuscript. 

COX-2 BRAIN LOCALIZATION: EMPHASIS ON THE 
NIGROSTRIATAL PATHWAY 

COX-2 mRNA or protein is usually not detectable outside of a handful of discrete 
areas of the brain, where it is found primarily in neurons.'*'^ COX-2 immunoreactiv- 
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ity is observed mainly in distal dendrites and dendritic spines and, apparently, exclu- 
sively in excitatory neurons such as glutamatergic neurons.'* Consistent with this 
description, we found no evidence of definite COX-2 immunoreactivity either in 
normal mice or in human postmortem dopaminergic structures at the level of both 
the substantia nigra and the striatum, which correspond to the site of origin and of 
projection of the nigrostriatal neurons. 

Conversely, COX-2 becomes expressed in most neurons following a variety of in- 
sults.^ To a much lesser extent, COX-2 can also be upregulated by injury and disease 
in astrocytes and, more rarely, in microglial and endothelial cells.^ These consider- 
ations are perfectly in agreement with our COX-2 immunostaining data in PD post- 
mortem samples and in the l-methyl-4-phenyl-l,2,3,6-trerahydropyridine (MPTP) 
mouse model of PD.^ Indeed, although we did not see clear COX-2 immunoreactiv- 
ity in any of the controls, except over the neurophil, strong COX-2 immunostaining 
was seen in cells in PD and MPTP midbrain samples. Almost all positive cells 
exhibited a neuronal morphology, and only a few resembled astrocytes. None ap- 
peared as microglial cells. By double immunostaining, we were able to show that the 
majority of COX-2-positive neurons in the MPTP mice were dopaminergic. Al- 
though Knott et al? have found more abundant astrocytic COX-2 immunoreactivity 
in PD samples than we have (which could be related to technical differences), the 
two studies appear to agree that the majority of COX-2-positive cells in PD brains 
are neuronal. 

COX-2 INDUCTION IN PD AND MPTP BRAINS 

Among the many factors capable of inducing COX-2 expression are found many 
inflammatory cytokines, such as tumor necrosis factor (TNF)-a and interleukin 
(IL)-ip, as well as glutamate through the activation of the NMDA receptor and, pre- 
sumably, inducible nitric oxide synthase (iNOS).^ Relevant to PD and its experimen- 
tal model MPTP are the demonstrations that many of the aforementioned factors are 
significantly increased in the cerebrospinal fluid and the substantia nigra in these 
two pathological situations.^ It is worth noting, however, that while COX-2 upregu- 
lation occurs mainly in neurons, the factors potentially responsible for this induc- 
tion, as suggested above, may emanate from glial cells. This raises the possibility of 
an interesting deleterious interplay between neuron and glia in which the first neuron 
to die in PD would trigger a glial response that would, by releasing proinflammatory 
factors, induce the expression of COX-2 in neurons, enhancing the susceptibility of 
dopaminergic neurons to the degenerative process. According to this scenario, COX- 
2 would not initiate the demise of dopaminergic neurons, but rather facilitate it. If 
one were to accept this scenario, one might wonder how COX-2 participates in the 
neurodegenerative process. In the most obvious scenario, upon COX-2 induction in 
dopaminergic neurons, these cells start to produce significant amounts of PGE2 that 
would amplify the glial response and the production of glia-derived deleterious me- 
diators such as reactive oxygen species and proinflammatory cytokines. Relevant to 
this hypothesis is our demonstration that following MPTP administration a robust 
glial response develops^ and that mitigating this reaction attenuates dopaminergic 
neuronal loss.^ At this point, however, we are not aware of any demonstration that 
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COX-2-derived PGEj plays a signaling role in linking injured neurons to the activa- 

tion of glial cells. 
Another route by which COX-2 could contribute to the progression of nigrostn- 

atal neurodegeneration is via the oxidation of dopamine by COX-2 and the conse- 
quent production of dopamine quinones. In this case, glia-derived inflammatory 
events would lead to COX-2 induction in neurons that would employ dopamine to 
generate reactive quinones.'^ These reactive dopamine quinones, which are widely 
known to react with nucleophiles,'' can bind covalently with cystein residues in pro- 
teins to form protein-bound 5-S-cysteinyl dopamine, a type of posttranslational 
modification that can seriously affect protein functions. 

A 

« V 

NaCI + NaCI Mel 2 + MPTP 

B 

• 
; ■■ * ' 

NaCI + MPTP 

FIGURE 1. Effect of meloxicam on MPTP-induced SNpc dopaminergic neuronal 
death. (A) In saline-injected control mice, there are numerous SNpc tyrosine hydroxylase 
(TH)-positive neurons. (B) In mice treated with MPTP (30 mg/kg subcutaneous injection), 
the number of SNpc TH-positive neurons is reduced. (C-E) In mice treated with both MPTP 
and meloxicam, there is a noticeable attenuation of SNpc TH-positive neuronal loss. Scale 
bar. 200 p.m. (Reproduced from Teismann & Ferger'^ with permission.) 
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TABLE 1. Effect of meloxicam on MPTP toxicity 

Saline 

MPTP + MPTP + MPTP + 
/[PTP + meloxicam meloxicam meloxicam 
saline (2 mg/kg) (7.5 mg/kg) (50 mg/kg) 

Tyrosine hydrox- 
ylase (cells/ 
section) 

Nissl (cells/ 
section) 

76 ±2 

94 ±2 

36 ±4* 

54 ±6* 

34 ±6* 

56 ±9* 

67±4# 69±3# 

99±3#       96±56±3# 

Dopamine 13.91 ± 0.73   2.21 ±0.40*   2.22 ± 0.53* 

DOPAC 0.99 ±0.06    0.23 ± 0.03*   0.31 ±0.04* 

HVA 1.30 ±0.07    0.53 ±0.06*   0.63 ± 0.08* 

5.01±0.47# 5.61±0.35# 

0.43±0.03# 0.39±0.03# 

0.84±0.05#   0.86±0.04# 

NOTE: Counts of tyrosine-hydroxylase positive neurons and Nissl in three sections at the third 
cranial nerve and dopamine, DOPAC, HVA content after saline or MPTP (30 mg/kg s.c.) in 
meloxicam (0, 2, 7.5, 50 mg/kg i.p.)-pretreated mice. *P < 0.05, fewer than saline-control mice. 
#P < 0.05, more than MPTP-injected mice and not different from control mice. Values are means 
± SEM (n = 8-12 per group). (From Teismann & Ferger;13 used with permission.) 

ROLE OF COX-2 IN THE MPTP MOUSE MODEL OF PD 

To demonstrate whether COX-2 actually plays a deleterious role in PD, we and 
other investigators have examined the effects of COX-2 inhibition on MPTP-induced 
dopaminergic neurotoxicity. In an earlier report, acetylsalicylic acid and salicylic 
acid provided protection against MPTP neurotoxicity in mice, whereas diclofenac 
failed to do so.''^ Because the failure to observe neuroprotection by diclofenac could 
be due to poor brain entry, we have revisited the issue using meloxicam, a specific 
COX-2 inhibitor with better brain penetration.*-' In this subsequent study, the au- 
thors found that MPTP caused a significant reduction in striatal dopamine levels as 
well as in dopaminergic neuron numbers in the substantia nigra, which was markedly 
attenuated by meloxicam (FIG. 1 and TABLE 1). In another MPTP study, mutant mice 
deficient in COX-2 were used instead of pharmacological inhibitors. This study gen- 
erated essentially the same outcomes.''* These latter data confirm the significant role 
of COX-2 in MPTP-induced neurodegeneration. 

CONCLUSION 

COX-2 has emerged as a potential pathogenic factor in several neurodegenerative 
disorders, including PD. Several studies have shown that COX-2 protein is upregu- 
lated in dopaminergic neurons in PD and in its experimental model, MPTP. Although 
the actual mechanism by which COX-2 is involved in the nigrostriatal neurodegen- 
eration remains to be elucidated, the fact that both the inhibition and abrogation of 
COX-2 in MPTP-treated mice attenuates significantly the loss of dopaminergic neu- 
rons provides compelling evidence of its role in the pathogenesis of PD. 
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NOTE ADDED IN PROOF 

Since the submission of this manuscript, we have published an article [Teismann, 
P., etal. 2003. Cyclooxygenase-2 is instrumental in Parkinson's disease neurodegen- 
eration. Proc. Natl. Acad. Sci. USA 100(9): 5473-5478] further supporting a critical 
role for COX-2 in both the pathogenesis and selectivity of the PD neurodegenerative 
process. In this paper, we show that COX-2 is upregulated in brain dopaminergic 
neurons of both PD and MPTP mice and that COX-2 induction occurs through a 
JNKc-Jun-dependent mechanism after MPTP administration. We demonstrate that 
targeting COX-2 does not protect against MPTP-induced dopaminergic neurodegen- 
eration by mitigating inflammation. Instead, we provide evidence that COX-2 inhi- 
bition/ablation prevents the formation of the oxidant species dopamine-quinone, 
which has been implicated in the pathogenesis of PD. 
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INTRODUCTION 

Parkinson's disease (PD) is characterized by motor symptoms due to substantial 
nigrostriatal dopamine (DA) loss (-80%). To investigate the neurochemical alter- 
ations that occur prior to motor symptoms, an early preclinical model of PD has been 
produced. Malonate was infused into one substantia nigra causing a partial, unilat- 
eral striatal DA depletion. HPLC analysis detected striatal DA loss (-50%) at 4 
weeks. Subtle behavioral changes, indicated by asymmetry of limb use, confirmed a 
DA imbalance.' Morphological analysis of the DA-depleted striatum showed en- 
hanced D2 DA receptor staining, signifying receptor upregulation due to partial DA 
loss;^ activated (cleaved) caspase-3, an indication of cellular homeostatic imbalanc- 
es; and 8-oxoguanine, a marker of oxidative nucleic acid damage. Further, alter- 
ations occurred specifically in the striatopallidal projection system, based upon 
coincident expression of enkephalin as a phenotypic marker of the efferents with the 
neurochemical markers. 

ANIMAL PREPARATION 

Twenty-eight male Sprague-Dawley rats (-225 g) were lesioned unilaterally us- 
ing malonate infusion (3 ixmoles in 1 \i\) into the right substantia nigra. Rats were 
killed 4 weeks after malonate infusions. 

HPLC ANALYSIS 

Striata were dissected, frozen on dry ice, and stored at -86°C until HPLC analy- 
sis.3 Striatal DA content was averaged (±SEM): intact 14.09 ± 2.22 ng/mg protein 
versus DA-depleted 8.01 + 3.38 ng/mg protein {P < 0.001, Ar= 14). DOPAC:DA ra- 
tios: intact 0.26 ± .03; DA-depleted 0.32 ± .07 (P = .008). 
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BEHAVIORAL ASSESSMENT 

Rat forelimb use was evaluated as described in Tillerson et al.' Comparisons be- 
tween ipsilateral (right side, DA-depleted) or contralateral (left side, intact) forelimb 
use as a percentage of total movements made were calculated, then averaged. 

MORPHOLOGICAL EXAMINATION 

Frozen brains (A^= 14) were cut at 10 |Xm in the coronal plane, mounted on slides, 
and fixed by immersion in freshly prepared 4% paraformaldehyde (in PBS) for 5 
min. The sections were processed for routine, double-labeled immunofluorescence 
to determine changes in striatopallidal (enkephalin-positive) striatal neurons on the 
intact versus the DA-depleted side. Image acquisition and analysis used methods de- 
scribed previously.^ 

FIGURE 1. Striatopallidal cleaved caspase-3 staining is found in the preclinical PD rat. 
Enkephalin can identify the projection system and shows the density and shape of medium 
spiny projection neurons in the intact (A) and DA-depleted (C) sides. Caspase-3 is cleaved 
in response to cellular stress and changes in homeostasis produced by DA loss. Cleaved 
caspase-3 levels were enhanced in DA-depleted (D) compared to backgrounds detected in 
glial cells in intact striatum (B). Many striatopallidal neurons express cleaved caspase-3 in 
the DA-depleted striatum (arrows in C, D). Calibration bar is 100 ]xm for all images. 
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RESULTS 

The preclinical PD rat provides a credible model of preclinical stages of PD. Rats 
have subtle behavior imbalances correlated to the partial striatal DA loss, which 
showed preferential use of the forepaw ipsilateral to the DA depletion (27.78%, 
29.44%, 31.67%) versus the intact side (11.67%, 8.89%, 5.56%) at 2 weeks, 3 
weeks, and 4 weeks postinfusion (A^= 9). Morphological correlates include slight el- 
evation in D2 DA receptor staining and significant {P < .001) elevation in expression 
of cleaved caspase-3 and 8-oxoguanine within the striatopallidal projection pathway 
ipsilateral to the nigrostriatal DA loss (FIGURE 1), evaluated using cellular luminos- 
ity histogram analyses.'* 

CONCLUSIONS 

These neurochemical enhancements were unexpected in light of the level (-50%) 
and duration (4 weeks) of the striatal DA loss. These findings suggest substantial 
postsynaptic (striatal) changes occur in the early stages of PD and provide a mecha- 
nism to evaluate initial neurochemical alterations that may be modified to retard or 
stop the insidious progression of PD. These results demonstrate the complexity of 
PD and caution our thinking of the disorder as principally dopaminergic in scope. 
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Impairment of dopaminergic neurotransmission can be primary, as in Parkinson's 
disease or secondary, as in Huntington's disease (HD). The secondary dopamine 
dysfunction is related to the progressive loss of the striatal neurons bearing the 
postsynaptic dopamine DI and D2 receptors. PET studies have shown a significant 
decrease, at an annual rate of 2-6.5%^, in striatal glucose metabolism' and in 
dopamine Dl and D2 receptor binding in both asymptomatic and symptomatic HD 
patients. 

Huntington's disease can be modeled by 3-nitropropionic acid (3-NP), which is an 
inhibitor of succinate dehydrogenase.^ It causes mitochondrial inhibition and striatal 
degeneration. We used in vivo PET studies to investigate 3-NP-induced acute and 
prolonged neurotoxic effects on striatal dopamine receptors and transporters in a rat 
model. 3-NP was administered twice a day at a dose of 10 mg/kg i.p. to eight rats 
(male Spraque-Dawley rats from Charles River Laboratories, average weight 300 g) 
until symptomatic gait was observed or for a maximum of 5 days. Imaging studies of 
dopamine Dl and D2 receptors and transporters were conducted before 3-NP admin- 
istration and 2 and 7 days and 4 and 16 weeks after 3-NP administration. To validate 
the striatal deficit, an additional PET study of glucose metabolism was done two days 
after the cessation of 3-NP using '*F-2-fluorodeoxy-D-glucose ('^F-FDG). Studies of 
dopamine Dl receptors were done using "C-SCH (Schoering 23660) as a tracer. 
Dopamine D2 receptors were imaged by '*C-raclopride, and dopamine transporters 
using 2p-carbomethoxy-3p-4-fluorophenyl tropane ("C-CFT). All the PET imaging 
studies were conducted using an in-house built tomographic instrument.'* 

FIGURE 1 shows PET studies conducted 2 days after 3-NP administration. The 
glucose study revealed large striatal lesions. At that time a moderate decrease of 
dopamine Dl and D2 receptor binding and an increase in dopamine transporter bind- 
ing were observed. After that, progressive decrease was observed in pre and post- 
synaptic dopamine receptor function (TABLE 1, FIG. 1). 
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TABLE 1. 3-NP-induced degeneration of the binding of striatal dopamine Dl and 
D2 receptors and transporters 

Percent change in the binding of dopamine 

Time after 3-NP Dl receptors D2 receptors Transporters 

2 days -4 ±2 -5 ±2 + 6 ±3 

4 weeks -24 ±8 -23 ±7 -10±3 

4 months -36 ±9 -33 ±8 -12±4 

FIGURE 1. Longitudinal follow-up studies of dopamine D2 receptors ("C-raclopride) 
and dopamine transporters ("C-CFT) after 3-NP toxicity. Coronal slices show the binding 
distribution at the midstriatal level. Study of glucose utilization with '^F-FDG shows large 
striatal lesions 2 days after 3-NP. 

