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Preface

It is our pleasure to present the Proceedings of the 16™
International Congress on Parkinson’s Disease (PD) and
Related Disorders (16" ICPD) which took place in Berlin
from June 5-9, 2005. This congress was the most success-
ful congress ever with more than 3500 participants in the
roaring German capital, consisting of an innovative program
and with emphasis on bringing basic and clinical scientists
together. Special attention has was paid in inviting young
scientists. Therefore, the major aspect of scientific sessions
was to identify young and up coming individuals in the field,
with novel approaches to PD and novel models as a whole.
The congress gave us the opportunity to present Germany and
its capital after the burden of recent history in the new light
of a reunified and peaceful country. We have succeeded in
presenting the country as an important part of Europe and as
a country of arts, architecture and renewal. The Congress at-
tracted new friends from more than 75 countries worldwide.
For this reason, we are most thankful to the World Federa-
tion of Neurology (WFN), Research Group on Parkinsonism
and Related Disorders (RGPD), chaired by Professor Donald
Calne for bringing this congress to Germany!

The Congress had many highlights with lectures cover-
ing all the major fields in PD and Related Disorders. The
opening ceremony was highlighted by the inspiring presen-
tation of Nobel Laureate Paul Greengard who lectured on
dopamine-related signalling pathways in the brain, followed
by the welcome addresses by Professor Riederer, President of
the 16" ICPD, Professor Calne, President of the WFEN-RGPD,
Dr. Slewett, President emeritus of the National Parkinson
Foundation, Miami, USA (NPF), Professor Kimura, President
WEN, Professor Reichmann, President German Parkinson
Society and Professor Einhaupl, Chairman of the Germany
Science Council. The speeches were followed by a musical
interlude of the “Sunday Night Orchestra” and the award
ceremony of the WFN Research Committee on Parkinson-
ism and Related Disorders. The welcome reception pre-
sented typical German dishes and drinks.

In total the congress included 4 plenary lectures, 20
symposia, 6 hot topics, 4 video sessions, 1 workshop with
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demonstration, 29 educational seminars, more than 600
posters which were presented throughout the congress, 44
guided poster tours, 4 poster symposia, and 14 satellite
symposia.

There were many scientific highlights and this proceed-
ing intends to give a representative overview of congress
programme. In this preface we are only able to give a
glimpse of the outstanding lectures and scientific events
during the 5 days.

The congress started with a satellite symposium on the
significance of neuromelanin in the human brain. This sym-
posium was dedicated to Prof. Youdim on the occasion
of his 65" birthday. These contributions are published
separately in a Special Issue of the Journal of Neural
Transmission. Professor Carlsson, 2000 Nobel Laureate,
spent significant time at the congress site and was often
seen discussing topics of mutual interest with congress
participant’s. There was an interesting new study presented
by Professor Deuschl, Kiel, in which he demonstrates that
deep brain stimulation results in even better outcome of
motor function than regular medication. For this reason,
he advocated earlier use of deep brain stimulation in PD.
New medications were discussed in detail both in the ple-
nary lectures and satellites and new drugs such as rasagiline,
the new MAO-B-inhibitor and rotigotine, the new dermal
patch, were discussed in detail. There were satellite meet-
ings on apomorphine, COMT-inhibitors, levodopa, sphera-
mine (a new promising cell therapy for the treatment of PD
in the advanced stage), dopamine transporter scanning, do-
pamine agonists such as pramipexole, ropinirole and ca-
bergoline, adenosine antagonists, restless legs, deep brain
stimulation, botolinum toxine A, and the new lisuride der-
mal patch. All satellites were of highest quality and deliv-
ered valuable insights in present and new therapy of PD.
Special lectures addressed the advent of gene therapy and
stem cell therapy, although it is apparent that there is still
a long way to go until this therapy cab be safe and afford-
able for many PD patients longing for disease modifying
treatment.
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Professors Schapira and Olanow gave an overview on the
ever contradictory aspects of neuroprotection. While neu-
roprotection is generally accepted in animal models and
cell culture, there is still discussion on whether SPECT-
and PET-analyses and the delayed start design, as em-
ployed in the rasagiline study indicated neuroprotection
in man. For neuroprotection to be successful earlier diag-
nosis of PD is mandatory. For this reason, groups from
Amsterdam, Dresden, Ttibingen and Wiirzburg are working
on early diagnosis procedures such as olfactory tests, pa-
renchymal sonography, REM sleep analyses, and biochem-
ical markers.

There were lectures on treatment of PD and many on
genetic abnormalities causing PD, mitochondrial abnor-
malities and other disturbances of cell function which lead
to dopaminergic cell death.

The other major aspect of the scientific session was the
field of basic neuroscience to illuminate our current under-
standing of how neurons die in sporadic and familial PD.
This included symposia on development of midbrain dopa-
minergic neurons, the role of iron in neurodegeneration,
and the progress on genetics and proteomics and the con-
cept of developing novel multifunctional neuroprotective
drugs for such a complex disease.

Twenty nine educational seminars covered the most im-
portant topics and problems in clinical science bringing
theory to practice and treatment strategies.

The guided poster tours allowed exchange of scientific
ideas and shed light on new findings in etiology, diagnosis
and treatment of PD and related disorders.

A special highlight of the Congress was the Art Exhi-
bition, demonstrating the creativity of our patients with
movement disorders. This exhibition was organized by the
German Parkinson’s lay organisation as well as by the
Austrian lay organisation. Professor Maurer, Frankfurt, pre-
sented Art from an Alzheimer’s patient, the Carolus Horn
Exhibition, which impressively demonstrated change in the
way to paint during a dementive process.

Another highlight was the Medical Historical Exhibition
which was organised by Dr. Ch. Riederer, Wiirzburg, which
focused on the history of the treatment of PD and empha-
sized the Berlin contributions by H. Lewy, W. v. Humboldt,
R. Hassler and others.

A special tribute was paid to Melvin Yahr who sadly
passed away in early 2005 shortly before this Congress.
He was greatly missed.

Preface

Due to generous educational grants from the industry the
organizers were able to honour outstanding scientists and
clinicians, Toshiharu Nagatsu, Yoshikuni Mizuno, Japan
(Award of the WFN Research Group on Parkinsonism
and Related Disorders), Saskia Biskup, Germany and
Andrew B. Singleton, USA (16th ICPD Junior Research
Award), Jonathan Brodie, Canada and Alan Crossman, UK
(Merck KGaA Dyskinesia Research Award). GE Health-
care sponsored the 16™ ICPD Senior Researcher Award
given to Silvia Mandel, Israel and Vincenzo Bonifati,
The Netherlands. Both companies gave educational grants
for the 12 Poster Prizes while the Melvin Yahr Foundation
sponsored 26 Fellowships. In addition the congress made
it possible to bring numerous young scientists to the con-
gress by giving them financial support for travelling and
accommodation.

The Senator Dr. Franz Burda Award presented by
Helmut Lechner, Austria, and Franz Gerstenbrand, was
given to Laszlo Vecsei, Hungary and Tino Battistin, Italy.

We thank all the participants who gave us their creative
input to organize a World Congress on PD (as indicated in
the First Announcement) which fulfilled the criteria of excel-
lence and made the congress so successful. This was YOUR
congress and which many of you influenced by letting us
know your wishes and expectations. New concepts, formats
and innovations, the active and constructive cooperation by
the participating industry and the lay organisations made all
this possible. This can measured by the numerous compli-
mentary letters and emails we have received since then and
we hope it sets the standards for future meetings! By doing
all this we tried to come close to our milestone ‘“Present
and Future Perspectives of Parkinson’s Syndrome”.

Our special thanks go to CPO Hanser Congress Organi-
sation, the programme committee and the WFN Research
Group which all worked so hard to make this Congress so
successful.

Finally the congress proceedings are published and we
thank all those who contributed to this volume. Special
thanks go to Springer Verlag, Vienna, New York for their
efficient and splendid ability in being able to publish the
proceeding so rapidly.

Peter Franz Riederer, Heinz Reichmann, Moussa Youdim,
Manfred Gerlach
Wiirzburg, Dresden, Haifa, spring 2006
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Melvin Yahr (1917-2004). An appreciation

C. Powell

Dalhousie University, Nova Scotia, Canada

Melvin Yahr (1917-2004)

I am honoured yet somewhat wary in being
invited to write an appreciation of Melvin
David Yahr. Can an outsider, a non-neurologist
and a non-American, really grasp his contri-
bution to movement disorder clinical prac-
tice, to the specialty of neurology, and to
the larger world of Medicine? In so far as
Melvin Yahr’s importance extended beyond
the borders of Neurology into all corners of
the world, the answer is, perhaps, yes. Given
such a long period of consistent and exten-
sive activity (first paper in Journal of Pedia-
trics in 1944, 357" in 2003), much of the
customary academic and professional rivalry
and anguish, well described by Hornykiewicz
(2004), will be unknown to an outsider and
perhaps is better left that way until some
future disinterested biographer intervenes.
Here follow brief comments on some of his
papers.

Duvoisin et al. (1963) give an insight into
some 1960s thinking. Yahr and his colleagues
studied a clinical sample from Columbia-
Presbyterian Medical Center (225 subjects
attending in 1962 of whom 195 had classical
paralysis agitans) and refuted authors who
asserted that, with the passing of the post-
encephalitic cohort, Parkinsonism would
largely disappear [by 1980] . . . thereafter con-
stituting a numerically insignificant disease
entity.

Melvin Yahr (Yahr et al.,, 1969) was
important in those early years showing the
efficacy of L-dopa (from Birkmayer and
Hornykiewicz, 1961 onwards) and affirming
that enough L-dopa would produce and sus-
tain clinical response. (Hornykiewicz, 2004
engagingly and courageously records the
chronology and conflict of those papers and
their authors.) In a placebo controlled, double
blinded study, with careful evaluation (more
later about the Scale used for evaluation), 60
subjects, 56 with Parkinson’s Disease, aged
44-78 years of at least 3 years duration and
followed for 4 to 13 months, were given
750mg to 1 gram of L-dopa 3 to 5 times
daily. All these patients had been hospital-
ized for the study — those were the days!
After initial symptomatic improvement, ob-
jectively there was ‘renewed ability to perform
simple movements which had been lost for
several years, such as turning over in bed or
rising from a chair’. They noted that some
subjects did not reach ultimate functional
improvement until treated for 3 to 4 months.
Abrupt cessation of the drug led to loss of
effect in the ensuing week and restoration
took at least a further week.

Younger clinicians will have no memory
of the excitement produced when L-dopa was
introduced (in today’s parlance, ‘“Awaken-
ings” is a ‘must-read’). It is in the same
league as witnessing the original clinical
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response to penicillin (Fletcher, 1984) or the
present writer’s joy as an intern at the effec-
tiveness of oral diuretics replacing parenteral
mercurials.

In his 1970 presidential address to the
American Neurological Association’s 95™
Annual General Meeting, Melvin Yahr be-
gan: “I’'m not a philosopher or historian,
much less a prophet” and then described
“Neurology’s position in the present crisis
in American medicine”. His analysis bears
repetition and response even today. He blunt-
ly asserted: ‘“‘the public is disaffected with
the health care we are giving them” ...the
affluent complain about their waits to see
physicians, the indigent complain they have
no access to physicians. He warned that the
false dichotomy of ‘“medical research™ or
“medical care” ignored research as the cata-
lyst for both clinical care and teaching. While
recognizing the complementary nature of
basic and applied research, he pleaded that
their funding should not be in direct compe-
tition. Where he differs from many presiden-
tial addresses, which focus on the clinician
and his (certainly his in 1970) preoccupa-
tions, is his dissection of the (American)
health care delivery system “which is about
as unhealthy, uncaring and unsystematic a
delivery system as one can imagine”. He
emphasized the context: “‘the senseless war
in Vietnam, poverty, hunger, environmental
pollution, divisions between the races, alie-
nation of our young people. And somewhere
in that group... inadequate medical care.”
He challenged then and now: ‘“‘the large sums
of money expended by our government on
misguided military adventures should, in-
stead, be serving the cause of human better-
ment and as physicians we have an obligation
to say so”.

“100 years ago we were unable to exist
with half slave half free, so we cannot now
continue to exist with half our people barred
from decent health care”. He envisaged de-
veloping “‘a comprehensive health plan for
all to which ability to pay will cease to be

a barrier to participation”. He then applied
these principles to neurological practice and
training. He perceptively commented on:
urban /rural practice (‘“‘the irresistible ambi-
ence of West Coast living” — very pertinent
for a former Winnipeg physician when read
during a January sabbatical in Vancouver);
the needed continuum of care required
“through the various phases of the many
long-term diseases with which we are in-
volved”; and he made an impassioned plea
for “one class of care — first class”. Other
topics included telehealth (not his term)
consultations, relevant CME in neurological
matters for primary care physicians, and the
relationship between the academic health
centre and its medical hinterland. To this
writer, this address was unexpectedly refresh-
ing, revealing, and still relevant.

The Hoehn and Yahr Scale (1967)

It is a truism that Parkinson’s Disease was
and is a clinical diagnosis: there are no lab-
oratory tests, no imaging techniques, no ge-
netic markers to confirm the diagnosis. It is
the clinician’s decision. This judgment nicely
combines the art and science of medicine
but the first attempt to supply a scientific
basis for this judgment appeared in Hoehn
and Yahr (1967). This is Melvin Yahr’s most
famous paper (at least 2886 citations by mid-
January, 2004) because it laid the foundation
for measuring Parkinsonism.

The Hoehn and Yahr Scale appeared be-
fore the obligatory application of psycho-
metric and clinimetric measures to clinical
scaling, before sensitivity and specificity,
before predictive values, before receiver oper-
ating curves and the rest of the scientific appa-
ratus ensuring those twin pots of gold: validity
and reliability (albeit tempered with simplic-
ity, acceptability, accuracy, cost — Cochrane
and Holland, 1971 — sensibility — Feinstein,
1987 — and responsiveness — Rockwood et al.,
2003). The main objective of the paper was to
determine the clinical variability, progression
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and mortality of Parkinson’s Disease given the
then paucity of information about the natural
history of the condition. This would subse-
quently give the background upon which to
judge the effectiveness of the newly intro-
duced L-dopa therapy.

Hoehn and Yahr reported on 802 subjects
derived from a retrospective clinical sample
of 856 patients diagnosed with paralysis agi-
tans, Parkinson’s Disease and Parkinsonism
seen at the Columbia-Presbyterian Medical
Center from 1949 to 1964. Nearly 85% had
classic Parkinson’s Disease and 13% had
post-encephalitic associated Parkinsonism.
This was the largest clinical sample hitherto
studied. Two hundred and sixty three subjects
attending in 1963-4 were examined more
closely and it was from this subsample that
the famous clinical stratification was derived.
They found only 10% free of tremor at onset
and incidentally note the continuing occa-
sional clinical conundrum of Parkinsonism
and essential tremor; 14% exhibited ‘‘mild-
to-moderate organic mental syndrome . . . usu-
ally characterized by recent memory defects
and some impairment of judgment and in-
sight”; 4% were ‘“‘moderately to severely
depressed” (no further details given).

They wisely point out that the presence of
the classical signs of tremor, rigidity and aki-
nesia varies with respect to disability — its
presence and progress; hence the need to
quantify this interaction of physical signs
and functional consequences into clinical
stages. Hoehn and Yahr recognized that these
stages may not correlate with pathology but
they claimed a clinimetric basis for ‘“‘repro-
ducible assessments by independent exami-
ners of the general functional level of the
patient”.

Five clinical stages, “based on the level
of clinical disability” were reported on 183
patients with “primary parkinsonism” (viz.
Parkinson’s Disease, paralysis agitans or
idiopathic Parkinsonism) — a subset of the
263 ‘more closely examined’. They dicho-
tomized these stages into: mildly affected

(Stages 1-III) and severely affected (Stages
IV=-V).

Five clinical stages: degrees of disability

Stage I: unilateral involvement only, usu-
ally with minimal or no functional
impairment.

Stage II: bilateral or midline involvement,
without impairment of balance.

Stage III: first sign of impaired righting
reflexes. This is evident by
unsteadiness as the patient turns
or is demonstrated when he is
pushed from standing equili-
brium with the feet together and
the eyes closed. Functionally the
patient is somewhat restricted in
his activities but may have some
work potential depending on the
type of employment. Patients are
usually capable of leading inde-
pendent lives and their disability
is mild to moderate.

Stage IV: fully developed, severely dis-
abling disease; the patient is still
able to walk and stand unassisted
but is markedly incapacitated.

Stage V: confinement to bed or wheelchair
unless aided.

It is unfair to criticize a 1967 paper in
terms of current epidemiological standards
(McDowell, 1996). Clinically derived scales
(e.g. Rankin, 1957 for stroke rehabilitation)
are still used inspite of academic strictures.
Ramaker et al. (2002) in their recent com-
prehensive review of measuring Parkinson’s
Disease, regret that the Hoehn and Yahr
Scale is frequently chosen ‘“‘as the gold stan-
dard for testing other scales” because of its
lack of psychometric and clinimetric proper-
ties — but at the time it emerged it was
groundbreaking.

Melvin Yahr contributed to many major
textbooks of Medicine, Neurology and Move-
ment Disorders. In his 357 publications,
themes included: amino acid biology, the
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continuing relationship of central nervous
system infection and Parkinsonism, auto-
nomic nervous system failure with special
attention to orthostatic hypotension, and
every aspect of the drug management of
Parkinson’s Disease. His experience and
expertise (in others not necessarily the same
thing) were highly valued. No part of move-
ment disorder neurology was untouched by
his presence: as an explorer, quantifier, ana-
lyser, teacher and practitioner. An obituary
by former students (Di Rocco and Werner,
2004) expresses the richness of his contribu-
tion to neurology and neurologists. He was
an exemplar of successful ageing. Rejecting
the curse of mandatory retirement, he contin-
ued his clinical and academic work into the
last weeks of his life: he was the compleat
physician.
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Melvin D. Yahr, 1917-2004. A personal recollection

H. Kaufmann

Mount Sinai School of Medicine, New York, NY, USA

Melvin D. Yahr, one of the giants of 20th
century neurology died on January Ist 2004,
aged 87, of lung cancer, at his home in
Scarsdale, New York. His was an intense and
long life of uninterrupted scientific produc-
tivity. His first paper, on myasthenia gravis,
was published in 1944 and his last one, of
course on Parkinson’s disease, appeared in
press in 2005, sixty one years later. Born in
1917 in New York City, Yahr was the young-
est of six children of immigrant parents. His
family lived in Brooklyn where his father
owned a bakery. He went to New York
University School of Medicine and completed
an internship and residency at Lenox Hill
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Hospital and Montefiore Hospital in New
York City. As a student he played the clarinet
in a jazz combo to earn extra money, but in-
sisted that he was not a talented musician.
Later, when questioned about the origin of
the phenomenal musical talent of his daugh-
ters, he attributed all to his wife Felice, whom
he married when she was a 23-year-old writer
working at Fortune Magazine. Yahr served
in the US army from 1944 to 1947 and was
discharged with the rank of Major. Back
in NY, he joined the faculty at Columbia Uni-
versity College of Physicians and Surgeons
where he began his work as an academic
neurologist. He had wide clinical interests
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but after a few years he began focusing on
Parkinson’s disease. Building on the work of
Carlsson, Hornykiewicz and Cotzias, in the
1960’s Yahr conducted the first double blind
randomized large clinical trials of Ldopa
in the treatment of Parkinson’s disease. The
success and impact of this treatment was
tremendous; patients were ‘“‘unfrozen” from
statue-like rigidity and brought back to life.
In 1967, together with Peggy Hoehn, he de-
vised a 5-stage scale, simplicity itself, to de-
termine the severity of Parkinson disease. The
Hoehn and Yahr rating scale is still the gold
standard and levodopa remains the most
widely used medication for the treatment of
Parkinson’s disease.

Melvin Yahr became H Houston Merritt
professor of neurology at Columbia University
before moving downtown, as he used to say,
to Mount Sinai School of Medicine, where he
become professor of neurology and chairman
of the department. Yahr brought to Mount
Sinai the country’s first multidisciplinary cen-
ter for research in Parkinson’s disease and
related disorders, a pioneering example of
translational research. Under his leadership,
basic scientists and clinical investigators
working in close proximity, made significant
contributions to the understanding and treat-
ment of these disorders.

He chaired study sections for the National
Institute of Neurological Communicative
Disorders and Stroke, he was an adviser for
the National Research Council, the National
Academy of Sciences, and the New York City
Board of Education. He was president of the
American Board of Neurology and Psychiatry,
the American Neurological Association, and
the Association for Research in Nervous and
Mental Diseases. He received many prizes
and awards and was an honorary member of
the British, French, Belgium and Argentine
Neurological societies.

Melvin Yahr was an imposing presence. [
first met him in 1982 during my neurology
residency at Mount Sinai. He was 64, famous
and at the top of his game. He had a low

baritone voice and a very characteristic way
of speaking that we all used to imitate. He
was impeccably dressed and always wore a
crisp shirt and tie under his white lab coat.
And he smoked a pipe, an indispensable tool
for the neurologist-detective of his generation.

Yahr was first and foremost a clinician;
but believed strongly in basic research. He
loved neurology and he got great satisfaction
from his work. He was a superb teacher.
I remember vividly Morning Reports as a
senior neurology resident; every day of the
week at 9 in the morning, after rounding the
neurology ward, the senior residents went into
his office in the 14th floor of the Annenberg
Building, junior residents were not allowed.
The 5 or 6 seniors sat in couches and chairs
facing him who was sitting behind his desk,
reclined backwards, almost always smoking
a pipe. The curtains were usually lowered, so
the room was dark. Many times we couldn’t
see his face because it was covered by the
desk lamp and by a journal he was reading
and holding in front of him. One could only
see the smoke from his pipe coming up from
behind the journal. We felt we were in front
of the oracle. We presented each new patient
trying to be brief and to the point. At the end
of each patient’s presentation we heard his
voice saying: next! or some short comment.
But sometimes it was different. He would put
the journal down and ask a few more ques-
tions and then go through the differential
diagnosis or focus on one particular aspect of
the history and what it meant. For us it was
magic, it all made sense when he explained
it. He left us mesmerized and we walked out
of his office full of ideas and imagining that
we actually knew what we were all doing.
Clinical neurology was an exciting job with
Melvin Yabhr.

Twice a week he also did “Chief of
Service Rounds.” With all the residents and
medical students sitting around him, he in-
terrogated and examined a patient from the
Neurology ward. With Melvin Yahr this was
high theatre. He was a master performer.
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Melvin Yahr was outspoken and blunt
and was used to be in charge. He was not
easily convinced ( — of anything), and his
most typical questions were — “What do
you want?” to his students and ‘“What is it
that you cannot do?” to his patients. He was
frequently gruff and stern but had a fine sense
of humor and compassion.

Almost everything that is necessary for
a neurological diagnosis is in the history,
he used to say and he mostly stuck to that.
Of course he used radiology and electro-
physiology extensively, but he had a deep
distrust for all forms of testing. He asked
patients very clear questions and had the abil-
ity to make them talk and reveal information
that nobody else seemed to have been able to
obtain. He listened intently, rarely interrupt-
ing with his gaze locked on the patient. His
neurological examinations were very focused
brief and revealing: as residents, we enter-
tained the possibility that Yahr could actually
alter plantar responses in patients at will, and
we believed that he always knew what he was
going to find, as he never appeared surprised.
He kept the tradition of clinical neurology
training one on one, almost like an appren-
tice. Neurology was his passion. He was a
methodical thinker, disciplined, focused and
persistent.

Melvin Yahr did not believe in retire-
ment. When he stepped down as chairman
at Mount Sinai in 1992, his office was
demolished, literally. I guess the powers to
be thought he would have stayed there other-
wise. Undeterred, he got a new office, and
a new endowed chair remaining as active
as ever.

He appreciated beauty, loved red wine
and cognac. A favorite line of his was “It’s
a racket!” applied to a variety of senseless
medical or everyday life schemes. He was a
Democrat, which in the US, means liberal.

He is survived by Nancy his companion
after the death of his wife Felice in 1992,
and by 4 brilliant daughters, Carol an opera
singer, Barbara, an orchestra conductor, Laura
a pathologist and Nina a social worker, and
5 grandchildren.

Melvin Yahr died 200 years after James
Parkinson. He would have pointed that out.
Until the end Yahr remained intellectually
vibrant. He was writing and seeing patients
just a few weeks before his death. He will be
missed.

Author’s address: H. Kaufmann, MD, Mount Sinai
School of Medicine, Box 1052, New York, NY 10029,
USA, e-mail: Horacio.Kaufmann @mssm.edu
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The discovery of dopamine deficiency in the parkinsonian brain

O. Hornykiewicz

Center for Brain Research, Medical University of Vienna, Vienna, Austria

Summary. This article gives a short histori-
cal account of the events and circumstances
that led to the discovery of the occurrence of
dopamine (DA) in the brain and its deficiency
in Parkinson’s disease (PD). Some important
consequences, for both the basic science and
the patient, of the work on DA in the PD
brain are also highlighted.

Early opportunities

In 1951, Wilhelm Raab found a catecholamine
(CA)-like substance in animal and human
brain (Raab and Gigee, 1951). He knew that
this CA was neither noradrenaline (NA)
nor adrenaline; today, we know that it was,
at least in part, dopamine (DA). Raab exam-
ined its regional distribution in the brain of
humans, monkeys and some “‘larger animals”,
and found highest levels in the caudate
nucleus. He found no changes of this CA in
the caudate in 11 ““psychotic’ patients. He
did not try to look for this compound in the
caudate nucleus of patients with Parkinson’s
disease (PD).

In 1952, G. Weber analyzed brains of
patients with PD, obtained postmortem, for
cholinesterase activity (Weber, 1952). He
found a reduction of the enzyme activity in
the putamen, and hypothesized about the
significance for PD. Had Weber known of
Raab’s study published the year before, he
might have measured Raab’s CA-like com-
pound in his PD postmortem material. In

his report, Weber does not refer to Raab’s
study.

In 1952-1954, Marthe Vogt performed
her landmark study of the regional distribu-
tion of NA and adrenaline in the brain of
the dog (Vogt, 1952, 1954). She isolated the
amines from brain tissue extracts by paper
chromatography and eluted the corresponding
“spots” for (biological) assays. Marthe Vogt
was well aware of Raab’s work. However, for
practical reasons, she did not stain the CA
(with ferricyanide) on the chromatograms of
regions that contained little NA, such as the
caudate; thus she let pass the opportunity of
detecting DA’s presence in the brain and its
striatal localisation.

Setting the stage for the DA /PD
studies

In August 1957, Kathleen Montagu reported
on the presence of DA, identified by paper
chromatography, in the brain of several
species, including a whole human brain
(Montagu, 1957). In November 1957, Hans
Weil-Malherbe confirmed this discovery and
examined DA’s intracellular distribution in
the rabbit brain stem (Weil-Malherbe and
Bone, 1957). Neither he, nor Montagu, offered
any speculations on the physiological role
of brain DA. At the same time as Weil-
Malherbe, in November 1957, Arvid Carlsson
observed that in naive and reserpine treated
animals “‘3,4-dihydroxyphenylalanine caused
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central stimulation which was ... markedly
potentiated by iproniazid” (Carlsson et al.,
1957). He concluded that the study ““supports
the assumption that the effect of 3,4-dihy-
droxyphenylalanine was due to an amine
formed from it” — leaving the question of
whether this amine was NA or DA, unconsid-
ered. In the Fall of 1957, a few weeks before
Carlsson’s report, Peter Holtz published
observations on, inter alia, L-dopa’s central
stimulant and “awakening” (from hexobarbi-
tal anesthesia) effects, and clearly suggested,
apparently for the first time, that this could be
due to the accumulation of “‘the dopamine
formed in the brain from L-dopa” (Holtz
et al., 1957). (Raab, in 1951, was the first to
observe increased brain levels of his CA-like
substance after i.p. L-dopa; but he does not
mention any behavioral L-dopa effects [Raab
and Gigge, 1951].)

Holtz’s conclusion was soon confirmed in
two biochemical studies. In February 1958,
Carlsson reported that reserpine depleted, in
addition to NA and serotonin, brain DA, and
L-dopa replenished it while causing central
excitation (Carlsson et al., 1958). In May
1958, Weil-Malherbe obtained, independently,
the same biochemical results in a well do-
cumented study (Weil-Malherbe and Bone,
1958). Neither Carlsson nor Weil-Malherbe
ventured any explicit statements about brain
DA’s possible physiological role or its involve-
ment in the reserpine syndrome.

More than a year before these first brain
DA studies, in the Fall of 1956, Blaschko
had already proposed that DA — until then
seen as being merely an intermediate in the
biosynthesis of CA — had “some regulating
functions of its own which are not yet
known” (Blaschko, 1957). In early 1957,
Hornykiewicz, in Blaschko’s Oxford labora-
tory, tested this idea experimentally. He ana-
lyzed DA’s vasodepressor action (in the
guinea pig) and proved that DA had actions
distinct from NA and adrenaline and thus
qualified as a biologically active substance in
its own right; L-dopa behaved exactly like DA

(Hornykiewicz, 1958). In 1958, Hornykiewicz
(now back in Vienna) examined (in the rat)
the central actions of several substances, in-
cluding the parkinsonism-inducing chlorpro-
mazine and bulbocapnine, as well as cocaine
and MAO inhibitors, and showed that only
the latter affected (increased) the levels of
brain DA (Holzer and Hornykiewicz, 1959).

Marthe Vogt, in her 1954 NA study in
the dog brain, inferred NA’s possible role
in brain function from the amine’s specific
distribution pattern. In January 1959, Ake
Bertler and Evald Rosengren, patterning them-
selves on Marthe Vogt’s NA study, published
a study, also in the dog, on the regional dis-
tribution of brain DA (Bertler and Rosengren,
1959a); a few weeks later, Isamu Sano re-
ported on DA’s regional distribution in the
human brain (Sano et al., 1959) (followed by
Bertler and Rosengren, 1959b). Both research
groups found that DA was mostly con-
centrated in the nuclei of the basal ganglia,
especially caudate and putamen. Bertler
and Rosengren (1959a) concluded that their
“results favourled] the assumption that
dopamine is connected with the function of
the corpus striatum and thus with the control
of movement”; and Sano ‘““‘considered DA to
function in the extrapyramidal system which
regulates the central motoric function” (Sano
et al., 1959). Although Bertler and Rosengren
pointed out DA’s possible involvement in
reserpine parkinsonism, neither they nor Sano
suggested the possibility of striatal DA being
directly involved in diseases of the basal
ganglia.

DA is severely reduced
in PD striatum

Several eyewitness accounts have recently
been written about the historical events and
consequences of the discovery of the DA de-
ficiency in PD (Sourkes, 2000; Hornykiewicz,
2001a, b, 2002a, b).

Early in 1959, Hornykiewicz, aware of
DA’s localisation in the basal ganglia, started
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a study on DA in postmortem brain of patients
with PD and other basal ganglia disorders. He
and his collaborator Herbert Ehringer ana-
lyzed the brains of 17 adult non-neurological
controls, 6 brains of patients with basal gan-
glia disease of unknown etiology, 2 brains of
Huntington’s disease, and 6 Parkinson brains.
Of the 14 cases with basal ganglia disease,
only the 6 PD cases had a severe loss of
DA in the caudate and putamen (Ehringer
and Hornykiewicz, 1960). Ehringer and
Hornykiewicz concluded that their observa-
tions ‘“‘could be regarded as comparable
in significance [for PD] to the histological
changes in substantia nigra” ...so that “‘a
particularly great importance would have to
be attributed to dopamine’s role in the patho-
physiology and symptomatology of idiopathic
Parkinson’s disease”. This discovery was
published in December 1960. Ever since, it
has provided a solid, rational basis for all the
following research into the mechanisms, the
causes, and new treatments of PD.

It is interesting to note that in none of the
brain DA and/or L-dopa studies preceding
the Ehringer and Hornykiewicz 1960 paper,
is there any hint to be found that such a study
should be done. The first such suggestion was
made in an article from Montreal, submitted
for publication end of November 1960, report-
ing on reduced urinary DA in PD patients.
The authors concluded that future investiga-
tions should “include analysis of the cate-
cholamine content in the brains of patients
who have died with basal ganglia disorders”,
so as to “‘help determine whether the concen-
tration of cerebral dopamine itself undergoes
major changes”. The article was published in
May 1961; a “‘note added in proof™ informed
the readers that the suggested study has, in the
meantime, been done (Barbeau et al., 1961).

The fact that the Montreal group quoted
the paper from Vienna so soon after it was
published on December 15, 1960, deserves a
comment. This article was written in German
and published in a German language journal.
Theodore Sourkes, the leading biochemist of

the Montreal group, must have read it almost
immediately after it came out. He contacted
Hornykiewicz about this article by letter
dated February 10, 1961. For the Vienna dis-
covery, there were, obviously, neither lan-
guage nor information transfer barriers.
This was opposite to what happened to a
(lecture) overview article of Sano, published
in Japanese in 1960. Independently from
Hornykiewicz, Sano had analyzed the brain
of a single PD patient, but was “‘reluctant to
speculate, from that single experience [low
putamen DA] about the pathogenesis of
Parkinson’s disease” (Sano, 1962). The publi-
cation remained unnoticed until it was recently
reprinted in English translation (Sano, 2000).
The question arises: Why did none of the
pioneers of the early brain DA research think
of studying the PD brain? It appears that the
main reason was their too exclusive preoccu-
pation with the central effects of reserpine.
This is surprizing because even then it was
obvious that reserpine, like most pharmaco-
logical animal models, was not a perfect cen-
trally acting drug; it depleted, to the same
degree as DA, also the brain NA and seroto-
nin, making a clear decision about the rela-
tive importance of these changes impossible.
The exclusive ‘“‘fixation” on reserpine made
leading monoamine researchers of that period
overlook the most obvious, that is, PD as the
ultimate “brain DA experiment of Nature”.

Two practical consequences

Inaugurating the nigrostriatal
DA pathway

When the DA deficiency in PD was discovered,
nothing was known about DA’s cellular loca-
lisation in the brain. In Huntington’s disease,
Ehringer and Hornykiewicz (1960) had found
normal striatal DA. Since in Huntington’s
disease there is a severe loss of striatal neu-
rons accompanied by marked gliosis, the nor-
mal striatal DA suggested that the amine was
probably contained in terminals of fibre tracts
originating outside the striatum. Rolf Hassler
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had proved, back in 1938, that in PD, loss
of the substantia nigra compacta neurons
was the most consistent pathological change
(Hassler, 1938). Thus, in 1962, Hornykiewicz
started a study of the substantia nigra in 10
PD brains. The outcome of such a study was
by no means certain. Hassler himself rejected
the possibility of a nigro-striatal connection
(see page 869 in: Jung and Hassler, 1960);
and Derek Denny-Brown declared, in 1962,
that “we have presented reasons against the
common assumption that lesions of the sub-
stantia nigra are responsible fo parkinson-
ism” (Denny-Brown, 1962). In his study,
Hornykiewicz found markedly reduced nigral
DA, similar to the DA loss in the striatum. In
the report published in 1963, Hornykiewicz
concluded from his observation that “on the
other hand, cell loss in the [PD] substantia
nigra could well be the cause of the dopamine
deficit in the striatum” (Hornykiewicz, 1963).

At the time of Hornykiewicz’s DA/
substantia nigra study, two research groups
were already trying to tackle the question
of brain DA’s cellular localization. In
Montreal, Poirier and Sourkes were using
electrolytic brain lesions, in the primate; in
Sweden, Fuxe, Dahlstrom (and others) were
applying, in the rat, the just developed
CA histofluorescence method. A year after
Hornykiewicz published his study, each of
the two research groups was able to report
on the existence of a DA-containing nigros-
triatal connection. Both groups referred, in
their first publications, to Hornykiewicz’s
1963 nigral DA study (Andén et al., 1964;
Dahlstrom and Fuxe, 1964; Poirier and
Sourkes, 1965). This contribution to the dis-
covery of the nigrostriatal DA pathway had
for Hornykiewicz yet another consequence.
Several years later, Hassler wrote him a letter
in which he expressed his candid opinion on
the nigrostriatal DA pathway. He wrote:
“I believe that your interpretation of your
observations does not agree with many
known facts, this being so because you accept
the American [?!] opinion about the direction

of the nigrostriatal connections. I believe that
all your observations can be equally well, or
even better, explained by the striatonigral
direction [of that pathway]” (Hassler, 1967).

L-dopa for the PD patient

The discovery of the severe striatal DA defi-
ciency in PD had also a far-reaching clinical
consequence. Hornykiewicz immediately took
the step “from brain homogenate to treat-
ment” and asked the neurologist Walther
Birkmayer to do clinical trials with i.v.
L-dopa. After a delay of eight months, in July
1961, Birkmayer injected 50—150 mg L-dopa
i.v. in 20 PD patients, most of them pre-
treated with an MAO inhibitor. The first
report, published in November 1961, conveys,
even today, the excitement about what since
has been called ‘“‘the dopamine miracle’; it
reads as follows:

The effect of a single i.v. administration of
L-dopa was, in short, a complete abolition
or substantial relief of akinesia. Bed-ridden
patients who were unable to sit up; patients
who could not stand up when seated; and
patients who when standing could not start
walking, performed after L-dopa all these
activities with ease. They walked around
with normal associated movements and they
even could run and jump. The voiceless,
aphonic speech, blurred by pallilalia and
unclear articulation, became forceful and
clear as in a normal person. For short periods
of time the patients were able to perform
motor activities which could not be prompted
to any comparable degree by any other known
drug. (Birkmayer and Hornykiewicz, 1961).

Simultaneously with, and independently
from, the trials in Vienna, Sourkes and
Murphy, in Montreal, proposed to Barbeau
a trial of oral L-dopa. They observed, with
200 mg L-dopa, an amelioration of rigidity
that “was of the order of 50 percent”
(Barbeau et al., 1962). Interestingly, Sano in
his overview in 1960 also mentioned that he
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had injected 200 mg L-dopa i.v. in two
patients; however, he did not evaluate the
effect clinically, being “more interested in
subjective complaints” (Sano, 1962). Sano
concluded that ““treatment with dopa has no
practical value’ (Sano, 2000).

Today, especially thanks to Cotzias’s in-
troduction of the high dose oral treatment
regimen (Cotzias et al., 1967), L-dopa is
recognized as the most powerful drug avail-
able for PD. As Sourkes very aptly expressed
it, the discovery of L-dopa “proved to be the
culmination of a century-and-a-half search
for a treatment of Parkinson’s disease”
(Sourkes, 2000).

Despite the unprecedented success, doubts
were expressed about L-dopa’s “miraculous™
antiparkinson effect. Many neurologists sus-
pected a placebo effect of the i.v. injected
L-dopa, ignoring the fact that Birkmayer
and Hornykiewicz (1962) had described,
already in 1962, the ineffectiveness of i.v.
injected compounds related to L-dopa, such
as: D-dopa, 3-O-methyldopa, DA, D, L-dops,
and also 5-HTP. This should have convinced
the doubters that the L-dopa effect could not
have been a placebo effect.

Especially counterproductive were various
statements by some rather prominent brain
scientists. Thus, some claimed that ‘the
actions of DOPA and DOPS [the direct pre-
cursor of NA] were similar”, cautioning that
“dopamine can activate not only its own
receptors [in the brain], but also those of nor-
adrenaline, and vice versa” (Carlsson, 1964,
1965); others felt that ““the effect of L-dopa
was too complex to permit a conclusion
about disturbances of the dopamine system in
Parkinson’s disease” (Bertler and Rosengren,
1966), still others compressed all their doubts
in the terse phrase that L-dopa “was the right
therapy for the wrong reason” (Ward, 1970;
Jasper, 1970); and, finally, there was the
statement that “since L-dopa floods the brain
with dopamine, to relate its [antiparkinson]
effects to the natural function of dopamine
neurons may be erroneous” (Vogt, 1973).

These and similar critical statements dimin-
ished the status of L-dopa as a specific DA
replacing agent and put in doubt the very
concept of DA replacement in PD.

Viewed against the background of the
initial skepticism, today’s opinion has sub-
stantially changed, as reflected, for instance,
in a recent ‘“‘Editorial’:

The identification of the dopaminergic de-
ficit in Parkinson’s disease and the develop-
ment of dopamine replacement therapy by
Hornykiewicz and his contemporaries pro-
foundly influenced research into Parkinson’s
disease, and perhaps even all neurological dis-
orders. This is especially true for Alzheimer’s
disease, in which current cholinergic therapy
is the intellectual heir of dopamine replace-
ment therapy for Parkinson’s disease. (Hardy
and Langston, 2004).

Thus has theoretically based research led,
in an amazingly straight line, to very practi-
cal results. As Immanuel Kant, that eminent
philosopher of the Age of Enlightenment, put
it some 200 years ago: ‘“There is nothing
more practical than a sound theory”.
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Summary. Early physiological studies em-
phasized changes in the discharge rate of
basal ganglia in the pathophysiology of
Parkinson’s disease (PD), whereas recent
studies stressed the role of the abnormal oscil-
latory activity and neuronal synchronization
of pallidal cells. However, human observa-
tions cast doubt on the synchronization
hypothesis since increased synchronization
may be an epi-phenomenon of the tremor
or of independent oscillators with similar fre-
quency. Here, we show that modern actor/
critic models of the basal ganglia predict the
emergence of synchronized activity in PD and
that significant non-oscillatory and oscillatory
correlations are found in MPTP primates. We
conclude that the normal fluctuation of basal
ganglia dopamine levels combined with local
cortico-striatal learning rules lead to non-
correlated activity in the pallidum. Dopamine
depletion, as in PD, results in correlated palli-
dal activity, and reduced information capacity.
We therefore suggest that future deep brain
stimulation (DBS) algorithms may be im-
proved by desynchronizing pallidal activity.

Introduction: The computational roles
of the basal ganglia and dopamine

Modeling of the basal ganglia has played
a major role in our understanding of the

physiology and pathophysiology of this
elusive group of nuclei. These models have
undergone evolutionary and revolutionary
changes over the last twenty years, as on-
going research in the fields of anatomy, phys-
iology and biochemistry of these nuclei has
yielded new information. Early models dealt
with a single pathway through the basal
ganglia nuclei (cortex-striatum-internal seg-
ment of the globus pallidus; GPi) and focused
on the nature of the processing performed
within it, convergence of information vs.
parallel processing of information. Later, the
dual (direct and indirect) pathway model
(Albin et al., 1989) characterized the inter-
nuclei interaction as multiple pathways while
maintaining a simplistic scalar representation
of the nuclei themselves. The dual pathway
of the basal ganglia networks emphasized
changes in the discharge rates of basal gan-
glia neurons. The model predicts that in the
dopamine depleted Parkinsonian state firing
rates in the external segment of the globus
pallidus (GPe) are reduced, whereas cells in
the internal segment (GPi) and the subthalam-
ic nucleus (STN) display increased firing
rates (Miller and Deloong, 1987; Bergman
et al., 1994). This model resulted in a clinical
breakthrough by providing key insights into
the behavior of these nuclei in hypo- and
hyper-kinetic movement disorders, and lead
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to subsequent findings showing that inactiva-
tion of STN and GPi can improve the motor
symptoms in Parkinsonian animals (Bergman
et al.,, 1990) and human patients. Finally, in
line with the model predictions many studies
have demonstrated reversed trends of pallidal
discharge rates in response to dopamine re-
placement therapy (DRT) in both human
patients and primates (e.g. Heimer et al.,
2002). The next generation of models elab-
orated the intra-nuclei interactions and
focused on the role of the basal ganglia in
action selection and sequence generation
which form the most current consensus re-
garding basal ganglia function in both normal
and pathological conditions (Mink, 1996).

The dual pathway rate and the action-
selection models represent the most common
delineation of the basal ganglia functional
anatomy and physiology. Nevertheless, new
findings challenge these models. Thus, sev-
eral primate studies have failed to find the
expected significant changes of firing rates in
MPTP monkeys. Similarly, biochemical and
metabolic studies indicate that GPe activity
does not change in Parkinsonism. Whereas
the rate model strongly predicts that the en-
hanced GPi inhibitory output in Parkinsonism
should reduce thalamic and motor cortex
firing rates, several studies in dopamine-
depleted primates have shown no change
in spontaneous thalamic and motor cortical
firing rates (e.g. Goldberg et al.,, 2002).
Finally, both the dual-pathway rate and the
action-selection model predict strong (posi-
tive or negative) correlations between palli-
dal neurons. However, all correlations studies
(e.g. Raz et al., 2000; Bar-Gad et al., 2003a)
of pallidal neurons in the normal monkey
revealed lack of correlation between the spik-
ing activity of these neurons.

The complex anatomy of the basal gan-
glia and the physiological correlation studies
point to a different neural network approach to
information processing in the basal ganglia.
One example is the Reinforcement Driven
Dimensionality Reduction (RDDR) model

(Bar-Gad et al., 2003b). The RDDR model
postulates that the basal ganglia can be mod-
eled as an actor/critic reinforcement learning
neuronal network whereas the goal of the
system is to maximize the (discount) ex-
pectation of all future reinforcements by
dynamic modification of behavior. The rein-
forcement signal is provided by the mid-
brain dopaminergic (the critic) projections to
the striatum, i.e., to the actor networks of the
basal ganglia. The dopamine-reinforcement
signal represents the mismatch between
expectations and reality or the temporal dif-
ference (TD) error. In the normal primate
the background dopamine activity (5-10
spikes/s) represents a match between the
animal’s prediction and reality, whereas ele-
vation or suppression of dopaminergic ac-
tivity represents a situation where reality is
better or worse than predictions, respectively
(Morris et al., 2004). The actor part of the
basal ganglia network (cortex; striatum and
STN; GPe and GPi) compress cortical in-
formation using reinforcement controlled
cellular (Hebbian and anti-Hebbian) learning
rules. The ultimate goal of basal ganglia
actor is to achieve optimal behavior or policy,
e.g., optimal state-action (stimulus-response)
associations, by modification of the efficacies
of the gigantic matrix of >10" cortico-
striatal synapses. This setting of the cortico-
striatal functional efficacy leads to optimal
connectivity between the sensory and the
frontal cortices and optimal behavior which
maximize expected future reward. Optimal
representation of the state-action matrix in
the actor part of the basal ganglia networks
is achieved by decorrelation of the spiking
activity of the pallidal neurons (output stage
of the basal ganglia). The model suggests
that the chronic dopamine depletion in the
striatum of PD patients is perceived as en-
coding a continuous state whereas reality is
worse than predictions. This lead to modi-
fications in the delicate high-dimensional
matrix of efficacies of the cortico-striatal
synapses and abnormal synchronization of
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the basal ganglia networks (in additions to
changes in firing rate and pattern). Further-
more, inappropriate dopamine levels — as, for
example during pulsatile dopamine replace-
ment therapy — will cause abnormal random
organization of the cortico-striatal network,
and eventually would lead to dyskinesia
(inappropriate state-action pairing).

Results: Synchronized activity
in the basal ganglia

Multiple electrode studies analyzing for cor-
relations of pallidal neurons in the normal
monkey revealed lack of correlation between
the spiking activity of these neurons (e.g. Raz
et al., 2000; Bar-Gad et al., 2003a). These
studies have shown an increase in both oscil-
latory activity and in neuronal correlation of
pallidal cells in MPTP primates (Raz et al.,
2000; Heimer et al., 2002). This increase in
pallidal synchronization has been shown to
decrease in response to dopamine replace-
ment treatment (Heimer et al., 2002).
However recent human studies have
found oscillatory neuronal correlation only
in tremulous patients and raised the hypoth-
esis that the increased neuronal synchroniza-
tion in Parkinsonism is an epi-phenomenon
of the tremor or of independent oscillators
with similar frequency (Levy et al., 2000).
Human studies are limited by constraints
related to recording duration, selected anato-
mical targets and clinical state of the patients
(e.g., most surgical patients have undergone
many years of dopamine replacement therapy
(DRT) and have already developed dyskine-
sia). We therefore investigated the role of
oscillatory activity and of neuronal correla-
tion throughout the different clinical states
of PD in the MPTP primate models of this
disease. The tremulous vervet monkey and the
rigid-akinetic rhesus monkey were selected
to imitate tremulous and non-tremulous sub-
types of human patients. We combined multi-
electrode recordings with a newly improved
tool for spectral analysis of both single cells

discharge and interneuron relations (Rivlin
et al., 2006) and distinguished between neu-
ronal correlations of oscillatory nature and
non-oscillatory correlations. We found that
a major fraction of the primate pallidal cells
develop both oscillatory and non-oscillatory
pair-wise synchronization, following the in-
duction of dopamine depletion and PD clin-
ical signs. Non-oscillatory burst oscillations
were mainly found in the GPe, whereas
10Hz synchronous oscillations were domi-
nant in the GPi. In contrast with the study
of human patients, we found oscillatory
activity in both the tremulous and the non-
tremulous monkey. Clearly, non-oscillatory
synchronized burst cannot be the result of
a common tremor drive or of independent
oscillators with similar frequencies. Moreover,
our theoretical analysis of coherence func-
tions revealed that small changes — such as
of 0.1% of the basic oscillatory frequency —
between the oscillation frequencies of two
simulated neurons would result in non-
significant coherence value if the recording
duration is equal or longer than 10 minutes.
Therefore, we can rule out the possibility of
false detection of significant coherence in the
typical recording duration applied in our pri-
mate recordings.

Discussion

The basal ganglia networks can be modeled
as an actor/critic reinforcement learning
network. The actor networks connect all
cortical areas through the basal ganglia with
the executive areas of the frontal cortex. The
midbrain dopaminergic neurons (the critic)
provide a temporal-difference error message
to the striatum controlling the efficacies of
the cortico-striatal synapses. The distribution
of the cortico-striatal efficacies represent the
state-action matrix (policy) implanted by
basal ganglia. Under normal dopamine influ-
ence, the basal ganglia provide an optimal
representation of state-action matrix, result-
ing in non-correlated activity of neurons in
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the output structures of the basal ganglia.
However, in dopamine depleted subjects the
striatum faces an unremitting message of
“reality worse than predictions” leading to
modification of the efficacies of the cortico-
striatal synapses and abnormal synchroniza-
tion of basal ganglia activity. Current DBS
methods overcome this probably by imposing
a null spatio-temporal firing in the basal
ganglia enabling the thalamo-cortical circuits
to ignore and compensate for the missing
basal ganglia. We therefore suggest that
future DBS methods should be directed
towards manipulation of the abnormal syn-
chronization of the basal ganglia in PD. This
may be achieved by multiple micro-contacts
within the DBS targets, rather than the single
macro-contact used today.
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Summary. In the traditional model of the
pathophysiology of parkinsonism, parkinso-
nian motor signs are viewed as the result of
changes in discharge rates in the basal gan-
glia. However, not all experimental findings
can be explained by rate changes alone, and
changes in discharge patterns in these nuclei
are increasingly emphasized as pathophys-
iologically important, including changes in
burst discharges, in synchrony, and in oscil-
latory activity. This brief review highlights
the pathophysiologic relevance of these rate
and pattern changes in the pathophysiology
of parkinsonism.

Introduction

In early Parkinson’s disease selective degen-
eration of a small number of dopaminergic
cells in the lateral portion of the substantia
nigra pars compacta (SNc) leads to the signs
of parkinsonism. Both the behavioral specifi-
city and the seemingly disproportionate mag-
nitude of the effect of such a small lesion in
the midbrain are artifacts of the anatomy of
the basal ganglia. The functional specificity
arises from the fact that the basal ganglia are
topographically organized, and that the early
degenerative process in Parkinson’s disease
affects predominately those SNc neurons that
project to the motor portion of the striatum
(the putamen) with relative sparing of other
striatal areas. The magnitude of the behavior-

al effect of SNc lesions is explained by the
fact that the basal ganglia are major compo-
nents of circuits involving specific regions of
the cerebral cortex and thalamus (Alexander
et al., 1986) so that loss of dopamine in the
motor portion of the striatum (the putamen)
exerts strong effects on all other elements of
the ‘motor’ circuit, including motor areas of
the extrastriatal basal ganglia, and movement-
related areas in thalamus and precentral
motor fields. Thus, although pathologically
a localized problem (at least initially),
Parkinson’s disease is pathophysiologically
a disorder engaging the entire motor circuit.
We here review the changes in neuronal ac-
tivity that occur in this circuit in Parkinson’s
disease.

Changes in discharge rate

Inputs from cortical sensory-motor areas
reach the basal ganglia through the putamen
and the subthalamic nucleus (STN), while
motor portions of the internal pallidal seg-
ment (GP1) and the substantia nigra pars reti-
culata (SNr) serve as output stations of the
basal ganglia, projecting to the ventral ante-
rior and ventrolateral nuclei of the thalamus.
Information is conveyed between putamen and
GPi/SNr through a monosynaptic GABAergic
projection (‘direct’ pathway), and a poly-
synaptic (‘indirect’) pathway which involves
the external pallidal segment (GPe) and STN.
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Tonic GABAergic output from neurons in
GPi/SNr is thought to inhibit their projec-
tion targets in thalamus, thereby reducing
cortical activation. Dopamine, released from
terminals of the nigrostriatal projection, is
thought to facilitate transmission along the
direct pathway, and to reduce transmission
along the indirect pathway. These dual do-
pamine actions lead to a net reduction of
inhibitory basal ganglia output, which may
facilitate cortical activity, and eventually
movement (Wichmann and DelLong, 2003).

Traditional models of the pathophysiol-
ogy of parkinsonism are strongly influenced
by this anatomic arrangement (reviewed in
Wichmann and DelLong, 2003; Albin et al.,
1989), which suggests that the overall amount
of movement is in some way inversely re-
lated to the magnitude of basal ganglia out-
put. According to the scheme mentioned
above, loss of striatal dopamine within the
motor circuit would result in increased STN
activity, and increased basal ganglia output,
reduced thalamocortical activity and the
development of parkinsonian motor signs,
such as akinesia or bradykinesia. Conversely,
dopamine-induced dyskinesias have been
postulated to result from decreased basal
ganglia output.

The prediction that the discharge rates of
neurons in the basal ganglia output nuclei
and in the STN are increased in Parkinson’s
disease has been generally confirmed in ani-
mal models of Parkinson’s disease, and is
also supported by recording studies in humans
undergoing functional neurosurgery as treat-
ment for Parkinson’s disease. Moreover, de-
creases in discharge in GPi have been found
in animals with dyskinesias induced by
administration of dopaminergic drugs.

It is noteworthy, however, that the pre-
dicted rate changes have not been found in
all studies of parkinsonian subjects. More
importantly, in a recent monkey study
designed to test the rate-based model, we
showed that increased STN and GPi rates
(in this case produced by ibotenic acid

lesions of GPe) are not per se responsible
for parkinsonian signs (Soares et al., 2004).
Despite rate changes similar to those in
parkinsonian animals, the GPe-lesioned ani-
mals showed only minor motor impairments.
Lesion studies have also demonstrated prob-
lems with rate-based models of parkinsonian
pathophysiology. For example, based on the
model, pallidal lesions would be expected to
result in involuntary movements, but, in fact,
have little effect on normal motor behavior.
Similarly, thalamic inactivation, although
predicted to induce parkinsonism, does not.

Pattern changes

Given that changes in discharge rate of basal
ganglia neurons cannot fully explain the
generation of parkinsonism or the production
of drug-induced dyskinesias, changes in the
activity patterns of basal ganglia neurons
have been intensely studied. Although we
will discuss here different types of pattern
changes separately, all of them tend to occur
in parallel, and may result from the same
underlying mechanism(s).

Burst discharges

One of the firing properties that has been stud-
ied in detail is the incidence of burst dis-
charges. Such burst discharges are a normal
feature of basal ganglia discharge, and the
timing and ‘strength’ of bursting may repre-
sent aspects of external events or behavior,
probably representing the increased synchro-
nization of cortical inputs to the subthalamic
nucleus or striatum (Magill et al., 2000).
In parkinsonism, the incidence of bursts is
increased (e.g., Soares et al., 2004), most
often in the context of synchronized oscilla-
tory activity (see below). In part, this may
occur because of an enhanced interaction
between cortical areas and basal ganglia
areas, particularly the STN, but other patho-
logic phenomena may also play a role.
For instance, in dopamine-free co-cultures of
STN and GPe cells, synchronized bursting
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develops because of network properties
(Plenz and Kitai, 1999). Prominent bursts in
STN discharge have been shown to occur as
rebound phenomena in response to prolonged
or synchronized inhibitory GPe inputs to the
STN (e.g., Bevan et al., 2002). Although less
well studied, rebound bursts are also known
to occur in other basal ganglia areas.
Changes in inhibitory inputs to these areas
may increase rebound bursting.

Synchrony

A second important phenomenon affecting
the firing properties of basal ganglia cells in
parkinsonism are changes in the synchrony
of firing between neighboring neurons. Under
physiologic conditions, the firing of neigh-
boring basal ganglia neurons is largely
uncorrelated (Bergman et al., 1994; Wilson
et al., 2004). In the dopamine-depleted state,
however, increased synchrony is observed in
the STN (Bergman et al., 1994; Levy et al.,
2002), in the pallidum (e.g., Heimer et al.,
2002), in the striatum (between tonically
active neurons, most likely corresponding to
cholinergic interneurons) (Raz et al., 2001),
and in frontal cortical areas (Goldberg et al.,
2002). The link between synchrony and
dopamine depletion is most clearly revealed
by the fact that treatment with dopaminergic
agents rapidly reduces the interneuronal syn-
chronization observed in parkinsonism in
the monkey pallidum (Heimer et al., 2002)
and in the human STN (Levy et al., 2002).
However, the mechanisms by which dopa-
mine exerts these effects remain unclear.
It has been proposed that dopamine loss in
the striatum may trigger enhanced electro-
tonic coupling between neighboring striatal
cells (see, e.g., Onn and Grace, 2000), or
activity changes in interneurons or axon col-
laterals (Guzman et al., 2003). In the STN,
synchrony is more likely to be the result of
synchronous (or divergent) inputs from ex-
ternal sources rather than locally generated
(Wilson et al., 2004). The potential synchro-

nizing effects of local dopamine loss in
GPe, GPi, or SNr, has not been explored in
detail.

Oscillations

A third major change in the discharge patterns
of basal ganglia neurons in parkinsonism is
that dopamine loss enhances the tendency of
neurons in the basal ganglia-thalamocortical
circuitry to discharge in an oscillatory pattern
(Soares et al., 2004; Bergman et al., 1994).
These oscillatory changes are rapidly reversed
by systemic treatment with dopaminergic
agents (Levy et al., 2002), and are therefore
likely to represent a direct effect of dopamine
deficiency. Such oscillations are mostly con-
fined to the extrastriatal basal ganglia, and
characteristically occur in the alpha- and beta
frequency bands. For instance, in parkinso-
nian monkeys and patients, oscillatory burst-
ing typically emerges in both the 3-8 Hz
band, and a power spectral band around
10Hz (Bergman et al., 1994; Levy et al.,
2000). Local field potential (LFP) recordings
through implanted deep brain stimulation
(DBS) electrodes in GPi and STN of un-
treated parkinsonian patients have shown
similar oscillatory activity in the 10-30Hz
range, likely reflecting synchronized oscilla-
tory neuronal spiking (Levy et al., 2002;
Brown, 2003). Given the relation between
the basal ganglia, thalamus and cortex, it is
not surprising that pathologic oscillatory ac-
tivity in the ‘antikinetic’ 10—30 Hz band has
also been observed in areas of cortex that are
related to the basal ganglia in parkinsonian
patients and animals (Goldberg et al., 2002).
MEG studies have also identified an oscilla-
tory network with pathologic coupling at
10Hz in patients with parkinsonian tremor,
which included multiple cortical motor areas,
as well as diencephalic and cerebellar areas
(Timmermann et al., 2003).

Global engagement of the basal ganglia-
thalamocortical circuits in synchronized oscil-
latory bursts may severely disrupt processing
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at all levels of the circuitry. This may affect
cortical activities such as event-related mod-
ulation of beta-band oscillations, or functions
such as motor planning or sequence learning.
In support of this concept, 10-Hz stimulation
of the STN area has been shown to exacer-
bate akinesia (Timmermann et al., 2004). It
has been speculated that DBS may act to
desynchronize neurons in the basal ganglia
(Brown et al., 2004). A recent study in
MPTP-treated primates demonstrated that
high-frequency cortical stimulation may also
have antiparkinsonian effects, perhaps by the
same mechanism (Drouot et al., 2004).

Although it is tempting to speculate that
parkinsonian tremor may directly result from
synchronized oscillatory bursting in the basal
ganglia, studies of the correlation or coher-
ence between tremor and basal ganglia oscil-
lations have not been conclusive, perhaps
resulting from the fact that different limbs
of parkinsonian patients may engage in tre-
mor of different frequencies (Bergman et al.,
1998), making it difficult to identify a
‘causative’ basal ganglia oscillation for a
given tremor movement. Although often as-
sociated with tremor (Levy et al., 2002), syn-
chronized oscillations do not always result in
tremor (Soares et al., 2004; Heimer et al.,
2002). Additional anatomic or physiologic
factors (poorly defined at this moment) may
be necessary for tremor to occur.

It remains unclear at this point whether
clinical symptoms such as tremor, akinesia
or bradykinesia result from the impairment
of specific cortical regions or motor loop
sub-circuits (e.g., those centered on the sup-
plementary motor area, motor cortex or other
pre-central motor fields) or from incomplete
functional compensation through less af-
fected areas of frontal cortex.

Conclusion

Earlier models of the pathophysiology of
Parkinson’s disease that emphasized the im-
portance of changes in discharge rates in the

basal ganglia of parkinsonian subjects, have
been supplanted by a more complex scheme
in which pattern changes take center stage.
Rate and pattern changes are not, however,
mutually exclusive. In fact, some of the rate
changes are probably explained by the emer-
ging pattern abnormalities, such as bursts in
discharge. It appears that these rate and pat-
tern changes in the basal ganglia-thalamocor-
tical pathways actively disrupt cortical
processing. The strongest argument in favor
of this view is the fact that neurosurgical
interventions which eliminate the disordered
activity in the basal ganglia either through
chronic electrical stimulation or lesions result
in immediate improvements of parkinsonian
motor signs, and in a relative ‘normalization’
of activity in cortical motor areas (as judged
by functional imaging).
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Bad oscillations in Parkinson’s disease
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Summary. Recordings in humans as a result
of functional neurosurgery have revealed a
tendency for basal ganglia neurons to oscil-
late and synchronise their activity, giving rise
to a rhythmic population activity, manifest
as oscillatory local field potentials. The most
important activity is synchronised oscillation
in the beta band (13-30 Hz), which has been
picked up at various sites within the basal
ganglia-cortical loop in PD. Dopaminergic
medication and movement suppress this
activity, with the timing and degree of sup-
pression closely correlating with behavioural
performance. Accordingly synchronisation in
the beta band has been hypothesised to be
essentially antikinetic in nature and patho-
physiologically relevant to bradykinesia.

The major model explaining the function of
the basal ganglia (BG) in health and dis-
ease was that proposed by Albin and Delong
at the end of the 1980s, which has been highly
influential ever since. This model effectively
synthesised neurochemical and anatomical
data to explain how the BG might sway ce-
rebral cortical activity. The influence of BG
output over cortical motor areas was viewed
as an increase or decrease in tonic excitation
of the cortex by the thalamus, brought about
by serial inhibition and excitation at earlier
stages in the BG-cortical loop. Subsequently,
however, it has become clear that neuronal
discharge rate may not change in disease
as predicted by the model, neither can it ac-

count for the major therapeutic benefits of
functional neurosurgery in Parkinson’s dis-
ease (PD). The implication is that it is not
the degree of collective excitation or inhibi-
tion brought to bear at different stages of the
BGe-cortical loop, but rather the patterning of
activities that lead to disease. Recent work
has confirmed that synchronised oscillatory
activity appears to be a fundamental feature
of the BG, particularly in the diseased state.

Two possibilities exist for recordings of
BG activity in humans as a result of func-
tional neurosurgery: either single neuron
recordings can be made intra-operatively
through microelectrodes, or local field poten-
tials (LFPs) can be recorded from the deep
brain electrodes used for stimulation in the
few days that follow implantation, while the
electrode leads are externalized prior to con-
nection to the subcutaneous stimulator. Both
approaches have revealed a tendency for BG
neurons to oscillate and synchronise their
activity, giving rise to a rhythmic population
activity, manifest as oscillatory LFPs (Kuhn
et al., 2005). The most consistent finding
is synchronised oscillation in the beta band
(~20Hz), which has been picked up at var-
ious sites within the BG-cortical loop in PD.

Behaviourally related modulations of
oscillatory activity

Synchronisation in the beta band has been
hypothesised to be essentially antikinetic in
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nature and pathophysiologically relevant to
bradykinesia. This is supported by a number
of observations relating changes in beta
activity with behaviour and treatment. One
of the earliest behavioural observations was
that the beta LFP activity picked up in the
subthalamic nucleus (STN) and globus palli-
dus interna (GP1) was reduced in PD patients
prior to and during self and externally paced
voluntary movements (Cassidy et al., 2002).
Indeed, the mean timing of the drop in activ-
ity following a cue to move positively cor-
relates with the mean reaction time across
patients, which it precedes (Kuhn et al.,
2004). This relationship is so strong it may
even be observed in individual subjects
across single trials (Williams et al., 2005).
If the reduction in beta activity is linked
specifically to the facilitation of subsequent
movement, an augmentation of power might
also be predicted in this frequency band
when a pre-prepared movement requires can-
cellation. This has been confirmed in sub-
thalamic recordings during the ‘Go-NoGo’
paradigm (Kihn et al., 2004). In addition,
a strong relationship between motor pro-
cessing and beta suppression has been sug-
gested by experiments that compare the
suppression of beta activity following warn-
ing cues in reaction time tasks. These cues
can be either fully informative or uninfor-
mative about the direction indicated by sub-
sequent imperative cues eliciting movement
with either the left or right hand. In the case
of uninformative cues there is no prospec-
tive information about which hand will be
called upon to move, so motor selection can
only occur after the go cue, as confirmed
by longer reaction times. Under these cir-
cumstances the suppression of the beta
activity following the warning cue is far
less than following an informative warning
cue, indicating that the beta suppression
related to the amount of motor preparation
that was possible rather than to any non-
specific alerting effect of the warning cue
(Williams et al., 2003).