Even though HD is associated mainly with the impairment of postsynaptic 
dopamine receptors as a result of neural loss,''^ dopamine transporter binding might 
have a significant role in predicting the time course of dopaminergic degeneration. 
We found temporal variation in dopamine transporter binding in the 3-NP rat model. 
A similar observation has been published in a quinolinic acid rat model.^ The reports 
of dopamine transporter function in HD patients include increased, unchanged, or 
decreased dopamine transporter binding.^-'' Altogether, these observations might 
present degeneration at different time points and might well support our observation 
of the transient mechanism. 
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INTRODUCTION 

In most developing neural systems, a natural cell death (NCD) event occurs that 
eliminates 50% or more of the neuronal population. One central neuronal population 
of particular interest consists of the dopamine (DA) neurons of the substantia nigra 
(SN), the population that degenerates to the greatest extent in Parkinson's disease. 
Of central interest to the neurobiology of this disease are the neurotrophic factors 
that support the viability of these neurons during development and that ultimately 
determine their number in the mature brain. There is evidence that NCD in dopamine 
neurons of the SN is regulated during development by interaction with their target, 
the striatum, but the neurotrophic factors that mediate this regulation are unknown. 
One candidate is glial cell line-derived neurotrophic factor (GDNF), which was 
originally identified on the basis of its ability to support the development of embry- 
onic mesencephalic DA neurons in culture.' However, little is known about the time 
course of developmental expression of GDNF and its receptor GFR a-1 in the devel- 
oping rat brain in relation to the time course of the postnatal NCD event. We there- 
fore examined GDNF and GFR a-1 expression to understand better the possible role 
of GDNF as a physiologic striatal target-derived neurotrophic factor in relation to the 
NCD event in SN DA neurons. 

RESULTS 

The expression levels of GDNF and GFR a-1 in the striatum and SN were studied 
by Northern analysis for rats at postnatal days 2, 6, 10, 14, and 28, as well as for 
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FIGURE 1. Developmental time course of GDNF mRNA expression in the striatum 
(A) and in the SN (B). Expression of GDNF is highest in the striatum at postnatal day 2 and 
progressively decreases after postnatal day 6. In the SN, GDNF mRNA also decreases after 
postnatal day 2 and shows a small plateau between postnatal days 10 and 14. 

adult rats. Northern blot analysis showed a single major band at 900 bp for GDNF, 
and two major bands were identified for GFR a-1, at about 4.0 and 8.0 kb. We ana- 
lyzed radioactive bands using a phosphoimager and expressed them as a relative per- 
centage of the radioactivity at postnatal day 2. Expression of GDNF is highest in the 
striatum at postnatal day 2 and progressively decreases after postnatal day 6 (FIG. 

1 A). In the SN, GDNF mRNA also decreases after postnatal day 2 and shows a small 
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FIGURE 2. Developmental time course of GFR a-1 mRNA expression in the striatum 
(A) and in the SN (B). Expression of GFR a-1 does not parallel that of GDNF. In the SN, 
expression of GFR a-1 is highest between postnatal days 14 and 28 and then decreases in 
adulthood. Expression of GFR a-1 in the striatum is biphasic, with peaks at postnatal day 2 
and postnatal days 10-14. 

plateau between postnatal days 10 and 14 (FIG. IB). However, expression of GFR 
a-1 does not parallel that of GDNF. In the SN, expression of GFR a-1 is highest be- 
tween postnatal days 14 and 28 and then decreases in adulthood. Expression of GFR 
a-1 in the striatum is biphasic, with peaks at postnatal day 2 and postnatal days 10- 
14 (FIG. 2). 
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CONCLUSIONS 

In both striatum and SN, GDNF mRNA expression is highest during the first 
postnatal week, suggesting that this is the time period when it is most likely to play 
a role in regulating dopamine neuron development. In the nigrostriatal axis, its ex- 
pression is highest in the striatum, most consistent with a role as a target-derived fac- 
tor. Nevertheless, abundant expression is also observed in the SN, suggesting that it 
may also have a local role in regulating development. 

The expression of GFR a-1 mRNA is also developmentally regulated, but its tem- 
poral pattern of expression is more complex and does not parallel that of GDNF. In 
the nigrostriatal axis, its expression is higher in SN than striatum, as would be ex- 
pected were SN DA neurons responsive to GDNF derived from the striatal target. 
However, in SN expression peaks at postnatal day 14, when GDNF striatal mRNA 
begins to wane. The reasons for this discrepancy are unknown. It is possible that 
GFR a-1 mRNA rises at postnatal day 14 as a compensatory response when compe- 
tition for striatum-derived GDNF becomes most intense. Alternatively, it is possible 
that SNpc neurons produce GFR a-1 for presentation to other neurons in traits.^ 
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Extracellular signal-regulated kinases (ERKs) are involved in regulating neuronal sur- 
vival, differentiation, and plasticity. Recent studies also indicate that ERKs can play a 
detrimental role in models of oxidative neuronal injury.'-^ Our previous studies 
showed discrete cytoplasmic accumulations of phophorylated ERKs (P-ERKs) in 
Parkinson's disease and other Lewy body diseases, and in 6-hydroxydopamine-treated 
neuronal cell cultures.^ As the effects of ERKphosphorylation are critically dependent 
upon subcellular localization and access to downstream targets, we investigated the 
subcellular distribution of P-ERKs in Lewy body disease using double-label confocal 
microscopy. The association of P-ERK granules with a subset of (sometimes enlarged) 
mitochondria suggests a potential interaction between mitochondrial function and the 
ERK signaling pathway in degenerating dopaminergic neurons. 

METHODS 

Substantia nigra sections from a diffuse Lewy body disease patient were stained 
for P-ERKs as described previously^ and then incubated with organelle-specific 
antibodies and appropriate Cy3-conjugated secondary antibodies. Negative controls 
included double labeling of sections substituting nonimmune mouse or rabbit IgG 
for the primary antibodies. The slides were observed using a Zeiss laser scanning 
confocal imaging system. 

RESULTS AND DISCUSSION 

Immunofluorescence staining showed coarse, granular, or vesicular-appearing 
accumulations of P-ERKs in substantia nigra neurons. The immunoreactivity of the 
P-ERKs was confined to the cytoplasm and did not colocalize with nuclear stains.-' 
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FIGURE 1. Double labeling of P-ERK (A) with the 60-kDa mitochondrial protein (B). 
In the overlap image (C), note that regions of colocalization (arrows) often appear as smaller 
punctate areas within the P-ERK profile. Enlarged mitochondria occasionally appear to be 
associated centrally within vesicular-appearing P-ERK profiles (star). 
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P-ERK granules were occasionally colocalized with the early endosome marker 
Rab5, but not with markers of the lysosome (cathepsin D), 20S proteasome (p sub- 
unit), or endoplasmic reticulum (cytochrome P450 reductase). P-ERK immunoreac- 
tivity was more commonly co-localized with 60-kDa (FIG. 1) and 110-kDa 
mitochondrial proteins, and with manganese superoxide dismutase. The areas of 
colocalization, verified by orthogonal analysis, usually appeared as smaller punctate 
areas within the P-ERK profile. A second type of association was also observed in 
which vesicular-appearing P-ERK accumulations appeared to envelop, rather than 
colocalize with, enlarged mitochondria (FIG. 1, star). 

Sustained activation of ERKs is associated with 6-OHDA toxicity in B65 (see 
Ref 2) and SH-SY5Y cell lines (C.T. Chu, unpublished data), and MEK inhibitors 
confer significant protection. P-ERK staining is cytoplasmic, attaining a discrete 
punctate appearance following commitment to cell death.^ Moreover, substantia ni- 
gra neurons in patients with the full spectrum of Lewy body diseases display 
unusual, discrete cytoplasmic, but not nuclear, accumulations of P-ERK immunore- 
activity.^ In this study, we found that the P-ERK granules can be associated with an 
early endosomal marker, but were more commonly associated with mitochondrial 
markers. 

Partial colocalization of a subset of P-ERK granules with an early endosome 
marker, Rab5, may reflect physiologic recruitment and assembly of Ras-ERK sig- 
naling cascades on endosomal surfaces.'' Recent evidence that ERKl can phospho- 
rylate Rab5 further suggests the possibility for cross-talk between the Ras-ERK 
signaling pathway and the endocytic machinery. 

Mitochondria are vulnerable to various insults and can undergo enlargement and 
structural disorganization, associated with decreased membrane potential and re- 
duced ATP production. The association of P-ERK granules with a subset of (some- 
times enlarged) mitochondria suggests a potential interaction between mitochondrial 
function and the ERK signaling pathway in dopaminergic neurons. P-ERKs have 
been reported to form signaling modules with other MAP kinases in cardiac mito- 
chondria.^ Alternatively, it is possible that these structures reflect sequestration of 
damaged mitochondria. 
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INTRODUCTION 

Neostriatal medium spiny neurons (MSNs) lose their dopaminergic (DA) inner- 
vation in Parkinson's disease (PD). This loss is followed by a cascade of events that 
ultimately changes the structure of MSNs and the activity of basal ganglia circuits, 
resulting in the development of PD symptomatology. The specific mechanisms lead- 
ing to MSN morphological change are not well understood but may involve 
glutamate hyperactivity.' Astrocytes provide trophic support for neurons and their 
associated synapses. They also possess receptor systems for recycling glutamate.^ 
With central nervous system insults, astrocytes react, presumably to restore homeo- 
stasis. However, once reactive, their ability to carry out normal supportive functions 
is impaired.^ In the present study, we examined the association between resident as- 
trocytes and MSN morphology after DA loss in a chronic mouse model of PD.'*'^ 

METHODS 

Adult C57/bl mice were treated with l-methyl-4-phenyl-1,2,3,6-tetrahydropyri- 
dine (MPTP) hydrochloride (25 mg/kg, sc in saline) and probenecid (250 mg/kg, ip 
in DMSO) or probenecid alone (controls) for 5 weeks (10 doses). All animals were 
assessed with an acceleration test on a rotarod; 3-5 weeks after treatment, the ani- 
mals were anesthetized (pentobarbital, 130 mg/kg) and perfused transcardially with 
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FIGURE 1. See following page for legend. 
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fixative; 300-|im slices through the striatum were cut alternately with 50-|im sec- 
tions. In slices, neurons counterstained with DAPI (0.001%) were iontophoretically 
injected with biotinylated Lucifer yellow. Slices were then resectioned (40 lira) and 
reacted with nickel-enhanced DAB. Adjacent sections were immunoreacted for ty- 
rosine hydroxylase (TH) or glial fibrillary acidic protein (GFAP). Reconstructed in- 
tracellularly filled neurons were morphometrically analyzed, and the density of 
GFAP-immunopositive (+) cells and fibers was studied. Control and treated groups 
were compared with standard statistics. 

RESULTS AND DISCUSSION 

When compared to controls, MPTP/probenecid (MPTP/p)-treated mice were sig- 
nificantly impaired on the rotarod {P < 0.01), and showed reduced striatal TH inner- 
vation and few TH+ neurons in the substantia nigra (FIGS. 1A,B). MSNS 

(FIGS. 1C,D) did not differ between groups in dendritic length, surface area, or spine 
density. However, distal dendrites were significantly more tortuous (P < 0.05), had 
fewer spines (P < 0.05), and tended (P = 0.1) to be longer in MPTP/p mice than in 
controls. As for astrocytes, GFAP-l- cells typically had short, fine processes in con- 
trols (FIG. IE), but numerous long, thick extensions (FIG. IF), typical of reactive as- 
trocytes, after MPTP/p treatment. GFAP+ cell and fiber densities were significantly 
increased (P < 0.01) by 40% and 36%>, respectively, compared to controls. 

Morphological change seen in experimental models of PD appears to depend 
upon the severity of DA depletion and, as data here suggest, changes in resident as- 
trocytes. Complete 6-OHDA lesions produce atrophy and major spine loss.^-'' How- 
ever, more partial lesions remodel distal dendrites with little spine loss (present 
results and Meredith et al?). Astrocytes, which are vital for brain homeostasis be- 
cause they clear glutamate and influence calcium dynamics,^ proliferate after injury 
and release growth factors. Such factors may help maintain the integrity of dendrites, 
especially small distal processes vulnerable to calcium overload.^ Nevertheless, stri- 
atal glutamate levels rise following DA loss,^'^ and astrocytes, once reactive, essen- 
tially lose their ability to recycle it.^ They also activate microglia that produce pro- 
inflammatory cytokines.^'^ In PD, astrogliosis is rarely observed in the striatum, yet 
postmortem studies show that striatal neurons are severely altered structurally.'^ 
This may mean that inflammation occurs early in the disease process, a hypothesis 
that is strongly supported by the present results. 

FIGURE 1. TH immunoreactivity in the midbrain of (A) probenecid control and (B) 4 
weeks post-MPTP/probenecid-treated mouse. (C) Intracellularly injected MSN of an 
MPTP/probenecid-treated mouse and (D) its digitized reconstruction. Note the sparse spines 
on dendrites {arrows). Typical astrocytes in (E) control and (F) MPTP/probenecid-treated 
striata. Note numerous fine processes {arrows) in (F). Scale bars: A,B = 200 |im, C = 20 |tm, 
E,F= 10|lm. 
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The role that intracytoplasmic a-synuclein (a-syn) inclusions including Lewy bod- 
ies (LBs) and Lewy neurites (LNs) play in the neurodegenerative process in Parkin- 
son's disease (PD) and dementia with Lewy bodies (DLB) remains controversial. 
Whether they are a primary insult that begins a cascade towards eventual neuronal 
death or a secondary adaptive response is still debated. Recently, we have published 
three lines of evidence suggesting that LNs, and the interruption of axonal transport 
that they may engender, is an integral component in this neurodegenerative process. 
First, with novel antibodies to a-syn, we have demonstrated a burden of neuritic pa- 
thology in PD, DLB, and concomitant DLB and AD (AD/DLB) that is far greater 
than previously recognized.' In this report, we documented a large, previously un- 
recognized burden of neuritic pathology in the striatum of the Lewy body disorders. 
Moreover, with immunofluorescent double labeling we were able to confirm that at 
least some of the neuritic aggregates were located within axons of nigrostriatal path- 
way neurons. In addition, we have also examined the burden of this pathology in the 
cerebral cortex of the Lewy body disorders. When we performed a similar semi- 
quantitative analysis of neuritic burden in the cingulate cortex from patients repre- 
senting the complete range of synucleinopathies as well as several control groups, 
we observed a similar density pattern to what we observed in the striatum. Specifi- 
cally, the highest density was seen in cases of AD/DLB, followed by DLB, and then 
PD; little or no pathology was seen in multiple system atrophy, AD, progressive su- 
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FIGURE 1. Independent semiquantitative analysis of Lewy neurite (LN) density and 
Lewy body (LB) density was performed on the anterior cingulate gyrus from 53 patients 
with DLB/AD, DLB, or PD. Sections were immunostained with an anti-synuclein mono- 
clonal antibody, Syn 514.' The following assessment strategy was used to estimate the den- 
sity of a-syn inclusions: 3 = frequent; 2 = moderate; 1= sparse; and 0 = few to none. When 
the density of LN (x axis) in the cingulate cortex is correlated with LB density (y axis) in 
the same cortex, a correlation of/?^ = 0.906, P < 0.0001 is achieved. Numbers represent the 
numbers of cases at each data point. 

pranuclear palsy, corticobasal degeneration, idiopathic striatonigral degeneration, 
and normal controls. In addition, we performed a semiquantitative analysis of the 
abundance of neuritic pathology and an independent assessment of LB density in the 
cingulate cortex of 53 cases of AD/DLB, DLB, and PD and found a strong correla- 
tion (R^ - 0.906, P < 0.0001) (FIG. 1) between the two. Taken together with many 
recent studies correlating cortical LB density and the dementia of LB disorders,^^ 
it is reasonable to hypothesize a similar correlation between cortical neurite density 
and dementia. 