Treatment related modulations
of oscillatory activity

The earliest observation relating to beta band
oscillations in BG LFPs in patients with PD
was that they were increased after the with-
drawal of levodopa and suppressed following
its return (Fig. 1). Thus background levels
of beta activity were increased as motor per-
formance deteriorated in the off medication
state. More recently, it has also become ap-
parent that the relative degree of beta sup-
pression prior to and during movement is
diminished after PD patients have been with-
drawn from levodopa (Doyle et al., 2005).
The increase in background levels of beta
and the decrease in the reactivity of beta
oscillations prior to and during movement
might contribute to the paucity and slowness
of voluntary movements, respectively.

Of course another effective treatment for
akinesia is high frequency deep brain stimu-
lation (DBS). Here it has proven technically
difficult to record beta activity during stim-
ulation of the same site, but it has been pos-
sible to record beta activity from the GPi
during stimulation of the subthalamic area
in patients with PD. This has confirmed that
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Fig. 1. Power spectra of LFP activity recorded from
the contacts of a DBS electrode in the subthalamic
nucleus of a patient with PD on and off their anti-
parkinsonian medication. Off medication, the LFP is
dominated by oscillations with a frequency of around
20Hz, in the so-called beta band. After treatment
with levodopa there is suppression of the beta band
activity and a new oscillation arises in the gamma
band, — peaking at 75 Hz. Mains artefact at 50 Hz
has been omitted
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high frequency DBS also suppresses back-
ground levels of beta activity, in tandem with
clinical improvement (Brown et al., 2004).
Earlier, it was stressed that increased syn-
chronisation in the beta frequency band was
a characteristic of activity throughout the
BG-cortical loop. Accordingly, the same re-
lationship between beta synchrony and motor
impairment would be anticipated at the level
of the cerebral cortex in patients with PD.
A recent study in patients with chronically
implanted DBS electrodes found that the
degree of synchronisation in the beta band
between cortical sites over central motor areas
correlated with motor impairment, when pa-
tients were withdrawn from medication and
therapeutic stimulation. In addition, both the
reduction in beta synchronisation effected by
high frequency stimulation of the STN, and
that achieved with levodopa, correlated with
treatment induced improvements in motor
performance (Silberstein et al., 2005a).
Finally, if beta activity is essentially anti-
kinetic in nature, could its excessive suppres-
sion following antiparkinsonian therapy or
lesioning of the STN help explain hyperkine-
sias? Recent recordings in the GP of PD
patients during levodopa-induced dyskinesias
demonstrate that dyskinetic muscle activity
may inversely correlate with pallidal beta
activity, in keeping with the latter’s posited
antikinetic character (Silberstein et al., 2005b).

Why is beta activity inversely
correlated with motor processing?

The above observations suggest that there is an
inverse relationship between beta band syn-
chronisation and motor processing. However,
the relationship appears a generic one, incon-
sistent with an explicit role of synchronous
population activity at these frequencies in
motor processing. Thus BG LFP activity in
the beta band is suppressed following beha-
viourally relevant stimuli, such as warning
and go cues, and prior to and during self-
paced movements. This inverse relationship

between beta band synchronization and motor
processing raises the possibility that the novel
processing necessary for renewed movement
may be actively antagonised by synchronisa-
tion in the beta band. Recordings in primates
confirm an inverse relationship between os-
cillatory LFP activity in the beta band and
local task-related rate coding, so that oscilla-
tions are preferentially suppressed in the local
area of the striatum showing task-related
increases in discharge rate (Courtemanche
et al., 2003).

So one possibility is that synchronisation
in the beta band impairs rate coding in the
BG-cortical system. The finding of synchro-
nisation at frequencies above 60Hz in the
STN LFP raises an additional possibility
(Fig. 1). These gamma band oscillations are
focal, increased by movement and appear
after treatment with levodopa (Cassidy et al.,
2002), suggesting that they might relate to
specific coding of movement related para-
meters. Synchronisation at 60—90 Hz, in par-
ticular, is phase locked to similar activity
in the motor areas of the cerebral cortex
(Cassidy et al., 2002) and, at subcortical and
cortical levels, may share a similar role to
that posited for gamma band synchronization
in the visual cortex. Given the apparent re-
ciprocal relationship between beta activity
and oscillations above 60Hz in STN LFPs
with respect to dopaminergic stimulation
and movement, it is possible that extensive
synchronisation under 30 Hz precludes the
involvement of neuronal assemblies in a dif-
ferent pattern of synchronisation that is
directly involved in information transfer.
Consistent with this beta and gamma activ-
ities in the STN are inversely correlated at
rest over time (Fogelson et al., 2005a).

There is, however, an alternative explana-
tion for the beta activity and this is that it
is a passive characteristic of basal ganglia-
cortical networks when they are not engaged
in active processing. In this formulation the
oscillatory activity is viewed as a character-
istic of the resting or idling state, rather than
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a phenomenon that may actively impede
novel processing. Several observations would
argue against this possibility. First, there is
the rebound synchronisation of beta activity
following movement and the premature syn-
chronization of this activity when movement
is to be voluntarily suppressed (Cassidy et al.,
2002; Kuhn et al., 2004). Although there may
be degrees of active suppression of dynamic
movement related processing, it seems unli-
kely that the BG-cortical system would enter
into a deeper idling state than at rest when
movement has to be inhibited or terminated.
Second, direct stimulation of the BG in the
beta band may be antikinetic, although ef-
fects so far have been small (Fogelson et al.,
2005b).

The above reviews the evidence that ex-
cessive synchronisation in the beta band in
the BG-cortical system might antagonise
motor processing, contributing to akinesia
in PD. Much of this evidence, however, is
correlative in nature, so that there remains a
need for the direct demonstration of causality
between synchronisation in the beta band and
the suppression of novel movement related
processing.
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Summary. Objectives: To determine if novel
methods establishing patterns in EEG-EMG
coupling can infer subcortical influences on
the motor cortex, and the relationship be-
tween these subcortical rhythms and brady-
kinesia. Background: Previous work has
suggested that bradykinesia may be a result
of inappropriate oscillatory drive to the
muscles. Typically, the signal processing
method of coherence is used to infer cou-
pling between a single channel of EEG and
a single channel of rectified EMG, which
demonstrates 2 peaks during sustained con-
traction: one, ~10Hz, which is pathologi-
cally increased in PD, and a ~30Hz peak
which is decreased in PD, and influenced
by pharmacological manipulation of GABA
receptors in normal subjects. Materials
and methods: We employed a novel multi-
periodic squeezing paradigm which also re-
quired simultaneous movements. Seven PD
subjects (on and off L-Dopa) and five normal
subjects were recruited. Extent of brady-
kinesia was inferred by reduced relative per-
formance of the higher frequencies of the
squeezing paradigm and UPDRS scores. We
employed Independent Component Analysis
(ICA) and Empirical Mode Decomposition

(EMD) to determine EEG/EMG coupling.
Results: Corticomuscular coupling was de-
tected during the continually changing force
levels. Different components included those
over the primary motor cortex (ipsilaterally
and contralaterally) and over the midline.
Subjects with greater bradykinesia had a ten-
dency towards increased ~10Hz coupling
and reduced ~30 Hz coupling that was errat-
ically reversed with L-dopa. Conclusions:
These results suggest that lower ~10 Hz peak
may represent pathological oscillations with-
in the basal ganglia which may be a contrib-
uting factor to bradykinesia in PD.

Introduction
Bradykinesia/hypokinesia

An interesting aspect of Basal Ganglia (BG)
function is how activity in the widespread
cortical projections to the striatum (num-
bering ~100 times the number of striatal
neurons (Oorschot, 1996)) can be efficiently
summarized (compressed). Computational
neural net models that perform this type of
statistical operation, called dimension reduc-
tion, attempt to remove correlations from
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output neuronal units (Foldiak, 1990). Uncor-
related outputs result in the most efficient
means for information transfer (Nadal and
Parga, 1994), as highly correlated outputs
implies redundancy, and therefore inefficient
compression (Bell and Sejnowski, 1995).
Some computational models of the striatum
and basal ganglia incorporate more than
simple dimension reduction; they include a
phasic dopaminergic component which adds
behaviour saliency to the process (Bar-Gad
et al., 2000; Bar-Gad and Bergman, 2001).

Consistent with theoretical results, ex-
perimental evidence confirms that primate
BG neurons normally tend to fire indepen-
dently from one another during motor tasks
(Bar-Gad et al., 2003). Correlations between
neighbouring neurons in the primate globus
pallidus are usually very weak, however,
after MPTP application, neighbouring neu-
rons in GPi dramatically increase their corre-
lation, and to a lesser extent neighbouring
neurons in GPe. The ineffective dimension
reduction in the Parkinsonian state may result
in abnormal feedback within the basal gan-
glia loops and contribute to widespread path-
ological oscillations throughout the basal
ganglia (Bar-Gad and Bergman, 2001; Raz
et al., 2001; Bar-Gad et al., 2003).

Abnormal synchronization within the
basal ganglia may, in fact, be a characteristic
of the Parkinsonian state. Raz et al. (2001)
examined the relation between tonically-
active neurons in the striatum and pallidum
in the vervet monkey, both before and after
injection with MPTP. After MPTP injection,
there was a marked increase in the number of
neuron pairs which displayed significant
peaks in cross-correlograms corresponding
to ~10Hz. They concluded that ‘“‘coherent
oscillations of the whole basal ganglia cir-
cuitry underlie the clinical features of Parkin-
son’s disease’’ (Raz et al., 2001).

A cardinal symptom of PD that may be a
consequence of pathological BG oscillations
is bradykinesia (Raz et al., 2001). However,
the clinical sign of bradykinesia is merely an

indicator for much broader areas of motor
disability in PD such as gait disturbances
and micrographia. Since pathological BG
oscillations have been suggested to be the
key underlying feature of many of the clini-
cal manifestations of the disease (Raz et al.,
2001), demonstration of a quantitative mea-
sure indicative of these oscillations (e.g.
abnormal increase in ~10Hz EEG/EMG
coupling) that can be obtained non-invasively
and inexpensively would be beneficial. Dem-
onstration of an electrophysiological marker
for bradykinesia will provide a target to
monitor various pharmacological and surgi-
cal therapies.

Oral pharmacotherapy is typically used in
treatment in PD, and while this may partly
reverse tonic dopamine levels (Heimer et al.,
2002), it will not be able to provide the pre-
cise phasic changes normally a feature of
dopaminergic neuronal firing. Yet in other
dopaminergic systems, such as the ventral
tegmental /prefrontal region, dopaminergic
neurons demonstrate precise timing of their
firing patterns, especially with respect to
expectation of reward (Schultz et al., 1997).
In contrast, Deep Brain Stimulation (DBS)
methods would theoretically have the capa-
bility to modulate their stimulation on a
second-by-second basis if the appropriate
cues for doing so could be determined.

A non-invasive assay of abnormal BG
oscillations influencing motor cortex in PD
patients would hence prove valuable. It
would enable an assessment of how much
of the motor deficits commonly observed in
PD are due to pathological BG oscillations
that are observed in animal models of PD,
and the influences of tonic drug therapy.
Moreover, because measurements of oscilla-
tions could be done on a second-by-second
basis, behavioural paradigms could be de-
veloped to determine the properties of dif-
ferent sensory stimuli that may result in
abnormal BG oscillations (or a pathological
increase in normally-present physiological
oscillations).
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Corticomuscular coupling

A number of recent studies have investigated
oscillatory activity around 15-30Hz in the
primary motor cortex (M1), both in humans
using MEG (Salenius et al., 1997), and in
monkeys using local field potential record-
ings (LFP) (Murthy and Fetz, 1992; Brown
et al., 1998; Feige et al., 2000; Kilner et al.,
1999, 2000, 2002; Baker et al., 2001, 2003;
Jackson et al., 2002). These oscillations ap-
pear to be strongest during rest or steady
contractions, but may be diminished or mod-
ulated during dynamic movements (Kilner
et al., 2000; Pfurtscheller and Neuper, 1994;
Salmelin and Hari, 1994; Pfurtscheller et al.,
1996). Both theoretical and experimental
work support that these widespread oscil-
lations are critically related to inhibitory
systems and therefore amenable to pharma-
cological manipulations (Whittington et al.,
1995; Wang and Buzsaki, 1996; Pauluis
et al., 1999).

That synchronization between two sepa-
rate neural systems is important for normal
functioning is widely accepted in various
studies on the sensorimotor system (Bressler
et al., 1993; Classen et al., 1998; Grosse et al.,
2002, 2003). More recently there has been
interest in determining the coupling between
ongoing cortical rhythms (using Local Field
Potentials, EEG or MEG) and oscillations in
the electrical activity of the muscles (mea-
sured by surface EMG). Although the func-
tion of normal oscillations in the cortex,
basal ganglia and cerebellum is far from
clear (Farmer, 1998), these different oscilla-
tion-frequencies may be important for link-
ing the primary motor cortex and the basal
ganglia and cerebellum (Grosse et al., 2002).

The majority of studies investigating
neural synchrony or corticomuscular cou-
pling have used ‘“‘coherence” as a measure
of coupling between ongoing oscillations.
Coherence, crudely speaking, is a normalized
quantity measuring the degree of time-locked
correlation between two signals as a function

of frequency. Thus if two noisy waveforms
receive a common input of say, 30 Hz, one
would expect a peak in their coherence at
30 Hz.

Nevertheless there are a number of tech-
nical limitations associated with the current
method of measuring the coherence between
a single EEG lead and a single rectified EMG
lead:

1. It is often assumed that there is temporal
stationarity of the EEG and EMG spec-
tra. Previous studies have suggested that
EEG/EMG coherence is maximal during
sustained contractions and disappears dur-
ing changing of movements. However, as
motor movements are naturally dynamic
and non-stationary, it would be desirable
to have assays that can track dynamic
changes in muscle activity. Newer ap-
proaches, such as the wavelet coherence
(Lachaux et al., 2002; Saab et al., 2005)
may address this issue.

2. The common formulation of coherence
relies on pairwise comparisons. Neverthe-
less the biology suggests that the mapping
between the brain and musculature is
many-to-many, as opposed to one-to-one
(Murthy and Fetz, 1992). Recent analyses
on real and simulated data have empha-
sized that the multivariate approach is
much more accurate than pairwise anal-
yses, which can be misleading (Kus et al.,
2004).

3. Rectification (taking the absolute value) of
the EMG to estimate the envelope. While
rectification of the EMG when it clearly
consists of individual motor units sepa-
rated in time may result in the frequency
spectrum approaching that of the envelope
frequency (Myers et al., 2003), such a
situation rarely occurs in practice with
surface EMG during anything more than
a minimal contraction — the typical sce-
nario. Others have argued that rectification
is not warranted on theoretical grounds
(for a review, see (Farina et al., 2004)).
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Despite these limitations, corticomuscular
coherence has proved valuable to investigate
different features of the motor system. The
effects of sensory input on corticomuscular
coupling have been investigated by tempo-
rary de-afferentation with ischemia or digital
nerve block (Fisher et al., 2002; Pohja and
Salenius, 2003). No significant change in
the dominant frequencies of the cortico-
muscular coherence or EMG-EMG coher-
ence (implying a common cortical signal
in both muscles) was detected, suggesting
that the sensory feedback loop is not neces-
sary for the generation of corticomuscular
coherence.

The 15-30 Hz coherence may be modu-
lated by a number of factors. Kristave-Feige
et al. found that corticomuscular coherence
was decreased when attention was divided be-
tween motor and arithmetic tasks (Kristeva-
Feige et al., 2002), but the full extent upon
that higher cognitive functions may modulate
corticomuscular coherence is still unclear.
Pharmacological manipulations that affect
the GABA system affect 20 Hz cortical oscil-
lations, but the computed corticomuscular
coherence is relatively invariant to pharma-
cologic interventions, suggesting that that
corticomuscular coherence itself may exhibit
homeostasis, and have a functional role in
motor control (Baker and Baker, 2003;
Salenius et al., 2002).

We prefer the more general term EEG/
EMG ““coupling” as opposed to ‘“‘coherence’,
as coherence is a specific mathematical
operation which is fundamentally limited to
comparing two waveforms. More general
techniques that we have employed are able
to provide multiple EEG to multiple EMG
comparisons (McKeown, 2000; McKeown
and Radtke, 2001).

Recently, we have suggested that Empir-
ical Mode Decomposition (EMD) is a way to
estimate the envelope of motor unit po-
tentials without having to use rectification
(Liao et al., 2005) (Fig. 1). Like ICA, EMD
attempts to decompose a time series into

+
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functions
(IMFs) +
+
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Fig. 1. With EMD, the EMG signal is decomposed
into components, called intrinsic mode functions
(IMFs)

individual components, so that the linear
sum of the components approximates the
original signal (Huang et al., 1998). How-
ever, unlike ICA which examines linear
combinations of simultaneous-recorded uni-
variate time series, EMD works only on a
univariate time series. In EMD, the extracted
components are referred to as Intrinsic Mode
Functions (IMFs).

IMFs form a complete and ‘nearly’ orthog-
onal basis for the original signal. In some

“Inflatable” ring

Fig. 2. The motion of the undulating sides of the
“tunnel” is downward. The ‘‘inflatable” ring is under
the subject’s control
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Fig. 3. Coherence between different EEG measures
and different EMG measures. Note the prominent
peak at around 30 Hz for the coherence between the
one EEG IC and one IMF. The F3 channel from the
EEG had less coherence with the single EMG channel
(either with or without rectification). Also note the
much reduced coherence between the EEG IC and
the surrogate, which had the identical frequency spec-
trum of the IMF. The p<0.001 level (determined by
Monte Carlo simulation) is approx 0.02

situations, different components may have
sections with similar frequencies at different
time durations, but locally, any two compo-
nents will tend to be orthogonal. Because the
IMFs are formed by explicitly fitting the
envelope of a time series, we posited that
IMFs derived from EMG recordings would
more closely reflect underlying muscle firing
activity, and therefore would better corre-
spond with ongoing brain rhythms (see
Fig. 3) (Liao et al., 2005).

Corticomuscular coupling in PD

It is perhaps not surprising that corticomus-
cular coherence analysis has been proposed
to monitor cortical dysfunction in Parkin-
son’s disease. The normal coherence between
MEG signals and simultaneously recorded
EMG activity at 15-30 Hz is disrupted in PD
patients withdrawn from L-Dopa (Salenius
et al., 2002), suggesting a disruption of
cortical drive. Coherence between muscles,

i.e. EMG-EMG inter-muscular coherence,
may indirectly measure cortical influence.
Improvements of bradykinesia correspond
with increases in EMG-EMG coherence
(Brown et al., 2001).

Salenius et al. (2002) found that 3 out of
8 PD patients off L-Dopa medication had
abnormally strong MEG-EMG coherence at
the much lower frequencies of 5-12 Hz com-
pared with medicated or eight healthy age-
matched control subjects. The demonstration
that PD patients have a reduction in the
corticomuscular coherence at 15-30Hz, and
that L-Dopa improves the coherence in the
15-30Hz bands (Salenius et al., 2002) sup-
port the contention that the basal ganglia
contribute to the modulation of 15-30Hz
coherence.

One explanation for the presence of these
generally non-overlapping frequency bands
is that while the higher frequency band
(~15-30Hz) represents direct corticomus-
cular coupling, the coherent lower frequency
band (~10 Hz) may represent some temporal
aspect of “online”” motor updating. This has
been suggested by Grosse et al., who dem-
onstrated that slow finger movements are
actually composed of intermittent (~9 Hz)
velocity bursts, and on the basis of MEG
recordings, suggested that these bursts may
be modulated by the -cerebello-thalamo-
cortical loop (Gross et al., 2002). These inter-
mittent changes in velocity may therefore
reflect cerebellar and/or basal ganglia influ-
ences on the final motor output (Welsh et al.,
1995). We note that the lower frequency
band is differentially modulated from the
15-30 Hz band by pharmacological manipu-
lation (Baker and Baker, 2003), suggesting a
different mechanism.

Here we suggest a method, based on
ICA and Empirical Mode Decomposition
(EMD) to infer corticomuscular coupling.
We demonstrate that this provides a means
to infer ~10 Hz oscillations in PD, and that
these correlate with UPDRS bradykinesia
scores.
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Methods
Subjects

Seven right-handed L-Dopa-treated patients with clini-
cally definite mild-moderate PD (Hoehn & Yahr stage
1-2 (Hoehn and Yahr, 1967)) were recruited, and were
asked to use their right hand. All subjects had clinical
signs affecting their right hand. Exclusion criteria
included atypical parkinsonism, concurrent dementia
precluding informed consent, and other significant con-
current medical or psychiatric illness. PD subjects were
examined off L-Dopa medication after overnight with-
drawal (at least 12 hours). The experiment was per-
formed in the off L-Dopa state, and then repeated
~1 hr after the morning dose of immediate-release for-
mulation of L-Dopa.

Participants sat facing a 17" computer screen
~80cm away with stimuli subtending a visual angle
of 2 degrees. The subjects held a rubber squeeze bulb in
their right hand with their arm stabilized in one posi-
tion. Each subject had their maximum voluntary con-
traction (MVC) tested, and all subsequent forces were
scaled to this amount. The subject was instructed that
they must control an “inflatable” ring (by way of the
squeeze bulb) that must move through an undulating
tunnel without touching the sides (see Fig. 2). Their
goal was to prevent scraping the craft on the ring on
the tunnel. Calibration was performed so that squeezing
the force bulb between 5—-15% of MVC was required to
prevent scraping of the tunnel. Each subject performed
three 5-minute trials. During one trial, the subject used
the squeeze bulb only with the right hand. In another
trial, the subject was instructed to press a computer
mouse button with the left hand when cued by a colour
change of the inflatable ring. Finally the subject was
asked not to squeeze the squeeze bulb, but still press
the mouse button when the colour change in the ring
was noted. The three tunnels were identical for all three
trials: they consisted of the sum of two frequencies: 1/8
and 1/11Hz. The order of the three trials was counter-
balanced across subjects.

Data collection and analysis

Subjects wore an electrode cap and surface EMG elec-
trodes on their abductor pollicus brevis and 1st dorsal
interosseus. Data were sampled at 512Hz. For this
study, only the portions of the data where the subject
was squeezing the bulb (with and without button press)
were used for analysis. EEG data were bandpass fil-
tered from 1-60 Hz using a 4th order Butterworth filter.

The EEG is often contaminated with artefacts, such
as eyeblinks, eye movements, temporalis muscle acti-
vation and EKG. In addition, Independent Component
Analysis (ICA) has been shown to be a powerful way to

unmix different brain rhythms that may be temporally
independent, but associated with highly spatially over-
lapping topographical distributions by the time they
are recorded out on the scalp electrodes (Jung et al.,
2000).

Corticomuscular coupling was determined by first
applying infomax ICA (Bell and Sejnowski, 1995) to
the EMG independent components (ICs). EMD was
applied to each EMG IC separately using software
developed by Smith et al. (Rilling et al., 2003) as pre-
viously described (Liao et al., 2005).

An augmented data consisting of time-lagged IMFs
derived from the EMG ICs, and the EEG was then
created. ICA was then applied to the augmented matrix
and components that loaded significantly on both
sections of the data (i.e. the loading on one section of
the data did not exceed five times that on another sec-
tion) were examined. See reference (McKeown and
Radtke, 2001) for a more detailed discussion of the
methods.

Results
Behavioural data

All subjects were able to perform the task
without difficulty. When the frequency ratio
(FR) of the higher frequency to lower
frequency of the pressure generated by the
subject was computed, and this tended to cor-
relate well with UPDRS bradykinesia scores
but did not reach significance (r=0.597
p<0.15).

40
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UPDRS Bradykinesia score

Fig. 4. Comparison between amplitude of peak in
alpha range of Left motor cortex component and
UPDRS bradykinesia scores in the “off™ state
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Fig. 5. In 6/7 PD subjects, a component was derived from leads over the left motor cortex. Some of these
demonstrated peaks in the alpha range, which correlated with the extent of bradykinesia

EEG/IMF coupling

Some components loaded heavily over the
left primary motor cortex, and had prominent
peaks in their frequency spectra at about
10Hz (Fig. 5). The peak in their frequency
spectra in the alpha range correlated with
their UPDRS scores (R=0.827, p<0.02,
Fig. 4). In one subject, with prominent trem-
or, there was a peak at 5Hz, exactly half
of their other peak in the alpha band. Other
components were in the midline and ap-

peared to be modulated by the expecta-
tion of pressing the button, but not the
button press itself (Fig. 6). Still others (not
shown) were modulated with the periods of
8 and 11Hz, the periods that the subjects
pressed.

After L-Dopa, the effect on their behav-
ioural performance (as measured by their
FR described above) was erratic. The effects
on the 10Hz peak (not shown) were less
consistent.
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Fig. 6. An example of an ICA component derived from the augmented EEG/EMG data set from a single normal

subject. Note that this component was continually active during the “dual” task (as suggested by the higher

amplitudes at ~10Hz), but was not modulated by the button press itself, possibly reflecting an attentional
phenomenon from the cingulate gyrus
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Discussion

We have demonstrated that a combined
EMD/ICA approach is able to isolate com-
bined brain/muscle electrical activity that is
modulated by motor performance, Parkin-
son’s bradykinesia (Fig. 4) and attention
(Fig. 6). We note that prior studies have
suggested that EEG/EMG coupling is only
evident during sustained contraction and dis-
appears during changes in force (Kilner et al.,
1999), such as ramping. However, in our case
the subjects’ force was continually changing.
There was little evidence of the EEG/EMG
coupling being discontinuous or abruptly
ceasing during the continuous performance.
It is therefore tempting to speculate that the
lack of coherence detected by other groups
may be a result of the analysis method.

The method we employed here is similar
in spirit to PLS (partial least squares). In PLS
the cross-covariance between two data sets
(in this case EEG and EMG) is first com-
puted and then SVD (singular value decom-
position) is used to find the prominent
directions in the intersection between data
sets. However, the described method is fun-
damentally different: by using infomax ICA,
we effectually used mutual information as op-
posed to 2™ order statistics (i.e. covariance)
to determine coupling. The success of ICA
over PCA in decomposing EEG suggests that
this might be more fruitful.

We used EMD to estimate the envelope of
the sSEMG recordings. This has the benefit of
tracking non-stationary signals (such as the
EMG) and does not first require high-pass
filtering, with the possibility of losing useful
information as with the case of rectification.
A further benefit of using EMD is that it
allows the instantaneous estimate of frequen-
cy via the Hilbert transform (the Huang-
Hilbert transformation (Huang et al., 1998)).
Further work is required to explore the ben-
efits of using the Huang-Hilbert transforma-
tion in the non-stationary problem of EEG/
EMG coupling.

The effect of L-Dopa was varied, as has
been shown in previous studies. L-Dopa would
presumably affect tonic dopamine firing, but
may have varied effects on phasic firing which
might be required for the continuously chang-
ing motor task performed here.

The midline component in Fig. 6 may
result from the cingulate cortex related to
the increase attentional load required during
the combined squeeze/button press task.

Conclusion

We have demonstrated a significant peak at
~10Hz in PD subjects prior to medication
that correlated significantly with UPDRS
bradykinesia scores. As bradykinesia may be
related to abnormal synchronization of corti-
cal signals driving the musculature, it sug-
gested that this link is not spurious.
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Summary. Glial cell line-derived neuro-
trophic factor (GDNF) has been known for
many years to protect and restore dopamine
neurons of the substantia nigra (SN) in lesion
models of parkinsonism, but much less has
been known of its normal physiologic role.
We have found that GDNF injected into the
striatum postnatally suppresses naturally-
occurring cell death in SN dopamine neurons,
and neutralizing antibodies augments it.
Neutralizing antibodies augment cell death
during the first phase, which occurs during the
first postnatal week, but not during the second
phase in the second week. To further explore
the possible neurotrophic role of GDNF, we
created double transgenic mice which overex-
press GDNF exclusively in the target regions
of mesencephalic neurons, particularly the
striatum. As anticipated for a limiting, target-
derived factor, this resulted in an increased
surviving number of SN dopamine neurons
after the first phase of cell death. However,
this increase did not persist into adulthood.
We conclude that GDNF is the leading candi-
date for a target-derived neurotrophic factor
for SN dopamine neurons during the first phase
of cell death, but that other factors must play
an essential role in later development.

Since its original discovery, GDNF has been
considered to be a candidate target-derived

neurotrophic factor for the development
of substantia nigra (SN) dopamine neurons
(Lin et al., 1993). In support of this possibi-
lity, its mRINA is expressed in striatum, most
abundantly during the early postnatal period
(Schaar et al., 1993; Stromberg et al., 1993;
Blum and Weickert, 1995; Choi-Lundberg
and Bohn, 1995; Golden et al., 1999; Cho
et al., 2003). GDNF protein is also expressed
within postnatal striatum (Lopez-Martin et al.,
1999). In addition, the abundant expression
of mRNA for the GDNF receptor, GFRal,
in SNpc, and for the signaling tyrosine kinase
Ret as well, offers further support for GDNF
as a possible neurotrophic factor for devel-
oping SN dopamine neurons (Widenfalk
et al., 1997; Yu et al., 1998). The principal
evidence marshaled against a possible neuro-
trophic role is that GDNF and GFRa1 homo-
zygous null mice show no decrease in the
number of SN dopamine neurons on the
day of birth (Treanor et al., 1996; Pichel
et al., 1996; Sanchez et al., 1996; Cacalano
et al., 1998; Enomoto et al., 1998). However,
these mice die shortly after birth due to
developmental abnormalities of the kidney
and enteric nervous system. We have pre-
viously shown that the naturally occurring
cell death event for SN dopamine neurons
takes place largely within the first two post-
natal weeks (Janec and Burke, 1993; Oo and
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Burke, 1997). Therefore, the early death of
these mice makes it difficult if not impossible
to define a phenotype related to trophic factor
regulation of the natural cell death event.
Furthermore, none of these null mutations
were temporally regulated, so compensatory
changes may have taken place. These con-
siderations offer ample grounds for not
accepting the negative observations in the
homozygous null mice as definitive, insofar
as a phenotype affecting the development of
the SN dopaminergic system is concerned.
To further evaluate GDNF as a possible
neurotrophic factor for SN dopamine neurons
we assessed its ability to support their via-
bility in a unique postnatal primary culture
model (Rayport et al., 1992), established when
these neurons would normally be undergoing
their natural cell death event, and when they
would be elaborating their striatal target
contact (Burke, 2003). We found that among
factors which had previously been reported
to support mesencephalic dopamine neurons
in embryonic culture, including BDNE,
TGFP1,2,3, NT3, bFGF, TGFa and EGF,
GDNF alone augmented survival, and it did so
by suppressing apoptosis (Burke et al., 1998).
To determine whether these observations
could be confirmed in the in vivo context, we
assessed the effect of GDNF injected into the
striatum on PND?2 on the level of natural cell
death in SN dopamine neurons. We observed
a 60% suppression of natural cell death by
intrastriatal GDNF injection (Oo et al., 2003).
To determine whether endogenous GDNF may
play a role in regulating natural cell death,
we injected GDNF neutralizing antibodies
into the striatum. Two different neutralizing
antibodies both induced natural cell death in
dopamine neurons by 2-3 fold (Oo et al.,
2003). We assessed the developmental de-
pendence of these anti-GDNF antibodies to
induce death, and found that this effect was
limited to the first postnatal week. Therefore,
although our earlier studies had suggested
that SN dopamine neurons are dependent
on striatal target until PND14, i.e., through-

out the first and second phases of natural cell
death (Kelly and Burke, 1996), dependence
on GDNF was observed only through the first
phase (Oo et al., 2003).

Thus, in its ability to acutely regulate the
natural cell death event of SN dopamine neu-
rons both in vitro and in vivo, GDNF fulfills
important criteria for a neurotrophic factor
for these neurons. However, classic neuro-
trophic theory would also predict that a sus-
tained increase in the supply of a limiting
target-derived factor should augment the
number of neurons which survive the natural
cell death period. It is important to empha-
size that an adequate test of this prediction
requires a sustained increase in expression.
Single intrastriatal injections of GDNF on
PND2 have been shown to not have a lasting
effect on the number of surviving dopamine
neurons (Beck et al., 1996), but single injec-
tions are unlikely to have a lasting effect,
given that the natural cell death event takes
place over a two week period. In order to
achieve a sustained overexpression of GDNF
in the target regions of the mesencephalic
dopaminergic projections, we utilized a
double transgenic approach as described by
Mayford et al. (1996). We crossed mice
transgenic for a CaMKII-tTA construct with
mice transgenic for a BiTetO-LacZ-rGDNF
construct. The double transgenic mice
(CBLG-DT) demonstrated expression of LacZ
specifically in striatum (where it was most
abundant), hippocampus and cortex, as pre-
viously described for CaMKII-tTA mice
(Mayford et al., 1996; Yamamoto et al., 2000).
The CBLG-DT mice overexpress GDNF in
forebrain structures throughout the period of
natural cell death, and within the striatum, at
a cellular level, strictly within medium stria-
tal neurons (Kholodilov et al., 2004), as it is
for endogenous GDNF (Oo et al., 2005).

Increased expression of GDNF within
striatal medium-sized neurons throughout
development leads to a 46% increase in the
number of SN dopaminergic neurons surviv-
ing the first phase of natural cell death, thus
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confirming the hypothesis that striatal target
expression of GDNF regulates this phase.
This increase does not, however, persist into
adulthood. Therefore, although striatal GDNF
is both necessary and sufficient for regulation
of SN dopamine neuron survival during the
first phase of natural cell death, it alone is
not sufficient to lead to a lasting increase in
their adult number. At some time between
PND7 and adulthood, the number of these
neurons must revert to their normal, wildtype
number. This does not, however, occur as a
“rebound” phenomenon, with an augmented
level of natural cell death, during the second
phase of death on PND14; we have, in fact,
shown that on the contrary, levels of apopto-
sis are reduced in the double transgenic mice
on that day. Therefore, the time course and
mechanism of ‘“‘normalization” of the adult
number of SN dopamine neurons in the
CBLG-DT mice is unknown.

Just as there is no lasting increase in the
adult number of SN dopamine neurons in
the CBLG-DT mice, there is no increase
in nigral dopaminergic innervation of the
striatum. We assessed morphologic features
of TH-positive and dopamine transporter
(DAT)-positive fibers; TH and vesicular
monoamine transporter (VMAT2) protein ex-
pression, biochemical measures of dopamine
and its metabolites, and physiologic measures
of dopamine release and re-uptake, and found
no changes.

The response of the ventral tegmental
area (VTA) dopaminergic system to sus-
tained overexpression of GDNF in targets
was quite different from that of SN dopamine
neurons. In the CBLG-DT mice, there was
a 55% increase in the number of VTA do-
pamine neurons as compared to wildtype
controls in adult animals (Kholodilov et al.,
2004). In addition, adult CBLG-DT mice
demonstrated increased dopaminergic inner-
vation of cortical regions, assessed by both
TH and DAT-positive fiber staining. This
morphologic phenotype was accompanied
by a behavioral phenotype: CBLG-DT mice

demonstrated an augmented motor activity
response to amphetamine. Thus, there is a
fundamental difference between the SN and
VTA dopaminergic systems in their develop-
mental response to GDNF expression in target.

Thus, for the first phase of natural cell
death in SN dopamine neurons, GDNF ful-
fills many of the criteria specified by classic
neurotrophic theory. The ability of exoge-
nous GDNF, when injected into the striatum,
to reduce apoptosis, and for overexpression
to augment the surviving number of dopa-
mine neurons clearly suggests that there is
competition for GDNF during the first phase
of cell death. The cellular basis for this com-
petitive regulation strategy is unknown.

The question arises, what factors after the
first phase of natural cell death are important
regulators of SN dopamine neuron survival?
It appears that in the absence of an increase
in such factors, increased target GDNF alone
is unable to change the surviving number of
dopamine neurons. One obvious possibility is
that abundance of the receptor, GFRal, may
become limiting. While such regulation may
occur at the level of the SN, autonomous to
dopamine neurons, there is an alternate pos-
sibility, that it may occur in a non-cell auton-
omous fashion, at the level of striatal target.
The possibility that GFRal may act in trans
to influence in a non-cell autonomous fashion
incoming projection systems which express
the signaling kinase Ret was proposed
by Yu et al. (1998) when they observed a
discrepancy in some developing regions
between GFRal and Ret mRNA expression.
They noted that often regions which ex-
pressed abundant GFRal mRNA, but little
Ret, were the targets of systems abundant
in Ret expression (Yu et al., 1998). In support
of the concept that GFRa1 may act in a non-
cell autonomous fashion to regulate neural
development, Paratcha et al. demonstrated
that GFRal can be released by neurons and
modulate neurite outgrowth, guidance, and
neuron survival (Paratcha et al., 2001). These
investigators have also shown that, in the
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presence of saturating concentrations of
GDNF, immobilized, exogenous GFRal act-
ing in trans can influence the strength and
direction of neurite outgrowth (Ledda et al.,
2002). We have found that GFRal is ex-
pressed not only in SNpc, as previously
shown, but also in striatal medium-sized neu-
rons (Cho et al., 2004). In the striatum, it is
maximally expressed between PNDI1O and
14. In this location it theoretically could act
in trans to regulate the development of the
nigro-striatal projection, and the viability of
SN dopamine neurons. This will be an impor-
tant future area of investigation.

In conclusion, we have presented evi-
dence that GDNF is currently the leading
candidate for a striatal target-derived neu-
rotrophic factor for SN dopamine neurons.
However, it must also be recognized that
our principal evidence that endogenous
GDNEF plays such a role derives from acute
studies with neutralizing antibodies, which
show an induction of apoptosis. Such an
effect, based on intracerebral injections,
may have alternate interpretations. It is
therefore now imperative to develop condi-
tional null mice for GDNF and its receptor
GFRal, to determine the effect of region-
ally selective null mutations, which are
compatible with postnatal survival, on the
final number of SN dopamine neurons
(Enomoto, 2005).
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Summary. The engrailed genes belong to a
large family of homeobox transcription fac-
tors. They are found throughout the animal
kingdom, are highly conserved in the DNA
binding domain and have been investigated
for more than half a century. In the murine
genome, two engrailed genes exist, called
Engrailed-1 and Engrailed-2. Here, we sum-
marize the properties of the engrailed genes
and their functions, such as conserved struc-
tures, cellular localisation, secretion and
internalisation, transcription factor activity,
potential target genes and review their role in
the development of mesencephalic dopami-
nergic neurons. During early development,
they take part in the regionalization event,
which specifies the neuroepithelium that pro-
vides the precursor cells of the mesenceph-
alic dopaminergic neurons with the necessary
signals for their induction. Later in the post-
mitotic neurons, the two transcription factors
participate in their specification and are cell-
autonomously required for their survival.

Introduction

The engrailed genes have been investigated
in species throughout the animal kingdom, in-
cluding annelids (Wedeen and Weisblat, 1991),
molluscs (Wanninger and Haszprunar, 2001),
insects and crustaceans (Patel et al., 1989;
Scholtz et al., 1994; Duman-Scheel and Patel,

1999), echinoderms (Lowe and Wray, 1997)
and chordates, such as amphioxus (Holland
et al., 1997) and multiple vertebrates (Joyner
et al., 1985; Ekker et al., 1992; Logan et al.,
1992; Koster et al., 1996; Lopez-Corrales
et al., 1998) including man (Zec et al., 1997;
Barak et al., 2003). They belong to a large
class of transcription factors with a con-
served DNA binding domain, the homeobox.
This group of genes is characterized by
homeotic tissue transformation when their
expression is altered during early embryo-
genesis. Some of them also take part in the
specification of neuronal properties, such as
directed axonal outgrowth, target recognition
and synaptogenesis.

Engrailed genes across evolution
and their molecular properties

The first mentioning of the engrailed genes
was a spontaneously occurring mutation in
Drosophila melanogaster characterized by
the malformation of thoracic segments, scutel-
lar modifications and distorted wings (Eker,
1929). The cloning of the underlying genes
was achieved more than 50 years later (Fjose
et al., 1985; Kuner et al., 1985), its DNA
binding activity revealed (Desplan et al.,
1985) and its function, as a transcriptional reg-
ulator, established (Han et al., 1989; Ohkuma
et al., 1990). In vertebrates, two engrailed
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homologues exist (Ekker et al., 1992; Force
et al., 1999) with one exception, zebrafish,
where genome duplication led to four para-
logues, each with distinct functional proper-
ties (Ekker et al., 1992; Force et al., 1999).
On the protein level, sequence differences
between homologues (orthologues and para-
logues) are significant, but the homeobox
domain is always highly conserved. Despite
the large sequence differences outside the
homeobox, the biochemical conservation of
the engrailed genes is impressive. They show
functional homology over more than 100
million years of evolution and the paralogues
are in most aspects functionally redundant.
When mouse Engrailed-1 (Enl) is replaced
by homologous recombination with its paralo-
gue Engrailed-2 (En2) or with its drosophila
homologue, the otherwise lethal phenotype,
with significant defects in mid- and hind-
brain, is rescued. The resulting animals are
viable and fertile with normal brain morphol-
ogy (Hanks et al., 1995, 1998), suggesting
that a common conserved genetic pathway
exists in protostomia and deuterostomia.
The protein sequence analysis revealed
five distinct subdomains in the engrailed pro-
teins, designated as engrailed homology (EH)
regions (EH1-5) (Logan et al., 1992). The
EH4 region represents the homeodomain and
includes approximately 60 amino acids, that
form three alpha helices, common with all
classes of homeodomain proteins (Manak and
Scott, 1994). The third helix is responsible
for the binding to specific sequences in the
large groove of double stranded DNA
(Desplan et al., 1988; Kissinger et al., 1990;
Ades and Sauer, 1994). Besides the DNA
binding activity, the engraileds can also
establish proteic interactions through the
EHI, 2, 3 and 5 domains. The proteins act
mostly as transcriptional repressors via the
EH1 and EH5 domains (Han et al., 1989;
Ohkuma et al., 1990; Smith and Jaynes,
1996), however this inhibitory function is
not a fixed property. Protein interactions me-
diated by EH2 and EH3 can determine the

regulatory target by affinity adjustment, but
can also switch the transcriptional activity
from repressor to activator (Serrano and
Maschat, 1998; Gemel et al., 1999; Kobayashi
et al., 2003). Examples for engrailed asso-
ciated molecules are the hepatocyte nuclear
factor 3 beta (HNF3/Foxa2) (Foucher et al.,
2003) and the pre B-cell leukemia transcrip-
tion factor 1 (PbxI) (Gemel et al., 1999).

Cell localization and
secretion /internalisation of engrailed
proteins

As transcriptional regulators, the engrailed
proteins are localized in the nucleus, how-
ever, a small proportion (~5%) of the intra-
cellular protein is found in the cytoplasm
associated to membrane vesicles, that can be
transported anterogradely in the axon (Joliot
et al., 1997). Surprisingly, this cytoplasmic
proportion of the proteins can be secreted
and internalised by other cells. Export from
the nucleus, secretion and internalisation
depends on the third helix of the homeobox
and the first few aminoacids N-terminal to it
(Joliot et al., 1998; Maizel et al., 1999). This
seemed to happen via an energy- and receptor-
protein-independent mechanism without in-
volving classical exo/endocytosis (Han et al.,
2000; Cosgaya et al., 1998; Joliot et al., 1998),
but it is nevertheless a highly regulated pro-
cess, since phosphorylation of the serine-rich
domain inhibits secretion and nuclear export,
and simultaneously increases DNA binding
by several fold (Maizel et al., 1999, 2002).
The nuclear export opens the possibility, that
engrailed can function outside the nucleus and
act as intercellular polypeptidic messengers
(Joliot et al., 1998; Maizel et al., 1999) and
might for example locate mRNAs into axonal
terminals (Joliot et al., 1997). Most of these
studies have been performed in cell culture
and they still need confirmation in vivo, how-
ever they suggest that homeoprotein transcrip-
tion factors may have non-cell-autonomous
signaling properties and act in a paracrine
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manner (Prochiantz, 1999; Prochiantz and
Joliot, 2003).

Expression of engrailed in the murine
brain, pattern formation
of mid/hindbrain and neurogenesis
of mesDA neurons

The most common function of the engrailed
genes in all investigated phyla is an in-
volvement in pattern formation during early
embryogenesis (Hidalgo, 1998; Wurst and
Bally-Cuif, 2001). Later in development, they
take part in neurogenesis (Condron et al.,
1994; Harzsch et al.,, 1998) and neuronal
differentiation (Saueressig et al., 1999; Marie
et al., 2000). In vertebrates, the early devel-
opmental role of Enl and En2 arises from
their expression in a broad band rostral and
caudal to the isthmus, the border between
mid- and hindbrain (Fig. 1C, D). Targeted
inactivation of the genes results in a gene-
dose dependent deletion of mid- and hind-
brain structure mostly affecting the colliculi,
the cerebellum (Fig. 1G, H) and ventrally
located neuronal populations like the seroto-
nergic neurons of dorsal raphe nucleus, the
noradrenergic cells of the locus coeruleus and
the motor nuclei of the III and IVth nerve
(Wurst et al., 1994; Simon et al., 2005). Their
regional expression is probably determined by
other, earlier expressed transcription factors,
like Otx2, Pax2, Pax5 and Gbx2 (Wurst and
Bally-Cuif, 2001), since their mutant pheno-
type in respect to the midbrain is rather simi-
lar (McMahon and Bradley, 1990; Acampora
et al., 1995; Ang et al., 1996; Schwarz et al.,
1997) and their ectopic expressions by domain
shifts alter the engrailed expression domains
and mid/hindbrain structures in manner con-
cordant with this notion (Hidalgo-Sanchez
et al., 1999; Brodski et al., 2003; Puelles et al.,
2003, 2004). Another molecule that plays a
key role in the regulation of engrailed ex-
pression during early embryogenesis is Wntl,
a diffusible signaling protein. Its expression
has no influence on the initial engrailed ex-

pression in the midbrain, however it is essen-
tial for the maintenance of this expression
(Danielian and McMahon, 1996).

Differentiation of mesDA neurons
and survival

Briefly after the rostral to caudal neuroaxis has
been laid down, mesDA neurons are induced
in the ventral midbrain by the combined in-
teraction of two diffusible molecules, sonic
hedgehog (SHH) and the fibroblast growth
factor 8 (FGF8), released by the floor plate
and isthmus, respectively (Ye et al., 1998).
Thereafter, cells become postmitotic (Altman
and Bayer, 1981) and begin to express the first
markers specific for their neurotransmitter
phenotype (Perrone-Capano and Di Porzio,
2000). Three regulatory pathways involved in
the differentiation of the mesDA neurons
have been identified so far. The key transcrip-
tion factors for these pathways are Nurrl,
Lmx1b and the engrailed genes (reviewed in
Simon et al., 2003). In contrast to Nurrl, the
engrailed expression in the postmitotic neu-
rons begins relatively late and is initially only
detectable in the surrounding midbrain tissue.
The onset of expression in the postmitotic
neurons occurs gradually over 72 hours, with
the first TH positive cells in the ventral mid-
brain expressing the two genes at El1, the
latest start to express them at E14 (Alberi
et al., 2004). This expression persists from
then on throughout the life of the animal
(Fig. 1A, B).

It seems that the neuroepithelial precursor
cells never express the engrailed genes. The
role of the two transcription factors is in-
direct, arising from the fact that they regulate
the FGF8 expression, which is essential for the
induction of these precursor cells. In embryos
homozygous null for Enl and En2, the initial
FGF8 expression at E8 i1s wild type-like,
however no FGF$ is detectable at the mid/
hindbrain border at E9 (Liu and Joyner, 2001).
The lower number of postmitotic mesDA neu-
rons in E12 engrailed double mutant embryos
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(Fig. 1E, F) (Simon et al., 2001; Alberi et al.,
2004) could be explained by this altered
FGF8 expression. A conserved region in
the large intron of the FGF8 gene with an
active Enl binding site exists in the genome
of higher vertebrates (Gemel et al., 1999 and
our own unpublished database search; Simon
et al., 2004) suggesting a direct regulation of
FGF8 by the engrailed genes. Ectopic FGF8
expression in chicken embryonic midbrain
infected with retroviruses expressing Enl
supports this idea (Shamim et al., 1999).
The most noticeable function of the
engrailed genes in respect to mesDA neurons
is their close connection to the survival of
these cells. Despite the early morphological
deletion of mid/hindbrain structures, mesDA
neurons are generated in the engrailed dou-
ble mutant mice and start to express markers
typical for their neurotransmitter phenotype.
However, shortly thereafter the mesDA neu-
rons die with signs of apoptosis and at E14
all are lost (for PO Fig. 1I-L), suggesting that
in parallel to the onset of genes expression in
the wild type, a requirement for the engrailed
genes sets in which leads to death of the cells
if not met in the mutant (Simon et al., 2001;
Alberi et al., 2004). By performing cell mix-
ing in vitro and in vivo (chimera), we demon-
strated that the engrailed requirement for the
survival of mesDA neurons is cell-autono-
mous and not attributable to the deletion of
midbrain tissue in the mutant. Furthermore,

d

RNA interference experiments on primary
midbrain cell cultures showed that cell death
is induced in less than 24 hours after trans-
fection, indicating that the engraileds may
regulate one or more genes in the apoptosis
pathway.

Engrailed regulatory targets

The close connection of mesDA neurons to one
of the most prominent human neurodegen-
erative disorders makes it of high interest to
identify genes that are involved in the survival
of these cells. Since the role at the engrailed
genes in the survival of mesDA neurons can-
not be a direct consequence of their DNA
binding property or protein—protein interac-
tions with other transcriptional regulators, the
effector genes must be downstream to them.
The most interesting candidate target gene to
our opinion is a-synuclein, a presynaptic pro-
tein, not expressed in mesDA neurons of
the engrailed double mutants (Simon et al.,
2001). a-Synuclein was the first gene asso-
ciated to familial form of Parkinson’s disease
(Polymeropoulos et al., 1997; Kruger et al.,
1998), however its inactivation by homol-
ogous recombination in mice leads only to
minor changes in the nigrostriatal system
(Abeliovich et al., 2000).

An approach to isolate genes downstream
of the engrailed was recently attempted in
our laboratory (Thuret et al., 2004a, b). We

<«

Fig. 1. Engrailed expression in mouse brain and loss of mesDA neurons in absence of both engrailed genes.
Sagittal sections of adult (A, B) and PO brains (G-L) and two whole mount preparation (C-F), immunostained
against the B-gal, to detect the Enl/tauLacZ reporter (A, C, D) and against tyrosine hydroxylase (TH) (B, E, F,
I-L), and Nissl stained (G, H). A, B The expression pattern of the tauLacZ reporter genes demonstrates that in
adult animals En-1 is expressed in the inferior colliculus, the cerebellum and the mesDA neurons. The axonal
projection to the basal ganglia revealed by the reporter is identical to TH. C, D At E9, En-1 is expressed in a
broad band rostral and caudal to the isthmus (arrow) in the wild type, while in the engrailed double mutant
embryos (Enl-/-;En2-/-) part of mid/hindbrain is absent and the expression of the Enl/tauLacZ reporter is
reduced to a small domain in the ventral midbrain (E, F). At E12, TH positive cells are detectable in the ventral
midbrain of wild type and double mutants. The mutant domain is smaller and no axonal outgrowth is detectable
(G, H). The Nissl staining of the PO brain section reveals loss of inferior (IC) and superior colliculus (SC),
cerebellum (Cb) and large parts of the periaqueductal central grey (CG) in the mutant (I-L). The sagittal sections
reveal that all mesDA neurons are lost in the engrailed double mutants at PO. Ac nucleus accumbens,
OT olfactory tubercle, SN substantia nigra, St striatum, V7T ventral tegmentum
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compared the expression pattern of ventral
midbrain between wild type and engrailed
double mutant embryos with a PCR based
differential display technique at the age
when the mesDA neurons are disappearing,
and isolated synaptotagmin 1 (Sytl), v-erb-a
erythroblastic leukemia viral oncogene ho-
molog 4 (ErbB4) and microtubule-associated
protein 1 B (Mtaplb). Sytl is an integral
membrane protein of synaptic vesicles and
acts as Ca®" sensor in vesicle exocytosis
(Fernandez-Chacon et al., 2001). ErbB4 is
involved in neuronal development as one of
the high affinity neuregulin receptors and it
seems to play a role in regulating the dopa-
mine release in the striatum (Yurek et al.,
2004) Mtaplb is expressed at high levels in
the developing brain and is involved in mi-
crotubule assembly and dendrite morpho-
genesis (Teng et al., 2001). There are two
evolutionary conserved overlapping binding
sites for the Engrailed genes and HNF3f
(Foxa2) in the promoter of Mtaplb. The two
genes antagonize each other when regulating
the Mtaplb promoter in primary cultures
of embryonic mes/metencephalic neurons
(Foucher et al., 2003).

Direct evidence about genes involved in
axonal outgrowth in the mesDA neurons and
regulated by engrailed is still missing. Never-
theless, ectopic expression of Enl in mice
induces EphrinA2 and EphrinAS (Lee et al.,
1997) leading in chicken to ectopic projec-
tions of retinal nasal axons (Friedman and
O’Leary, 1996; Itasaki and Nakamura, 1996;
Logan et al., 1996). EphAS5-ephrinAS system
has been recently shown to be involved in the
development of the mesDA axonal pro-
jections to the striatum, suggesting a role of
the Engrailed gene in this process (Sieber
et al., 2004).

Conclusion

The engrailed genes have a dual function
in the development of mesDA neurons. They
take part in the regionalization event, which

gives rise to the neuroepithelium that provides
the precursors cells in the ventral midbrain
with the FGF8 signal necessary for their in-
duction. In the postmitotic neurons, the two
transcription factors are essential for their
survival by preventing the induction of apop-
tosis. Furthermore, the continuous expression
of the engrailed genes from midgestation to
adulthood suggests that they may participate
in the long-term maintenance of this neuronal
population.
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Summary. Dopamine belongs to the most
intensively studied neurotransmitters of the
brain, because of its implications in psychia-
tric and neurological disorders. Although,
clinical relevance of midbrain dopaminergic
(mDA) neurons is well recognized and
dopaminergic dysfunction may have a ge-
netic component, the genetic cascades un-
derlying developmental processes are still
largely unknown. With the advances in mo-
lecular biology, mDA neurons and their
involvement in psychiatric and neurologi-
cal disorders are now subject of studies that
aim to delineate the fundamental neuro-
biology of these neurons. These studies are
concerned with developmental processes,
cell-specific gene expression and regulation,
molecular pharmacology, and genetic asso-
ciation of dopamine-related genes and mDA-
associated disorders. Several transcription
factors implicated in the post-mitotic mDA
development, including Nurrl, LmxlIb,
Pitx3, and Enl/En2 have contributed to the
understanding of how mDA neurons are
generated in vivo. Furthermore, these stud-
ies provide insights into new strategies for
future therapies of Parkinson’s Disease (PD)
using stem cells for engineering DA neu-
rons in vitro. Here, we will discuss the
role of Pitx3 in molecular mechanisms in-
volved in the regional specification, neuron-
al specification and differentiation of mDA
neurons.

The heterogeneity of midbrain
dopaminergic (mDA) neurons

The mDA system (A8—A10 cell groups) is
involved in many brain functions including
motor control, reward, emotional and moti-
vated behavior, and is of clinical importance
because of its implication in neurological and
psychiatric disorders. The A9 cell group
located in the substantia nigra pars compacta
(SNc) has preferred projections to the dorsal
striatum forming the nigrostriatal pathway,
which is involved in the control of move-
ment. The mDA system further includes the
ventral tegmental area (VTA), located in the
A10 group and the retrorubral field located in
the A8 group. Dopamine neurons of the VTA
with their efferents to the nucleus accum-
bens, other limbic brain areas and the cor-
tex form the mesolimbic/cortical pathways,
and are involved in the control of emotional
behaviors and reward. In addition, specific
mDA subpopulations have been described
based on pharmacology, gene expression and
electrophysiological properties. A neuropath-
ological enigma is posed by the selective
degeneration of the SNc dopamine neurons
in PD and many animal models of PD,
whereas mDA neurons in the VTA are large-
ly spared. Gene expression profile studies of
discrete adult mDA subpopulations revealed
distinct molecular features that might un-
derlie the differential susceptibility (Grimm
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et al., 2004; Greene et al., 2005). Therefore,
one may expect that the difference between
dopamine neurons of the SNc and those of
the VTA roots in the molecular make-up of
these neurons, which might originate from
subpopulation-specific developmental path-
ways. Interestingly, the recent discovery of a
brain phenotype in Pitx3-deficient mice indi-
cates that Pitx3 drives molecular pathways
that are essential for the development and/or
survival of specific mDA subsets (Smidt
et al., 2004a, b). Thus, these data suggest that
differentiation of specific mDA subpopula-
tions is controlled by different developmental
pathways /factors, or that different subpop-
ulations differentially respond to the same
factor.

Pitx3 and its role in mDA development

The development of mDA neurons follows a
number of stages marked by distinct events.
After preparation of the region by signals
that provide induction and patterning, cas-
cades of transcription factors involved in
specification and differentiation enroll to-
wards fully matured mDA neurons (Hynes
and Rosenthal, 1999). Molecular studies into
the developmental pathways of these neurons
and analysis of mutant animals defective in
mDA development have identified several
key transcription factors, including Nurrl,
Lmx1b and Enl/En2, with a function in
specification of transmitter identity, neuron-
al identity and survival of mDA neurons
(Smidt et al., 2004a; Perlmann and Wallen-
Mackenzie, 2004; Simon et al., 2004).

The paired-like homeodomain transcrip-
tion factor Pitx3 is uniquely expressed in the
brain in post-mitotic mDA neurons during the
late differentiation phase from E11.5 onwards,
and its expression is conserved among spe-
cies including human. Genetic analysis of
the Aphakia (ak) mouse mutant revealed de-
letions in the Pitx3 gene, causing the ablation
of Pitx3 expression (Smidt et al., 2004a, b).
These Pitx3-deficient (ak) mice display neu-

roanatomical alterations in the mDA system
from E12.5 onwards, characterized by the
absence of mDA neurons in the SNc, where-
as mDA neurons in the VTA and the most
lateral tip of the SNc are largely spared
(Smidt et al., 2004a, b). As a consequence of
the neuronal loss in the SNc, connections
to the dorsal striatum are virtually absent
resulting in a dramatic decrease of dopamine.
Initial behavioural analysis of ak mice re-
vealed inconsistent reports on their motor
impairments. Although it was stated that ak
mice display the akinetic subtype of PD and
motor deficits that are reversed by L-DOPA
(van den Munckhof et al., 2003; Hwang et al.,
2005), we and others observed no character-
istic neurological PD symptoms in ak mice
(Hwang et al., 2003; Nunes et al., 2003;
Smidt et al., 2004a, b).

The mechanism by which Pitx3 influences
specifically the survival of SNc mDA neurons
is unknown and intriguing. Post-mitotic mDA
neurons start to express Pitx3 at the most ven-
tral position of the developing midbrain after
they have migrated ventrally from the neuro-
epithelium. Therefore, Pitx3 is not directly
involved in the proliferation and/or migration
of young mDA neurons, but rather in the
terminal differentiation and maintenance. A
possible explanation for the selective vulner-
ability, observed in ak mice may be that Pitx3
is not expressed in all mDA neurons. How-
ever, we and others found complete overlap
between Pitx3 and tyrosine hydroxylase (TH),
the key enzyme in dopamine synthesis (Smidt
et al., 2004a, b; Zhao et al., 2004). Thus, al-
though all mDA neurons depend on identical
signals for their early specification, the speci-
fication of neuronal fate of mDA subsets is
probably maintained, in part, by independent
regulatory cascades.

Origin and specification
of mDA neurons

Specification of neuronal fates begins with
the acquisition of anterior-posterior (A/P)



The role of Pitx3 in survival of midbrain dopaminergic neurons 59

Fig. 1. Schematic representation of the anterior/posterior (A) and dorsal/ventral (B) patterning of the brain
and the emergence of mDA neurons (red) with specific identity to regional molecular coding. A Drawing of
an E12.5 mouse brain in a sagittal plane showing the location of fully differentiated mDA neurons (red) in
specific brain segments (M-P3). B Drawing of an E12.5 mouse midbrain in a coronal plane, showing the
ventral localization of fully differentiated mDA neurons. Neurons are born in the ventricular zone across
specific longitudinal domains (floor plate (FP, green), basal plate (BP, blue) or alar plate (AP, yellow)) and
migrate ventrally (arrows) where they adopt the full dopaminergic phenotype and start to express Pitx3.
Aq aqueduct; H hindbrain; M midbrain; MHB mid-hindbrain border (Isthmus); P1-3 prosomere /—3; RD rostral
diencephalon; Tel telencepalon

and dorsal-ventral (D/V) patterning in re-
stricted domains of the neuronal plate
(Fig. 1). D/V patterning causes longitudinal
subdivisions in the brain (floor plate, basal
plate and alar plate), whereas A /P patterning
leads to neuromeric domains (forebrain, mid-
brain, isthmus and hindbrain; Puelles, 2001).
The commitment of neuronal identity by a
molecular code within progenitor cells in
the ventricular zone and region-specific de-
velopmental cascades ultimately results in
induction of distinct neuronal cell types,
including mDA neurons (Fig. 1). In human
embryos, mDA neurons in the SNc and
VTA originate independently across several
neuromeric domains and longitudinal subdi-
visions, and thus are not primarily unitary
(Verney et al., 2001). Thus, the developmen-
tal origin of mDA neurons with respect to
the longitudinal subdivisions and neuromer-
ic domains in the brain, and the molecular
codes within mDA subsets might determine
the distinct features of these cells.

Concluding remarks

It becomes more and more clear that the
mDA system harbors a multitude of specif-
ic functional neuronal units exemplified by
region-specific molecular codes during de-
velopment and in the adult. The role of Pitx3
in the development of SNc mDA neurons
might link molecular codes to survival of
mDA subsets, which can be exploited in the
treatment of PD. Recently, it was shown that
Pitx3 facilitates differentiation of mouse em-
bryonic stem cells into the A9 cell group of
mDA neurons, without affecting the total
number of dopamine neurons (Chung et al.,
2005), illustrating the importance of identify-
ing the appropriate signals and factors that
influence normal mDA development. Until
now no molecular target genes of Pitx3 are
identified and molecular processes initiated
by Pitx3 remain unidentified. Therefore, fur-
ther investigation is warranted to elucidate
the role of Pitx3 in mDA neuronal develop-
ment and maintenance.
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Note added in proof

Recent development in specification of the dopamine
neurons of the SNc and VTA have led to the new
nomenclature of these neurons as the meso-dience-
phalic dopamine (mdDA) neurons. This is highlighted
in the following recent review: Smits et al., 2006 in
“Progress in Neurobiology”.
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Genetic analysis of dopaminergic system development in zebrafish

S. Ryu, J. Holzschuh, J. Mahler, and W. Driever
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Summary. Zebrafish have become an im-
portant model organism to study the genetic
control of vertebrate nervous system devel-
opment. Here, we present an overview on the
formation of dopaminergic neuronal groups
in zebrafish and compare the positions of
DA neurons in fish and mammals using the
neuromere model of the vertebrate brain.
Based on mutant analysis, we evaluate the
role of several signaling pathways in catechol-
aminergic neuron specification. We further
discuss the prospect of identifying novel
genes involved in dopaminergic development
through forward genetics mutagenesis screens.

Introduction

An important avenue for biomedical research
for Parkinson’s Disease involves analysis
of differentiation and circuit formation of
the dopaminergic system in animal models.
Several features predispose the zebrafish
(Danio rerio) as an excellent model organism
to study neural development of vertebrates.
Zebrafish embryos develop rapidly, and a
functional larval nervous system is estab-
lished within four days of development.
Due to their external development, these
embryos are easily accessible to experimen-
tal manipulation at all stages. The relatively
short generation time of three months makes
efficient genetic analysis and mutagenesis
screens possible. Moreover, during the past
decade, the international community of

zebrafish researchers has successfully estab-
lished a centralized collection of resources
(www.zfin.org), and the sequencing of the
zebrafish genome is nearly complete (http://
vega.sanger.ac.uk /Danio_rerio/). The small
embryos and larvae are particularly popular
among developmental neurobiologists since
genetic analysis, cell biological manipula-
tions, and pharmacological interference can
easily be combined in a single embryo.
Further, the transparent embryos allow direct
visualization of the results in vivo using
transgenic marking of cells with fluorescent
proteins. Taken together, these features make
zebrafish an attractive model system to study
dopaminergic system development. However,
as the evolutionary distance between zebra-
fish and human is about 350 million years,
differences in neuroanatomy and circuit for-
mation needs to be carefully considered.