The second line of evidence supporting the role of neuritic dystrophy in LB dis- 
orders is the observation that neuritic aggregates are the predominant pathology in a 
case of familial PD from the Contursi kindred with a pathogenic A53T mutation in 
the a-syn gene.^ We reexamined the initial autopsy from the kindred^ using a-syn 
and tau immunochemistry and found an overwhelming burden of neuritic pathology 
and virtual absence of LBs in this patient. This patient is particularly interesting in 
that he died an accidental death prior to the end stage of the disease and therefore 
gives us a pathological "snapshot" earlier in the disease process. When compared to 
the pathology at the end stage of this kindred in other cases (unpublished results and 
personal communication with Dr. D.W. Dickson) that have more typical PD pathol- 
ogy, it is tempting to postulate widespread neuritic pathology as an early pathologi- 
cal aberration. 

Finally, we have developed an A53T transgenic mouse model that displays an 
age-dependent neurodegenerative process that includes development of primarily 
neuritic a-syn aggregates and a concomitant motor phenotype with rapid progres- 
sion to paralysis and death.^ The close temporal association between the develop- 
ment of a-syn aggregates and the onset of the motor phenotype in these mice support 
a pathogenic role for these inclusions and allow us to examine the consequences of 
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neuritic inclusions. With a-syn immunoelectron microscopy of the ventral roots of 
affected mice, we are able to confirm the deposition of fibrillar a-syn aggregates 
within the axonal compartment; the intraaxonal accumulation of vesicles, mitochon- 
dria, vacuoles, and neurofilaments, suggesting an interruption of axonal transport; 
and axonal degeneration. Therefore, it is possible to hypothesize that intraaxonal ag- 
gregates are an early component of the disease process and lead to an interruption of 
axonal transport with resultant axonal degeneration that is the ultimate pathological 
cause of the motor phenotype observed in these animals. 

Collectively, these observations engender a "neuritic dystrophy hypothesis" of 
pathophysiology for the Lewy body disorders wherein various environmental, genet- 
ic, or intrinsic factors cause a conformational change in the structure of a-syn to P- 
pleated sheet and a propensity to aggregate into pathological inclusions. These in- 
clusions can occur in the cell soma as LBs or in the axonal compartment and grow 
in size by accumulating additional a-syn and trapping other proteins and/or or- 
ganelles. In the axonal compartment, these inclusions expand until they congest the 
axonal compartment, resulting in an interruption of axonal transport. This cessation 
of axonal transport disallows distal axonal viability and eventually leads to axonal 
degeneration with the possibility of resultant neuronal degeneration. Further exam- 
ination of the human diseases as well as many of our current models of the Lewy 
body disorders may improve our understanding of the role of neuritic dystrophy and 
eventually lead to novel therapeutic interventions to prevent disease progression in 
these disorders. 
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INTRODUCTION 

Systemic administration of the neurotoxicant MPTP (I-methyl-4-phenyl-I,2,3,6- 
tetrahydropyridine) to C57 BL/6J mice and squirrel monkey (Saimiri sciureus) leads 
to the destruction of nigrostriatal dopaminergic neurons, the depletion of striatal 
dopamine, and the onset of parkinsonian features including bradykinesia. Interest- 
ingly, both mice and nonhuman primates demonstrate neurochemical and behavioral 
recovery from this neurotoxic-induced injury to the basal ganglia. The molecular 
mechanisms underlying neuroplasticity in these models are not fully understood. 
The focus of our studies is to elucidate the molecular, morphological, and neuro- 
chemical basis for recovery including interventions, such as exercise, that may en- 
hance recovery. 

METHODS 

Male 8-week-old mice were administered MPTP in a series of four injections (20 
mg/kg, ip, free-base, every 2 h). Brain tissue was collected at postlesion days 7, 14, 
30, 60, and 90. Another group of mice were subjected to treadmill exercise starting 
4 days after MPTP lesioning, recording velocity and duration (maximum 1 h). Brain 
tissue was collected after 30 days of treadmill training. Squirrel monkeys were ad- 
ministered MPTP in a series of six injections (2 mg/kg, sc, free-base, 2 weeks be- 
tween each injection). Motor behavior was assessed using a modified Parkinson's 
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FIGURE 1. Time course analysis of striatal dopamine function after MPTP lesioning 
in the C57 BL/6J mouse. (A) HPLC analysis of striatal dopamine levels (N = 6 per time 
point). Western immunoblot analysis of (B) striatal TH protein and (C) striatal DAT protein. 
Asterisks indicate significant difference (P < 0.05) based on one-way ANOVA compared to 
saline control (N=6 per time point). 

rating scale for the squirrel monkey. Brain tissue was harvested at either 6 weeks or 
9 months after the last injection of MPTP. 

RESULTS 

At 7 days postlesioning, mice had a 90% depletion of striatal dopamine (by 
HPLC analysis) and a 70% loss of nigrostriatal neurons (by unbiased stereological 
counting techniques). Analysis of the time course of striatal dopamine showed return 
to near prelesioned levels 90 days after injury (FIG. lA). Expression of striatal ty- 
rosine hydroxylase (TH) and dopamine transporter (DAT) protein (by Western im- 
munoblotting) showed return to within 15% of prelesioned levels by 90 days 
postlesioning (FIGS. 1B,C). 

Analysis of the time course of motor behavior in squirrel monkeys showed a re- 
versal of motor deficits to prelesioned levels 12 weeks after the last injection of 
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FIGURE 2. The time course of motor behavior in the MPTP-Iesioned squirrel monkey. 
(A) Analysis using a clinical rating scale indicates the recovery of motor deficit 12 weeks 
after the last injection of MPTP (A^ = 4 animals per group). (B) Immunocytochemical anal- 
ysis of TH protein in the caudate nucleus (CN) indicates severe depletion at 6 weeks after 
the last injection of MPTP but only partial return 9 months after the last injection of MPTP. 
The upper three panels in B are derived from the dorsal caudate nucleus, while the lower 
three panels are derived from theuppermost dorsal-lateral quadrant of the caudate nucleus/ 
white matter junction. The scale bar in upper right panel represents 1 mm. 



JAKOWEC et al.: NEUROPLASTICITY IN MPTP-LESIONED ANIMALS 301 

MPTP (FIG. 2). The expression of TH and DAT proteins in the caudate and putamen 
showed a 90% depletion at 6 weeks but returned to only 35% of prelesioned levels 
at 9 months. Despite the partial recovery of TH, monkeys demonstrated normal mo- 
tor behavior. Unbiased stereological analysis of SNpc neurons based on TH immu- 
noreactivity with Nissl substance staining in both parkinsonian (harvested at 6 
weeks postlesioning) and recovered (harvested at 9 months postlesioning) monkeys 
is being used to determine if there is a significantly different number of midbrain 
dopaminergic neurons between these groups (Petzinger et al., in preparation). 

In the treadmill exercise paradigm, MPTP-lesioned mice showed enhanced be- 
havioral recovery. After 30 days of exercise, both velocity and endurance reached 
levels similar to the normal exercise animals. Molecular analysis of the exercised 
MPTP-lesioned animals showed suppression of striatal DAT protein compared to the 
nonexercised MPTP-lesioned control group. Immunoelectron microscopy analysis 
showed that MPTP alone increased the density of nerve terminal glutamate and that 
exercise reversed this increase (Fisher et al., in preparation). 

DISCUSSION 

Resuks from these studies show that both TH and DAT protein return participate 
in behavioral recovery after MPTP lesioning. The partial return of TH and DAT pro- 
tein in the squirrel monkey in conjunction with the complete behavioral recovery 
suggests that nondopaminergic systems may be involved in neuroplasticity after in- 
jury to the basal ganglia. One important system may involve glutamate. 

The treadmill exercise paradigm shows that exercise alters both the glutamatergic 
and dopaminergic systems as part of neuroplasticity in the injured basal ganglia. 
These alterations that accompany behavioral recovery can take place at either the 
molecular level (DAT protein expression) or morphological level (changes in 
glutamate density of nerve terminal glutamate immunolabeling). Ongoing studies 
indicate that expression of TH and dopamine receptors (Dl and D2 subtypes) are 
also altered in our exercise paradigm (Fisher et al., in preparation). 

The elucidation of the molecular mechanisms underlying neuroplasticity in the 
MPTP-lesioned mouse and nonhuman primate will identify novel therapeutic targets 
and will provide insight into the application of current strategies including 
transplantation. 
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Filterable nocardiae, morphologically identical to lipochrome bodies in Parkinson's 
disease,' are not gram-positive bacteria isolated from broth cultures of Nocardia as- 
teroides by filtration.2'^ They fluoresced brilliantly green-yellow under ultraviolet 
light when stained with acridine orange and were strongly periodic acid-Schiff stain 
(PAS) positive on day 1 of incubation in broth cultures. They became acid fast after 
day 2 of incubation. The 5-h cultures were used as inoculum for the experimental 
infection. The 14-h cultures were used as antigen for the preparation of anti-filter- 
able nocardiae antiserum according to the modified method.'' 

After the mice were innoculated via the tail vein, they appeared to be healthy and 
to move as quickly as control mice. By early in month 5, the mice were moving slow- 
ly. When the tail was picked up, they failed to respond abruptly, and when they did 
move, they moved slowly. They appeared to have difficulty with a particular motion, 
the twisting of the body trunk, at month 5. At month 6, they hung limply when sus- 
pended. Soon after, they bent their backs and held their forepaws, assuming a pecu- 
liar posture, resembling sleeping bats, which they maintained. 

Their brains were collected, fixed, and embedded in paraffin. Serial coronal sec- 
tions were prepared. The sections were stained forNissl substance with cresyl violet 
for dopamine neurons with anti-tyrosine hydroxylase antibody,^ or for filterable no- 
cardiae with carbolfuchsin, PAS, and anti-filterable nocardiae antiserum. The mid- 
brain section revealed that the pars compacta dopamine neurons were severely 
damaged at month 5 and lost bilaterally at month 6. Filterable nocardiae were dem- 
onstrated as acid-fast particles within many macroglia in nearby sinusoidal vessels 

Address for correspondence: S. Kohbata, Department of Microbiology, Gifu University 
School of Medicine, Tsukasa-machi 40, Gifu City, Gifu 500-8076, Japan. Voice: 81-582-65- 
1241; fax: 81-562-67-0156. 

skohbata@cc.gifu-u.ac.jp 

Ann. N.Y. Acad. Sci. 991: 302-303 (2003). © 2003 New York Academy of Sciences. 

302 



KOHBATA & KADOYA: EXPERIMENTAL INFECTION BY Nocardia asteroides 303 

of the midbrain. These were apparent early in month 5 and continued to be evident 
during the month. At month 6, they were seen as immunoreactive deposits within 
many macroglia distributed through the substantia nigra. The acid-fast filterable no- 
cardiae, observed early in month 5, are reminiscent of acid-fast lipochrome bodies 
in the early phases of Parkinson's disease.' The immunological detection of filter- 
able nocardiae in Parkinson's disease is now under study.^ Filterable nocardiae were 
also detected as immunopositive deposits within many macroglia distributed through 
the substantia nigra at week 5, but they were not detected later. 

Filterable nocardiae, which may be able to invade the midbrain substantia nigra, 
were probably eliminated by host immune responses. Reinvasion of the midbrain by 
filterable nocardiae, early in month 5 through month 6, indicates their extraneural 
focus of infection rather than their neural persistence in host tissues. 

The results suggest that an infection of the midbrain with filterable nocardiae may 
occur and cause the severe damage of the pars compacta dopamine neurons related 
to the movement disorder. 
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Parkinson's disease is a neurodegenerative disorder involving the progressive 
dopaminergic degeneration of the nigrostriatal pathway. A major obstacle in the pre- 
vention and treatment of this disease is determining the cause of degeneration. Many 
studies have linked oxidative stresses, such as those arising from dysfunctional 
mitochondria, as playing a role.' Additionally, compounds such as 6-hydroxy- 
dopamine (6-OHDA) also cause oxidative stresses by accumulating in dopaminergic 
neurons, oxidizing, and producing free radicals and hydrogen peroxide. Interesting- 
ly, 6-OHDA selectively harms dopamine cells of the substantia nigra but not those 
of the ventral tegmental area. 

Several studies of dopaminergic neurotoxins have been performed in whole 
animal models and in dissociated cell culture, but none in organotypic cultures. 
Therefore, we propose to study dopaminergic cell death in cortex-striatum-substan- 
tia nigra organotypic cultures prepared from PI-3 rats. Organotypic cultures provide 
a useful intermediate between dissociated cell cultures and in vivo models because 
(1) they possess mature dopaminergic neurons and supporting glial cells; (2) they 
form synaptic connections; (3) they are relatively long-lived; and (4) they retain the 
simplicity of in vitro systems. In our organotypic culture, adapted from Plenz and 
Kitai,^ the slices were grown for 18-23 days before experimentation. 

Prior to 6-OHDA application, slices were stained with 5,7-dihydroxytryptamine 
(DHT). DHT is a fluorophore selectively taken up by dopaminergic cells via the 
dopamine transporter without displaying any visible toxic effects. DHT was used to 
locate and quantify the number of dopaminergic cells in live slices. Moreover, prior 
to 6-OHDA application, the viability of the slice was examined with propidium 
iodide (PI), a fluorophore that stains dead cells. Slices were excluded from the study 
if the initial amount of PI staining was high. After PI and DHT staining, 6-OHDA 
was applied, then washed extensively, and returned to the incubator. After 6-OHDA 
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*v 

■^li.; 

FIGURE 1. Cortex-striatum-substantia nigra organotypic cultures were treated with 
media or 200 jlM 6-hydroxydopamine for 1 hour, washed, and evaluated 7 days after treat- 
inent. Cultures were fixed and immunostained for tyrosine hydroxylase (TH) and then visu- 
alized with Alexa Fluor 488 conjugate. Control treatment cultures in A, B, and C illustrate 
TH cell bodies in the substantia nigra and innervating processes into the striatum. Cells bod- 
ies and processes are bright and intact. D, E, and F illustrate altered TH staining 7 days after 
6-OHDA treatment. The TH staining is diffuse and less associated with cell bodies and 
processes. 
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treatment, the slices were examined with PI staining to assess nonspecific death and 
then fixed for immunohistochemical determinations. 

Control slices illustrated in FIGURE 1A, B, and C show bright, intact tyrosine 
hydroxylase (TH)-positive cell bodies in the substantia nigra with processes inner- 
vating the striatum. The PI staining of control slices is nearly undetectable (data not 
shown). With high 6-OHDA concentrations (5 mM) for short exposure times (15 
minutes), gross injury was evident by the detachment of the slice from the substrate. 
The determined amount of 6-OHDA applied to the slice to produce low nonspecific 
death was 200 |J,M for 1 hour; the slice was then visualized 7 days post stimulus with 
PI staining (data not shown). FIGURE ID, E, and F show a type of TH staining very 
different from that of the control. There is an overall loss of TH staining in the 
substantia nigra and striatum, which is diffuse and less associated with cell bodies 
and processes. This altered pattern of staining may be indicative of a selective injury 
process. Also, this altered pattern of TH staining after 6-OHDA is not what we 
expected on the basis of studies in vivo and in dissociated cell cultures where TH 
staining is lost using this kind of injury paradigm. Moreover, it is difficult to do an 
objective quantitative assessment of this kind of rearrangement of staining using 
simple measures of fluorescence intensity. 

In conclusion, we have demonstrated that a change occurs in TH staining with 
low nonspecific cell death that may reflect selective dopaminergic injury after 6- 
OHDA. However, additional studies, perhaps with other markers of cell injury, will 
be necessary to establish whether alterations in TH staining following 6-OHDA 
actually reflect cell injury. 
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Neuronal death during development appears to be a key event for the maturation of 
the nervous system. The mechanisms underlying developmental death are poorly 
understood, although several in vitro studies have suggested the involvement of 
oxidative stress.' As shown in FIGURE 1, oxidative stress in neurons (e.g., dopamin- 
ergic) can be mediated by reactive oxygen species (ROS) that induce cellular dam- 
age such as lipid peroxidation (lipid byproducts derived from the breakdown of 
polyunsaturated fatty acids). Oxidative stress may also involve nitric oxide 
metabolism. ROS can be scavenged by the antioxidant enzymes superoxide dismu- 
tase, catalase, and glutathione peroxidase (GPx),^ which are usually activated during 
periods of oxidative stress. High oxidative stress exceeds the capacity of antioxidant 
enzymes and leads to ROS-induced cellular damage, particularly lipid peroxidation. 
On the contrary, when the activity of these enzymes is upregulated sufficiently, the 
amount of lipid peroxidation is kept at a low level (FIG. 1). 

Developmental apoptotic death of dopamine neurons in the rat substantia nigra 
occurs mainly around birth, with a major peak at postnatal day (P) 3.^ Understanding 
intrinsic mechanisms causing developmental apoptotic death that is not induced by 
external insults (e.g., neurotoxins) may shed light on the causes of apoptotic death 
of nigral dopamine neurons in Parkinson's disease, because the same mechanisms 
may mediate the premature loss of nigral dopamine neurons in Parkinson's disease. 
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FIGURE 1. (Upper panel) Antioxidant treatments during the perinatal period in- 
creased antioxidant enzyme activities (black boxes) and decreased the level of lipid peroxi- 
dation likely due to a decrease in reactive oxygen species (ROS). (Lower panel) Lowering 
oxidative stress as well as nitric oxide formation did not change the level of developmental 
cell death of nigral dopamine neurons (deprenyl, 0.1, 1, and 10 mg/kg; a-tocopherol 1 g/kg; 
L-NAME, 60 mg/kg; 7-NI, 30 mg/kg; « = 5-10 per group, P > 0.05). 

Although adult nigral dopaminergic neurons are destroyed by neurotoxins that 
induce oxidative stress,^ the involvement of oxidative stress in developmental 
apoptosis of these neurons has remained an open question. To address this question, 
we used two complementary approaches: (1) to compare the level of oxidative stress 
markers in the substantia nigra during developmental apoptotic and nonapoptotic pe- 
riods,"* and (2) to attempt to block developmental dopamine neuronal death using 
antioxidants'*'^ and inhibitors of nitric oxide synthesis.^ 

Approach 1. Two major byproducts derived from the breakdown of polyunsatu- 
rated fatty acids (e.g., malonaldehyde) were measured to estimate the level of lipid 
peroxidation.'* During the main apoptotic period (P3), lipid peroxidation was lower 
than that during a nonapoptotic period (P8). The low level of lipid peroxidation was 
not due to overactivation of antioxidant enzymes, because the activities of superox- 
ide dismutase, catalase, and GPx were constant during apoptotic and nonapoptotic 
periods.'' These results suggest that the level of oxidative stress during the peak of 
apoptosis at P3 is low. 
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Approach 2. To test further if oxidative stress triggers apoptotic death of nigral 
dopamine neurons at crucial stages during perinatal development, we examined 
whether antioxidant drug treatments during pre- and postnatal periods could prevent 
this death process.'^"^ Antioxidant treatments with deprenyl and a-tocopherol in- 
creased the activity of antioxidative enzymes and reduced lipid peroxidation,^'^'' 
and nitric oxide synthase inhibitors (L-NAME, 7-NI) significantly reduced the for- 
mation of nitric oxide (FIG. 1, upper panel). However, none of those treatments re- 
duced the developmental death of nigral dopamine neurons (FIG. 1, lower panel). 
Moreover, no change in the structure of the substantia nigra, as monitored by ty- 
rosine hydroxylase immunocytochemistry, was observed after antioxidant treat- 
ments.^'^ These treatments also had no effect on the locomotor activity of adult rats.^ 

Our findings suggest that neither ROS nor nitric oxide is a major inducer or 
mediator of in vivo developmental death of nigral dopamine neurons.'*"^ In related 
studies, we have also shown that oxidative stress is unlikely to be involved in the 
apoptotic death of PC 12 cells after withdrawal of trophic support.^ It therefore 
seems unlikely that ROS, which are highly reactive and rather nonspecific mole- 
cules, mediate the highly controlled process of developmental cell death.^ The 
increased levels of ROS previously observed in different in vitro or in vivo neuro- 
degenerative models of developmental cell death' may be a passive result rather than 
a causal factor in apoptosis. Which cellular pathways, then, may be responsible for 
the death of the dopamine neurons during development? There is evidence for the 
involvement of caspase 3,'" Bcl-2 family members,"''^ as well as the proteasome 
complex.'^ Moreover, the involvement of transcription factors, such as Nurrl, in the 
late postnatal cell death process has been hypothesized.'^ However, more investiga- 
tions are needed to fully clarify the relevant pathways. Once the underlying mecha- 
nisms causing apoptosis of nigral dopamine neurons during development are 
elucidated, it will be possible to investigate whether these same mechanisms are 
inappropriately activated in Parkinson's disease. 
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Mutations of the Parkin gene (Parkin) on chromosome 6q25-27 are the predominant 
cause of familial early-onset, autosomal-recessive parkinsonism (AR-JP). Parkin is 
a multidomain protein, with ubiquitin-protein (E3) ligase activity, that has a role in 
the proteasome-mediated degradation of target substrates. Previously, we identified 
and characterized the promoter structure and regulatory regions of Parkin.^ In the 
process, we identified a novel gene that initiates 204 bp upstream of Parkin and 
spans over 0.6 Mb of genomic DNA, antisense to Parkin. We have named this novel 
gene Parkin coregulatedgene or PACRG? Northern blot analysis demonstrated that 
PACRG was expressed in many tissues and was co-expressed with Parkin in several, 
including brain, heart, and muscle (FiG. 1). Database analysis identified homologous 
proteins encoded in the mouse and the fly databases (FIG. 2); however, no functional 
domains were detected across the complete protein sequence. Currently, the function 
of PACRG is unknown. 

Electronic prediction analysis suggested that Parkin and PACRG shared a bi- 
directional promoter with common transcription factor binding sites (data not 
shown). To test this hypothesis, we designed a series of overlapping promoter frag- 
ments and inserted them (in both orientations) upstream of a promoterless luciferase 
reporter construct (pGL3-Basic, Promega). Dopaminergic BE(2)-M17 neuroblas- 
toma cells were transfected with the constructs, and promoter activity was assessed 
by a dual-luciferase assay (Promega). Transcriptional activation of the reporter was 
observed 72 bp upstream/sense of the Parkin transcriptional start site (TSS) and 173 
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FIGURE 1. Expression analysis ofPACRG. Probes for Parkin, PACRG, and beta-actin 
were hybridized to a multiple human tissue blot (Clontech). 

bp upstreain/sense of the PACRG TSS (FIG. 3). These results suggest that a common 
bidirectional region of transcription activation for Parkin and PACRG is located in 
the region -72 to -38 bp upstream/sense of the Parkin TSS. This sequence contains 
a noncanonical myc site (CGCGTG), recently demonstrated to bind N and C-myc/ 
Max transcription factors and mediate expression of Pax3.^ We are currently testing 
the possibility that ParkinlPACRG transcription might be regulated by a similar 
mechanism. 

To confirm that PACRG was expressed and translated in vivo, we generated 
peptide antibodies specific for PACRG and performed Western analysis of mouse 
and human brain extracts. Two independent antibodies gave similar results. A pro- 
tein of the predicted size (approximately 30 kDa) was detected in human and mouse 
brain extracts and in HEK293 cells transfected with PACRG expression constructs 
(data not shown). This protein was not observed when the antibody was incubated 
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FIGURE 2. PACRG protein homology. Alignment of human (AF546872), mouse 
(BAB24230), and Drosophila (AAF57542) PACRG is given. Predicted secondary structure 
is indicated, as determined by Nnpredict (http://www.cmpharm.ucsf.edu). 

with an excess of the immunizing peptide or when the filter was probed with preim- 
mune serum samples. 

In summary, we have identified a novel gene that shares a 35-bp region of bi- 
directional transcription activation with the Parkin gene. Bidirectional promoters 
have been described to drive genes that function in a common biological pathway, 
such as subunits of the trifiinctional protein complex.'* Although the function of 
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FIGURE 3. Dual luciferase assay of the Parkin/PACRG promoter region. Deletion con- 
structs were inserted into the pGL3-Basic vector in the sense {dark bar) or antisense {light 
bar) orientation relative to Parkin. Resulting luciferase activity in transiently transfected 
BE(2)-M17 neuroblastoma cells is given adjacent to each construct. Units are relative to the 
SV-40 control promoter, defined as one. Data are representative of six independent experi- 
ments, and error bars are 2 x SEM. Positions of deletion constructs are given relative to the 
Parkin transcriptional start site. 

PACRG is currently unknown, we are currently investigating the possibility that 

PACRG may function in the same biological pathway as Parkin. 
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INTRODUCTION 

Parkinson's disease (PD) is a clinical syndrome triggered by disparate mecha- 
nisms. That the clinical and neuropathological features are indistinguishable among 
the different forms suggests a convergent, shared pathway. The earliest shared steps 
of this cascade, including compensatory responses, represent ideal targets for thera- 
peutic development. 

One approach is the use of robust exploratory methodologies to identify candi- 
date molecules or pathways that can be implicated in one or more models of PD. An 
assortment of new technologies is available to assist in this discovery. To increase 
the reliability of target identification and then confirm involvement of a particular 
molecule in any biologic process, additional strategies are needed. To this end, we 
have undertaken an integrative bionomic approach whereby multiple methodologies 
are used to establish the involvement of candidate molecules in dopamine neuron 
cell injury, compensation, and cell death. We applied the integrated bionomics 
approach to the discovery of new molecular targets for PD in the l-methyl-4-phenyl- 
1,2,3,6-tetrahydropyridine (MPTP)-treated mouse model (30 mg/kg MPTP-HCl; 4 
doses ip over 8 days). Two time points following MPTP intoxication were examined. 
Using four data mining methods (MAS 5.0 and DMT, dChip,' and SAM^), we found 
that the expression of many genes decreased in MPTP-treated mice relative to saline- 
treated controls at the 24-hour time point. At 7 days, there were both increased and 
decreased genes. 

RESULTS 

Gene expression analysis using Affymetrix U74A oligonucleotide arrays of 
MPTP- and saline-treated mice was employed to discover novel and potentially im- 
portant molecular changes in the substantia nigra (SN) following dopaminergic cell 
injury. Raw intensity data (.eel files) were analyzed using two independent methods 
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Microarray Suite 5.0 
computes 

SIGNAL (from GEL file) 

dChip 

computes 
Model Based Expression Index 

T-test 
P< 0.01 

Statistical computation by Affyitietrix 
DMT (Data Mining Tool) of significantly 
different gene expression signals. 

Count & 
Percent 

Ranks DMT-identified expression 
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(Li and Wong, 2001) 
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\    ,    ■     f     defined thresMd, 5, are deemed significant. 
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Microarrays) ^^^er et al.. 2001). 

FIGURE I. Affymetrix .eel files were analyzed with MAS 5.0 or dChip to generate 
gene expression levels for each sample. Gene expression levels in saline- and MPTP-treated 
samples were then compared to identify significant changes. Each method (Mest, pair-wise 
comparisons, SAM, and dChip) was used to create a list of genes whose difference exceeded 
a predefined significance threshold. 

to generate expression levels for each gene, which were then used to compare levels 
between MFTP and saline arrays (FIG. 1). As expected, we found that the expression 
of several genes related to the dopaminergic phenotype, including tyrosine hydroxy- 
lase (TH) and dopamine transporter (DAT), was decreased in MPTP-treated mice. 
Other functional classes were affected as well, notably transcription factors, kinases, 
and phosphatases, and messages coding for proteins involved with protein transport 
and degradation (TABLE  1). We found that the expression of 126 genes was 

TABLE I. Functional classification of mRNAs 

Functional class 
MML genes: 

126 total in 4/4 methods 
MME & MML genes: 

23 total in 4/4 methods 

Transcription/translation 15 4 

Kinase/phosphatase 9 3 

Signaling 11 2 

Developmental 3 0 

Bioenergetics 5 2 

Protein turnover/transport 8 2 

Other 11 3 

Unknown 63 8 
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A.     Analysis of MPTP 24 hr (MME) vs. Saline-Treated Mice 

T-test   IncTDec.  SAM  dCMp 

# significant genes:   3258      1073        218     1161 

 MERGE: 

Mgenes in 4/4 methods: 126 

B.   Analysis of MPTP 7 day (MML) vs. Saline-Treated Mice 

T-test   IncAJec.  SAM  dChip 

# significant genes:       558 328        221      638 

 MERGE: 
Mgenes in 4/4 methods:  44 

FIGURE 2. Summary of significantly different gene totals for each method separately 
and merged. MPTP-treated mice sacrificed at 24 hours following the last dose were com- 
pared to saline-treated littermates (A). MPTP-treated mice sacrificed 7 days after the last 
dose were compared to saline-treated littermates (B). 

decreased, as determined by all four methods employed, 24 hours after the final 
MPTP injection (FIG. 2). Seven days after the final MPTP dose, 23 of these genes 
were still decreased, whereas an additional 21 genes were significantly different (up 
or down, by all four methods) in the MPTP-treated mouse SN (FiG. 2B). In addition 
to the use of multiple data analysis techniques, we also verified our gene expression 
findings using quantitative real-time polymerase chain reaction (PCR) (TABLE 2). As 
predicted by the microarray results (genes called significant in four of four analysis 

TABLE 2. Validation of MML and MME by quantitative RT-PCR 

Primer and probe set Confirmed Direction of change 

Merged significant DAT yes D 
genes: 4/5 or 5/5 TH yes D 

ElkL motif kinase yes D 

AchE yes D 

PIP, D type not detected D 

Single-method signifi- Kinesin 3 a no NC 
cant genes VAMP 2 no NC 

MAP-6 no NC 
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methods), expression of TH, DAT, emk, and AchE was significantly decreased by re- 
al- time PCR. Further validation of these candidates is in progress. We have been un- 
able to validate genes called significant in three or fewer methods (i.e., kinesin 3A, 
VAMP-2, and MAP-6). 

REFERENCES 

1. LI, C & W.H. WONG. 2001. Model-based analysis of oligonucleotide arrays: model val- 
idation, design issues and standard error application. Genome Biol. 2: 32.1-32.11. 

2. TUSHER, V.G., R. TiBSHiRANi & G. CHU. 2001. Significance analysis of microarrays 
applied to the ionizing radiation response. Proc. Natl. Acad. Sci. USA 98: 5116- 
5121. 



Neuroimaging and Proteomic Tracking of 
Neurodegeneration in MPTP-Treated Mice 

HOWARD E. GENDELMAN,'''* CHRISTOPHER J. DESTACHE, "■' 
MARINA L. ZELIVYANSKAYA,"'* JAY A. NELSON,"'''MICHAEL D. BOSKA,"''' 
TONIM. BISKUP,"'*MICHAEL K. MCCARTHY,"* KIMBERLY A. CARLSON,"* 
CRAIG NEMECHEK,"* ERIC J. BENNER,"* AND R. LEE MOSLEY"* 

"Center for Neurovirology and Neurodegenerative Disorders, University of Nebraska 
Medical Center, Omaha, Nebraska 68198-5215, USA 

"Department of Pathology and Microbiology, University of Nebraska Medical Center, 
Omaha, Nebraska 68198-5215, USA 

''Department of Pharmacy Practice, Creighton University, Omaha, Nebraska 68178, USA 

"Department of Radiology, University of Nebraska Medical Center, Omaha, Nebraska 
68198-5215, USA 

KEYWORDS: mouse; dopamine; neurodegeneration; l-niethyl-4-phenyl-l,2,3,6- 
tetrahydropyridine (MPTP); single-photon emission computed tomography 
(SPECT); magnetic resonance imaging (MRI); magnetic resonance spectro- 
scopic imaging (MRSI); proteomics; tyrosine hydroxylase; dopamine trans- 
porter (DAT); 2p-carboxymethoxy-3P-(4-iodophenyI)tropane (p-CIT); D2 
receptors; iodobenzamide (IBZM) 

Our laboratory is developing an integrated testing paradigm for human Parkinson's 
disease aimed at early diagnosis and therapeutic monitoring of disease utilizing 
l-methyl-4-phenyl-l,2,3,6-tetrahydropyridine (MPTP)-treated mice. Such MPTP- 
treated animals mirror the biochemical and histopathological aspects of human 
Parkinson's disease.' In our studies, male 8-11-week-old C57BL/6NCrlBR mice 
from Charles River Laboratories were administered four intraperitoneal (ip) injec- 
tions (1 every 2 hours) of 21.8 mg MPTP-HCl (18 mg free base)/10 mL phosphate- 
buffered saline (PBS)/kg body weight. Excipient control mice received 10 mL PBS/ 
kg body weight intraperitoneally over the same time period. MPTP induced typical 
dopaminergic neurodegeneration in the substantia nigra pars compacta (SNpc) and 
the striata, as determined by immunohistochemistry with antibody to tyrosine 
hydroxylase (TH).^ A 63% loss of TH immunoreactive neurons was observed in the 
SNpc by 7 days after MPTP treatment as compared to controls (P = 0.001). Reverse 
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phase-high performance liquid chromatography (HPLC) with electrochemical 
detection^ of striatal lysates showed a 70% reduction in dopamine levels of MPTP 
mice {P < 0.03) with no significant differences in dopamine metabolites. Addition- 
ally, the loss of striatal termini and nigral neurons was evaluated by coregistration of 
single-photon emission computed tomography (SPECT)'*'^ and magnetic resonance 
(MR)/MR spectroscopic imaging (MRI/MRSI). SPECT analysis of striatal D2 re- 
ceptors with ['23i].iodobenzamide (['^^IJ-IBZM)^ and dopamine transporter (DAT) 
with ['23i].2|3-carboxymethoxy-3P-(4-iodophenyl)tropane (['2^I]-|i-CIT)'' demon- 
strated 30% and 32% reductions, respectively, in MPTP-treated mice compared to 
controls. Coregistration of SPECT and MRI confirmed the striatal location of ['^^I]- 
IBZM and ['^^ij-p-CIT ligand-receptor specificity. MRS! evaluation of 36-mm^ 
midbrain volumes circumscribing the SN from day 5 MPTP-treated mice showed 
significantly reduced levels of A^-acetylaspartate (42%), choline (25%), and 
glutamate (26%) and increased myoinositol (34%) compared to those in control an- 
imals. These meta-bolic changes are consistent with neuronal degradation and prom- 
inent gliosis. 