Overview of dopaminergic
development in zebrafish

The formation of dopaminergic groups has
been studied by analysis of expression of
tyrosine hydroxylase (th), dopamine trans-
porter (dat), and dopamine beta hydroxylase
(dbh) (Holzschuh et al., 2001, 2003a) as well
as by immunohistochemistry for Tyrosine
hydroxylase (TH) (Kaslin and Panula, 2001;
Rink and Wullimann, 2002). We will focus here
on the embryonic and larval DA systems —
additional small DA groups may be present
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in adult zebrafish. While we try to use the
prosomere model (Puelles and Verney, 1998)
to compare positions of DA neurons in fish
and mammals, we will not use the A1-A17
numbering established for mammalian sys-
tems (Smeets and Gonzalez, 2000), as there
is so far little information on potential func-
tional similarities. The first dopaminergic
neurons differentiate at about 18 hours post
fertilization (hpf) in the prospective posterior
tuberculum (basal plate area of prosomere 3,
for comparison to human see distribution of
human catecholaminergic groups in the pro-
somere model of Puelles and Vernier (1998)).
Successively, additional groups of DA neu-
rons are specified to build the full comple-
ment of DA groups, which is complete by
four days post fertilization (dpf) and include
the following groups. (i) Within the ventral
diencephalon, several DA groups can be dis-
tinguished: the ventral portion of the poster-
ior tuberculum contains two groups of DA
cells with a large soma and high levels of DA
expression, one close to the alar-basal plate
boundary and one further basal. Between
these groups, a cluster of small DA cells situ-
ated close to the ventricle can be found. An
additional group of small DA cells develops
at the alar-basal border and extends from the
posterior tuberculum into the ventral thala-
mus. This group expands significantly in cell
number during larval development. Another
group develops at the ventral base of the
posterior tuberculum, and extends into the
hypothalamus. Within the hypothalamus,
two DA groups can be detected by 5 dpf.
(i1) A cluster of DA cells that expands sig-
nificantly during late larval development can
be detected in the pretectum. (ii1) Groups of
DA cells form in the preoptic and paraventri-
cular region. (iv) The olfactory bulb group.
(v) A group in the subpallium. Dopaminergic
neurons are further present in the retina
(dopaminergic amacrine cells). Based on the
absence of dat expression from areas that ex-
press th in the hindbrain, it can be surmised
that DA neurons do not develop in the

hindbrain. In contrast, noradrenergic neurons
develop in the locus coeruleus and in the
medulla oblongata area postrema in the
hindbrain. DA neurons do not develop in
the zebrafish mesencephalon. This is a major
difference between fish and mammals, which
has been attributed to a caudal-ward shift
of dopaminergic activity during evolution
from fish to mammals (Smeets et al., 2000).
Retrograde labeling experiments revealed as-
cending projections from the posterior tuber-
culum into the pallium and subpallium in
zebrafish (Rink and Wullimann, 2000), which
led the authors to suggest that these DA
groups may contribute to ascending regula-
tory circuits similar to those to which mam-
malian DA neurons of the substantia nigra
contribute to.

Signaling requirements

The availability of many mutations affecting
components of signaling pathways involved
in brain patterning and cell differentiation
allowed us to address signaling requirements
for DA neuronal specification in zebrafish. In
mammalian embryos, many mutations affect-
ing major signaling pathways are lethal prior
to DA system development. In contrast, most
mutant zebrafish embryos survive for at least
two days since a functional cardiovascular
system is not required for early development
and store of maternal proteins enables cells
to survive. As experiments in mammalian
systems indicated a requirement of Shh and
FGF8 signaling for dopaminergic neuron
development (Ye et al., 1998), we tested con-
tribution of these signaling pathways (sum-
marized in Table 1; (Holzschuh et al., 2003b).
For the Shh pathway, both syu (shh) and smu
(Shh co-receptor Smoothened) mutant em-
bryos have been analyzed. In Shh signaling
deficient embryos, the early ventral dience-
phalic and the olfactory bulb DA groups form,
but pretectal and retinal amacrine DA cells
are reduced or absent. Thus the floorplate-
derived Shh signal may not contribute to spec-
ification of early ventral diencephalic DA
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Table 1. Impact of signaling pathways on specification and differentiation of zebrafish catecholaminergic neurons

Signal Catecholaminergic groups

Affected

Non affected Not determined™

Shh (smu, syu)

FGF8 (ace)

Nodal/TGF (MZsur)
Nodal/TGF (oep or cyc)

PT(—0), vDC(-), AC(—)
LC(0), vDCa(—)
vDC(—0)

PT(0), vDC(0), HY(0),
AC (cye: 0), OB (0)

Retinoic acid (>24 hpf) MO (0)

OB, LC, MO PO, SP, HY

OB, PT, vDCp, AC, MO PO, HY

LC, MO, AC PT, OB, PO, SP, HY
LC, MO PO, SP

PT, OB, vDC, PO, SP, LC HY, AC

Abbreviations for DA groups: PT pretectal DA neurons, OB olfactory bulb DA neurons, vDCa anterior DA
group ventral diencephalon (group 1 according to Rink and Wullimann), vDCp posterior DA groups in the ventral
diencephalon (groups 2—6 according to Rink and Wullimann), PO preoptic group, SP DA group of subpallium, HY
hypothalamic DA groups, AC amacrine, DA cells of retina, LC locus coeruleus NA neurons, MO medulla oblongata
area postrema NA neurons, (—) — reduced number of cells, (0) — absent, (—0) — reduced or absent, *not determined

because embryos show global defects

neurons, but Shh derived from the zona limit-
ans intrathalamica at the border of prosomers
2 and 3 may be involved in specification of
precursors of DA neurons in the pretectum.
Analysis of ace mutant zebrafish, which
are devoid of FGF8, revealed that FGF8 con-
tributes both to specification of DA and NA
neurons. Locus coeruleus NA neurons are
completely absent in ace mutant embryos.
Within the ventral diencephalon, the caudal
DA groups form, but the anteriormost cluster
of DA cells, corresponding to group 1 neu-
rons in Rink and Wullimann (2002), appears
to be absent in mutant embryos. An expres-
sion domain for FGF8 has been reported to
exist in the posterior tuberculum, and may be
the source of FGF signaling required for the
development of these neurons. The pretectal
DA group appears to develop independently
of FGF8, even though an FGF8 expression
domain has been reported in close proximity
of this DA group in the dorsal thalamus. The
fact that the majority of early differentiating
ventral diencephalic DA neurons develop
even in ace and smu double mutant embryos,
which should be devoid of both FGF8 and
Shh signaling, led us to consider additional
pathways that may contribute to DA develop-
ment. Nodal signals of the TGFbeta family
play an important role in development of the

ventral diencephalon. However, a complete
depletion of Nodal signals in cyc mutants
(affecting Nodal related protein 2), or in oep
mutant embryos (affecting the Oep Nodal
co-receptor) also deletes a significant portion
of the ventral diencephalon. This makes it
difficult to distinguish whether the absence
of ventral diencephalic DA neurons in these
mutants is caused by early patterning defects
or defects in specification of DA neurons.
The analysis of the zebrafish sur mutation,
which affects Fastl /FoxHI1, a transcription
factor and transducer of Nodal signals, was
more informative. In MZsur mutant embryos,
which lack both maternal and zygotic expres-
sion of Fastl /FoxH1, DA neurons are often
completely absent from the ventral dience-
phalon. Analysis of the expression pattern
of dbxla, a genes expressed in the basal plate
of prosomere 3, indicates that the posterior
tuberculum still forms in MZsur embryos.
This argues for the role of Nodal/TGFbeta
family signals in specification of the ventral
DA groups. Whether this involves direct
induction of ventral diencephalon (DC) DA
cells, or regulation of the prepattern of this
region remains to be addressed.

Retinoic acid is directly involved in neu-
ronal differentiation as well as in hindbrain
patterning. When zebrafish embryos older
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than 24 hpf are exposed to retinoic acid, seg-
ment identity, as judged by establishment of
the Hox gene code is already complete and a
shift in segment identities can not be induced.
However, exogenous retinoic acid induces an
expansion of the medullary NA group often
well into rhombomere 3 (Holzschuh et al.,
2003a). These findings argue that within a
dorsoventral domain competent to form NA
neurons, the rostro-caudal retinoic acid gra-
dient determines the anterior limit of NA dif-
ferentiation. Other CNS DA or NA groups are
not affected by RA under these conditions.
Delta/Notch signaling is also involved in
DA specification, but its role has not been
analyzed in detail. Mutations in mib, a ubi-
quitin ligase required for proper Delta/Notch
signaling, generate supernummary DA neu-
rons in all clusters, indicating that this neuro-
genic switch is broadly involved in restricting
precursors from differentiating into DA neu-
rons (Holzschuh and Driever, unpublished).
Several other signaling systems play im-
portant roles in neural differentiation. How-
ever, for some, including the Wnt signaling
pathway, manipulation of the signaling path-
way in the whole embryo causes severe early
anterioposterior patterning defects in the neu-
ral plate which makes it impossible to ana-
lyze its specific contributions to DA or NA
specification. For some other signaling path-
ways, mutations are currently not available.

Genetic approaches

Zebrafish present an ideal system for so-called
“forward” genetic mutagenesis screens to
identify additional genetic components con-

<

tributing to specification and differentiation
of DA neurons. The short generation time
and high fecundity allow large scale genetic
screens where thousands of mutagenized ge-
nomes can be analyzed for new mutations
affecting DA system development. Such
screens have been performed using either
Tyrosine hydroxylase immunohistochemistry
(Guo et al., 1999) or th mRNA in situ hybri-
dization (Holzschuh et al., 2003a). Following
mutagenesis of male zebrafish (GO) with an
alkylating agent, ethylnitrosourea (ENU), two
or three generation breeding schemes are
feasible in zebrafish: In the two generation
scheme, eggs from F1 progeny females are
fertilized in vitro with UV inactivated sperm,
and F2 embryos develop as haploids with no
genetic contribution from the father. If an F1
female is heterozygous for a new mutation,
50% of the haploid F2 should express a mu-
tant phenotype. Haploid screens are quick
and require less animal facility space. How-
ever, towards the second and third day, the
development of haploid embryos deviates
from that of normal embryos, and it is diffi-
cult to screen for defects in late developing
neuronal groups. In the three generation
scheme, F1 males and females are crossed
to each other to generate F2 families. If a
new mutation was bred into an F2 family,
50% of the fish are heterozygous, and every
fourth sibling cross should reveal the mutant
phenotype in a quarter of the F3 embryos.
Three generation screens are time consuming
and costly, but are well suited to discover
subtle defects affecting late aspects of DA
system development. Zebrafish are currently
the only vertebrate in which genetic screens

<«

Fig. 1. Distribution of zebrafish catecholaminergic neurons with respect to the neuromeric organisation of the
brain: relating teleost to mammalian organisation of the DA system. A, B Brain prepared from 28 day old wild type
zebrafish larvae was processed by in sifu hybridization to detect expression of tyrosine hydroxylase mRNA. Blue
signal indicates presence of catecholaminergic neurons. C Relative location of catecholaminergic groups projected
onto the neuromere model of the vertebrate brain (see also Puelles and Verney, 1998; Smeets and Gonzales, 2000;
Rink and Wulliman, 2002). Lateral (A, C) and dorsal (B) views with anterior at left. CE cerebellum, HY hypotha-
lamus, LC locus coeruleus, MO medulla oblongata, OB olfactory bulb, PA pallium, PO preoptic region, PT
pretectum, SP subpallium, TEC tectum, TEG tegmentum, TH thalamus, TP posterior tuberculum
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for new genes involved in DA neuronal de-
velopment are performed. Such screens
should identify factors which are expressed
at very low levels and have thus escaped bio-
chemical or molecular biology approaches.

Conclusions

Genetic analysis in zebrafish has already
revealed an unexpected complexity in signal-
ing requirements for the different dopaminer-
gic groups that form in the zebrafish di- and
telencephalon. It appears that local patterning
of the dorsoventral and anterioposterior axis
of the CNS may generate a ‘‘prepattern’,
which in combination with different local
signals serves to specify neural cells to take
on a dopaminergic fate. As such, the regula-
tory inputs which control DA differentiation,
may be convergent rather than following one
or two instructive signals only. The rapid ge-
netics and other experimental possibilities
available in zebrafish will help to further our
understanding of dopaminergic differentia-
tion. A careful comparison with mammalian
systems will reveal which aspects of DA dif-
ferentiation are conserved among vertebrates.
Since circuits from basal ganglia into striatum
or subpallium are essential for movement con-
trol, and circuits with similar function (albeit
in different neuroanatomical locations) exist
from fish to mammals, one would expect that
a significant portion of their molecular deter-
minants may also be conserved.
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Summary. Striatal dopamine loss in Parkin-
son’s Disease (PD) sets into play a variety of
compensatory responses to help counter do-
pamine depletion. Most of these changes in-
volve surviving dopamine neurons, but there
are also changes in striatal medium spiny neu-
rons (MSNs), which are the major target of
dopamine axons. Among these changes are
decreases in MSN dendritic length and spine
density, which may dampen excessive corti-
costriatal glutamatergic drive onto MSNs that
occurs secondary to dopamine loss. An in-
creasing knowledge of dendritic changes in
PD suggests strategies for tracking progressive
worsening of symptoms and is opening new
ideas on novel therapeutic strategies for PD.

Overt symptoms of Parkinson’s Disease (PD)
are not seen until there has been a sharp
decrease in the number of dopamine neurons
in the substantia nigra and an extensive deple-
tion of striatal dopamine. The ability of those
surviving dopamine neurons to compensate
for large decreases in striatal dopamine by
increasing their firing rate, synthesis of do-
pamine, and fractional release of dopamine
have contributed considerably to our under-
standing of the normal and pathophysiological
function of dopamine neurons. However, the
dramatic changes in dopamine neurons have
also led investigators to an almost exclusive
focus of PD research on dopamine neurons as

a means of uncovering new therapeutic strat-
egies for PD and related disorders.

Dopamine axons that innervate the stria-
tum synapse with the medium spiny neuron,
named for its size and dendrites that are
densely-studded with dendritic spines. Dopa-
mine axons form a characteristic triadic ar-
rangement with medium spiny neurons (MSNs)
and corticostriatal glutamatergic axons, such
that DA synapses are usually directed to the
neck of the dendrite, with the spine head be-
ing the target of a single glutamatergic axon
from the cortex (Bolam, 1984; Arbuthnott
et al., 2000). Striatal DA receptors, including
both D; and D, receptors, are localized to
spines, with D, heteroceptors also being pres-
ent on cortical axons innervating the striatum.
The ultrastructural arrangement involving do-
pamine and glutamate axons and MSN den-
dritic spines suggests that DA may modulate
or gate excitatory cortical information that fun-
nels through the striatum. Consistent with this
notion is the observation that DA-denervated
MSNs are physiologically hyperexcitable.

If the function of DA is to modulate the
ability of MSNs to gate glutamatergic drive,
what compensatory mechanisms might the
MSN exhibit in response to DA denervation?
One change might be to alter glutamatergic
transmission by decreasing the expression of
glutamate receptors on MSNs. Alternatively,
a change in the actual density of glutamater-
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gic synapses, which are formed between cor-
tical axons and the spines of MSNs, would
delimit excessive corticostriatal glutamatergic
drive onto MSNs. Both mechanisms appear
to be at play (Arbuthnott, 2000; Dunah et al.,
2000; Brown et al., 2005), and are probably
interrelated.

Because cortical glutamatergic projec-
tions to the striatum synapse onto the heads
of dendritic spines, a decreased density of
glutamatergic synapses could occur because
of a loss of the cortical projection neurons to
the striatum, which has not been observed in
PD, or may occur because of a decrease in
the density of dendritic spines on MSN den-
drites. In both animal models of parkinson-
ism (intranigral 6-hydroxydopamine lesions
of the rat and MPTP treatment of mice)
(see Arbuthnott, 2000) and postmortem stud-
ies of PD patients (Stephens et al., 2005;
Zaja-Milatovic et al., 2005) a decrease in
dendritic spine density and total dendritic
length has been observed.

The loss of dendritic spines does not ap-
pear immediately after striatal DA denerva-
tion, but takes several days to develop; once
present, the decrease in dendritic spine den-
sity does not appear to return to normal.
Moreover, the decrease in dendritic spine den-
sity is seen in the putamen of PD patients
treated with levodopa (Stephens et al., 2005;
Zaja-Milatovic et al., 2005) and in the dopa-
mine-depleted striatum of rats that were treat-
ed with levodopa (unpublished observations).
These findings suggest that striatal dopamine
loss may be the proximate cause of the den-
dritic remodeling, which once present can only
be remedied by non-dopaminergic therapies.

The changes in dendrites of MSNs that
occur in response to striatal DA denervation
are not found on all MSNs, but instead are
restricted to striatopallidal neurons that ex-
press the D, receptor (Day et al., 2005),
i.e., are found on striatal neurons that con-
tribute to the indirect pathway. This finding
is consistent with previous studies that have
found that chronic treatment with D, dopa-
mine receptor antagonists such as haloperidol

also causes dsytrophic changes in MSNs
(Kelley et al., 1997). The observation that
haloperidol causes the same dendritic changes
in MSNs as striatal dopamine denervation
underscores the argument that disruption of
dopamine signaling is the proximate cause of
the morphological changes in MSNGs.

What are the mechanisms subserving the
dendritic changes in MSNs that occur in re-
sponse to dopamine depletion? As noted ear-
lier, there are changes in certain glutamatergic
receptors that probably represent a compen-
satory response to cope with increased corti-
costriatal drive onto MSNs (Dunah et al., 2000;
Brown et al., 2005). A different but major
change in MSNs involves the key intracellu-
lar signaling integrator calcium calmodulin-
dependent protein kinase II (CaMKII). Striatal
dopamine denervation leads to large and sus-
tained increases in CaMKIlIa activation, as re-
flected by phosphorylation of the enzyme at
Thr*® (Brown et al., 2005). Because CaMKIIo
phosphorylates a number of downstream tar-
gets, including the glutamatergic AMPA recep-
tor subunit GluR1, we also followed changes
in some of these proteins, but were surprised
to observe no significant changes in either
levels of a large number of postsynaptic den-
sity associated-proteins, including total or
phosphorylated levels of GluR1 (Brown et al.,
2005).

However, when we examined animals
that sustained lesions of the striatal dopamine
innervation one or two years earlier, we
found that levels of GluR1 phosphorylated
at the Ser®®' residue were increased starting
one year after striatal dopamine denervation,
but that pSer®***-GluR 1 levels did not change.
This suggests that there is an interaction
between aging and the consequences of dopa-
mine denervation on striatal neurons. Because
PD is an age-related disorder, it is clear that
more work is needed on how aging permits
physiological changes to emerge that are not
seen in young animals with the same pathol-
ogy. Alternatively, our data may suggest that
duration of illness rather then age is the crit-
ical variable. It is clear that these findings
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suggest that the biochemical changes reported
in postmortem studies of PD must be care-
fully correlated with both age and duration of
illness.

Because levodopa treatment does not ap-
pear to reverse the dsytrophic changes in
MSN dendrites in either animal models of
parkinsonism or in postmortem studies of PD,
are there any other means of intervening to
stop dendritic changes? Our understanding of
the dendritic remodeling in MSNs suggests
that glutamate (AMPA or NMDA) receptor
antagonists or group II metabotropic gluta-
mate receptor agonists might be effective,
although these modifiers of glutamatergic
transmission have not yet been studied in this
context. We have taken a different approach,
based on the question of how CaMKIla is
activated after striatal dopamine depletion.

CaMKII activation depends on an increase
in intracellular Ca%t; interesting, changes in
intracellular Ca?>* are a key determinant of
dendritic spine formation and morphology
(Segal, 1995). There are several potential
sources of the increase in calcium that drive
phosophorylation of Thr*®*® on CaMKIlIa.
Among these are NMDA receptors, but levels
of these receptors are decreased by striatal
DA depletion. AMPA receptors do not nor-
mally conduct Ca>*. Although AMPA recep-
tors lacking the GIluR2 subunit do conduct
Ca’", our preliminary data suggests decreased
levels of GluR2 and its anchoring protein
GRIP in the dopamine-denervated striatum.
Among other sources that contribute to in-
creased intracellular levels of Ca®* are intra-
cellular stores linked to ryanodine, and L-type
voltage gated calcium channels (LVGCCs).

LVGCCs are of particular interest be-
cause D, dopamine receptors, which appear
to be critical for spine maintenance, inhibit
the activity of these calcium channels
(Hernandez et al., 2000). We therefore ex-
amined the effects of chronic administration
of the LVGCC antagonist nimodipine on
dopamine depletion-elicted decreases in den-
dritic spine density, and found that nimodi-
pine completely blocked the spine loss (Day

et al., 2005). Thus, although dopamine re-
placement by levodopa could not restore
spine loss, targeting a downstream activator
(LVGCCs) that was set into play by dopa-
mine depletion could reverse dystrophic den-
dritic changes in MSNs.

The morphological changes in striatal
MSNs that occur in response to dopamine
denervation can be conceptualized as a plas-
tic response that may function to dampen
excessive corticostriatal glutamatergic drive
that could cause cell death. The mechanisms
involved are becoming more clear, and there
are tantalizing clues from the animal data of
potential treatment strategies. For example,
we have seen that dendritic spine loss is
maintained after dopamine depletion, and is
still present one year after the initial insult
when compared to age-matched control ani-
mals. This suggests that dendritic changes in
MSNs may be very useful markers for studies
of novel strategies to slow the progressive
worsening of symptoms—but not dopamine
loss—in PD. Clinical trials of neuroprotective
drugs have largely been initiated based on
clinical observations, and have been ham-
pered by the lack of animal models that per-
mit accurate assessment of progression. An
animal model with which one could predict
progression would allow more focused clin-
ical trials of new therapies, particularly
important in a time of dwindling financial
resources with which to conduct clinical
trials. Moreover, because there has been
considerable controversy concerning the ap-
propriate marker for progression, studies fol-
lowing spine loss in postmortem as well as
preclinical studies may be illuminating.

The loss of dendritic spines may be pro-
tective and allow survival of MSNs, but only
at a cost. If there is a progressive loss of
dendritic spines there should be a point at
which dopamine receptors, which are nor-
mally localized to spines, decrease in density.
This would have the effect of rendering a
PD patient less response to levodopa or ago-
nist treatment. Although the idea that there
is a decreased responsiveness to dopamine
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replacement therapy late in the course of PD
has been discussed for some time, the sug-
gestion has been controversial because treat-
ment-associated dyskinesias may set a
ceiling above which escalating doses of le-
vodopa is counterproductive. The dystrophic
changes in MSN dendrites suggest that there
is a pathophysiological basis for a decrease
in responsiveness that grows more important
over time. If the dsytrophic changes in MSN
dendrites can be prevented or slowed, the loss
of responsiveness to dopamine replacement
may be correspondingly prevented or slowed.
We found that a L-type voltage gated calcium
channel antagonist prevented dendritic spine
loss in animals with striatal dopamine dener-
vation. LVGCC antagonists are in wide use
for the treatment of hypertension. Although
PD patients often have autonomic dysfunc-
tion, as well as orthostatic hypotension asso-
ciated with dopamine replacement therapy,
appropriate specific LVGCCs may still be use-
ful because they reduce blood pressure in
hypertensive patients but do not appear to
do so in normotensive subjects.

We have become increasingly aware that
PD does not just involve the degeneration of
dopamine neurons, but is marked by a far
more extensive pathological involvement of
the brain. The involvement of the striatum in
PD has been viewed primarily in the context
of the loss of dopamine and the attendant
changes in cortical inputs to the striatum,
with little recognition of changes in the neu-
rons of the striatum. As knowledge con-
cerning the plasticity of striatal medium
spiny neurons in both normophysiological
and pathophysiological grows, so will new
approaches to the treatment of Parkinson’s
and related diseases.
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Summary. The discovery of the nigrostriatal
DA system in the rat was made possible by
the highly specific and sensitive histochem-
ical fluorescence method of Falck and Hillarp
in combinations with electrolytic lesions in the
substantia nigra and removal of major parts
of the neostriatum. Recent work on DA neu-
ron evolution shows that in the Bottlenose
Dolphin the normal DA cell groups of the
substantia nigra are very cell sparse, while
there is a substantial expansion of the A9
medial and A10 lateral subdivisions forming
an impressive ‘“‘ventral wing”’ in the posterior
substantia nigra. The nigrostriatal DA path-
way mainly operates via Volume Transmission.
Thus, DA diffuses along concentration gradi-
ents in the ECF to reach target cells with high
affinity DA receptors. A novel feature of the
DA receptor subtypes is their physical inter-
action in the plasma membrane of striatal
neurons forming receptor mosaics (RM)
with the existence of two types of RM. The
“functional decoding unit”” for DA is not the
single receptor, but rather the RM that may
affect not only the integration of signals in
the DA neurons but also their trophic condi-
tions. In 1991 A2A receptor antagonists were
indicated to represent novel antiparkinsonian
drugs based on the existence of A2A/D2
receptor—receptor interactions and here P2X
receptor antagonists are postulated to be neu-

roprotective drugs in treatment of Parkinson’s
Disease.

Historical introduction

The development of the Falck-Hillarp method
for the localization of catecholamines (CA)
and serotonin (5-hydroxytryptamine, 5-HT) at
the cellular level (see Carlsson et al., 1962)
led to the demonstration of CA cell bodies in
the substantia nigra (Dahlstrom and Fuxe,
1964a). These CA cell bodies most likely
represented dopaminergic (DA) neurons, this
statement being based on the biochemical
correlates of this region of the brain (see
Anden et al., 1964). Processes from these
then putative DA cells were found to enter
the zona reticulata and were mainly inter-
preted as DA axon bundles; however, they
were later shown to mainly represent DA
dendrites (Bjorklund and Lindvall, 1975).
In the neostriatum, nucleus accumbens and
olfactory tubercle, a densely packed punctate
to diffuse CA fluorescence was found, this
probably representing densely packed DA
nerve terminals based on a pharmacological
analysis and biochemical correlates (Fuxe,
1965a, b). With the development of a method
for demonstration of monoamine containing
nerve fibres based on axotomy with the accu-
mulation of monoamines in the fibres on the
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cell body side of the lesion (Dahlstrom and
Fuxe, 1964b), it became possible, using stra-
tegically placed lesions, to trace the DA
axons from the DA cells of the substantia
nigra to the DA terminal regions of the stri-
atum. The DA axons reached the crus cerebri,
formed tracts in the capsula interna and
entered the fibrae capsulae internae (Anden
et al., 1964, 1965). These studies represented
the first mapping of the nigrostriatal DA
pathway in the rat, and subsequently it was
shown that the monkey DA pathway was
quite similar (Battista et al., 1972). The
nigrostriatal DA pathway in the rat is sche-
matically shown in Fuxe et al. (1985). The
islandic striatal DA nerve terminal system
was described in detail in 1972 (Olson et al.,
1972; Tennyson et al., 1972), but was first
reported by Fuxe in 1970 (see Fuxe et al.,
1971). It mainly originates from the ventral
tier of the substantia nigra, and contains cal-
bindin negative nigral DA cells (see Gerfen,
2004), appears to be mainly involved in moti-
vational learning (see Agnati et al., 2003a),
and effects its action mainly via D1 and D4
receptors (Rivera et al., 2002; Agnati et al.,
1988).

In the course of this early work plastic
responses were found in the nigral DA cells
after striatal ablation, which demonstrated
early increases (2 days) in size and DA fluo-
rescence intensity, followed in time (28 days)
by shrinkage and disappearance of DA fluo-
rescence in the DA cells of the zona com-
pacta (Anden et al., 1965). These qualitative
descriptions of plasticity in DA nerve cells
were later on quantitatively described by
Agnati et al. (1984) using morphometry and
microdensitometery techniques (see also
Janson et al., 1991). In the latter paper hyper-
trophy of DA cells could be observed in the
vervet monkey after long term ventromedial
tegmental lesions, representing compensatory
responses to partial lesions of the nigrostria-
tal DA pathway. One of the most beautiful
examples of plasticity in CA and 5-HT ter-
minal systems are found in the cerebellum

following endothelin 1 induced ischemic le-
sions causing hyperinnervation of the remain-
ing granular cell islands in the lesioned
cerebellar area (Fuxe et al., 1993). The mi-
crodensitometry and microfluorimetry of DA
fluorescence disappearance after tyrosine hy-
droxylase inhibition in DA cell groups and
DA terminal systems has had a strong impact
on the discovery of discrete DA turnover
changes in the brain in pharmacolcogical,
physiological and pathophysiological exper-
iments (Agnati et al., 1980a), providing a
novel understanding of their function, and
as targets for drug action.

The nigrostriatal DA pathway
and brain evolution

Recently, Manger et al. (2004) have studied
the distribution and characteristics of DA
cells in the midbrain of the bottlenose dol-
phin revealed with tyrosine hydroxylase
immunohistochemistry. It was observed that
many components of the A9 DA nuclear
complex were only weakly developed, with
a minimal number of cells in the pars com-
pacta, pars lateralis and pars ventralis. In
contrast, the medial A9 and lateral A10 cell
groups had merged and expanded to form
a massive ventral wing of DA cells in the
posterior substantia nigra, which may reflect
the need for a DA modulation of whole
body movements versus the specialized limb
movements of other mammalian orders. As
discussed already by Manger et al. (2004,
see also Manger, 2005) it seems possible
that the subdivision of CA cell groups and
of other immunohistochemically identifiable
transmitter cell groups may be the same within
the same phylogenetic order of mammals. The
above architecture of DA cell groups may
therefore be typical for all cetaceans and
represent an evolutionary trend that would
be independent of brain size, phenotype and
lifestyle. In support of this view Manger’s
group has recently found that the highveld
molerat exhibits the same nuclear parcellation
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of DA, 5-HT, and cholinergic cell groups as
the laboratory rat, in spite of a significantly
regressed visual system, an unusual circadian
rhythm, and a subterranean behavioural phe-
notype (Da Silva et al., 2006). This line of
investigation is beginning to allow us to un-
derstand how the DA system may be chan-
ging in the course of brain evolution and how
this specifically relates to the emergence of
novel phylogenetic orders of mammals. The
next step will be to see how these changes
affect the DA axonal trajectories and the DA
terminal network, including the size and DA
contents of their varicosities in various target
regions and thus regional DA transmission.
Understanding the evolutionary processes
and occurrence of changes in the DA system
is of importance when attempting to project
results obtained in animal models to patholo-
gical conditions found in humans.

The nigrostriatal DA pathway
and communication

Since the first indications of their existence
(Fuxe, 1965a, b), the DA varicosities have
been regarded as the sites for storage, syn-
thesis and release of DA, all being originally
regarded as representing synaptic terminals.
However, after action of DA releasing com-
pounds like amphetamine, a diffuse specific
DA fluorescence, probably representing an
extracellular fluorescence, appeared around
DA cell bodies and dendrites in the midbrain
(Fuxe and Ungerstedt, 1970), indicating that
DA released by amphetamine action could
reach the extracellular space. In 1975
Descarries et al. showed that the majority of
the cortical 5-HT varicosities were asynaptic.
In view of the indications that CA can be re-
leased from all varicosities (Malmfors, 1965;
Fuxe, 1965a, b) it seemed likely that DA may
not only operate via synapses but also via
asynaptic varicosities, which seemed likely to
be the major mode of communication in the
partially DA denervated striatum (Fuxe, 1979).
Based on a lack of correlation of the regional

distribution of beta endorphin and enkephalin
terminals and their opiate receptors, Agnati
et al. (1986) introduced the concept of two
principal modes of communication in the
CNS: (1) volume; and (2) wiring, transmis-
sion (VT and WT). VT mainly takes place via
the extracellular fluid and WT mainly via
synapses. The electronmicroscopic observa-
tions that extrasynaptic striatal DA receptors
and asynaptic striatal DA varicosities were in
the majority made it clear that VT was the
major mode of communication in the nigro-
striatal DA pathway (Jansson et al., 2002),
involving leaking DA synapses and asynaptic
DA varicosities. These two transmission
modes enables the DA filtering action on glu-
tamate inputs to the striatal neurons, acting as
a high pass filter (Agnati et al., 2005a).

In the nucleus accumbens shell, D1 re-
ceptor and TH immunoreactive (IR) terminal
mismatches have been observed, where high
densities of TH IR terminals, representing
DA nerve terminals, surround D1 receptor
rich rostrocaudal columns containing only
few DA terminals, seen as patches in the
transverse sections (Jansson et al., 1999).
These results open up the possibility that DA
may diffuse via concentration gradients into
these patches to activate high affinity DA re-
ceptors involving distances of 100-200 pm.
This migration process may be accelerated
by the existence of pressure waves and
temperature gradients causing movements of
the ECF (Agnati et al., 2005b). Uncoupling
protein 2, present in mitochondria, predict
thermal synapses, since it produces a disap-
pearance of the H" gradient with generation
of heat (Horvath et al., 1999). It was there-
fore very significant that UCP2 rich terminal
islands were in good register with the TH
IR nerve terminals surrounding the D1 rich
patches, with a high degree of overlap, but
co-storage in the same DA terminal could
not be determined (Rivera et al., 2006). It
therefore seems possible that UCP2 may act
to enhance the migration of DA into the D1
rich mismatch region. Strong UCP2 IR is
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only located in discrete DA terminal systems in
the ventral striatum and cerebral cortex which
seem specialized for VT with large intensely
TH IR varicosities (Rivera et al., 2006). These
observations raise several novel aspects re-
garding the dynamics of DA VT in the brain.
By analyzing the migration of molecules
in the brain with dual probe microdialysis,
both probes in the striatum with an inter-probe
distance of 1 mm, Hoistad et al. (2000) could
not obtain evidence for long distance migra-
tion of intact 3H-DA, at least at physiological
concentrations as studied in the out probe
after chromatographic separation. Only indi-
cations for long distance migration of 3H-
DOPAC and 3H-HVA were obtained. It is
of interest that after DA denervation observa-
tions were obtained indicating an increased
and specific clearance of 3DA derived com-
pounds from the extracellular fluid into the
brain circulation with changes in the blood-
brain barrier, which is in line with the view
that DA participates in the regulation of brain
microcirculation (Iadecola, 1998).