To detect alterations in protein profiles induced by MPTP treatment, lysates from 
the midbrain of mice at 1, 2, 3, 4, and 7 days after intoxication were evaluated by 
proteomic tests using surface-enhanced laser desorption/ionization (SELDI) from 
adsorbed NP20 protein chips (Ciphergen Biosystems, Fremont, CA). Duplicate de- 
terminations from three mice per time point were compared to samples obtained 
from excipient controls treated on day 0, and phenomic profiles were generated by 
the evaluation of relative protein concentrations as a function of mass/charge. Pro- 
tein concentrations of each molecular weight species at each time point that differed 
significantly were identified by Student's t test as candidates for further evaluation 
as a function of time. ANOVA indicated the existence of 45 different proteins for 
which the variance in protein expression was significantly affected over time post- 
MPTP treatment. Kinetic analysis of protein expression and histopathology obtained 
from the substantia nigra revealed that 35 of these midbrain protein species present- 
ed kinetic profiles that correlated with the frequency of silver-stained degenerating 
neurons, which peak by day 2 and, similar to TH immunoreactive neurons, reach a 
nadir by day 4 post-MPTP treatment.^ Four protein profiles correlated with CD3"*' T 
cell infiltration into the substantia nigra; however, because of the small population 
of T cells found in the brain of MPTP-treated mice and consequent low contribution 
of proteins in midbrain lysates, the possibility could not be ruled out that these pro- 
files may reflect mechanistic responses from other cell types. The remaining 
proteins exhibited expression kinetics for which no correlations could be made with 
the kinetic profile of any one cell type and appear to reflect a combination of kinetic 
profiles, suggesting that these protein species may be commonly expressed by a 
variety of MPTP-responsive cell types. We have recently initiated studies integrating 
SELDI proteomic and microsequence (ProteomiX, Thermo Finnigan) analyses to 
determine the identities of neural proteins whose expression is altered by MPTP 
treatment. 

Overall, the utility of SPECT, MRI, and MRSI and the coregistration of these 
neuroimages with histopathological techniques in the MPTP model will provide 
additional information concerning disease processes during dopaminergic neuro- 
degeneration. Moreover, the elucidation of noninvasive definitive neuroimages and 
unique protein profiles in the brain during the degenerative process could provide 
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novel insights into the neuropathogenesis of disease as well as uncovering proteins 
that could be used for diagnosis and/or therapeutic monitoring of human Parkinson's 
disease. 
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Polychlorinated biphenyls (PCBs), once heavily used in industry, are now wide- 
spread environmental contaminants that are suggested to be associated with devel- 
opmental and cognitive deficits in infants and children bom to mothers who 
consumed food products contaminated with PCBs and other toxicants.' These data, 
supported by studies of laboratory animals exposed during development to PCBs, as 
reviewed by Seegal,^ suggest that the developing central nervous system (CNS) is 
sensitive to this toxicant. However, both in vitro and in vivo data (to be described) 
suggest that: (1) susceptibility extends beyond the perinatal period, and (2) PCBs 
induce long-term alterations in dopamine (DA) function, including reductions in 
de novo synthesis and inhibition of monoamine transporter function. These findings, 
in turn, provide a biologically based rationale for examining neurological function 
in a cohort of aging former capacitor workers who had been exposed to extraordi- 
narily high levels of PCBs. 

PCBs ALTER DOPAMINE FUNCTION IN VITRO 

PCBs reduce DA content in tissues derived from laboratory rodents, including 
pheochromocytoma (PC 12) cells, adult striatal tissue, and synaptosomes exposed 
ex vivo to PCBs, and they elevate media DA concentrations.^ These changes in DA 
function may, in part, involve PCB-induced inhibition of monoamine transporters, 
including the membrane dopamine transporter (DAT) and the intracellular vesicular 
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monoamine transporter (VMAT).'*'^ The consequences of such transporter inhibition 
include increased free cytosolic DA, elevations in both tissue and media concentra- 
tions of 3,4-dihydroxyphenylacetic acid (DOPAC), and enhanced formation of DA 
quinones and semiquinones, leading to generation of hydrogen peroxide and other 
reactive oxygen species.^ 

PCBs ALTER DOPAMINE FUNCTION IN VIVO 

The alterations in DA function just described may explain the neurochemical and 
neuropathological consequences of long-term exposure of the adult nonhuman 
primate to PCBs. Thus, in adult nonhuman primates exposed to PCBs for 20 weeks, 
an exposure that results in serum concentrations similar to those seen in former 
workers, basal ganglia DA concentrations were significantly reduced.^ Furthermore, 
when additional nonhuman primates were exposed to similar levels of PCBs but 
were then removed from exposure for 24 or 44 weeks prior to sacrifice, brain DA 
concentrations remained depressed and were not significantly different from DA 
levels in nonhuman primates sacrificed during exposure,^ despite dramatic reduc- 
tions in serum PCB levels (FIG. 1). This pattern suggests long-term, if not perma- 
nent, changes in DA function. A likely explanation for these persistent reductions in 
basal ganglia DA concentrations is based on our findings that the number of tyrosine 
hydroxylase-positive neurons in the nonhuman primate substantia nigra pars com- 
pacta was reduced by approximately 50% (FiG. 2). 

These laboratory findings, incorporating both in vitro and in vivo techniques, pro- 
vide compelling evidence that PCBs alter central DA function, including inhibition 
of monoamine transporter function, leading to premature death of central DA 
neurons. When combined with the aforedescribed studies in nonhuman primates, the 
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FIGURE 1. Striatal dopamine and serum PCB concentrations in nonhuman primates 
(macaques, Macaca nemestrina) exposed as adults to PCBs (Aroclor 1016, 20 weeks, 
3.2 mg/kg/day) and sacrificed either immediately or 24 weeks following exposure. **P < 
0.01 compared to controls; n = 3-5 animals per exposure condition. 
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FIGURE 2. Tyrosine hydroxylase (TH)-positive cell counts in the substantia nigra of 
nonhuman primates exposed to 3.2 mg/kg/day of PCBs for 66 weeks before sacrifice, *P < 
0.05, **P < 0.01 compared to controls; « = 3 animals per exposure condition. 

primarily in vitro studies suggest that high-level (e.g., occupational) exposure of 
adults to PCBs may have long-term consequences on DA-mediated function, includ- 
ing possible deficits in cognition and motor control. We have an opportunity to test 
that hypothesis in an aging cohort of former workers, who have been exposed to 
PCBs at concentrations so high that serum levels, measured 3 years after exposure 
ceased,^ were at least 100-fold higher than those in nonoccupationally exposed 
individuals. Neurological and neuropsychological examinations of these workers 
will allow us to determine: (1) the relationships between PCB body burdens and 
observable dysfunctions and (2) whether pathology similar to that seen in adult non- 
human primates exposed to PCBs also occurs in aging former capacitor workers as 
determined by p-CIT SPECT imaging of basal ganglia DAT. 
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Amyotrophic lateral sclerosis-parkinsonism dementia complex (ALS-PDC) is an 
unusual neurological disease that occurs among the Chamorro people of Guam. It 
can express as ALS, an Alzheimer's disease-like disorder with parkinsonism 
features, or as a combined form with both motor and cognitive deficits. Kurland and 
others recognized the importance of understanding the Guamanian disorders in the 
hopes of unlocking crucial clues to related neurodegenerative disorders worldwide. 
The strongest epidemiologic link to ALS-PDC is the correlation to consumption of 
flour made from the seed of C. circinalis, a species of cycad.'^ Cycad is known to 
contain potent toxins, some of which can be removed by the extensive washing pro- 
cedures used by the Chamorros.' Early work using unwashed cycad and isolated 
components of cycad seeds in animal models failed to support a role for cycad as a 
causal agent in ALS-PDC.^ However, to our knowledge, the critical in vivo animal 
experiments using washed cycad had never been performed. 

To test the hypothesis that cycad neurotoxicity could be causal to ALS-PDC, we 
fed washed cycad flour to mice as part of their diet and used a battery of behavioral 
tests and histological assays to assess developing and end-state neural degeneration. 
(See Wilson et al^ for a complete description of the experimental methods.) 

Cycad-fed mice showed significant decreases in motor, olfactory, and cognitive 
functions that correlated with neuron degeneration in substantia nigra, spinal cord, 
olfactory bulb, neocortex, and the hippocampus, as well as a decrease of dopamin- 
ergic terminals in the striatum. In regard to motor function, deficits were demonstrat- 
ed by a significant loss of the leg extension reflex, which is indicative of motor 
neuron dysfunction (FIG. 1 A). In addition, measurements of gait length, a marker of 
basal ganglia function that correlates significantly with cell loss in the substantia 
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FIGURE 2. Effect of cycad feeding on tyrosine hydroxylase (TH) immunoreactivity. 
(A) Quantification of striatal TH staining shows a decrease of 16% in cycad-fed mice (n = 
3 mice/group, P < 0.05, two-tailed /-test). Sections of the striatum (B,C) showed decreased 
expression of TH in cycad-fed mice. 

nigra and striatum, showed a significant alteration in cycad-fed mice (FiG. IB). 
Cycad-fed and control animals tested on a variable speed rotarod failed to show dif- 
ferent latencies to "fall." However, cycad-fed mice displayed an unusual hunched, 
"legs in" position that was never observed in control animals (FIG. IC) and a signif- 
icant decrease in time to fall at high rotarod speeds. 

Cognitive function was assessed with a radial arm maze, an indicator of working 
and reference memory with which cycad-fed mice demonstrated significant deficits 
(FIG. ID). In addition, the olfactory system showed significant impairment (data not 
shown). 

Apoptotic cell death was assessed with immunohistochemical assays for TUNEL 
or caspase-3. Apoptotic cells were observed in the olfactory bulb and the substantia 
nigra (FIG. 1E,F) as well as in the neocortex and the hippocampus of cycad-fed mice 
(data not shown). Assays for tyrosine hydroxylase (TH) immunoreactivity revealed 
a significant 16% decrease in striatal dopaminergic terminals of cycad-fed mice 
(FIG. 2A-C). In some animals, we also observed a decrease in nigral TH immuno- 
reactivity that had not yet reached significance (data not shown). These results are 
significant as a basal ganglia dopaminergic deficit is the hallmark of Parkinson's dis- 
ease and thus links the murine ALS-PDC model to parkinsonism pathology. 

Our data suggest that we are observing the early stages of a disorder that, given 
time, would develop into a more classic end-stage form of ALS-PDC with greater 
behavioral and neuropathological outcomes. If true, we believe the murine model of 
ALS-PDC will be invaluable in the elucidation of preclinical pathology that leads to 
neurodegenerative disorders. 
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Neuroprotective Ganglioside Derivatives 

K. CONN,** S. DOHERTY,^P. EISENHAUER,"*-^R. FINE,** 
J. WELLS,"'* AND M, D. ULLMAN"'^ 

"VA Hospital, Bedford, Massachusetts 01730, USA 

^Boston University School of Medicine, Boston, Massachusetts 02118. USA 

'^University of Massachusetts Medical School Shriver Center, Waltham, 
Massachusetts 02452, USA 

KEYWORDS: gangliosides; neuroprotective agents 

Natural and semisynthetic gangliosides protect neurons from injury. The hydrophilic 
property of gangliosides, however, restricts their blood-brain barrier (BBB) perme- 
ability when given peripherally This hinders their use as neuroprotective agents. 
Gangliosides are amenable to chemical derivatization, so that semisynthetic deriva- 
tives with both cytoprotective properties and improved ability to cross the BBB can 
be produced. Therefore, ganglioside functional group derivatives that provide 
cytoprotection and effectively cross the BBB are being sought. This will provide a 
basis to understand neuroprotective mechanisms. Insight into neuroprotective 
mechanisms also requires an understanding of cell death processes. Thus, studies 
into l-methyl-4-phenylpyridinium (MPP+)-induced changes in gene expression are 
also ongoing. 

Semisynthetic GMl derivatives were synthesized and tested for their ability to 
protect SH-SY5Y human neuroblastoma cells from MPP+ toxicity. SH-SY5Y cells 
were cultured at 37°C in a 95% air, 5% CO2 humidified incubator and maintained in 
DMEM-high glucose supplemented with 10% fetal bovine serum. For cytoprotec- 
tion experiments, 10x10^ cells per well were plated in a 48-well cell culture plate 
and differentiated in the presence of 10 |.lM retinoic acid. After 4 days, medium was 
replaced with that containing 0.5% fetal calf serum and the test ganglioside (690 
nM) I hour before exposure to MPP"^. Ganglioside was again added on the day after 
MPP"*" treatment. 

For experiments on gene expression, 5 x 10^ cells were plated in 100 mm^ culture 
dishes in 10 mL of DMEM medium containing 10% fetal bovine serum, 100 units/ 
mL penicillin, and 100 mg/mL streptomycin and cultured for 4 days. Freshly pre- 
pared toxin was added to the cultures and incubated for the requisite times. RNA iso- 
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PPPf 
MPP* CM1 LysoGMI UGA20 

FIGURE 1. GMl, LysoGMI, and LIGA20 cytoprotection. Under the conditions 
described in the text, GMl, lysoGMl, and LIGA20 showed comparable cytoprotection. 
Values are percent control + SEM. n = 4. *Differs from MPP"*" only, one-way ANOVA, 
Tukey-Kramer post-hoc test, P < 0.05. 

lation and RT-PCR microarray and Western blot analyses have previously been 
described.''^ 

For cjrtoprotection experiments, dose response and preincubation experiments 
performed with GMl indicated that a 1-hour preincubation of 690 nM GMl provid- 
ed maximal cytoprotection against 1 mM MPP"*". This same preincubation period and 
concentration was used for lysoGMl (GMl amine, no ceramide fatty acid) and 
LIGA20 (GMl with a dichloroacetate ceramide fatty acid). GMl, lysoGMl, and 
LIGA 20 were tested for their ability to protect SH-SY5Y cells from MPP+ toxicity, 
and they showed comparable cytoprotection (FIG. 1). Further testing, however, is 
required to examine the effects of preincubation time and concentration on ganglio- 
side-derivative cytoprotection. Nonetheless, these results imply that the ceramide 
fatty acid does not significantly influence cytoprotection in this model system or that 
the derivatives have different mechanisms of action. The ceramide fatty acid, how- 
ever, most likely contributes significantly to blood-brain barrier permeability. 