The nigrostriatal DA pathway,
receptor—receptor interactions
and development of A2A antagonists
for treatment of PD

The first indications for the existence of in-
tramembrane receptor—receptor interactions
were obtained in 1980 with substance P mod-
ulating the binding characteristics of high
affinity 5-HT agonist binding sites in mem-
brane preparations of the CNS, reflecting a
possible increase in the number of high affi-
nity 5-HT agonist binding sites (Agnati et al.,
1980b). In 1981 it was possible to demon-
strate that CCK-8 modulated the affinity and
number of striatal D2 antagonist binding sites
(Fuxe et al., 1981). In 1982 the receptor mo-
saic hypothesis of the engram was introduced
(Agnati et al., 1982). Formation of supramo-
lecular aggregates of receptors in the plasma
membrane was postulated. This could affect
the synaptic weight and be a mechanism for

engram formation and thus represent the mo-
lecular basis for learning and memory. This
work indicated that conformational changes
in membrane receptors, induced via other
receptors, could be produced not only via
changes in membrane potential or via changes
in their state of phosphorylation, but also via
direct physical receptor—receptor interactions.
The molecular basis was postulated to be
heteromerization of the seven-transmembrane
spanning G protein coupled receptors (Zoli
et al., 1993). The first evidence came with the
discovery of the GABA B heterodimer (see
Marshall, 2001).

Two types of DA receptor mosaics (RM)
can now be distinguished, namely DA RM1,
formed by the same type or subtype of DA
receptors and DA RM2, formed by DA re-
ceptors directly interacting with other types of
transmitter receptors (GPCR or ion channel
receptors) (see Agnati et al., 2003b, 2005a).
DA receptor mosaics of a mixed type may
also exist, these being formed by different
receptors but with an RM1 present. RM1
can show cooperativity, since all receptors
bind the same transmitter, in this case DA
(Agnati et al., 2005a). These RM are located
in the lipid rafts of the DA cells, where flot-
tilin-1 seems to play an important role as an
adapter protein (Jacobowitz and Kallarakal,
2004).

The A2A/D2 heteromeric receptor com-
plex is of particular interest in relation to
Parkinson’s disease (PD), since it is located
in the striato-pallidal GABA pathway, being
the first neuron in the indirect pathway me-
diating motor inhibition when activated, and
offers new treatment strategies for PD, as
A2A inhibits D2 receptor recognition and
signalling in the heteromeric complex (Ferre
et al., 1991; Fuxe et al., 1998). Based on this
work, A2A antagonists were postulated to
be potential antiparkinsonian drugs acting
by enhancement of D2 signaling. Unspecific
adenosine receptor antagonists, like caffeine
and theophyllamine, were in fact already
shown in 1974 to enhance the motor activat-
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ing effects of 1-dopa and DA receptor agonists
in rat models of PD (Fuxe and Ungerstedt,
1974), but the underlying mechanism was
unknown. In view of the existence of the
A1/D1 heteromeric complexes (Gines et al.,
2000) in the direct GABA pathway inhibiting
D1 recognition and signaling, the antiparkin-
sonian effects of these methylxanthines may
be caused by a combined blockade of Al and
A2A receptors, enhancing D1 and D2 signal-
ing, respectively. The evidence for the exis-
tence of A2A/D2 heteromers is based on
coimmunoprecipitation experiments (Hillion
et al., 2002), and by qualitative and quantita-
tive assessment of fluorescence resonance
energy transfer (FRET) and bioluminescence
resonance energy transfer (BRET) (Canals
et al., 2003; Kamiya et al., 2003). Zones of
interaction for A2A/D2 heterodimers have
been analyzed, and an involvement of epi-
tope—epitope electrostatic interactions have
been demonstrated. By means of mass spec-
trometry and pull-down experiments a posi-
tively charged Arg-rich epitope from the N
terminal part of the third intracellular loop
of the D2 receptor has been shown to elec-
trostatically interact with two adjacent aspar-
tate residues or a phosphorylated serine, both
negatively charged in the C terminal part of
the A2A receptor (Ciruela et al., 2004). It is
of significance that Woods and coworkers
(Woods et al., 2005) have found that the
interface in the D1/NMDA heteromeric
complex (Lee et al., 2002) may involve sim-
ilar electrostatic interactions. Thus, the C
terminus of the NRI-1 subunit contains an
Arg-rich epitope that can interact with adja-
cent glutamates or a phophorylated serine in
the C terminal part of the D1 receptor. This
electrostatic interaction could therefore repre-
sent a fundamental mechanism for heteromer-
ization and receptor—receptor interactions.
Apart from the intramembrane A2A /D2
interaction in the heteromeric receptor com-
plex, with A2A reducing the D2 decoding
mechanism inter alia over adenylate cyclase
(AC) and L type voltage dependent Ca chan-

nels, there exists a crosstalk at the AC. At
this level D2 inhibits via Gi/o the A2A acti-
vation of the AC and thus A2A signalling
(Fuxe et al., 2001). In advanced PD, when
D2 signaling is very low, the A2A antagonist
may therefore still show certain antiparkinso-
nian actions by counteracting the exaggerated
A2A signaling set free by the low D2 tone.
However, A2A antagonists may not modulate
the other D2 effectors, like the activation of
inwardly rectifying potassium channels and
inhibition of calcium channels. When dis-
cussing the A2A /D2 interaction at the mem-
brane level it should be considered that the
stoichiometry of the A2A/D2 heteromeric
complex, as for the A2A/D3 heteromeric
complex (Torvinen et al., 2005), is unknown
in the striatum. However, even a DA receptor
tetramer can become modulated by an A2A
monomer or homodimer, since they may
regulate the cooperativity in the tetramer
(Agnati et al., 2005a; Torvinen et al., 2005).
Finally, it may be that the integration of the
adenosine and dopamine induced conforma-
tional changes in these RM may be different
when geometry (spatial organization) is dif-
ferent, due to differential modulation of the
cooperativity in the DA receptor tetramer
(Fuxe et al., 2006).

The major antiparkinsonian action of A2A
antagonists appears to be the increase in the
therapeutic ratio of 1-dopa and D2 agonists
allowing, for example, a lowering of the
l-dopa dose with reduced development of
dyskinesias (see Fuxe et al., 2001, 2003a;
Chase, 2004), which may be explained by
the existence of the striatal A2A /D2 hetero-
meric complex, where A2A inhibits D2 sig-
naling. However, it is difficult to understand
why A2A antagonists alone can exert anti-
dyskinetic actions in models of PD (Kanda
et al., 1998), since D2 signalling will become
increased. However, a hypothesis has been
advanced (Antonelli et al., 2006) that 1-dopa
induced dyskinesias may substantially be pro-
duced by a change in the balance of A2A /D2
heteromers versus A2A homomers in the
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plasma membrane due to 1-dopa induced
internalization of A2A /D2 heteromers. Thus
A2A homomers become dominant and abnor-
mal increases in A2A signalling will develop
with increases in inhibition of protein phos-
phatase 1. The excessive phosphorylation of
the abnormal RM formed by the l-dopa
induced panorama of transcription factors
will assist in their stabilization involving
phosphorylated ionotropic glutamate recep-
tors (Chase, 2004), and abnormal motor pro-
grams will be formed with the appearance
of dyskinesias. In this way we can begin to
understand the multiple actions of A2A an-
tagonists responsible for its antiparkinsonian
and antidyskinetic actions primarily involving
the striato-pallidal GABA neurons in the in-
direct pathway.

The D1 enriched direct pathway over-
expresses D3 receptors upon development
of I-dopa induced dyskinesias (Bordet et al.,
2000). It therefore seems possible that anti-
dyskinetic drugs can be developed based on
a D3/D1 receptor interaction in the direct
GABA pathway (Fuxe et al., 2003b).

Increases in the understanding of DA RM
and their interactions with DA receptor inter-
acting proteins forming a local horizontal
molecular network and acting as an integrated
recognition-transducing system in the lipid
rafts of the membrane (Agnati et al., 2005a),
will open up new targets for treatment of PD.
Thus, there can be drugs developed acting
inter alia on the synthesis and release of the
DA receptor oligomeric building blocks in the
endoplasmic reticulum, on adapter and scaf-
folding proteins for DA receptors, on DA
receptor cotrafficking, on the insertion of the
DA RM building blocks into the membrane,
and on DA induced receptor assemblies.

The nigrostriatal DA pathway and PD

In sporadic PD there is increasing evidence
that mitochondrial dysfunction, with reduced
formation of ATP and increased formation
of reactive oxygen species (ROS) leading to

oxidative damage, plays an important role
in the pathogenesis (Dauer and Przedborski,
2003; Beal, 2000). Both genetic susceptibility
factors and environmental factors such as
toxins, virus infections and hypercaloric diet
may be involved in the etiology (Barja, 2004;
Fuente-Fernandez and Calne, 2002).

Braak et al. (2004) have made the discov-
ery that PD may be a multisystem disorder,
where projection neurons with unmyelinated
or weakly myelinated axons are especially
vulnerable. The nigrostriatal DA neurons rep-
resent such a type of neuron. In presymp-
tomatic stages mainly the medulla oblongata
with the dorsal motor nucleus of the vagus
nerve and the olfactory bulb are affected
shown inter alia with alfa synuclein immuno-
reactivity, indicating a possible neuro-invasion
by an unknown pathogen (Braak et al., 2003).
It also seems possible however that these vul-
nerable neurons may be especially suscepti-
ble to mitochondrial dysfunction since there
is high demand for ATP to make it possible
for the Na/K ATPase to restore the resting
membrane potential after each action poten-
tial depolarizing the entire axon as it travels
long distances down to the terminals. The de-
ficiencies in complex I activity in PD may
also enhance the misfolding of proteins and
their aggregation, resulting in abnormal
protein—protein interactions (Agnati et al.,
2005a), contributing to the neurodegenera-
tion (protein conformational disorders). The
ubiquitin-proteosomal pathway cannot cope
with this increased demand for protein degra-
dation, especially since this process is ATP
dependent. The misfolding of proteins also
takes place in the DA axons and terminals
that may lead to interference with axoplasma
flow that also is highly ATP dependent,
explaining, for example, the swollen alfa-
synuclein IR neurites found early in PD
(Braak et al., 2004). These protein aggregates
give rise to the Lewy bodies in PD.

There may be several reasons why, for
example, certain DA nerve cells in the zona
compacta, like those in the ventral and lateral
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parts, are more vulnerable to neurodegenera-
tion in PD than other DA cells in the zona
compacta. It may be that they belong to dif-
ferent types of trophic units (Agnati et al.,
1995) and therefore can’t receive the same
trophic support from extracellular FGF-2
(Fuxe et al., 1996) and GDNF (Grondin
et al., 2002). It may also be that the DA
cells with highest vulnerability have lower
amounts of, or different types of, ATP sensi-
tive potassium channels (KATP) that are not
as sensitive to metabolic stress. Therefore,
they cannot spare sufficient amounts of neu-
ronal energy as they cannot effectively shut
down the firing of the DA cells in response to
the reduced ATP/ADP ratio via opening of
the K* channels leading to hyperpolarization
(see Liss and Roepner, 2001).

It is of importance that hydrogen peroxide
(H»0,) can activate the sulfonylurea receptor
1 that contains KATP channels, causing glu-
tamate dependent inhibition of striatal dopa-
mine release (Avshalumov and Rice, 2003).
This may be an additional reason why DA
cells with these types of KATP channels,
activated also by ROS, may show increased
protection against PD (Liss and Roepner,
2001).

Based on the mitochondrial hypothesis
of PD, it must be emphasized that the reduc-
tion of ATP signalling may be a significant
factor in causing the degeneration of the
nerve cells in PD, but this has not been pre-
viously discussed. Thus, ATP is known to be
an extracellular activity dependent signall-
ing molecule in neuron/glia communication

1. EXTRACELLULAR VT. INTERMEDIATE RANGE: ADP AND ADE
"o OPERATE AS VT-SIGNALS BETWEEN NEURONS AND GLIAL CELLS

ey, ¢
. -
. =

Q{'P | ADP || ADE
f Y

;‘.: 2. EXTRACELLULAR VT, SHORT RANGE: ATP OPERATES AS VT-SIGNAL
BETWEEN NEURONS AND GLIAL CELLS

3. SYNAPTIC ATP RELEASE: ATP OPERATES AS WT-SIGNAL
MAINLY INVOLVED IN THE CONTROL OF SYNAPTIC EFFICACY

4. ATP ASINTRACELLULAR VT-SIGNAL: ATP OPERATES AS VT-SIGNAL ACTING ON
PLASMA MEMBRANE Karp CHANNELS (i.e. ON "ENERGY CONTROLLERS")

‘. ¢ATP — OPENING Karp —» HYPERPOLARIZATION —» FIRING¢

5. ATP AS AN INTRA-MITOCHONDRIAL AS WELL
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5. ATP AS AN INTER-MITOCHONDRIAL SIGNAL: ATP OPERATES AS AN
INTRACELLULAR VT-SIGNAL AFFECTING THE SET-POINT OF THE
ENERGY PRODUCTION OF THE MITOCHONDRIAL POPULATION INSIDE

MITOCHONDRION OF THE CELL

Fig. 1. Schematic illustration of ATP as a volume transmission (VT) and wiring transmission (WT) signal, and as
an intracellular and intra-inter mitochondrial signal
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acting via many subtypes of P2x (ion channel
coupled) and P2y (G protein coupled) recep-
tors and may exert trophic actions (Fields
and Stevens, 2000; Burnstock and Knight,
2004). As seen in Fig. 1, ATP can operate
as a short-range volume transmission (VT)
signal between neurons and glia while its
metabolites ADP and adenosine (ADE) can
operate as intermediate VT signals. ATP may
also operate as a synaptic signal. Thus, ATP
may be released from DA cells and dendrites
as a transmitter, like DA.

Reduction of ATP as an intracellular sig-
nal can, as discussed, lead to the opening of
KATP channels on the plasma membrane
with hyperpolarization and reduction of the
firing rate. As also illustrated, ATP can act as
an intramitochondrial and intermitochondrial
signal. Its reduction here activates mitochon-
drial ATP sensitive potassium channels, lead-
ing to depolarization and an increase of ATP
synthesis, in this way affecting the set point
of energy production (Busija et al., 2004).
Taken together the combined actions on
KATP channels by ATP reductions will allow
a balance to develop between firing and

ATP synthesis (Fig. 2). If this energy balance
is disrupted the nigrostriatal DA function
wears off.

Such a disruption may be brought about
if subtypes of ATP P2x receptors (see North,
2002) exist on the nigral DA nerve cells.
These ATP receptors are permeable to small
monovalent cations and certain subtypes to
Ca ions. It is of significance that certain sub-
types of P2x receptors may be activated by
ROS, especially H,O, and hydroxyl radicals,
as demonstrated in vagal lung afferent fibres
(Ruan et al., 2005) and such P2x receptors
may be postulated to exist on DA nerve cells
(Fig. 3). The resulting sodium influx will pro-
duce a depolarization of the DA cell since the
Na/K-ATPase cannot maintain the ion gra-
dient, and the KATP channels close upon
depolarization (Bryan et al., 2004) and the
inhibitory D2 autoreceptor activated inwardly
rectifying K™ current mainly operate at rest-
ing membrane potential (Fig. 3). The most
interesting P2x receptor relating to this hy-
pothesis would be the P2x7 receptor, as it
fails to desensitize and larger currents are
found upon repeated application. After several

INTRACELLULAR ACTIONS OF OF ATP SIGNALLING MEDIATED VIA THE Karp CHANNELS

ATP SYNTHESIS 4 | || 1HE NEURONAL SYSTEMS

MATCH ENERGY DEMANDS
(FIRING) AND ENERGY SUPPLY

HIGH METABOLIC

—p| INTRACELLULAR ATP} = Kxrp CHANNELS OPEN |

(ATP SYNTHESIS) VIA AN

DEMANDS

ACTION OF ATP ON THE Kap
CHANNELS LOCALIZED ON
A 4 PLASMA AND MITOCHONDRIAL

FIRING ¢ | MEMBRANES. RESPECTIVELY

IF THERE IS NOT AN EFFICIENT INTRACELLULAR ACTION OF THE “ENERGY CONTROLLERS" (IN PRIMIS OF THE Karp
CHANNELS) THERE IS A WEARING OFF OF THE NEURONAL SYSTEMS

Fig. 2. Scheme of plasma membrane and mitochondrial KATP channel activation by ATP depletion leading to
energy balance in conditions with high metabolic demands
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1. MITOCHONDRIAL DEFICITS (LOW ATP LEVELS):

HIGH LEVEL OF ROS PRODUCTION AND SUBSEQUENT ACTIVATION
OF P2x RECEPTORS WHICH CAUSES INFLUX OF SODIUM IONS.

2. LOCAL DA:

ACTIVATION OF Kir CHANNELS BY D2 AUTORECEPTORS
INHIBITS FIRING, BUT NOT AFTER DEPOLARIZATION
INDUCED BY 1.

INFLUX (see 1.):

3. Na/K-ATPase IS NOT ABLE TO MAINTAIN THE ION GRADIENTS IN VIEW OF THE Na

THE MEMBRANE POLARIZATION DECREASES TOWARDS THE THRESHOLD VAL UE.

4. Karp CHANNELS CLOSE IN PRESENCE OF DEPOLARIZATION (Na INFLUX): HIGH FIRING

Fig. 3. Hypothesis on the possible role of P2x receptors in nigral DA nerve cells as to their degeneration in PD.
Due to mitochondrial dysfunction in PD, ROS may be formed thereby activating the P2x receptors together with
ATP released from degenerating nerve cells and glial cells with influx of especially Na ions, leading to depolar-
ization, since the Na/K ATPase cannot maintain the ion gradients. The KATP channels close as the membrane
depolarizes and cannot act as a brake nor can the D2 autoreceptors that activate inwardly rectifying K* channels
operating close to the equilibrium membrane potential. The resulting high firing rate will cause a progressive ATP
depletion of the DA neuron leading to cell death. Similar events may take place in other vulnerable neurons in PD
and P2x receptors have been demonstrated in the dorsal motor nucleus of the vagus (Burnstock and Knight, 2004)
where the pathology begins (Braak et al., 2004)

seconds of P2x7 activation, permeability to
larger organic cations increases. This may
either be related to a dilation of the pore of
the P2x7 channel or to the activation of a
distinct channel protein (North, 2002). After
prolonged agonist application, the P2x7 acti-
vation leads to membrane blebbing, seen as
large hemispherical protrusions, and finally
to cell death (North, 2002). The pore forma-
tion with influx of extracellular chloride ions
seems to play a major role for the apoptotic
cell death induced (Tsukimoto et al., 2005).
Antagonists of P2x7 receptors are presently
being developed against inflammatory pro-
cesses (Baraldi et al., 2004).

Based on the present hypothesis it will be
of substantial interest to study the distribu-
tion pattern of P2x and P2y receptors in the

nigrostriatal DA pathway and its subsystems,
as well as in the adjacent astroglia and micro-
glia, and how the receptor distribution pattern
may change in models of PD, and in PD with
focus on P2x7 receptors. This approach may
reveal new aspects of the mechanisms of neu-
rodegeneration in the nigrostriatal DA neu-
rons in PD, and initiate novel strategies for
neuroprotective treatments of PD based on,
for example, the development of P2x recep-
tor antagonists.
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Relationship between axonal collateralization and neuronal

degeneration in basal ganglia
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Summary. In this paper we evaluate the
hypothesis of a possible link between the
degree of axonal collateralization of neurons
located within the different components of
basal ganglia and the vulnerability of these
neurons to neurodegenerative or neurotoxic
events. Our results stemmed from single-cell
labeling experiments in rodents and primates,
immunohistochemical study of the dopami-
nergic nigrostriatal pathway in parkinsonian
monkeys, and immunocytological analysis of
the human striatum in normal individuals and
in patients with Huntington’s disease. Our
results indicate that projection neurons with-
in virtually all basal ganglia components are
endowed with a widespread and highly col-
lateralized axon that yields a fixed number of
terminals. Such a high degree of axonal col-
lateralization allows exquisitely precise in-
teractions between the various basal ganglia
nuclei. However, the maintenance of this uni-
que morphological trait implies high-energy
consumption and renders basal ganglia neu-
rons highly vulnerable to neurodegenerative,
metabolic or neurotoxic insults.

Introduction

The pathological hallmark of Parkinson’s
disease (PD) is the presence of Lewy bodies
in the dopaminergic (DA) neurons of the sub-
stantia nigra pars compacta (SNc) and the
progressive loss of such neurons that project

to the striatum via the nigrostriatal pathway.
Although the degeneration of the nigrostria-
tal DA pathway is directly involved in motor
symptoms of PD, a significant number of
basal ganglia neurons other than those of
the SNc show cytoskeletal damages in the
sporadic form of PD. However, the causes of
progressive cell losses and the mechanisms
whereby neurons die in PD are still unknown.
The aim of this study was to explore the
possibility that the degree of axonal collater-
alization of neurons located within the dif-
ferent components of primate basal ganglia
might render these elements more vulnera-
ble to neurodegenerative, metabolic or neu-
rotoxic insults.

Material and methods

This study is based on: (1) analysis of material from
single-cell labeling experiments in rodents and mon-
keys; (2) immunohistochemical studies of the DA ni-
grostriatal pathway in parkinsonian monkeys; and (3)
investigation of human striatum in normal individuals
and in patients who suffered from Huntington’s disease
(HD). Animal and human experiments were undertaken
in accordance with the Canadian guidelines for the
use and handling of animal and human brain material
and Laval University Ethic Committee approved our
protocols. Single-cell labeling experiments were under-
taken in Sprague-Dawley rats and cynomolgus mon-
keys (Macaca fascicularis) of both sexes. The animals
were anesthetized and received bilateral microionto-
phoretic injections of anterograde tracer biotin dextran
amine in different components of the basal ganglia.
After a survival period of 8—10 days, the animals were
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sacrificed and their brain were sectioned along diverse
planes with a freezing microtome. The neuronal tracer
was revealed by using diaminobenzidine as the chro-
mogen (see Parent et al,, 2001; Prensa and Parent,
2001). The nigrostriatal DA pathway was examined
in 2 normal cynomolgus monkeys and 4 cynomolgus
monkeys that were rendered parkinsonian by intrave-
nous injection of 1-methyl-4-phenyl-1,2,3,6-tetrahydro-
pyridin (MPTP; total dose: 5 mg). The MPTP-injected
monkeys became severely bradykinetic and were sac-
rificed 4 months after initial MPTP exposure. Their
brains were processed according to the standard avi-
din-biotin complex immunohistochemical method for
the demonstration of the DA marker tyrosine hydroxy-
lase, which was visualized by using diaminobenzidine
as the chromogen. Observations were also made on
human post-mortem striatum from 4 patients with HD
(grades 2 to 3) and 4 age-matched controls. A standard
immunohistochemical procedure was used to verify the
status of the various types of chemospecific neurons in
the human striatum in HD cases compared to controls,
as described in detail elsewhere (Cicchetti et al., 2000).

Results
Single-cell labeling studies

These studies showed that virtually all compo-
nents of primate basal ganglia and associated
thalamic nuclei, including the striatum, ex-
ternal (GPe) and internal (GPi) segments of
globus pallidus, subthalamic nucleus (STN),
centre median/parafascicular thalamic com-
plex (CM-Pf), and substantia nigra (SN),
harbor several types of projection neurons
endowed with a long, widespread and highly
branched axon. The most extreme example
is GPi neurons, the axon of which arborizes
profusely within the thalamus and brainstem
(Fig. 1). Despite their relatively small cell
body (about 30 um in diameter), these neu-
rons support an axon of about 30 cm long.
Hence, the cell body/axon length ratio is
such a case is of about 1/10,000. Single-cell
labeling studies have also provided the first
clear picture of the complexity of the axonal
arborization of single DA neurons of the SNc
in both rodents and primates. The data re-
vealed that, irrespective of their location in
the ventral or dorsal tiers of the SNc, DA
nigral neurons project to either the strio-
somes (patches) or the extrastrisomal com-

partments of the striatum by means of a long
and highly arborized axon. The pattern of
axonal arborization varies markedly from one
neuron to the other. Some axons arborizes
profusely in a large sector of the striatum,
but provide very few axon collateral to extra-
striatal structures, such as the pallidal com-
plex and STN, whereas other axons branched
profusely in non-striatal structures but pro-
vide only a few thin collaterals to the stria-
tum. These two types of axons appear to
represent the two extremes of a widespread
morphological continuum that contains many
intermediate or mixed forms of axonal ar-
borizations. Or data suggest that the pat-
tern of axonal arborization of nigrofugal DA
neurons obeys a simple rule, that is, the more
the axon arborizes in the striatum the less
it does so in non-striatal structures, and vice
versa.

Parkinsonian monkeys

Observations in PD monkeys have revealed
that nigrostriatal DA neurons aborizing pro-
fusely in the striatum are much more vulner-
able to degeneration than nigral neurons with
an axon that branches abundantly in non-
striatal structures and relatively little in the
striatum. In accordance with neuroanato-
mical findings described above, the data ob-
tained in PD monkeys indicate that the
nigrostriatal DA system is composed of sev-
eral subsystems, each having its specific ori-
gin in the SN, its particular terminal region
in the striatum and its own degree of vulner-
ability to neurodegenerative processes that
are at play in PD. The most highly vulnerable
neurons are those whose cell body is located
in the ventral tiers portion of the SNc and
whose axon arborizes principally in the sen-
sorimotor territory of the striatum. These are
the DA neurons that contains neuromelanin
pigments and which are known to degenerate
massively in sporadic PD. Much less sensi-
tive to degeneration are the DA neurons with
a cell body in the ventral tegmental areas
whose axon arborizes principally in the ven-



Total axonal length: 27.22 cm

A Imm

Fig. 1. Axonal arborization of a GPi neuron that projects to the ventral tier thalamic nuclei, centre
médian/parafascicular thalamic complex, pedunculopontine tegmental nucleus, Forel’s field H, zona incerta
and retrorubral area, as viewed on sagittal plane. The number of axonal varicosities observed in each target site
is indicated in parentheses, whereas the arrow points the location of the cell body. The axon was entirely
reconstructed from serial sections using camera lucida drawings and a computerized image-analysis system.
CM centre médian thalamic nucleus; FH Forel field H; GPi internal segment of the globus pallidus; Pf paraf-
ascicular thalamic nucleus; PPN pedunculopontine tegmental nucleus; RRA retrorubral area; VA/VL ventral
anterior/ventral lateral thalamic nuclei; VM ventromedial thalamic nucleus
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tral (limbic) territory of the striatum. Also
less sensitive to degeneration are the DA neu-
rons that project directly to GPi and much
less so to striatum. The latter neurons, as
well as those at the origin of the mesolimbic
dopaminergic pathway, express calbindin, a
calcium-binding protein that maintains in-
tracellular calcium homeostasis and which
may thus confer some resistance against neu-
rodegenerative processes.

Huntington’s disease

The pathological hallmark of HD is a gross
atrophy of the striatum, which is the result of
a massive neuronal loss of the striatal medium
spiny projection neurons. Our observations in-
dicate that, in contrast to medium-sized spiny
projection neurons, virtually all the large and
medium-sized aspiny local circuit neurons of
the striatum are spared in HD.

Discussion

The long, widespread and highly collatera-
lized axon of basal ganglia projection neu-
rons allows exquisitely precise interactions
between the various basal ganglia compo-
nents and related thalamic nuclei. However,
the maintenance of this unique morphologi-
cal trait imposes upon neurons a metabolic
burden that may render them highly vul-
nerable to neurodegenerative, neurotoxic or
ischemic insults. This is particularly the case
for pallidal neurons, which degenerate massi-
vely in cases of toxic encephalopathy. Laplane
et al. (1984) have shown that toxic lesions
involving mainly the pallidal complex can
produce severe signs of psychic akinesia,
without significant motor deficits. These find-
ings indicate that basal ganglia, and princi-
pally the pallidal complex, have important
non-motor functions that may be severely al-
tered by toxic or hypoxic insults.

Congruent with the results of our single-
cell labeling experiments in primates, the

data obtained in PD monkeys suggest that, in
contrast to what is commonly believed, the
nigrostriatal DA pathway is not a monolithic
entity. Instead, this important projection sys-
tem appears to be composed of different neu-
ronal subunits, each having its own site of
origin, its specific terminal fields within the
striatum, and its particular degree of vulner-
ability to neurodegenerative processes. Here
again, the most sensitive subsystems are
those composed of neurons whose axon is
highly collateralized and widely distributed
within the striatum.

Likewise, striatal neurons destined to die
in HD are exclusively projection neurons, the
majority of which possesses a long axon that
arborizes in the three major striatal target
structures. In contrast, striatal neurons with
a short, intrinsic axon are specifically spared
in the striatum of HD patients. These findings
suggest that the main pathological lesion in
HD might lie not in the striatum, as com-
monly believed, but in striatal targets.
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Summary. Parkinson’s disease (PD) is a
multisystem disorder in which predisposed
neuronal types in specific regions of the
human peripheral, enteric, and central ner-
vous systems become progressively involved.
A staging procedure for the PD-related inclu-
sion body pathology (i.e., Lewy neurites and
Lewy bodies) in the brain proposes that the
pathological process begins at two sites and
progresses in a topographically predictable
sequence in 6 stages. During stages 1-2, the
inclusion body pathology remains confined to
the medulla oblongata, pontine tegmentum,
and anterior olfactory structures. In stages
3—4, the basal mid- and forebrain become
the focus of the pathology and the illness
reaches its symptomatic phase. In the final
stages 5—6, the pathological process is seen
in the association areas and primary fields of
the neocortex. To date, we have staged a total
of 301 autopsy cases, including 106 cases
with incidental pathology and 176 clinically
diagnosed PD cases. In addition, 163 age-
matched controls were examined. 19 of the
301 cases with PD-related pathology dis-
played a pathological distribution pattern of
Lewy neurites and Lewy bodies that diverged
from the staging scheme described above.
In these cases, olfactory structures and the

amygdala were predominantly involved in the
virtual absence of brain stem pathology. Most
of the divergent cases (17/19) had advanced
concomitant Alzheimer’s disease-related neu-
rofibrillary changes (stages IV-VI).

Introduction

Sporadic Parkinson’s disease (PD) entails
the selective degeneration of circumscribed
portions of the human nervous system
(Wakabayashi et al., 1990; Takahashi and
Wakabayashi, 2001, 2005; Jellinger and
Mizuno, 2003; Braak et al., 2004).

At neuropathological examination, all of
the patients suffering from this disorder re-
veal the presence of a-synuclein-immunoreac-
tive inclusion bodies in vulnerable neuronal
types. These inclusions occur as spindle-
shaped and, in part, branching Lewy neuri-
tes (LNs) within the dendrites and axons
of involved nerve cells. Somatic inclusions
may appear as punctate aggregations close
to the deposits of neuromelanin or lipofuscin
granules. Larger but more weakly immu-
noreactive globular inclusions can also be
observed in the form of pale bodies, which
probably go on to evolve into strongly
labeled Lewy bodies (LBs) (Lowe, 1994;
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Goedert, 2001; Takahashi and Wakabayashi,
2001, 2005; Kuusisto et al., 2003; Saito
et al., 2003; Braak et al., 2004; Mikolaenko
et al., 2005).

Individuals with clinical symptoms of
“parkinsonism” in the absence of LNs or
LBs form a heterogeneous group of motor
dysfunctions, including multiple system
atrophy, progressive supranuclear palsy,
neurodegeneration with brain iron accumu-
lation I, and some forms of familial PD
(Galvin et al., 2001; Lantos and Quinn, 2003;
Jellinger, 2003a; Pankratz and Foroud, 2004),
so that neuropathological confirmation of
the clinical diagnosis is essential in each
instance.

Only a few of the many neuronal types
within the human nervous system are prone
to develop the PD-related lesions. This selec-
tive involvement is reflected in the regional
distribution pattern of the pathology. The dis-
ease process is not haphazard (Braak et al.,
2003a, 2004; Del Tredici and Braak, 2004).
These features enable the observer to recog-
nize the presence of the pathological process
even in individuals without PD-related motor
symptoms.

Although LNs and LBs are more prev-
alent with advancing age, they do not occur
in all elderly non-symptomatic individuals or
age- and gender-matched controls. Thus, we
refrain from viewing incidental LB pathol-
ogy as a normal concomitant of aging (Braak
et al., 1995; Dickson, 1998; Del Tredici et al.,
2002; Mikolaenko et al., 2005).

Sporadic PD requires years to develop.
As in nearly every illness, some individuals
arrive at, and cross, the threshold from a
subclinical phase to the symptomatic mani-
festation of disease (Thal et al., 2004). The
symptoms begin almost imperceptibly and
worsen over time. In the autopsy material
available to us, symptomatic cases can be as-
signed to one of four subgroups that can be
differentiated based on changes in the topo-
graphic distribution pattern of the lesions in
the brain. Each subgroup displays newly
affected regions in addition to the lesions in
previously involved ones (Fig. 1a). The ma-
jority of sporadic PD autopsy cases can be
grouped in this way. Given the consistency
of this finding and assuming that the disease
process increases in extent and severity in
a predetermined manner, the four clinical
subgroups can be arranged in an ordered
sequence (Fig. 1b). Support for this hypothet-
ical reconstruction comes from a number of
non-motor symptoms that become manifest
during the clinical disease course and possi-
bly correspond to the gradual progress of the
pathological process (Abbott et al., 2001;
Doty, 2001; Tissingh et al., 2001; Hawkes,
2003; Ponsen et al., 2004; Ahlskog, 2005;
Stiasny-Kolster et al., 2005; Braak et al.,
2005).

By comparison, relatively little is known
about the presymptomatic phase in PD
(Koller et al., 1991; Sawle, 1993; Wolters
et al., 2000; Ahlskog, 2005). That such a
phase in PD exists, however, has been shown

»
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Fig. 1. a Virtually all clinically diagnosed PD cases can be assigned to one of four subgroups based on the
topographic distribution pattern of the brain pathology. Each subgroup displays newly affected regions in addi-
tion to the inclusion body pathology in previously involved regions. b Given the assumption that the disease
process increases in extent and severity, the four clinical subgroups can be arranged in an ordered sequence.
¢ The presymptomatic cases fall into one of three different subgroups. d Once again, the subgroups can be
arranged such that the pathological process can be seen to progress in extent and severity. e In both the
presymptomatic and the symptomatic phases of sporadic PD, inclusion bodies occur in the same vulnerable
neuronal types. Taken together, both phases presumably reflect the entire spectrum of the disease process in six
neuropathological stages. Increasing density of the gray shading in areas underneath the diagonal indicates the
growing severity of the pathology in vulnerable brain regions indicated at right hand margin. f—i Diagrams
showing the gradual ascent of the pathological process underlying sporadic PD (white arrows) that begins in the
lower brain stem and olfactory bulb (black arrows in f) and ends in the cerebral cortex
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by PET studies (Morrish et al., 1998; Brooks,
2000). In our material, non-symptomatic
cases that show PD-associated brain pathol-
ogy fall into one of three subgroups (Fig. 1c).
As in the symptomatic cases, these subgroups
differ with respect to their lesional distribu-
tion patterns (Del Tredici et al., 2002; Braak
et al., 2003a). Once again, it is the changes in
the regional distribution pattern of the in-
clusion bodies that provide the logic for ar-
ranging the subgroups such that the disease
process is seen to increase in extent and
severity in a methodical sequence (Fig. 1d).
According to this view, incidental LNs and
LBs, even when minimally present, are
innately pathological entities (Forno, 1969;
Del Tredici et al., 2002; Thal et al., 2004;
Takahashi and Wakabayashi, 2005).

By the time subtle symptoms become
recognizable, susceptible brain stem nuclei,
including the dorsal motor nucleus, the lower
raphe system, and locus coeruleus, are already
heavily involved. Assuming that all of these
sites are not affected with identical severity
from the very outset of the disease process, a
more likely explanation would be that a mild
to moderate burden of pathology develops
over time in each of these nuclei until the
cumulative threshold from presymptomatic
to symptomatic disease manifestation is
crossed. The pathological process underlying
both phases is marked by the presence of the
same types of inclusion bodies in the same
susceptible neuronal types in specific brain
regions. Insofar as the lesional pattern of the
last presymptomatic subgroup closely resem-
bles that of the first symptomatic subgroup,
both sets of subgroups combined reflect the
entire spectrum of the pathology associated
with sporadic PD (Fig. le).

Stages of sporadic PD-associated
pathology in the brain

Each of these considerations prompted the
design of a staging procedure that included
assessment not only of clinically diagnosed

sporadic PD cases but also cases with inci-
dental LNs/LBs because such lesions prob-
ably represent the first step along a disease
continuum. And, in fact, spontaneous re-
mission seems not to occur after formation
of the initial lesions or after the threshold to
clinical disease has been crossed (Braak et al.,
2003a). A methodological limitation to this
approach is that the progression of the patho-
logical process was reconstructed postmor-
tally using cross-sectional data. Thus, the
conclusions drawn from these data are not
definitive, although it can be argued that they
rest upon admissible assumptions. Clearly,
the discovery of suitable biological markers
that can be measured longitudinally can help
to refine or refute the proposed staging pro-
cedure (Rachakonda et al., 2004).

For practical reasons, staging initially was
confined to the brain. In addition to 301 brains
from incidental and clinically diagnosed PD
cases (Table 1A-C), 164 age-matched con-
trols were examined and assessed semiquan-
titatively (Table 11I). The lesional distribution
pattern in all known selectively vulnerable
brain regions was studied in thick sections
(100 um) immunostained for o-synuclein
(Braak et al., 2003a). With exception of the
study by Parkkinen et al. (2005), other autopsy-
based studies to date report that it has been
possible, for the most part, to replicate the
staging procedure described here (Jellinger,
2003b, 2004; Saito et al., 2004; Neumann
et al., 2005).

Stage 1

Within the brain, the earliest signs of a-synu-
clein immunoreactivity occur simultaneously
in the dorsal motor nucleus of the vagus nerve
and anterior olfactory structures (Fig. If,
arrows). They do not occur in any of the other
brain regions known to become involved at
later disease stages. This means that the PD-
related pathology does not begin anywhere
whatsoever in the brain or at multiple brain
sites but, rather, in all probability only in the



Pathology associated with sporadic PD 93

Table 1. Demographic data of the 301 cases examined

N Age SD

A. All cases with sporadic Parkinson’s disease (PD)-
related pathology

total 301 77.3 +8.1 years
female 139 78.1 +7.9 years
male 162 76.6 +8.2 years

B. Cases with predominantly incidental PD-related
pathology (PD stages 1-3)

total 106 717.3 +7.8 years
female 46 78.2 +7.6 years
male 60 76.6 £8.0 years

C. Predominantly clinically diagnosed cases of spo-
radic PD (PD stages 4-6)

total 176 76.8 +8.0 years
female 83 78.0 +7.7 years
male 93 75.7 +8.2 years

D. Cases with distribution patterns of PD-related
pathology diverging from PD stages 1-6

total 19 81.7 +9.5 years
female 10 78.9 +11.7 years
male 9 84.8 +5.2 years

E. Cases with Alzheimer’s disease (AD)-related neu-
rofibrillary pathology (NF) stages I-III and con-
comitant PD-related pathology (PD stages 1-6)

total 230 76.4 +7.7 years
female 102 77.2 +7.2 years
male 128 75.8 +8.0 years

F. Cases with AD-related NF stages I-III and concom-
itant PD-related pathology but with a distribution
pattern diverging from the PD stages 1-6

total 2 87.0 +7.1 years

G. Cases with AD-related NF stages IV-VI and con-
comitant PD-related pathology (PD stages 1-6)

total 49 79.5 £9.0 years
female 25 82.0 +8.3 years
male 24 76.8 +9.0 years

H. Cases with AD-related NF stages IV-VI and con-
comitant PD-related pathology but with a distribu-
tion pattern diverging from the PD stages 1-6

total 17 81.1 +9.7 years

I. Cases without PD-related pathology in vulnerable re-
gions known to be affected in sporadic PD (controls)

total 163 79.0 £10.0 years
female 96 79.6 +9.8 years
male 67 78.2 +10.5 years

lower medulla oblongata and in anterior ol-
factory structures.

The olfactory pathology is seen chiefly in
the anterior olfactory nucleus within the ol-
factory tract (Pearce et al., 1995; Mesholam
et al., 1998; Hawkes et al., 1999; Doty, 2001;
Hawkes, 2003). A few LNs appear there at
first and then develop into a dense network
interspersed with LBs. The olfactory pa-
thology is not prone to make incursions into
non-olfactory sites. Accordingly, the disease
process appears to begin chiefly in the dorsal
motor nucleus of the vagus nerve. From
there, it progresses steadily upwards towards
the cerebral cortex (Figs. 1f—1) (Braak et al.,
2003a, b). Stage 1 cases exhibit mainly a few
isolated LNs in the dorsal motor nucleus and
some faintly immunoreactive a-synuclein ag-
gregations in preganglionic vagal axons con-
necting the central nervous system with the
postganglionic neurons of the enteric nervous
system (Huang et al., 1993; Hopkins et al.,
1996).

Stage 2

In stage 2, the lesions in the dorsal motor
nucleus worsen and inclusion bodies also
occur in the lower raphe nuclei, notably the
great raphe nucleus, and magnocellular
portions of the adjoining reticular formation.
LNs also may occur for the first time in the
locus coeruleus.

During the first two stages, the pathology
in non-olfactory sites is confined to the me-
dulla oblongata and pontine tegmentum. The
nosological process that ultimately leads to
the clinical picture of PD does not begin in
the substantia nigra (Del Tredici et al., 2002;
Braak et al., 2003a; Lang and Obeso, 2004;
Ahlskog, 2005) and nigral involvement pre-
supposes obvious affection of lower brain
stem nuclei. Were it possible to diagnose PD
already in the early, presymptomatic stages 1
or 2, and were a causal therapy to become
available, the subsequent destruction of the
substantia nigra could be prevented.
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Stage 3

In stage 3, the disease process crosses the
upper limit of the pontine tegmentum and
the lesions are seen in basal portions of the
mid- and forebrain.

LNs occur for the first time in the sub-
stantia nigra, pars compacta, followed by
the appearance of LBs within the melanized
dopaminergic projection neurons located
there. Macroscopically, the nucleus appears
to be intact and, even microscopically, shows
no clear signs of neuronal loss (Braak et al.,
2004).

The pathological process also is evident
in the amygdala — above all in the central
subnucleus (Braak et al., 1994) — as well as
the cholinergic tegmental pedunculopontine
nucleus and cholinergic magnocellular nuclei
of the basal forebrain.

Stage 4

In stage 4 cases, the picture is increasingly
dominated by the heavy involvement of the
amygdala. Moreover, a specific portion of
the cerebral cortex, namely the anteromedial
temporal mesocortex (Braak, 1980), shows
the first visible signs of the pathology. A
thick network of LNs emerges in the super-
ficial layers of this transitional cortical region
and many deep layer projection cells contain
LBs. The temporal mesocortex is highly sus-
ceptible to both sporadic PD and AD (Braak
and Braak, 1992; Braak and Del Tredici,
2004; Braak et al., 2004).

To the extent that the clinical protocols
of some stage 3 and most stage 4 cases men-
tion beginning PD-related motor symptoms,
it can be postulated that, at about this time,
the presymptomatic phase yields to the clini-
cally recognizable disease phase (Braak et al.,
2003a).

Stages 5 and 6

In the final stages 5 and 6, the neurodegenera-
tive process attains its greatest topographic

extent (Figs. 1f-i). Vulnerable portions of
the substantia nigra appear macroscopically
nearly denuded of melanoneurons. With the
temporal mesocortex as its starting point, the
inclusion body pathology gradually extends
into the neocortex. Pyramidal cells that con-
tain LBs appear first in high-order associa-
tion areas of the neocortex (stage 5), then
in first order association areas, and, finally,
in some instances, even in the primary sen-
sory and motor fields.

During stages 5 and 6, patients usually
manifest the full range of PD-related clinical
symptoms. Damage to the autonomic, limbic,
and somatomotor systems can become com-
pounded by impairment of superordinate lim-
bic system centers and functional deficits
attributable to the cerebral cortex (Apaydin
et al., 2002; Braak et al., 2005).

Concomitant PD-related a-synuclein
and AD-related neurofibrillary
pathologies

Previous studies have described an amygdala-
predominant pattern of a-synuclein pathology
without affection of the lower brain stem —
mainly in cases with concomitant neurofibril-
lary pathology (Arai et al., 2001; Kotzbauer
et al., 2001; Jellinger, 2003b). The question
arises whether the proposed staging procedure
can be applied to all cases with PD-related
inclusion bodies. Clearly, there appear to be
some exceptions (Table 1D).

We recently examined o-synuclein immu-
noreactivity in two autopsy groups with mild
(NF stages I-III) and advanced (NF stages
IV=VI) neurofibrillary changes (Table 1E—H).
In the group with mild changes (N =232),
the regional distribution pattern of the PD-
related lesions diverged from the proposed
staging procedure twice (Table 1F). The brain
stems of these two individuals were intact or
nearly intact. All remaining cases could be as-
signed to a PD stage (Table 1E, N =230).

The proportion of divergent cases increased
to 17, however, when severe intraneuronal
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changes associated with advanced Alzheimer’s
disease (N = 66) also were present (Table 1G,
H). The a-synuclein pathology in these 17
cases occurred predominately in olfactory
structures and the amygdala. Although it is
too soon to tell, our working hypothesis is
that the concomitant pathology, equivalent
to stages IV to VI of Alzheimer’s disease,
may influence the development of a super-
vening Parkinson process (Hamilton, 2000;
Geddes, 2005).

In closing, the staging procedure de-
scribes the hypothetical origins and progres-
sion of the disease process in the brain.
According to this protocol, the neocortex
appears to be the final destination of the
Parkinson-related pathology. It still needs to
be determined, however, not only how the
pathological process begins and progresses
in extent and severity with disease duration
but also, and perhaps more importantly,
whether the disease process commences with-
in the central nervous system at all (Braak
et al., 2003b; Del Tredici and Braak, 2004).
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Summary. Clinical Parkinson’s disease (PD)
is a well-characterised syndrome that bene-
fits significantly from dopamine replacement
therapies. A staging procedure for sporadic
PD pathology was developed by Braak et al.
assuming that the abnormal deposition of
a-synuclein indicates the intracellular process
responsible for clinical PD. This paradigm
has merit in corralling patients with similar
cellular mechanisms together and determin-
ing the potential sequence of events that may
herald the clinical syndrome. Progressive
pathological stages were identified — 1) pre-
clinical (stages 1-2), 2) early (stages 3-4,
35% with clinical PD) and 3) late (stages
5-6, 86% with clinical PD). However, pre-
clinical versus early versus late-stage cases
should on average be progressively older at
the time of sampling, a feature not observed
in the cohort analysed. In this cohort preclin-
ical cases would have developed extremely
late-onset PD compared with the other types
of cases analysed. While the staging scheme
is a valuable concept, further development is
required.

Requirement for staging disease
progression

Parkinson’s disease (PD) is currently charac-
terised by several cardinal motor symptoms,

including rigidity, bradykinesia and/or rest-
ing tremor, that benefit significantly from do-
pamine replacement therapies. However, it
is clear that considerable neuronal destruc-
tion occurs prior to the onset of these motor
symptoms with commensurate compensatory
mechanisms accounting for the delay in clin-
ical onset (Jankovic, 2005). It is therefore
necessary to recognise this presymptomatic
disease stage to advance knowledge on the
cellular mechanisms underlying the disease
process.

Clinical demographics of sporadic
Parkinson’s disease

Sporadic PD is one of the most reliable and
stable neurological diagnoses with 92% of
the clinical features remaining unchanged
for 5-10 years (Jankovic et al., 2000). While
the incidence of sporadic PD significantly
increases with age, the average age of onset
for levodopa-responsive motor symptoms is
around 60 years old. Fewer studies have as-
sessed the average age at death for sporadic
PD patients, but recent large-scale risk anal-
ysis using death and mortality as outcomes
suggest that patients survive to 76 years of
age on average (Wirdefeldt et al., 2005).
These data show that, in the relatively ho-
mogeneous group of patients with dopa-
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Clinical Demographics

preclinical dopa-responsive functional decline

50 60 70 80

Pathological Demographics

preclinical stages 1-2

stages 3-4,35% with PD

stages 5-6,86% with PD

7618
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Fig. 1. Stages identified for sporadic PD and average demographics compared with the stages identified in the

Braak staging scheme for sporadic PD and the demographics of the cases fulfilling criteria for these pathological

stages. Note the considerable overlap in demographics for the pathological stages suggesting that, potentially,
only the cases in stages 5—6 are comparable with the majority of clinical cases analysed

responsive deficits, the disease is very slowly
progressive with several stages clearly de-
fined (Fig. 1). The presymptomatic period
is estimated at 5—10 years most commonly
occurring prior to the age of 60 (Jankovic,
2005). There is a 5—-10 year period of rela-
tively stable motor deficits occurring for most
patients in their 60s (Jankovic et al., 2000),
which is followed by a 5-10 year period of
functional decline to death.

Staging procedure for sporadic
Parkinson’s disease and pathological
demographics

Braak and colleagues devised a neuropatho-
logical staging scheme under the assumption
that the abnormal intraneuronal accumulation
of a-synuclein is the common pathology for
sporadic PD. By analysing the distribution
and severity of a-synuclein cytoplasmic in-
clusions in brain specimens from the popula-
tion at large (168 cases selected for detailed
analysis, including 41 PD cases, 69 with
a-synuclein inclusions, and 58 controls; the
last two groups derived from screening 413
cases), cases can be categorised according to
different hierarchical stages of disease infiltra-

tion (Braak et al., 2003). The most mildly af-
fected cases (7% of the population) displayed
lesions in the dorsal motor nucleus of the
vagus nerve, the intermediate reticular zone
of the medulla oblongata, the magnocellular
portions of the reticular formation, the locus
coeruleus and, frequently, the anterior olfac-
tory nucleus (stages 1-2). Cases with mod-
erate involvement (11% of the population)
exhibit additional lesions in select mesenceph-
alic and prosencephalic nuclei (stages 3-4),
and all cases with severe pathology (6% of
the population) show additional deterioration
of the neocortex (stages 5—6).

Analysis of the demographics of the
pathological stages observed shows consider-
able overlap rather than progression (Fig. 1).
While this may be expected in pathological
series due to average life expectancies, it
suggests that most cases dying with this type
of stage 1-2 pathology may never have gone
on to develop clinical symptoms due to the
very late timing of their preclinical period, a
finding recently validated (Parkkinen et al.,
2005). Thus, it is now important to confirm
the existence of the same preclinical phe-
nomena in autopsy material from populations
within the predicted preclinical age range, or
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determine the alternate preclinical patholo-
gies at these predicted time points.

Comparison with other studies

As may be expected, a number of subsequent
studies analysing o-synuclein pathology in
populations of autopsy specimens have now
been published using variable methods on
variable populations with variable results
(Table 1). Identification of a-synuclein-posi-
tive lesions for neuropathological staging
was performed on 100 pum free floating sec-
tions with most of the brain available for
analysis (Braak et al., 2003), a method that
produces superb resolution of even minor le-
sions. Unfortunately, all other published stud-
ies to date have used the CERAD protocol
for tissue preparation and sampling which
is likely to compromise results, particularly
for early, low frequency lesions.

In addition to the methods used, the pop-
ulations analysed have differed significantly.
Apart from staging study by Braak et al.
(2003), only two other studies have included
a population of sporadic PD cases in their
analysis (Jellinger, 2004; Saito et al., 2004).
To evaluate the progressive stages of PD
pathology, studying cases with PD would
seem to be a prerequisite. These studies have
all evaluated large hospital based autopsy

samples where bias towards disease is
ensured. The large study by Saito and collea-
gues (Saito et al., 2004) shows very similar
results with 20% of the sample overall hav-
ing a-synuclein inclusions and a proportion of
hospital cases without clinical PD or demen-
tia also having a-synuclein lesions (13—-15%
in both studies).

Whereas the other samples analysed can-
not inform on the progression of sporadic PD
due to the absence of such cases, they do
confirm that a proportion of people without
clinical disease have o-synuclein pathology
(Table 1). In the community samples ana-
lysed, the proportion of these preclinical
cases is somewhat less (8—10%) than in the
hospital based samples (Table 1), suggest-
ing alternate clinical features may occur in
the hospital patients sampled. These studies
also confirm that these preclinical cases are
considerably older than would have been
predicted based on the clinical pattern of
sporadic PD, particularly in the Japanese
populations (Table 1). An additional feature
addressed by these alternate studies that was
not addressed in the original staging study
(but see Braak et al., 2005) is the interaction
between a-synuclein pathology and Alzhei-
mer pathology. In all studies it has been
shown that there is a considerable synergistic
effect between these pathologies with a much

Table 1. Comparison between publications analysing the prevalence of a-synuclein inclusions in the aged

Sectioning Cases

Outcomes

Braak et al. (2003) 100 um

serial sampling

Parkkinen et al. 6 um
(2003) CERAD
Wakisaka et al. 6 pm
(2003) CERAD
Jellinger (2004) 6 um
Saito et al. (2004) 6 pm
CERAD
Mikolaenko et al. 10 pm
(2005) CERAD

454, hospital
41 PD, 4 AD

904, community
0 PD, 82 AD

102, community
0 PD, 29 demented

260, hospital
1241, hospital
66 PD, 479 demented

117, community
7 PD, 34 AD

24%, 6 stages, 3 categories most PD cases
stages 5—6 preclinical 76 + 8 years old

13% but 10% in aged synergistic AD
effect preclinical 76 1 years old

22.5% but 15% in aged synergistic
AD effect

50% of AD, 30% of aged
20%, increase with age similar/varied
PD stages preclinical 83 + 9 years old

25% but only 8% in aged
preclinical 83 years old
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higher prevalence of a-synuclein pathology
in cases with Alzheimer’s disease (Table 1).
This consistent finding then calls into ques-
tion the validity of using a-synuclein pathol-
ogy as an accurate marker for sporadic PD
alone and reflects the need for better con-
cepts concerning multiple disease patholo-
gies. The older preclinical cases identified
may herald a later mixed dementia syndrome
rather than typical sporadic PD.

Further analyses of clinical features
in cases with Lewy bodies

The concept that o-synuclein pathology
occurs preclinically presupposes that consid-
erable quantities are required prior to clinical
deficits, as recently suggested (Parkkinen
et al., 2005). The known compensatory mech-
anisms that also occur further support the
concept that any neuronal dysfunction could
be masked in this disease phase (Jankovic,
2005). This has been highlighted recently in
a study of the later cognitive deficits in pa-
tients with clinical PD (Braak et al., 2005).
While on average increasing PD disease
stage correlated with cognitive status, a num-
ber of cases do not fit this concept with some
having no cognitive deficits and many corti-
cal a-synuclein inclusions while others are
clearly demented without cortical o-synu-
clein pathology (Braak et al., 2005). In the
medulla oblongata, the link with clinical def-
icits appears to be related to the degree of
neuronal loss in addition to the deposition
of a-synuclein (Benarroch et al., 2005). Thus,
the supposition that all a-synuclein pathol-
ogy indicates significant and constant clini-
cal deficits needs to be tempered. Perhaps
a-synuclein pathology associates with fluc-
tuating clinical features, whereas sustained
clinical deficits may occur only following an
additional critical degree of neuronal loss.

It should be highlighted that the progres-
sive association of clinical deficits with a
progressive pattern of PD pathology has not
been found. The recent analysis of late cog-

nitive deficits in sporadic PD showed no
correlations between disease duration and
pathological stage or between disease dura-
tion and increasing cognitive decline (Braak
et al., 2005). The lack of any relationship be-
tween the timing of dementia and the cortical
infiltration of a-synuclein pathology has been
a point of discussion for some time now, with
many studies recognising this dilemma and
some studies suggesting the correlation is to
the related visual hallucinations (Harding
et al., 2002). Further work is definitely re-
quired to determine the clinical correlates
of a-synuclein pathology and their predict-
able timing in relation to lesion severity.

Areas requiring further clarification
and recommendations

The staging paradigm proposed by Braak
et al. (2003) has considerable merit in corral-
ling patients with similar cellular mecha-
nisms together and, in the case of sporadic PD,
determining the potential sequence of events
that may herald the clinical syndrome. How-
ever, the concept of progressive stages relies
on similar clinical cases being sampled along
a disease continuum and, therefore, preclini-
cal versus early versus late-stage cases should
on average be progressively older at the time
of sampling. In this way, the preclinical sym-
ptoms and phases of the disease will be de-
termined. Autopsy screening of cases in the
predicted preclinical age range is now re-
quired and the evaluation of cell loss associ-
ated with a-synuclein pathology may assist in
differentiating PD from later-onset dementia
syndromes.
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Summary. The Ubiquitin Proteasome Sys-
tem is a multi-enzymatic pathway which de-
grades polyubiquinated soluble cytoplasmic
proteins. This biochemical machinery is im-
paired both in sporadic and inherited forms
of Parkinsonism. In the present paper we
focus on the role of the pre-synaptic protein
a-synuclein in altering the proteasom based
on the results emerging from experimental
models showing a mechanistic chain of
events between altered o-synuclein, protea-
some impairment and formation of neuronal
inclusions and catecholamine cell death.

Introduction: the role of the Ubiquitin
Proteasome System in PD

Parkinson’s disease (PD) is pathologically
characterized by a selective degeneration of
the nigrostriatal dopaminergic (DA) system,
and by the presence of a pathological hall-
mark, the Lewy Bodies (LB), in the spared
DA neurons of the substantia nigra pars com-
pacta (SNpc). LB are inclusion bodies with a
polymorphic shape, and constituted by a li-
pidic core surrounded by protein aggregates
of polyubiquinated neurofilaments. In post-
mortem tissue obtained from PD patients,
LB are routinely identified by immuno-
staining with antibodies against the protein

a-synuclein (Spillantini et al., 1997). More-
over, LB contain also other proteins, such as
parkin and ubiquitin C-terminal hydrolase L1
(Lowe et al., 1990; Schlossmaker et al., 2002).

These observations, joined with recent
discoveries on the genetic basis of rare
forms of PD, disclosed a potential role for
several, previously non explored proteins
in the degeneration of nigrostriatal neurons.
Some genetic forms of PD share the involve-
ment of the Ubiquitin Proteasome System
(UPS). More recently, UPS impairment has
been demonstrated also in idiopathic PD
(McNaught et al., 2003). UPS is a cellular,
multi-protein structure involved in the degra-
dation of polyubiquinated soluble cytoplas-
mic proteins. Ubiquitin tagging to proteins
to be degraded by the UPS involves the
so-called E1, E2 and E3 enzymes. Polyubi-
quinated proteins are substrate of the 26S
proteasome, a proteolytic complex with a
catalytic core formed by two outer and two
inner heptameric rings. In the latter, there is a
pore into which the polyubiquinated proteins
are carried, the hydrolytic function of the
UPS (a chymotripsin- a trypsin-like, and a
peptidylglutamyl-peptide hydrolytic site) re-
sides in the same pore.

Parkin is an E3 ubiquitin-protein ligase
catalyzing the covalent binding of ubiquitin
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to proteins to be degradated by the UPS.
Inherited PD due to a mutation in the parkin
gene represents an early-onset severe form of
the disease (for a review, see Huang et al.,
2004). The role of the UPS in the patho-
genesis of PD has also been suggested by
the inherited mutation of ubiquitin carboxy-
terminal hydrolase L1 (UCH-L1), a protein
widely diffused in the brain, which has the
role of transforming polyubiquinate chains
into monomeric forms of ubiquitin (for a
review, see Huang et al., 2004).

Finally, a-synuclein, although not form-
ing a constituent of the UPS, is associated
with UPS activity and it is relevant for the
pathogenesis of PD. This is substantiated
by the parallel finding that a-synuclein is
a constituent of LB, and that in at least
two separate families containing cases of
autosomal dominant juvenile Parkinson-
ism there are mutations (AS53T and A30T)
in the gene coding for this protein (for a
review, see Huang et al., 2004). In line
with these findings, it was hypothesized that
mutated o-synuclein interferes with the
functioning of DA nigrostriatal cells with
a “gain of function” (in both families PD
was autosomal dominant). Moreover, the
discovery of an inherited form of PD asso-
ciated with over-expression of a-synuclein
(Singleton et al., 2003), added new evidence
to the role of a-synuclein in PD. In particu-
lar these data demonstrate that a-synuclein
per se is detrimental even when it is over
expressed with a normal conformation.
This is confirmed by replicating nigrostria-
tal degeneration in mice over expressing
the wild-type form of synuclein (Masliah
et al., 2000), and by data obtained in wild-
type mice treated with neurotoxic doses
of amphetamine (Fornai et al., 2005, see
below).

Moreover, inhibition of UPS activity in
mesencephalic and PC12 colture, induces
the accumulation of a-synuclein in the form
of cytoplasmic aggregates (for a review, see
Betrabet et al., 2005).

New data from experimental
models of PD

A critical issue in developing hypothesis on
the pathogenesis of human diseases, is repre-
sented by the availability of reliable in vivo/
in vitro experimental models. In the case of
PD, appropriate in vivo models should share
with the human disorder at least two main
features: selective impairment of DA nigros-
triatal and noradrenergic (NA) locus coeru-
leus (LC) neurons, and the formation of LB.

Amphetamines toxicity

Substituted amphetamines, namely metham-
phetamine (MA) and methylen-dioxymeth-
amphetamine, are widely used to induce
selective nigrostriatal DA degeneration in
mice. Both amphetamines induce the for-
mation of multilamellar inclusion bodies
(““‘whorls’”) in nigral DA neurons (Figs. 1, 2),
which can be stained by antibodies against
a-synuclein and ubiquitin (Fornai et al.,
2004). These effects occur after few repeated,
two h apart, neurotoxin administration, as
opposed to what observed with bolus admin-
istration of another widely used neurotoxin,
MPTP (see below). The neurotoxic effect
of amphetamines has been related to an
increased cytoplasmic release of DA from
DA vesicles; excessive amounts of cytoplas-

Fig. 1. Neuronal aggregate visualized at transmission

electron microscopy in a dopamine neuron of the sub-

stantia nigra of a male C57 Black mouse following
methamphetamine administration
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Fig. 2. Neuronal whorl visualized at transmission

electron microscopy in a dopamine neuron of the sub-

stantia nigra of a male C57 Black mouse following
methamphetamine administration

mic DA induce the formation of toxic by-
products, free radicals, in a cascade of events
culminating in significant oxidative stress
for DA neurons. We speculated that in these
experimental conditions the formation of
multilamellar inclusions could represent a
defense reaction of the DA neurons since:
a) whorls can be observed only in DA nigros-
triatal neurons and in GABAergic cells of
the dorsal striatum, where DA terminals im-
pinge, and where a massive, non-physiologic
DA release is induced by amphetamines; b)
they occur before the formation of nigrostria-
tal degeneration; c) their onset can be oc-
cluded by antioxidant substances. Moreover,
time-dependency of whorls formation and its
DA-dependency is confirmed in a more con-
trolled setting, such as cultured PC12 cells
which possess the machinery for DA synthe-
sis, and release DA. The close relationship
between whorls and LB-like, multifibrillar
inclusions could be observed when examin-
ing PC12 cells exposed to MA at different

time points. And again, the close relationship
between inclusion formation and DA avail-
ability was demonstrated by showing that
inhibition of tyrosine-hydroxylase, before ex-
posure to MA attenuates inclusion bodies
formation, and that a similar effect is obtain-
ed by pre-treating these cells with a powerful
antioxidant, such as S-apomorphine.

A relevant role of a-synuclein in the
neurotoxic effects of substituted amphet-
amines has been suggested. We recently
demonstrated that both amphetamines deriva-
tives, at doses inducing selective nigrostriatal
degeneration in mice, induce also an over-
expression of a-synuclein in the spared DA
nigrostriatal neurons (Fornai et al., 2004).
This phenomenon is selective for this sub-
class of SNpc neurons, since it does not
occur in pars reticulata GABAergic cells.
This observation lends substance to the link
between o-synuclein over-expression and
DA degeneration (Fornai et al., 2005a), and
it confirms the ‘““gain of function” for the
mechanism of PD due to a-synuclein. As
already mentioned, this is in line with the
observation of a form of PD associated with
over-expression of o-synuclein (Singleton
et al., 2003), and DA nigrostriatal degenera-
tion in mice over-expressing the wild-type
form of a-synuclein (Masliah et al., 2000).

The MPTP model

1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
(MPTP) is a neurotoxin which is widely used
as an experimental tool to induce nigrostria-
tal degeneration in mice. After adminis-
tration of neurotoxic regimens of MPTP a
marked loss of striatal DA can be observed.
However, with the schedules of MPTP ad-
ministration usually employed, i.e. 2—3 bolus
injections a few h apart, nigrostriatal de-
generation is not associated with the onset
of inclusion bodies in DA neurons. The
mechanism of action of MPTP is related to
the inhibition of the complex I of mito-
chondrial respiratory chain by its catabolite
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MPP+. The discovery of this mechanism
suggested a pivotal role of mitochondrial
impairment in the pathogenesis of Parkin-
son’s disease. Accordingly, a new experimen-
tal tool in the late 80’s was used to induce
experimental parkinsonism, consisting in the
administration of rotenone, a selective inhi-
bitor of the complex I. It was been recently
observed that continuous, i.v. administration
of low dose of rotenone can induce, conco-
mitantly with nigrostriatal loss, the onset of
inclusion bodies in the SNpc reminiscent of
LB (Betarbet et al., 2000). The caveat of the
discrepancy in the effects of the two tools,
sharing a similar mechanism of action, has
been solved recently (Fornai et al., 2005b).
Mice were chronically implanted with osmo-
tic minipumps, releasing MPTP continuously
throughout at least three weeks. After 30
days of this regimen of administration, even
at daily dosages as low as 5 mg/kg of MPTP,
we observed the appearance of electron-
dense, fibrillary inclusion bodies in the SNpc,
which could be stained by anti-ubiquitin and
anti- a-synuclein antibodies. These structures
were preceded, at earlier time points after
starting of MPTP infusion, by the appearance
of “whorls”, which were immunopositive for
ubiquitin and o-synuclein (similarly to what
observed after amphetamine administration,
see above). It is likely that the regimen
of MPTP administration used in this study
mimics the progressive insult occurring in
SNpc DA neurons of parkinsonian patients
better than the acute, bolus, administration
of MPTP usually used. The chronic adminis-
tration of MPTP induces a prolonged inhibi-
tion of the UPS, as opposed to the acute,
reversible effect observed after single i.p.
MPTP administration.