To better understand possible ganglioside-derivative cytoprotective mechanisms 
in cell death processes, the toxic effects of MPP"*" on mitochondrial gene expression 
were initially investigated in undifferentiated SH-SY5Y cells. It was found that 
MPP'^ decreased expression of NADH:ubiquinone oxidoreductase (complex I) sub- 
unit 4 (ND4), a mitochondrial gene important for electron transport chain complex 
I function.' MPP"*" did not affect expression of other mitochondrial (16S and COXl) 
or nuclear (B14) genes, indicating a degree of specificity for MPP"'"-induced 
decreased ND4 expression. 

Gene microarray analysis (Clontech) also indicated that MPP"*" exposure 
increased the endoplasmic reticulum (ER) stress-related gene GADD153. RT-PCR 
analysis demonstrated that GADD153 mRNA levels increased linearly up to 72 
hours. Western blot analysis indicated that GADD153 protein levels increased to 24 
hours, and caspase 3 activation increased linearly fi-om 24-72 hours.^ This suggests 
that increased GADD153 expression and ER stress may also contribute to the 
initiation of an active cell death mechanism in the SH-SY5Y cells. In parallel cul- 
tures treated with toxins whose primary mode of action is either via mitochondrial 
impairment (rotenone) or via oxidative stress (6-hydroxy dopamine or H2O2), 
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o 

Control 

FIGURE 2. Expression of select ER stress genes in SH-SY5Y cells after exposure to 
MPP"^ (1 mM). RT-PCR analyses were performed using RNA isolated 72 hours after expo- 
sure to 1 mM MPP"^. Gene expression was normalized to G3PDH. Values are percent control 
±SEM. 

GADD153 expression was not increased.^ This supports the possibility that a cellu- 
lar mechanism different from mitochondrial impairment or oxidative stress—for ex- 
ample, ER stress—contributes to MPP+ toxicity. In further support of an ER-stress- 
related mechanism, MPP+ increases the expression of at least two other ER stress 
genes, protein disulfide isomerase (PDI) and calreticulin (FIG. 2). Thus, MPP+- 
induced cell death may entail multiple pathways, and perhaps successful neuro- 
protection will require multiple therapeutic agents and/or therapeutic agents with 
multiple mechanisms of action such as gangliosides.^ Knowledge of functional 
group requirements for ganglioside cytoprotection and a better understanding of cell 
death mechanisms will provide a basis for delineating their cytoprotective mecha- 
nisms and for targeting molecular structures to specific components of cell death 
processes. 
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INTRODUCTION 

Some proteins of neuronal tissue and their genes involved in Parkinson's and 
other neurodegenerative diseases with complex clinical features (synucleopathies) 
have been considered unrelated, such as Parkinson's parkin, Alzheimer's amyloid 
precursor, prion (PrP), Huntington's huntingtin, SlOO EF-hand, and other amy- 
loidogenic proteins. Their physiological functions are still under debate. Parkin was 
shown to have conserved Cu,Zn-metalloregulator and also nucleic acid binding 
sites''^ in terms of short basic residue, SR/K/RS peptide segments, and conserved 
compact R3H (RxxxH) motifs besides known ring- and in-between-ring (IBR) fin- 
ger domains (FIG. 1). R3H is a domain that binds single-stranded nucleic acids; it is 
related to regulatory canonical metal binding domains.^"^ Secondary structure pre- 
dictions and patterns of residue conservation suggest nucleation of helix-p-hairpin 
and adoption of helix structures upon binding of transition metal (Cu,Zn) ions and 
RNA.^~^ Findings for SlOO EF-hand, Alzheimer's precursor, huntingtin, and prion 
proteins were similar.''-^'^'^ This suggests relationships in functions on a common 
structural basis in proteins by binding metalloregulated RNA or oligonucleotides. As 
shown,^"'^ some sequence-defined RNA bioaptamers (natural RNA targets selected 
by evolution) impart novel bioftinctions to certain proteins that these do not have on 
their own. 
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Parkin R3H AA 265 HLYCVTRLNDRQFVHDPQLGYSLPCVAGCPNSLI.KE...LHHFRILGEEQ 
Parkin H3R AA 114 GDSVGLRVILHTDSRKDSPPAGSPAGRSIYNSFYVYC. . KGPCQRVQPGKL 
Parkin     H3R    AA   87 DPRNAAGGCEREPQSLTR...VDLSSSVLPGDSVGLAVILBTDSRKDSPPA 

APP        R3H    AA   29 AEPQIAMFCGRLNMHMNVQNGK. . .KDSD. . PSGTK. . .TCIDTKEGILQY 

Huntingtin R3H AA 774 CGTLICSILSRSRFHVGDWMGTIRTLTGNTFSLADCIPLLRKTLKDESSVT 
Huntingtin R3H AA 884 FLEAKAENLHRGAHHYTGLLKLQERVLNNWIHLLG. .DEDPRV^HVAAAS 

AA 2898 AESLVKLSVDRVNVHSPHRAMAALGLMLTCMYTGKE...KVSPGRTSDPNP 

AA  126 GGYMLGSAMSRPIIHFGSDYED.RYYRE..NMHRYP...NOVYYRPMDEYS 
AA  141  FGSDYEDRYYRENMHRYPNQVYYRPMDEYSNQNNFVHDCVNITIKQHTVTT 

FIGURE 1. Homology of (Cu,Zn)-metalloregulated nucleic acid-binding sites in Par- 
kinson's parkin, Alzheimer's amyloid precursor (APP), Huntington's huntingtin and prion 
(PrP) proteins in terms of compact helix-nucleating and stabilizing R3H (RxxxH) 
domain.''2 Additional RNA-binding domains in terms of short basic residue and SR/K/RS 
peptide segments and canonical metalloregulator sites (e.g., HxxxH, octarepeats, ring fin- 
gers, etc.) are not indicated in this figure. Sequences arbitrarily cut off at amino terminal. 
R3H domain in parkin is separate from following in-between-ring finger (IBR) and second 
ring finger domain. It is noteworthy that parkin contains an additional antisense R3H (H3R), 
which extends almost symmetrical to the amino and carboxy terminal of the protein. APP 
contains further nucleic acid binding sites not noted in this compilation. The two R3H 
domains in PrP were shown to be surface located and therefore accessible to RNA bioaptam- 
ers.^' The first R3H is highly conserved in mammalian PrP, whereas the second in some 
species is subject to mutation to R3H/N/Y. '•^•^"^ It is noteworthy that R3H in the different 
proteins does not have the same detailed structure, indicating that proteins have functions, 
imparted by RNA bioaptamers, that are not identical, but related. Sequence source: NCBI 
protein data bank. 

MATERIALS AND METHODS 

Materials, methods, and definition of terms in use are described elsewhere.^"''* 

RESULTS AND DISCUSSION 

In search of the endogenous RNA bioaptamers that fit to binding properties of 
proteins, methods were established to isolate and characterize sequence-defined 
intracellular and extracellular modified and edited, redox-sensitive, metal 
(Cu,Zn,Ca,Mg,Na,K) ion-regulated small RNA or oligonucleotides.'"-''* Thus, 
cytokine (ribokine) families of Cu ion-complexed ribonucleoproteins (CuRNP) were 
defined in structure and bioactivity (angiotropin). They consist of OH* radical redox 
reaction-sensitive, highly modified and edited, 5'-end-phosphorylated metallo- 
regulated extracellular RNA bioaptamers (72-78 nucleotides) that impart novel 
biological roles to S100A12-like EF-hand proteins (calgranulin-C, hippocampal 
neurite differentiation factor, and angiotropin-related proteins, ARP) for cellular dif- 
ferentiation and morphogenetic reactions.^"'"* Structures and properties are shown 
elsewhere. '^"''' Biomolecular switching between functions is operated by metal ions 
and Fenton-type OH'^-radical redox reactions with RNA modification by formation 
of labile adenosine-N'-oxide in transit to isoguanosine nucleotides. Cu ions are nec- 
essary and not replaceable by Ca, Mg, and Zn ions for tightly complexing RNA to 
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FIGURE 2. Accurate three-dimensional rapid prototyping molecular image models 
(~2 X 10^-fold magnification) of an RNA-binding S100A12 ARP protein based on crystal- 
lographic data. 12,20-22 Sequences and properties are shown elsewhere.'"''* Bottom panel, 
lower two models: Solvent (water)-accessible surface of two monomers in different posi- 
tions (twisted by 90°) to form a dimer (upper model). The monomer'"''' shows vicinally 
space-positioned helix-nucleating and stabilizing metal-binding domains and a 3-D groove 
for binding a Cu ion-prestructured small RNA.'^'^" By conformational rearrangement on 
dimerization, the metal binding domains are surface located in the dimer. Upper model: Sol- 
vent (water)-accessible surface of a slightly twisted hexamer as an RNA chaperone-shaped 
assembly with crater-like pits and horn-like protuberances, formed upon metallo(Ca,Cu)- 
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proteins and OH* radical formation by Fenton-type redox reactions. Findings were 
similar for intracellular oligo RNA bioaptamers as targets for proteins, such as trans- 
fer factors of delayed-type hypersensitivity reactions, psoriasin.'''^''^"'^ 

To investigate functions, a novel method was applied.'^'^° Accurate three-dimen- 
sional rapid prototyping molecular image models (3-D RPM) of metalloregulated 
proteins can now be constructed when structural data of proteins are available in 
terms of X-ray crystallographic or NMR data—that is, retrievable from the 
Brookhaven Data Bank.'^ This allows detailed surface topography analysis of mol- 
ecules in ~2 X lO'^-fold magnified 3-D scale plastic image. Thus, for example, based 
on crystallographic data,^''^^ a 3-D RPM (FiG. 2) of Ca,Zn,Mg,Cu ion-regulated 
RNA-binding S100A12 EF-hand ARP monomer^"'"* shows vicinally space- 
positioned helix-nucleating and stabilizing metal-binding domains and a 3-D groove 
for binding a Cu ion-prestructured small RNA.'2'^° Upon metalloregulated oligo- 
merization via dimers to hexamers, slightly twisted chaperone-shaped assemblies 
with crater-like pits and horn-like protuberances are formed, having an elliptically 
shaped internal tubular channel of-4 nm in length. The internal diameter enlarging 
from ~1 nm at two entries to -2.5 nm at the center allows transient homing and re- 
forming of small RNA. It suggests RNA chaperone-shaped assemblies at cellular re- 
ceptors in dependence of metal (Ca,Cu) ions.^O Based on NMR-derived structure 
data, similar functional relationships are suggested for other (prion) proteins associ- 
ated with neurodegenerative disease.'-^'^^ Because crystallography or NMR-derived 
structure data for parkin and other proteins are unavailable so far, such studies have 
to wait to be applied to them. However, in view of the known role of parkin in 
ubiquitinylation and possibly proteasomal processes in which involvement of RNA 
was shown, metallo(Cu,Zn)-regulated functions of parkin in supramolecular struc- 
ture reformation/degradation comparable to chaperones likewise may be regulated 
or imparted by RNA bioaptamers. The considerations show the proteins also sharing 
properties with RNA-binding proteins in amyotrophic lateral sclerosis and fragile X 
syndrome.^^ 

SUMMARY AND CONCLUSIONS 

The results suggest proteins in neuronal tissues having common sequence homol- 
ogies in helix-nucleating and stabilizing domains associated with defined functions 
(RNA chaperones and reformation). They may bind endogenous Cu ion-prestruc- 
tured, OH* radical redox-sensitive, modified and edited oligo-RNA. Therefore, 
neurodegenerative disorders may be seen as related to disorders or impairment of 
functions imparted by binding of endogenous metalloregulated RNA bioaptamers to 
proteins that these do not have on their own. Thus, synucleopathies in which these 

regulated oligomerization from monomers via dimers at cellular receptors for advanced gly- 
cosylation end products (RAGE). It has an elliptically shaped internal tubular channel of ~4 
nm in length. Enlargement of the internal diameter from ~ 1 nm at two entries to -2.5 nm at 
the center allows transient homing and reforming of small RNA.'^'^" The entries to the 
channel allow passage of reformed extracellular single-stranded oligoRNA (ssRNA) into the 
cell via RAGE to induce a cellular differentiation process. 
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proteins are involved may result from impaired redox- and metalloregulated RNA- 
protein interactions and reformation. Such disorders or impairment may deviate met- 
al ion- and RNA-devoid protein structures to unfolding/misfolding and, thus, to dis- 
ease. The propensity of some proteins to form redox- and metalloregulated RNA- 
chaperone-shaped assemblies for reforming RNA structures in cellular processes 
emphasizes the kinetics and thermodynamics of cellular topochemistry, binding, and 
turnover of RNA bioaptamers as factors of relevance in the life cycle of (neuronal) 
cells. 
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Somatic cell fusion has been utilized as an approach to the immortalization of 
neurons for the purpose of obtaining monoclonal cell lines expressing neurotrophic 
factors.' Such fiisions have permitted the generation of monoclonal hybrid cells 
derived from neurons of the nigrostriatal projection expressing specific transmitter 
phenotypes.'"^ The cells include a striatal cell line (X61) that served as a source of 
possible trophic agents^ and a mesencephalic cell line (MN9D) expressing a dopa- 
minergic (DA) phenotype that was used as a test object.^ 

Cell lysates of the striatal X61 line have been shown to contain factors that have 
a stimulatory effect on both immortalized DA hybrid cells and primary DA neurons.^ 
The DA stimulatory activity resides in a low-molecular-weight polypeptide fraction 
of less than 5 kDa. 

The effect of this polypeptide fraction was examined on primary neurons using 
the three-dimensional reaggregate system that permits culture of mesencephalic DA 
and serotonergic (5-HT) cells in the presence or absence of appropriate target cells.' 
In the absence of target cells (mesencephalic-tectal aggregates), no axonal arbors are 
formed and most monoaminergic neurons disappear, presumably secondary to cell 
death. Some neurons survive and form fairly large processes, which appear to be 
dendritic in character and make autotypic connections with other DA neurons. We 
have already reported on the effect of the crude X61 stimulatory factor on DA 
neurons in such cultures in terms of increased DA content.^ Here we describe the 
effect of the partially purified stimulatory factor on the morphology of both DA and 
5-HT neurons by means of immunocytochemical methods. 

A partially purified preparation (UF4) from X61 cell lysate was added (20 |i,L/mL) 
to the aggregate culture medium from day 1 to day 15 of culture. Aggregate sections 
were examined for DA neurons using an antibody against tyrosine hydroxylase, and 
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FIGURE 1. Immunocytochemical visualization of monoaminergic neurons in mesen- 
cephalic-tectal aggregates following treatment with UF4, a partially purified fraction 
obtained from the lysate of an immortalized clonal hybrid cell (X61) derived from embry- 
onic murine corpus striatum. 

for 5-HT neurons by an antibody against 5-HT. The results of this experiment are 
shown in FIGURE 1. With UF4 treatment, substantial numbers of densely stained DA 
neurons with extensive processes are observed. By contrast, while DA neurons are 
present in the untreated controls, such dense groupings of heavily stained cells with 
extensive processes are, at best, extremely rare. UF4-treated aggregates also contain 
5-HT neurons and axons that are more densely stained than the cells observed in the 
untreated controls. Neurochemical analysis of the aggregates revealed a 30% 
increase in aggregate DA (P < 0.001) and a 52% increase in aggregate 5-HT follow- 
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ing treatment with the UF4 partially purified preparation. Homovanillic acid, a 
major metabolite of DA, was increased by 75% (/" < 0.001) in the media from UF4- 
treated aggregates. 

A low-molecular-weight polypeptide fraction, obtained from lysate of immortal- 
ized monoclonal cells derived from the striatum, is, therefore, capable of increasing 
DA levels of both a monoclonal cell line (MN9D) and primary DA and 5-HT neurons 
in three-dimensional reaggregate culture. In addition, the polypeptide fraction 
increases the immunocytochemical staining of both cell bodies and processes of the 
monoaminergic neurons. Purification and sequencing of the active polypeptides will 
permit assessment of their efficacy in the reversal of the motor dysfunction that 
occurs secondary to degeneration of the DA nigrostriatal projection. 

ACKNOWLEDGMENT 

This research was supported by DAMD 17-01-1-0819. 

REFERENCES 

. HELLER, A., et al. 1992. Study of dopaminergic neuronal differentiation and survival 
by use of three-dimensional reaggregate tissue culture and monoclonal hybrid cell 
lines. In Progress in Parkinson's Disease Research. F. Hefti & W.J. Weiner, Eds.: 
403-426. Futura. New York. 

. CHOI, H.K., e/a/. 1991. Immortalization of embryonic mesencephalic dopaminergic 
neurons by somatic cell fusion. Brain Res. 552: 67-76. 

. WAINWRIGHT, M.S., et al. 1995. Immortalized murine striatal neuronal cell lines 
expressing doparaine receptors and cholinergic properties. J. Neurosci. 15: 676-688. 

. HELLER, A., et al. 2000. Cellular dopamine is increased following exposure to a factor 
derived from immortalized striatal neurons. Neurosci. Lett. 295: 1^. 



Glutathione and Ascorbate 

Their Role in Protein Glutathione Mixed Bisulfide 
Formation during Oxidative Stress and Potential 
Relevance to Parkinson's Disease 

GAIL D. ZEEVALK, LAURA P. BERNARD, AND JULIE EHRHART 

Department of Neurology, UMDNJ-Robert WoodJohnson Medical School, 
Piscataway, New Jersey 08854, USA 

KEYWORDS: glutathione; ascorbate; protein-glutathione-mixed disulfide; oxi- 
dative stress 

Recent advances have identified several genetic mutations as causative factors in fa- 
milial Parkinson's disease (PD). Yet, the sporadic form of the disease, representing 
85-95% of the Parkinson population, has had no such evidence forthcoming. In- 
stead, sporadic PD is associated with a selective loss of total glutathione in the sub- 
stantia nigra, deficits in mitochondrial metabolism, and clear evidence of ongoing 
oxidative damage. The glutathione system and its associated enzymes are one of the 
cell's major defenses against oxidative damage. Given the 40-50% loss of total glu- 
tathione in sporadic PD,' the consequences of this deficit on the remaining nigral 
population and progression of the disease need to be considered. An appreciation of 
this, however, requires an understanding of the various functions carried out by the 
glutathione system. The most widely studied functions of glutathione are H2O2 re- 
moval, catalyzed by glutathione peroxidase, and toxin conjugation, catalyzed by a 
family of glutathione S-transferases. Less studied is the role of glutathione in protein 
glutathione mixed disulfide (PrSSG) formation, where the sulfhydryl moiety on a 
cysteine residue on a protein can undergo reversible sulfhydryl linkage with glu- 
tathione (see Ref 2 for review). Both thiolation and dethiolation of proteins with 
glutathione are catalyzed by glutaredoxin. This enzyme was recently identified in 
the cytosol of brain neurons.^ We'* and others^ have demonstrated a mitochondrial 
form of the enzyme. Glutaredoxin also contains dehydroascorbate reductase activi- 
ty,^ which is needed to maintain the reduced form of the antioxidant ascorbate in 
cells. Oxidative stress can increase PrSSG formation in cell cytosol and mitochon- 
dria (see Ref 7 for discussion). The function of this increase in glutathionylation of 
proteins during oxidative stress remains controversial. It has been suggested to pro- 
vide a beneficial role in protecting sulfhydryl groups on proteins from irreversible 
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FIGURE 1. Rat mesencephalic cultures were exposed to 100 |xM H2O2 in the presence 
or absence of 400 ^M ascorbate for 6 h and (A) analyzed for protein glutathione mixed dis- 
ulfides (PrSSG) or (B) returned to toxin-free medium and recovery for 72 h prior to assessing 
toxicity by measurement of the high-affmity uptake of ^H-dopamine and '^C-GABA. Black 
bars = control; hatched bars = exposed to H2O2 only; white bars = exposed to H2O2 in the 
presence of ascorbate. a = different from control; b = different from H2O2 alone (ANOVA, 
Tukey post hoc test). 
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oxidation as well as a detrimental role caused by alteration of protein function (see 
Ref. 7 for discussion). Given the dual fianction of glutaredoxin in thiolation/dethiola- 
tion and ascorbate reduction, the present study was carried out to examine interac- 
tions between ascorbate and glutathione protein thiolation to provide insight into the 
role of this enzyme and PrSSG formation during oxidative stress. 

An oxidative stress was imposed in embryonic day 15 rat mesencephalic cultures 
by exposure to 100 |iM H2O2 for 6 h in a bicarbonate-buffered Krebs-Ringer in the 
presence or absence of 400 \iM ascorbate. Cultures were either immediately pro- 
cessed for total PrSSG levels (FIG. 1 A) as described previously^ or returned to toxin- 
free medium and allowed to recover for 72 h prior to assessing toxicity of dopamine 
and GABA neurons by a functional assay to measure dopamine and GABA trans- 
porter activity (FIG. IB) as described in detail elsewhere.^ H2O2 was equally toxic 
to mesencephalic dopamine and GABA neurons, and toxicity was partially attenuat- 
ed by ascorbate. Mixed disulfide levels increased twofold with H2O2 exposure. Pro- 
tection by ascorbate was accompanied by a further stimulation of PrSSG formation. 
No elevation in mixed disulfides was observed with ascorbate in the absence of an 
oxidative stress (data not shown). 

To provide a more comprehensive picture of the effects of ascorbate on glu- 
tathione status during oxidative stress, cultures were exposed to 100 |iM H2O2 plus 
or minus ascorbate for 6 h, and intra- and extracellular oxidized glutathione (GSSG) 
and reduced glutathione (GSH) and PrSSG levels were determined (TABLE 1). H2O2 
exposure significantly decreased intracellular GSH, increased GSSG, and subse- 
quently increased the oxidation status of the redox pair GSSG/GSH. The decrease in 
intracellular GSH could be accounted for by a large efflux of GSH into the extracel- 
lular space. Extracellular GSSG was also elevated. Ascorbate spared intracellular 
GSH and abrogated the rise in GSSG, thus maintaining the GSSG/GSH redox status. 
Evaluation of the effects of ascorbate suggested that maintenance of intracellular 
GSH and GSSG by ascorbate was due to an attenuation of efflux of GSH and stim- 
ulated incorporation of intracellular GSSG into mixed disulfides. In contrast, efflux 
of GSSG was not diminished by ascorbate. Glutaredoxin with its dual action as a de- 
hydroascorbate reductase and thioltransferase could provide a link to coordinate 
these events as shown schematically in FIGURE 2. The reaction sequence depicted in 
FIGURE 2 would provide a threefold benefit to cells during oxidative stress. It would 
(1) recycle DHA back to ascorbate, (2) remove excess intracellular GSSG by incor- 

TABLE 1. Effect of ascorbate on glutathione status during oxidative stress 

Intracellular Extracellular 

GSSG/ 
GSH GSSG GSH PrSSG GSH GSSG 

Control 24.0 ±1.0    0.79 ± 0.06     0.033      0.27 + 0.04       4.010.35   0.35 10.09 

H2O2 19.4*0.9"  1.4210.12"    0.073      0.5810.05"      12.81 1.1" 1.25 ± 0.22" 

ASC + H2O2   22.711.1*   1.0510.17     0.046    0.8110.09"'*    7.71 1.3"''' 1.0910.19" 

NOTE: Results (nmol/mg protein + SEM) are from five experiments run in duplicate. 
"Different from control. 
*Different from H2O2 alone. 
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FIGURE 2. Schematic diagram of the coupled reduction of ascorbate and stimulation 
of glutathione protein mixed disulfides by glutaredoxin during oxidative stress. Ascorbate 
(ASC), by serving to remove free radicals such as superoxide and hydroxyl radicals, be- 
comes oxidized to dehydroascorbate (DHA). Glutaredoxin, using GSH as an electron donor, 
reduces DHA back to ascorbate and forms GSSG in the process. GSSG can then serve as 
substrate for glutaredoxin in the formation of a protein mixed disulfide. 

poration into protein, and (3) through mixed disulfide formation protect vulnerable 
sulfhydryl groups from irreversible oxidation to sulfinic or sulfonic acids, thus re- 
ducing the oxidized protein burden. Once the oxidative stress had abated, glutare- 
doxin, using GSH as electron donor, could further serve to reverse protein thiolation 
and return proteins to their reduced state. The significant loss of glutathione in the 
substantia nigra in PD will likely affect the ability of the glutathione system to carry 
out its various functions. In addition to H2O2 and toxin removal, the effects on pro- 
tein glutathionylation and dethiolation should also be considered, as effective anti- 
oxidant therapy will need to carry out all the roles played by glutathione. 
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INTRODUCTION 

Dopaminergic neurons have been detected in the striatum (STR) of rats and mon- 
keys, and their number was shown to increase in dopamine-denervated animals.'^ 
We also demonstrated the presence of such neurons in the human STR.^ Because of 
its possible functional importance, we decided to characterize morphologically this 
unique striatal cell population in humans and investigate the possibility that new DA 
neurons are produced throughout adult life in the STR of monkeys. 

METHODS 

In a first set of experiments, quantitative stereological methods and immunoflu- 
orescence procedures were applied to postmortem tissues from 7 normal individuals 
(age range: 36-76 years; postmortem delay range: 3-30 hours). The chemical phe- 
notype of the STR DA neurons was determined by using antibodies against dopam- 
ine-P-hydroxylase, dopamine transporter, neuronal nuclear protein (NeuN), and 
tyrosine hydroxylase (TH). In a second set of experiments, three adult male squirrel 
monkeys (Saimiri sciureus) were sacrificed 3 weeks following injections of bro- 
modeoxyuridine (BrdU), a thymidine analogue; and their striata were examined for 
the presence of BrdU-labeled cells that express the neuronal marker NeuN. In both 
sets of experiments, a Zeiss LMS 510 confocal laser-scanning microscope served to 
image the fluorescence signals (see Ref 6 for further technical details). 
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RESULTS 

Three types of DA neurons were encountered within the human STR. The most 
frequent ones had a round or oval perikarya of medium size (diameter: 20 x 15-20 
H-m) from which emerged 3-5 varicose aspiny dendrites (FIG. 1A). Neurons of the 
second type, which were about 50% less abundant than those of the first type, had a 
small cell body (diameter: 10 x 10-15 ^m) with 3 or more varicose aspiny dendrites 
(FIG. IB). Neurons of the third type, which represented less than 1% of the total pop- 
ulation of STR DA neurons, had a large polygonal perikarya (diameter: 25-30 ftm) 
with 4 or more dendrites endowed with spines (FIG. IC). These 3 types of DA neu- 
rons were scattered throughout the entire extent of the caudate nucleus and putamen. 
However, in 2 of the 7 cases analyzed, a prominent cluster comprising 20-50 DA 
neurons per section occurred in the ventral STR, near the anterior commissure (FIG. 
ID). Besides neurons, numerous TH-immunoreactive processes were present in the 
human STR (FIG. IE). Short segments of these processes often displayed large swol- 
len varicosities (diameter: 10-12 ^m) and could thus easily be mistaken for small 
bipolar DA neurons. Such profiles were not taken into account in the present study 
because their varicosities lack NeuN immunoreactivity. 

Various quantitative methods were used to evaluate the density of the STR DA 
neurons. The area of striatum was calculated with an image analysis system, and the 
neuronal densities were assessed by dividing the number of TH-positive neurons by 
the area of striatum surveyed. Because of the unequal size of our sample, factorial 
one-way ANOVA and Fisher's LSD methods were applied to compare the various 
density values. The Grubb's test was also used to look for the presence of outliers. 
The density of STR DA neurons varied significantly in the 7 individuals analyzed in 
the present study. The total number of DA neurons in the human STR ranged from 
173 to 717, with a mean value estimated at 332 ± 199 neurons. However, this value 
is most likely an underestimate of the actual number of STR DA neurons, because 
only neuronal profiles that meet several stringent criteria were included in our sam- 
ple. Furthermore, we did not include in the density measurements the ventral STR 
prolific zones that were encountered in 2 individuals and which could have raised 
the total number of STR DA neurons to about 3000. 

Finally, numerous BrdU-labeled cells were visualized in the STR of monkeys in- 
jected with this thymidine analogue. Their number ranged from 5-50 per 40-|xm- 
thick section. These BrdU+ cells were more abundant medially than laterally and 
displayed a rostrocaudal-decreasing gradient in caudate nucleus and putamen. Dou- 
ble immunofluorescence confocal studies have revealed that about 5-10% of the Br- 
dU+ striatal cells expressed NeuN, a marker for mature neurons. 

DISCUSSION 

This study has allowed us to: (1) confirm the presence of DA neurons in the hu- 
man STR; (2) characterize their morphological phenotype; (3) establish their topo- 
graphical localization; and (4) estimate their number. Despite their relatively small 
number, these DA neurons could play an important role in the functional organiza- 
tion of the human STR in both health and disease. For example, they could compen- 
sate for the loss extrinsic DA innervation of the STR seen in Parkinson's disease by 
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either upregulating their DA metabolic machinery or by increasing their number, as 
suggested by experimental studies in monkeys.^ The absence of the aging pigment 
lipofuscin in the DA cells of the monkey SIR has lead to the suggestion that prolif- 
erative progenitor cells might contribute to the increase in intrinsic STR DA cells 
seen in Parkinsonian monkeys.^ This hypothesis is supported by the fact that new 
neurons are produced throughout adulthood in the STR of normal monkeys, as dem- 
onstrated here and elsewhere.^ These findings raise the possibility of experimentally 
enhancing the recruitment of newborn DA neurons as a means to alleviate the symp- 
toms of neurodegenerative diseases that affect the STR. 
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INTRODUCTION 

Nurrl is a member of the orphan nuclear receptor family. Previous studies have 
demonstrated that Nurrl is essential for the development of midbrain dopaminergic 
(DA) neurons. However, the underlying mechanisms through which Nurrl works are 
still unknown. Overexpression of Nurrl in neuronal progenitor cells is sufficient to 
induce the dopaminergic phenotype only in the presence of secreted factors from 
midbrain glia cells. Other studies also have demonstrated that the ligand binding do- 
main of Nurrl has the intrinsic capacity for transcriptional activation, depending on 
cell type and mode of DNA binding. These data suggest that activity of Nurrl might 
be modulated by an unidentified coactivator and/or ligand in the developing and ma- 
ture central nervous system. 

In this study, we used different truncated forms of Nurrl protein and a series of 
reporter constructs to look at the regulation of Nurrl by factors secreted by local glia 
cells. Progenitor cells (C17.2) were transfected with full-length or truncated forms 
of Nurrl constructs and the reporter constructs. Cells were then incubated with ei- 
ther serum-free medium (SFM) or SFM combined with different percentages of con- 
ditioned medium (CM) from primary midbrain glia cells. The activity of Nurrl was 
assessed by the expression of reporter gene (lacZ or luciferase). 

METHODS 

Plasmids 

Constructs containing full-length or truncated forms of Nurrl are as shown in 
FIGURES 1 and 2. 
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FIGURE 1. Nurrl and NBRE reporter constructs. (A) The reporter constructs are com- 
posed of two or three copies of NBRE and Gal4UAS upstream of a minimal promoter and 
lacZ or Luciferase. (B) The herpes immediate early 4/5 promoter is used to drive expression 
of Nurrl, and the hrGFP is under the control of CMV promoter as a control. 
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FIGURE 2. Nurrl ligand binding domain constructs. Ligand binding domain of Nurrl 
was fused to the Gal4 DNA binding domain. In NLBD C-terminal truncated form, NL- 
BD(C), the C-terminal transactivation domain (AF2 domain) is truncated. The VP16 activa- 
tion domain (VP16AD) is fused to the N-terminus of the fusion constructs to examine the 
regulation of the NLBD on the activity of the N-terminus transactivation domain. 

Primary Glia Culture and CM Collection 

On embryonic day 18 (El8), embryos were removed from the uterus and placed 
into cold DMEM. Ventral mesencephalon was removed. Pooled tissue from 1-2 lit- 
ters was minced into pieces of approximately 1 mm^ and mechanically dissociated 
by triturating through Pasteur pipettes of decreasing bore size. Dissociated cells 
were plated into 60-mm dishes in 10% FBS DMEM. When confluent, cells were pas- 
saged into two T150 flasks and then allowed to reach confluence in about 3 days. 
Cells were washed three times with PBS and placed into SFM. After 3 days, CM was 
collected. Pooled CM was filter sterilized and stored at -80 °C until use. 

Ultrafiltration of CM by YMT Membrane 

CM was loaded onto Centriplus centrifugal filter devices containing various 
ultrafiltration membranes. The devices were centrifiiged at 3000 x g at 4 °C for var- 
ious times depending on the membrane type. The final volume of the concentrated 
fraction was less than 0.5 mL. The concentrated fraction was then diluted propor- 
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FIGURE 3. NurrI activity via NBRE is regulated by CM from midbrain glia. (A) Full- 
length Nurrl induces the reporter gene expression in a NBRE-specific manner. Three copies 
of NBRE are more potent than two copies. GaMUAS is not induced, demonstrating that the 
activation of NBRE is specific. (B) CM from midbrain glia cells enhances the activity of 
Nurrl on 3NBRE constructs in a dose-dependent manner. GFP only was used as a control. 
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FIGURE 4. Conditioned medium regulates transcriptional activity through the ligand 
binding domain of Nurrl. Reporter gene expression after transfection of different constructs 
and treatment with CM is shown. The intrinsic AF2 activity of NLBD is demonstrated by 
the expression of reporter gene. Deletion of the AF2 core sequence completely abolished the 
activity in C17.2 cells (data not shown). The activity of NLBD was enhanced by CM in a 
dose-dependent manner. Moreover, although the NLBD(C) did not have transcriptional ac- 
tivity, it can regulate the VP16 AD activity in the presence of CM. 

tionally into SFM and added to transfected cells. The filtratration fraction was also 
collected and tested. 

RESULTS 

Full-length Nurrl protein activates reporter gene expression via a Nurrl-respon- 
sive element (NBRE), and CM from midbrain glia cells enhances the activity of 
Nurrl in a dose-dependent manner (FIG. 3). Furthermore, the ligand binding domain 
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FIGURE 5. Concentrated and ultrafiltrated CM retained the enhancing activity for the 
Nurrl ligand binding domain. C17.2 cells were cotransfected with the GaWLuc reporter 
construct and GLNLBD. Conditioned medium was ultrafiltered through two types of YMT 
membrane (YM-3 retains molecules larger than 3KD, and YM-30 retains molecules larger 
than 30KD). The enhancing activity was effectively retained in concentrated fraction from 
both the YM30 (A) and YM-3 (B) membranes. 

has an intrinsic transcriptional activity, which can be enhanced by the CM (FIG. 4). 
Our data demonstrate that a factor(s) in the CM from midbrain glia cells regulates 
the activity of Nurrl through the ligand binding domain (LBD) and that the factor(s) 
can be concentrated by ultrafiltration (FiG. 5). 
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INTRODUCTION 

Current evidence indicates that the transcription factor Nurrl is critical for the de- 
velopment of midbrain dopaminergic (DA) neurons. First, transgenic mice lacking 
Nurrl function are devoid of DA neurons in the midbrain. Second, overexpression 
of Nurrl, in combination with an unknown secretory factor from glia cells, is suffi- 
cient to induce the DA phenotype in neuronal progenitor cells (cl7.2). However, the 
cellular mechanism by which Nurrl promotes the DA phenotype is still unknown. 
Since Nurrl is a transcription factor, we speculate that Nurrl may exert its influence 
on DA neurons by regulating the expression of a specific group of target genes. We 
have developed cell lines with regulated Nurrl expression and have begun to identify 
potential downstream targets of Nurrl. The development of these cell lines will fur- 
ther our understanding of the role of Nurrl in the development of DA neurons by 
providing insight into the set(s) of genes regulated by Nurrl function. 

METHODS AND RESULTS 

Autoreglated Bidirectional Expression Vector for Nurrl 

Our laboratory has utilized an autoregulated bidirectional tetracycline-responsive 
pBIG2i expression vector (FIG. 1) to establish stable expression of Nurrl in the mes- 
encephalic dopaminergic cell line MN9D. The bidirectional tetracycline-responsive 
promoter is comprised of a tetOy element, a stronger CMV element that drives 
cDNA expression, and a weak TK element to drive the transactivator (rtTA) expres- 
sion. In addition, a selectable marker is added to allow for the production of stable 
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School of Medicine, 601 Elmwood Ave., Rochester, NY 14642. Voice: 585-273-2190; fax: 585- 
506-1957, 

howard_federoff@urinc.rochester.edu 

Ann. N.Y. Acad. Sci. 991: 354-358 (2003). © 2003 New Yorli Academy of Sciences. 

354 



LUO et al.: IDENTIFICATION OF DOWNSTREAM TARGETS 355 

CMV* f TK* ^ 

Nurrl 

IRES 

eGFP HygroB 

FIGURE 1. Schematic diagram of tetracycline-responsive vector pBig2I with Nurrl. 
(Adapted from Strathdee et a/.') 
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dox 24 hr  48 hr  72 hr   24 hr  48 hr  72 hr 

FIGURE 2. eGFP expression is induced following treatment with doxycycline in 
MN9D/NurrMRES'eGFP cells, MN9D/NurrMRES«eGFP cells were plated onto 24-welI 
plates and induced with 2 |ig/mL doxycycline for 24, 48, and 72 hours. Cells were plated at 
a density of 4 x 10'' for 24- and 48-h time points and 1 x lO"* for a 72-h time point. Following 
induction, cells were examined under phase contrast (A) and green fluorescence (B) to 
detect eGFP expression. 

cell lines and an internal ribosome entry site in front of a codon-optimized enhanced 
green fluorescent protein coding region (human codon optimized eGFP), which al- 
lows for the monitoring of protein expression in live cells. 

Production of Tetracycline-Responsive Autoregulated Stable MN9D 

After establishing the appropriate concentration of hygromycin B for selection, 
MN9D cells were transfected with pBig2i containing either an eGFP or a 
Nurrl •IRES'eGFP insert. Following selection for 14 days, cells were isolated and 
expanded. Positive stable clones were detected by eGFP fluorescence after induction 
with doxycycline. Using both a cloning ring and the autoclone cell sorting method, 
we obtained a number of stable cell lines. The autoclone method produced pure 
clonal lines. FIGURE 2 demonstrates the effectiveness of this system for the regulated 
expression of eGFP and Nurrl in MN9Ds. In the presence of doxycycline (Dox) 
eGFP expression is activated, while in the absence of Dox no eGFP fluorescence is 
observed. 
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FIGURE 3. Nurrl mRNA levels increase in a time-dependent manner following expo- 
sure to doxycycline. MN9D/Nurrl-eGFP cells were treated with Dox for 24,48, or 72 hours. 
RNA was isolated, DNase I treated, and reverse transcribed. The amount of Nurrl mRNA 
present was determined by qRT^-PCR. 
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FIGURE 4. Following exposure to Dox, induction of Nurrl is detected by Western blot 
analysis. Protein samples from two independent cell lines grown in the presence or absence 
of DOX were collected, separated by SDS-PAGE, and subjected to Western blot analysis. 
Nurrl protein is detected only in Nurrl stable cell lines following treatment with 2 ng/mL 
Dox {arrow; compare lanes 1 and 3 to lanes 2 and 4). Positive controls include a BHK lysate 
containing Nurrl fused to a Flag tag and transiently expressed (lane 5) and total protein from 
mouse substantia nigra (SN) (lane 7). Nurrl is not detected in the parental MN9D cell line 
(lane 6). 

Characterization of Nurrl Stable Cell Lines 

Nurr 1 mRNA expression was activated in this cell line after Dox treatment as de- 
termined by quantitative real-time PCR (qRT^-PCR). The mRNA for Nurrl increas- 
es approximately 15- to 25-fold after treatment with doxycycline for 48 hours (FIG. 

3). As further confirmation, Nurrl protein was induced as determined by Western 
blot analysis (FiG. 4). We have successfully used this approach to obtain multiple 
stable cell lines derived from MN9D cells. 

Identification of Nurrl Downstream Target Genes 
by Differential Display Analysis 

Total RNA was extracted from MN9D Big2iNurrl and Big2ieGFP cells with and 
without Dox (1 \iglraV) induction. Total RNA was subjected to differential display 
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FIGURE 5. Differential display: treatment with DOX results in altered levels of select- 
ed mRNAs in stable Nurrl cell lines. After 48-h incubation with 2 |ig/inL Dox, mRNA was 
isolated and selectively amplified by PCR using primers designed for differential display in 
the presence of [^^P]dATP. Reaction products were separated on a 6% denaturing PAG and 
detected by phosphorimager. Shown is a representative gel. Transcripts that are either de- 
creased or increased {arrows) are detected by comparing samples without (lanes 1 and 3) or 
with (lanes 2 and 4) Nurrl expression (i.e., +/- Dox). These changes are absent in control 
lanes showing the parent expression vector containing only eGFP (lanes 5 and 6). Typical 
changes range from 1.5- to 2-fold as quantitated by Imagequant (Molecular Dynamics). 
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FIGURE 6. Summary of transcripts 
isolated by differential display. Bands iden- 
tified by differential display with either an 
increase or decrease were excised and 
reamplified. 

analysis according to the manufacturer (GenHunter; Nashville, TN). Following am- 
plification, the samples were resolved on a denaturing PAGE and compared to each 
other. Transcripts more (or less) abundant were excised, reamplified, and isolated for 
further analysis and verification. 

As shown in FIGURE 5, using one set of primers we visualize at least one differ- 
entially expressed gene following Nurrl induction (arrows). This technique will al- 
low for the identification and cloning of these differentially expressed genes. To date 
we have isolated 26 distinct transcripts (FIG. 6). As expected, comparison of these 
sequences with available databases results in both known genes and mRNAs of un- 
known function. 
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SUMMARY 

We have employed the use of a vector containing a modified form of the tetracy- 
cline-inducible promoter system. There is minimal expression of Nurrl in the "off" 
state. However, addition of doxycycline permits the expression of the reverse tetra- 
cycline transactivator (rtTA) gene and a Nurrl-IRES-eGFP transcriptional cassette 
from a bidirectional promoter. Thus, we are able to temporally follow downstream 
transcription events resulting from Nurrl gain of function. We have established sev- 
eral Nurrl clonal cell lines from the dopaminergic cell line MN9D. Currently, we are 
using differential display to identify changes in gene expression following the induc- 
tion of Nurrl for 24,48, and 72 hours. This approach detects genes whose expression 
is either increased or decreased following Nurrl expression. We have detected tran- 
scripts with altered expresssion levels and are currently identifying the putative tar- 
get genes by sequencing. 

REFERENCE 

1. STRATHDEE, C.A., M.R. MCLEOD & J.R. HALL. 1999. Efficient control of tetracycline- 
responsive gene expression from an autoregulated bi-directional expression vector. 
Gene 229: 21-29. 



Index of Contributors 

Alben, L., 36-47 
Ariano, M.A., 278-280 
Arlotta, P., 229-236 

Bed, M.F., 120-131 
Bddard, A., 346-349 
Benner, E.J., 319-321 
Bernard, L.P., 342-345 
Bezin, L., 307-310 
Bhatt, L., 36-47 
Biskup,T.M., 319-321 
Boska, M.D., 319-321 
Breidert, T., 214-228 
Bremmer, S., 298-301 
Brooks, D.J., 22-35 
Brownell,A.-L., 281-283 
Bubula, N., 339-341 
Buchanan, T.M., 278-280 
Burbach, J.P.H., 61-68 
Burke, R.E., 69-79,284-287 

Carlson, K.A., 319-321 
Casaceli, C, 315-318 
Chen, I.Y., 281-283 
Chen, L., 315-318 
Chinopoulos, C, 111-119 
Cho, J.W., 284-287 
Choi, D.-K., 272-277 
Chu, C.T., 288-290 
Collier, TJ., 140-151 
Conn, K., 330-332 
Cossette, M., 346-349 

Dawson, T.M., 80-92,132-139 
Dawson, V.L., 80-92,132-139 
DeLong, M.R., 199-213 
Dervan, A.G., 291-294 
Destache, CI, 319-321 
Doherty, S., 330-332 
Duda, J.E., 295-297 

Ehrhart, J., 342-345 
Eisenhauer, P., 330-332 

Fahn, S., 1-14 
Farrer,M.J., 311-314 
Federoff, H.J., ix, 152-166, 315-318, 

350-353, 354-358 
Fine, R., 330-332 
Fisher, B., 298-301 
Fiskum,G., 111-119 

Gendelman, H.E., 319-321 
Gherbassi, D., 36-47 
Giasson, B.I., 295-297 
Grissell, A.E., 278-280 
Groc,L., 307-310 
Gross, M., 339-341 

Hamani, C, 15-21 
Hardy, J., 167-170 
Hartmann, A., 214-228 
Hashimoto, M., 171-188 
Hattori, N., 101-106 
Heidenreich, K.A., 237-250 
Heller, A., 339-341 
Henricksen, L.A., 354-358 
Hessefort, S., 339-341 
Hirsch, E.C., 214-228 
Hogg, E., 298-301 
Hunot, S., 214-228 
Hunter, T.J., 307-310 

Imai, Y., 101-106 
Ischiropoulos, H., 93-100 

Jackson-Lewis, V., 272-277 
Jakowec, M.W., 298-301 
Jenkins, B.G., 281-283 
Jiang, H., 307-310 

Kadoya, C, 302-303 
Kholodilov, N.G., 284-287 
Kohbata, S., 302-303 
Kress, G.J., 304-306 

Lau, Y.-S., 291-294 

359 



360 ANNALS NEW YORK ACADEMY OF SCIENCES 

Lee, V. M-Y., 107-110, 295-297 
Levine, R.A., 307-310 
Lim, K.L., 80-92 
Lockhart,P.J., 311-314 
Lozano, A.M., 15-21 
Luo, Y., 350-353, 354-358 

Macklis, J.D., 229-236 
Magavi, S.S., 229-236 
Maguire-Zeiss, K.A., 152-166,354-358 
Masliah, E., 171-188 
Mayer-Proschel, M., 251-271 
McCarthy, M.K., 319-321 
McGuire,S., 140-151 
McNeill, T., 298-301 
Meredith, G.E., 291-294 
Meshul, C, 298-301 
Michel, P.P., 214-228 
Miller, R.M., 315-318 
Mizuno, Y., 101-106 
Mosley, R.L., 319-321 

Nelson, J.A., 319-321 
Nemechek, C, 319-321 
Nixon, K., 298-301 
Noble, M., 251-271 

0'Farrell,C.A., 311-314 

Parent, A., 346-349 
Perlmann, T., 48-60 
Petzinger, G.M., 298-301 
Polster,B.M., 111-119 
Power, J., 251-271 
Przedborski, S., 189-198,272-277 

Reynolds, I.J., 304-306 
Rockenstein,E., 171-188 
Rousselet, E., 214-228 

Schulz, J.D., 326-329 
Seegal, 322-325 
Sgad6, P., 36-47 
Shaw, C.A., 326-329 
Shimoji, M., 132-139 
Simon, H.H., 36^7 
Smidt, M.P., 61-68 
Smith,!., 251-271 
Smits, S., 61-68 
Sortwell, C.E., 140-151 
Starkov, A., 111-119 
Steece-Collier, K., 140-151 

Takahashi, R., 101-106 
Teismann, P., 272-277 
Tieu, K., 272-277 
Totterdell, S., 291-294 
Trojanowski, J.Q., 107-110, 295-297 

Ullman, M.D., 330-332 

Vila, M., 189-198, 272-277 

Wall^n, A., 48-60 
Wang, H., 132-139 
Wang, X., 281-283 
Wells, J., 330-332 
West, A.B., 311-314 
Wichmann, T., 199-213 
Wilson, J.M.B., 326-329 
Wissler, J.H., 333-338 
Won, L, 339-341 
Wu, D.C., 272-277 

Yu, M., 281-283 
Yu, S.-W., 132-139 

Zeevalk, G.D., 342-345 
Zelivyanskaya, M.L., 319-321 
Zhu, J.-H., 288-290 