Chronic inhibition of the complex I of
mitochondrial respiratory chain is therefore
associated with a chronic inhibition of UPS.
Such a sustained decreased activity of the
proteasome seems fundamental in the forma-
tion of inclusion bodies. By incidence, the
usefulness of such a model is confirmed by

the observation of neuronal degeneration,
and occurrence of inclusion bodies, at the
level of the noradrenergic nucleus locus coer-
uleus, a typical feature of PD (Forno et al.,
1996).

Concerning the hypothesis of a pivotal
role of a-synuclein in DA degeneration and
LB formation, recently it was demonstrated
that continuous, administration of MPTP in
a-synuclein knock-out (KO) mice, even with
high daily dosages of MPTP (30 mg/kg/die),
was unable to produce nigrostriatal toxicity
and formation of LB-like inclusion. More-
over, in a-synuclein KO mice the inhibitory
effect of continuous MPTP administration on
UPS activity was significantly attenuated as
compared with wild-type mice (Fornai et al.,
2005b). This additional piece of informa-
tion: a) strengthens the hypothesis of a
significant relation between the prolonged
inhibition of UPS and the development of
nigrostriatal degeneration and LB disease;
b) suggests that a-synuclein has a topic role
in neurodegeneration.

Conclusions

Nigrostriatal DA degeneration in PD takes
place in a time-span of years, and it is likely
to be due to repeated chronic sub-toxic oxi-
dative insults towards DA neurons. This pro-
cess is associated with chronic impairment of
UPS activity: its capability to remove ubiqui-
nated proteins is overwhelmed by the high
amounts of misfolded proteins produced in
the stressed DA neurons, and oxidative stress
itself inhibits UPS activity amplifying this
phenomenon. Such an impairment might lead
to the accumulation of catabolic products
into the neurons, whose appearance and com-
position maturate from ‘“whorls”, or auto-
phagic bodies, up to overt LB-like inclusions.
Whether these inclusions represent simply an
epiphenomenon of such a catabolic impair-
ment, or they also concur to the ongoing
neuronal degeneration, it is not clear at pre-
sent. a-Synuclein, a specific component of



a-Synuclein and proteasome in experimental Parkinsonism 109

LB, is likely to play a pivotal role both in
such a selective degeneration and in LB for-
mation. The elucidation of the relationship of
a-synuclein and UPS in physiological and
pathological conditions will help to better
understand the pathogenesis of PD and to
disclose new therapeutic approaches for halt-
ing the progressive DA degeneration.

References

Betarbet R, Sherer TB, MacKenzie G, Garcia-
Osuna M, Panov AV, Greenamyre JT (2000)
Chronic systemic pesticide exposure reproduces
features of Parkinson’s disease. Nat Neurosci 3:
1301-1306

Betarbet R, Sherer TB, Greenamyre JT (2005) Ubiqui-
tin-proteasome system and Parkinson’s diseases.
Exp Neurol 191: S17-S27

Fornai F, Lenzi P, Gesi M, Soldani P, Ferrucci M,
Lazzeri G, Capobianco L, Battaglia G, De
Blasi A, Nicoletti F, Paparelli A (2004) Metham-
phetamine produces neuronal inclusions in the
nigrostriatal system in PC12 cells. J Neurochem
88: 114-123

Fornai F, Lenzi P, Ferrucci M, Lazzeri G, Bandettini
diPoggio A, Natale G, Busceti CL, Biagioni F,
Giusiani M, Ruggieri S, Paparelli A (2005a)
Occurrence of neuronal inclusions combined with
increased expression of a-synuclein within dopa-
minergic neurons following treatment with amphe-
tamine derivatives in mice. Brain Res Bull 65:
405-413

Fornai F, Schluter OM, Lenzi P, Gesi M, Ruffoli R,
Ferrucci M, Lazzeri G, Busceti CL, Pontarelli F,
Battaglia G, Pellegrini A, Nicoletti F, Ruggieri S,
Paparelli A, Sudhof TC (2005b) Parkinson-like
syndrome induced by continuous MPTP infusion:
convergent roles of the ubiquitin-proteasome sys-

tem and a-synuclein. Proc Natl Acad Sci USA 102:
3413-3418

Forno LS (1996) Neuropathology of Parkinson’s dis-
ease. J Neuropathol Exp Neurol 55: 259-272

Huang Y, Cheung L, Rowe D, Halliday G (2004)
Genetic contributions to Parkinson’s disease. Brain
Res Brain Res Rev 46: 44-70

Masliah E, Rockenstein E, Veinbergs I, Mallory M,
Hashimoto M, Takeda A, Saghara Y, Sisk A,
Mucke L (2000) Dopaminergic loss and inclusion
body formation in alpha-synuclein mice: implica-
tions for neurodegenerative disorders. Science 287:
1265-1269

McNaught KS, Belizaire R, Isacson O, Jenner P,
Olanow CW (2003) Altered proteasomal function
in sporadic Parkinson’s disease. Exp Neurol 179:
38-46

Schlossmacher MG, Frosch MP, Gai WP, Medina M,
Sharma N, Forno L, Ochilishi T, Shimura H,
Sharon R, Hattori N, Langston JW, Mizuno Y,
Hyman BT, Selkoe DJ, Kosik KS (2002) Parkin
localizes to the lewy bodies of Parkinson disease
and dementia with Lewy bodies. Am J Pathol 160:
1655-1667

Singleton AB, Farrer M, Johnson J, Singleton A,
Hague S, Kachergus J, Hulihan M, Peuralinna T,
Dutra A, Nussbaum R, Lincoln S, Crawley A,
Hanson M, Maraganore D, Adler C, Cookson
MR, Muenter M, Baptista M, Miller D, Blancato
J, Hardy J, Gwinn-Hardy K (2003) Alpha-synu-
clein locus triplication causes Parkinson’s disease.
Science 302: 841

Spillantini MG, Schmidt ML, Lee VM, Trojanowski
JQ, Jakes R, Goedert M (1997) o-Synuclein in
Lewy bodies. Nature 388: 839-840

Author’s address: F. Fornai, MD, Department of
Human Morphology and Applied Biology, University
of Pisa, Via Roma 55, 56126 Pisa, Italy, e-mail:
f.fornai@med.unipi.it



J Neural Transm (2006) [Suppl] 70: 111-117
© Springer-Verlag 2006

The role of protein aggregates in neuronal pathology:

guilty, innocent, or just trying to help?

S. Gispert-Sanchez' and G. Auburger?

!'Institute for Experimental Neurobiology, and
2 Section Molecular Neurogenetics, Clinic for Neurology,
University Hospital Frankfurt/Main, Germany

Summary. Protein aggregates such as Lewy
bodies have done much for the scientists
in the field of neurodegenerative diseases:
They have highlighted the affected cell
populations and they have trapped the mutant
disease protein. Instead of a good reputation,
however, protein aggregates have received
incriminations, because they are consistently
seen at the site of crime. Reviewing the argu-
ments, crucial evidence has become known
that (a) the specific neuronal pathology pre-
cedes the appearance of protein aggregates
in mouse models of disease, (b) the neuro-
degenerative disease in patients occurs with
comparable severity when visible protein ag-
gregates remain absent, (c) the neurotoxicity
in vitro is best reproduced by oligomers, not
polymers of the mutant disease protein. Is
it feasible that protein aggregates are inert
byproducts of the disease protein malconfor-
mation, or that they even represent beneficial
cellular efforts to sequestrate the soluble
toxic disease protein, together with normal or
aberrant interactor proteins? Whatever the
answer will be, one positive role of protein
aggregates seems clear: In contrast to earlier
speculations that random cytoplasmic proteins
are trapped within the aggregates, scientists
now believe that the composition of the
Lewy body reflects the network of inter-
actions between crucial players in disease

pathogenesis, such as the PARK1, PARK2
and PARKS protein.

Specificity of protein aggregates
for degenerating cell populations

Since the first description of neurodegenerative
disorders such as Alzheimer’s, Parkinson’s,
Creutzfeldt-Jakob’s disease (AD, PD, CJD)
about 100 years ago, histological stains of
protein aggregates with eosin, silver impreg-
nation, congo-red, thioflavine, anti-ubiquitin
antibodies were crucial to define the disease
hallmarks. A location of the aggregates in
the temporal cortex was found typical for
Alzheimer’s, a location in the substantia nigra
typical for Parkinson’s disease. The neuron
populations affected by aggregates displayed
severe cell death at the same time. This
topographic specificity has made protein
aggregates the most helpful marker of neuro-
degenerative processes so far. Indicating the
increased vulnerability of dopaminergic sub-
stantia nigra neurons in PD, they have paved
the way for the therapeutic successes of do-
paminergic substitution in PD. Highlighting
the increased vulnerability of cholinergic
basal forebrain neurons in AD, the protein
aggregates have also been the starting point
for the cholinergic therapy of AD (Francotte
et al., 2004). However, over the past decades
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several neurodegenerative disorders caused
by an unstable polyglutamine domain have
been characterized, and surprisingly certain
degenerating neuron populations in several
Spinocerebellar Ataxias were spared from
visible aggregate formation (Koyano et al.,
2002), while surviving neuron populations in
Huntington’s disease patient brains could
show particularly high aggregate formation
(Kuemmerle et al., 1999). In the hereditary
Spinocerebellar Ataxia type 2 (SCA2) and the
sporadic multi-system atrophy (MSA), almost
identical patterns of severe neuronal degen-
eration develop, although the protein aggre-
gates are extremely sparse in SCA2 (Koyano
et al., 1999; Huynh et al., 2000), while aggre-
gate formation is prominent in MSA — but in
oligodendrocytes (Dickson et al., 1999).

Protein aggregates usually contain
the mutant disease-causing protein

The principal disease-causing proteins, beta-
amyloid and tau for Alzheimer’s (Fassbender
et al.,, 2001; Mandelkow and Mandelkow,
1998), alpha-synuclein and parkin for
Parkinson’s (Spillantini et al., 1997; Farrer
et al., 2001), the prion protein in Creutzfeldt-
Jakob’s disease (Prusiner, 1998) and different
polyglutamine proteins in autosomal domi-
nant Spinocerebellar Ataxias (Zoghbi and
Orr, 2000) are all contained in the protein ag-
gregates which are typical for each disorder:
Amyloid plaques and neurofibrillary tangles
in AD, Lewy bodies and neurites in PD, in-
fectious prion particles in CJD, and neuronal
nuclear inclusions in polyglutamine diseases.
Therefore, the aggregates are helpful to mo-
lecular scientists through the identification of
proteins, whose mutation initiates pathogen-
esis. Purification and peptide-sequencing of
pathological aggregates would seem useful
to define candidate proteins, which might
be disease-causing. Apart from the technical
difficulties inherent to such an approach,
however, we have to remember that amyloid
plaques are formed in AD variants that are

caused by mutations of presenilin proteins,
without the presenilins becoming part of the
aggregates (Tandon and Fraser, 2002). It is
widely assumed, that only toxic proteins with
gain-of-function mutations are contained in
aggregates, while other proteins with loss-
of-function mutations promote aggregation
and disease without becoming part of the
inclusion bodies.

Aggregates indicate that hereditary
and sporadic forms of disease share
pathogenesis

A third important contribution to our mole-
cular understanding was achieved by protein
aggregates: Whether rare monogenic neuro-
degeneration disorders with early-onset can
represent the same pathogenic mechanisms
as frequent sporadic diseases of old-age like
Alzheimer’s and Parkinson’s, has been ques-
tioned many times. The finding of amyloid
plaques and neurofibrillary tangles with iden-
tical characteristics both in presenile and
senile cases of AD, both in cases with he-
reditary beta-amyloid mutations and in cases
without family history (Murrell et al., 1991)
has given much credibility to the investi-
gators of disease genes and to the genetic
mouse models of disease. The observation of
infectious prion particles from brain tissue of
sporadic cases and cases with hereditary prion
mutations (Tateishi and Kitamoto, 1995) came
as a surprise and clearly argues in favour
of common pathogenetic mechanisms. More
recently, mutations or overexpression of
alpha-synuclein were found to cause here-
ditary PD accompanied by aggregation of
alpha-synuclein (Polymeropoulos et al., 1997),
and identical alpha-synuclein aggregates were
found to be induced by unknown causes in
sporadic PD (Duda et al., 2000).

Pharmaceutical efforts to prevent
aggregates seem beneficial

Experimental therapies of neurodegeneration
have lately been guided by hypotheses, that
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(1) the protein aggregates are stable and
sequester proteins irreversibly, (2) the aggre-
gates are the cause of pathogenesis and that
(3) the reduction of visible aggregates would
be beneficial (Wang et al., 2005). With similar
assumptions, efforts have been undertaken to
stimulate aggregate formation through inhi-
bition of the proteasomal protein degrada-
tion, and thus induce neurodegeneration in
rodents (McNaught et al., 2004). It is not
clear, however, through which mechanisms a
universal intoxication of proteasomes should
result in a selective vulnerability of indivi-
dual neuron populations. Recent experiments
indicate that the intracellular protein aggre-
gates of polyglutamine diseases can be quite
dynamic under physiological conditions
(Kim et al., 2002), and that soluble oligomers
rather than the less soluble visible aggregates
of alpha-synuclein are the toxic principle cor-
related to neurodegeneration in PD (Conway
et al., 2000; Rochet et al., 2004). The thera-
peutic small molecule Congo Red, which
inhibits aggregation at the early step of oli-
gomerization (Sanchez et al., 2003), has been
able to reduce the toxicity of beta-amyloid
(Lorenzo and Yankner, 1994; Crowther et al.,
2005) and huntingtin (Heiser et al., 2000).

Neuronal pathology occurs
without visible aggregates in knock-in
mouse models

Some scientists have argued that a faithful
mouse model of a human neurodegenerative
disease must show visible protein aggregates,
and indeed there are well known mouse
mutants where the aggregates are more pro-
minent than in the human disorder (Davies
et al., 1997; Neumann et al., 2002). However,
in these models the mutant disease protein
has usually been introduced as a transgene
and has been strongly overexpressed so as to
maximize the phenotype. When mouse mu-
tants with a normal dosage or only slightly
elevated dosage of the disease protein are
considered, then the neuronal pathology

occurs before or without appearance of
visible aggregates (Menalled et al., 2003;
Bowman et al., 2005). When we introduced
low levels of transgenic A5S3T-mutant alpha-
synuclein into mice, we found PD-reminis-
cent behaviour alterations, Lewy-neurite-like
degenerative changes, and a selective altera-
tion of striatal dopamine levels at old age,
before the advent of demonstrable alpha-
synuclein aggregates or nerve cell loss
(Gispert et al., 2003). Only once the wildtype
mouse alpha-synuclein was removed from
these transgenic lines through crosses with
an alpha-synuclein knock-out line (Cabin
et al., 2002), axonal loss and visible alpha-
synuclein aggregates became apparent and
the mice showed paralyses and reduced sur-
vival (Cabin et al., 2005).

Disease in patients is comparably
severe when visible aggregates
remain absent

The conspicuous absence of Lewy bodies
from autosomal-recessive variants of PD
has initially been taken to indicate different
pathogenetic pathways from sporadic and
autosomal-dominant PD variants: In autoso-
mal-recessive PARK?2 the particularly early
onset age in absence of Lewy pathology has
been used as an argument for the protective
role of visible protein aggregates (Shimura
et al., 2000). And in autosomal-recessive
PARK6 we found early-onset and prominent
mitochondrial pathogenesis (Valente et al.,
2004), but no clinical signs such as anosmia/
dysautonomia/early sleep alteration as would
be typical in early stages of Lewy pathology
(Braak et al., 2002). However, this is not ex-
clusive of autosomal-recessive PD. In auto-
somal-dominant PARKS one family has been
documented now, where the clinical course
of disease is comparably severe in affected
family members, whether they show alpha-
synuclein-aggregates, tau-aggregates, or no
detectable aggregates at all (Zimprich et al.,
2005).
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Lewy bodies contain the PARK1,
PARK2 and PARKS proteins
with their protein interactors,

and may thus define a pathway
between crucial players
of PD pathogenesis

Although Lewy pathology is absent from
brains of PARK2 patients, the wildtype
PARK? disease protein, parkin, is aggregated
in Lewy bodies of sporadic PD cases
(Shimura et al., 1999). Direct protein inter-
actors of parkin, such as Pael-R, are also con-
tained in Lewy bodies (Murakami et al.,
2004) and influence the progression of neu-
ron loss. Similarly, the wildtype PARK1 pro-
tein, alpha-synuclein, is also present in Lewy
bodies of sporadic PD cases. Again, its direct
interactor protein, synphilin-1, forms part of
the Lewy inclusions (Engelender et al., 1999),
influences cell survival (Lee et al., 2002) and
is ubiquitinated by parkin (Chungetal., 2001).
Therefore, several constituents of Lewy
bodies have now been searched for disease-
causing mutations in PD families and collec-
tives (Bandopadhyay et al., 2001; Kruger
et al.,, 2003) — a task like searching for a
needle in a haystack, when the enormous
genetic heterogeneity of PD is considered.
The best validated example is the cortical
Lewy body constituent UCH-L1 (Dickson
et al., 1994), which we found mutated in one
German PD family (Leroy et al., 1998), and
which was discovered in subsequent analysis
to interact directly with alpha-synuclein
in vitro (Liu et al., 2002), to protect against
PD as a polymorphic variant in man
(Maraganore et al., 2004), and to protect
against neurodegeneration in mouse (Saigoh
et al.,, 1999). UCH-L1 has therefore been
named PARKS. Preliminary evidence indi-
cates, that the PARK1, PARK?2 and PARKS5
disease protein not only coexist in Lewy
bodies, but also have a common functional
role in the assembly of ubiquitin lysine
63-linked multiubiquitin chains (Doss-Pepe
et al., 2005). In polyglutamine disease, the

disease proteins together with their interaction
partners such as CREB — binding protein and
ubiquitin-binding-domains are sequestered
into the inclusion bodies (MacCampbell et al.,
2000; Donaldson et al., 2003).

Conclusion

Thus, the appearance of detectable protein
aggregates does not seem to be a prerequisite
for a faithful model of neurodegeneration.
Animal models with ubiquitously enhanced
aggregation have widespread pathology and
reflect the tissue specificity of diverse neuro-
degenerative disorders quite poorly. However,
protein aggregates can identify affected neu-
rons and may shed light on the pathogenetic
mechanism: It appears that the proteins con-
tained in aggregates are not random cytoplas-
mic or nuclear molecules, but are mutant or
wildtype variants of the disease proteins
themselves with their direct protein interactor
network. Aggregates therefore represent the
crucial pathway of neurodegenerative pa-
thogenesis, and define the optimal protein
targets for experimental therapies. The puri-
fication of amyloid plaques and its main pro-
tein constituents has given major insights
into Alzheimer’s disease in the past. Efforts
to purify protein aggregates in PD, other neu-
rodegenerative disorders and psychiatric dis-
eases have been slow to get started (Iwatsubo
et al., 1996; Mitsui et al., 2002), but they
hold great promise.
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New face of neuromelanin
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Summary. The massive, early and relatively
circumscribed death of the dopaminergic
neurons of the substantia nigra in Parkinson’s
disease has not yet been adequately explained.
The characteristic feature of this brain region
is the presence of neuromelanin pigment
within the vulnerable neurons. We suggest
that neuromelanin in the Parkinson’s disease
brain differs to that in the normal brain. The
interaction of neuromelanin with iron has been
shown to differ in the parkinsonian brain in a
manner consistent with an increase in oxida-
tive stress. Further, we suggest an interaction
between the lipoprotein a-synuclein and lipi-
dated neuromelanin contributes to the aggre-
gation of this protein and cell death in
Parkinson’s disease. The available data sug-
gest that the melaninisation of the dopami-
nergic neurons of the substantia nigra is a
critical factor to explain the vulnerability of
this brain region to early and massive degen-
eration in Parkinson’s disease.

Parkinson’s disease (PD) is a progressive neu-
rodegenerative disease which afflicts approx-
imately 1% of the population aged 65 years
and older and 4-5% of those over 85 years
of age. It is characterised clinically by se-
vere motor dysfunction, including the typ-
ical resting tremor, cogwheel rigidity and
bradykinesia or poverty of movement. These
characteristic symptoms are known to result
from the progressive death of dopaminergic
neurons in the substantia nigra pars com-

pacta, an important relay region in the brain
motor circuit. These clinical symptoms only
develop following the death of at least 60%
of the dopaminergic neurons in the substantia
nigra, leading to a severe reduction of tissue
dopamine levels in the caudate and putamen.
While a diagnosis of probable PD based upon
the typical motor symptoms can be made
during life, a definitive diagnosis is possible
only post mortem and is based upon two
criteria: the marked loss of substantia nigra
dopaminergic neurons, and the presence of
abnormal inclusions (Lewy bodies and Lewy
neurites) in the cell bodies of some surviv-
ing neurons. Lewy bodies consist of abnor-
mally aggregated cellular proteins, primarily
a-synuclein, a soluble presynaptic protein
of uncertain function in the healthy brain.
Interestingly Lewy bodies are found in only
a small proportion (approximately 5%) of the
surviving neurons in PD and are not exclu-
sive to the substantia nigra pars compacta but
are found in a number of brain regions in
PD patients in a relatively consistent pattern
(Braak et al., 2003). Studies of various forms
of genetically inherited PD have shown that
many forms of inherited PD are not charac-
terised by aggregated o-synuclein (Huang
et al., 2004), indicating that the deposition
and aggregation of a-synuclein is not a pre-
requisite for the development of the clinical
syndrome of PD. Furthermore, in all forms of
PD (genetic and sporadic) neuronal cell loss
early in the disease process is restricted to the
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dopaminergic neurons of the substantia nigra
but does not occur in the nearby dopaminergic
nuclei (McRitchie et al., 1997) nor in non-
dopaminergic neurons, despite the more wide-
spread Lewy body pathology. From these
data two important but often overlooked con-
clusions must be drawn: firstly, that the dopa-
minergic neurons of the substantia nigra are
selectively vulnerable to degeneration early
in PD and secondly, that the abnormal aggre-
gation of proteins such as a-synuclein, while
undoubtedly important in the disease process,
cannot be the primary mechanism leading to
the especial vulnerability of these neurons
to cell loss early in the disease. These con-
clusions thus raise the question of what is it
about the dopaminergic neurons of the sub-
stantia nigra which results in this early and
circumscribed cell loss?

Recent studies on the many inherited
forms of PD have identified a number of gene
products as abnormal in these genetically
determined forms of PD (Huang et al., 2004).
These gene products affect several cellular
pathways, resulting in a-synuclein deposition
and proteosomal dysfunction, oxidative stress
and mitochondrial dysfunction (Huang et al.,
2004). As a result of these findings, hypoth-
eses regarding each of these mechanisms as
the primary mechanism for cell death in PD
have developed. While these four mecha-
nisms cannot be assumed to be independent,
as each mechanism appears to be capable of
impinging upon the other, they are generally
discussed as the most likely candidates for
degenerative changes within the substantia
nigra in PD. While a body of experimental
data supports the idea of changes in cellular
pathways in the substantia nigra in PD the
reason for the especial vulnerability of this
region has not been resolved. A search for
a feature of the dopaminergic neurons of the
human SN which distinguishes them from
nearby dopaminergic neurons would find it
difficult to avoid the most characteristic fea-
ture of these neurons, that is the presence of
large amounts of the pigment neuromelanin

(NM) which gives the region its characteristic
dark appearance and for which the substantia
nigra (Latin: dark body) is named.

NM has been a focus of PD research for
some time. In 1988 it was reported that the
NM-containing cells of the SN are more vul-
nerable in PD (Hirsch et al., 1988). In fact a
direct correlation was reported between cell
loss in the individual cell groups which make
up the SN and the percentage of NM-positive
cells found in them (Hirsch et al., 1988). This
suggests that in the normal brain NM may
confer an advantage upon the cells in which
it is found. The idea that NM may play a
protective role in the dopaminergic cells of
the SN in the normal brain is attractive and
would reflect a corresponding role of mela-
nins in other bodily tissues, such as the skin
and the eye. Indeed there are good reasons
why such a pigment has evolved within this
brain region as the neurochemical environment
of the dopaminergic SN is highly oxidative
as a result of the catabolism of dopamine,
via both enzymatic and non-enzymatic path-
ways, and a naturally high concentration of
tissue iron. While we have recently demon-
strated that some published data based upon
a synthetic dopamine melanin may be erro-
neous while applied to the human pigment
because of the differing behaviour of these
synthetic and native pigments (Li et al.,
2005), melanins can exhibit radical scaveng-
ing properties and we have shown that human
neuromelanin can inhibit iron-induced lipid
peroxidation of rat brain in vitro (Double
et al., 1999). Further, we have demonstrated
that human neuromelanin can attenuate the
death of primary mesencephalic cultured
cells by an oxidative stimulus (Li et al.,
2005).

In view of these findings supporting the
hypothesis that NM can play a protective
function it is interesting to revisit the early
data of Kastner and colleagues (Kastner
et al., 1992) who reported that pigmented
cells in the PD brain contain less NM than
those in control brains. We suggest that NM
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in the PD brain may differ to that in the
normal brain. The massive loss of pigmented
neurons, and therefore NM, in the parkinso-
nian brain at post mortem means that in-
vestigations of NM in the PD brain are
technically difficult. Nevertheless a review
of the literature reveals some data to support
this thesis. It is of interest that one of
the primary pathological hallmarks of PD,
the Lewy body, is known to form within the
boundaries of pigment in the cells in which
these are found. As noted above, one of the
primary constituents of the Lewy body is
a-synuclein, a protein which has been shown
to aggregate under conditions of oxidative
stress and high iron concentrations (Kaur
et al., 2004). In this context it is pertinent that
we have shown that NM pigment is an effec-
tive binder of iron (Double et al., 2003) in a
manner analogous to the iron binding core
of the major iron binding protein ferritin
(Gerlach et al., 1995). Studies using a variety
of sophisticated biophysical techniques have
established that the iron signal associated
with NM granules in the PD SN is higher
than that in the normal brain, suggestive of
increased NM-bound iron in this brain region
(Gotz et al., 2004). Recently Faucheux and
colleagues (Faucheux et al., 2003) have dem-
onstrated that the redox activity of NM ag-
gregates, attributed by these authors to Fe’*,
is significantly increased in parkinsonian
patients, a finding not observed in the sur-
rounding non-melanised tissue. Further
redox activity of the NM aggregates was
positively correlated with the severity of
neuronal loss (Faucheux et al., 2003). These
findings suggest that changes in NM precede
cell loss in PD.

Structural analyses using nuclear magnetic
resonance spectroscopy and electron para-
magnetic resonance spectroscopy indicate
that NM isolated from the parkinsonian brain
may have a decreased ability to bind iron
(Aime et al., 2000; Lopiano et al., 2000).
Our work has shown that NM appears to
maintain a reserve for binding additional iron

in the healthy brain (Double et al., 2003), but
in the PD brain any increase in iron might
result in saturation of NM’s iron binding
capacity, leading to increased free iron con-
centrations in the surrounding tissue. These
data support the idea that iron concentrations
are increased in the parkinsonian SN and that
this increase stimulates a localised increase
in the oxidative environment of the melani-
nised neurons. Certainly there is a body of
data which indicates that the parkinsonian
substantia nigra exists in an environment of
oxidative stress (Fasano et al., 2003). A loca-
lised increase in iron and/or iron-induced
oxidative stress resulting from changes in
the amount of iron in the substantia nigra
or a reduced ability of NM in the PD to
chelate iron could stimulate aggregation of
a-synuclein within the boundaries of NM
pigment. An early study using nuclear mag-
netic resonance spectroscopy reported that
NM isolated from the parkinsonian brain dif-
fered from that in the healthy brain in that
it was mainly composed of a highly cross-
linked, protease-resistant, lipo-proteic mate-
rial (Aime et al., 2000). This suggests that the
composition of NM may differ in the PD
brain, an idea supported by the more recent
finding that a-synuclein is covalently bound
to NM isolated from the parkinsonian brain
but not in NM from the normal brain (Fasano
et al., 2003).

In this context it is relevant that o-
synuclein can take the structural form of a
lipoprotein and we have recently demon-
strated that NM granules consist of a signifi-
cant proportion of lipids, a feature of NM
which distinguish it from melanins in periph-
eral tissues in which no lipids are present
(Fedorow et al., 2005). We have recently
identified the primary lipid species in NM
to be the polyisoprenoid dolichol (Fedorow
et al., 2005). Accumulation of dolichol is as-
sociated with neurodegeneration in disorders
such as the neuronal ceroid lipofuscinoses,
but this is the first time that concentrated
dolichol has been identified in the normal
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brain. Further dolichol is known to increase
in grey matter regions of the brain with
normal aging, particularly after the sixth de-
cade of life (Fedorow et al., 2005). Given that
the greatest risk factor for PD is increasing
age it is not unreasonable to suggest that an
interaction between a-synuclein and lipi-
dated NM pigment might stimulate the
aggregation of this protein and the eventual
formation of Lewy bodies within melani-
nised nigral neurons. This hypothesis would
explain the especial vulnerability of the mel-
anised neurons in PD and the formation of
the final product of a-synuclein aggregation,
the Lewy body, in close association with this
cellular pigment. Of course Lewy bodies are
not an inevitable consequence of aging, as
well as being found in other cellular types,
for example in cortical neurons in Dementia
with Lewy bodies. It is therefore likely that
an additional, as yet unidentified change,
early in the parkinsonian SN is required
to trigger aggregation of o-synuclein. The
limited data available to date however inex-
tricably link changes in NM in PD with two
of the most accepted hypotheses regarding
the mechanism of cell death in Parkinson’s
disease; a-synuclein deposition and oxidative
stress.

The available data suggest that the mela-
nisation of the dopaminergic neurons of the
substantia nigra is a critical factor to explain
the vulnerability of this brain region to early
and massive degeneration in PD. We hy-
pothesise that changes in NM precede cell
death in this disorder, a suggestion that con-
cords with the modest quantity of data gath-
ered to date on changes in NM in PD. Further
analyses of the structure and function of this
pigment in the parkinsonian brain are re-
quired to identify such changes and to char-
acterise their influence on cell survival.
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Summary. In Parkinson’s disease (PD), the
selective depletion of dopamine neurons in
the substantia nigra, particular those contain-
ing neuromelanin (NM), is the characteristic
pathological feature. The role of NM in the
cell death of dopamine neurons has been con-
sidered either to be neurotoxic or neuroprotec-
tive, but the precise mechanism has never
been elucidated. In human brain, NM is syn-
thesized by polymerization of dopamine and
relating quinones, to which bind heavy metals
including iron. The effects of NM prepared
from human brain were examined using hu-
man dopaminergic SH-SYSY cells. It was
found that NM inhibits 26S proteasome activ-
ity through generation of reactive oxygen and
nitrogen species from mitochondria. The mi-
tochondrial dysfunction was also induced by
oxidative stress mediated by iron released
from NM. NM accumulated in dopamine neu-
rons in ageing may determine the selective
vulnerability of dopamine neurons in PD.

Abbreviations

DMSO dimethyl sulfoxide, DTT dithiothreitol,
ECF enhanced chemofluorescence, MEM
minimum essential medium, NM neuromel-

anin, PBS phosphate-buffered saline, SOD
superoxide dismutase, PD Parkinson’s disease,
ROS reactive oxygen species, RNS reactive
nitrogen species, UPS ubiquitin-proteasome
system, ZsGFP a green fluorescence protein
homologue from Zoanthus sp.

Introduction

Parkinson’s disease (PD) is the second most
common neurodegenerative disorders in the
aged and recently several genes responsible
for the familial PD have been reported. How-
ever, the etiology of sporadic PD is still an
enigma, and oxidative stress, impairment of
mitochondrial function and the ubiquitin-pro-
teasome system (UPS) are suggested to ini-
tiate a “‘malignant cycle” resulting in the cell
death (Dexter et al., 1994). Especially, recent
evidences suggest that failure of the UPS
leads to aggregation and accumulation of
abnormal proteins to form the inclusion
bodies and induce neuronal cell death in the
familial case of PD (Polymeropoulos et al.,
1997; Shimura et al., 2000; Leroy et al.,
1998). Dysfunction of the UPS is found to
occur also in the sporadic form of PD also



126 W. Maruyama et al.

(McNaught and Olanow, 2003). However,
the factors, which determine the selective
vulnerability of dopamine neurons are still
unknown. One possibility is the involvement
of dopamine and the metabolites themselves.
Dopamine is a highly reactive catecholamine
and is oxidized enzymatically and non-enzy-
matically. Autoxidation of dopamine produces
speroxide and quinones, and polymerized
quinones are interacted with proteinacious
components and lipids (Gerlach et al., 1995;
Dzierzega-Lecznar et al., 2004; Fedorow et al.,
2005), to produce highly aggregated conju-
gates, neuromelanin (NM).

NM is a dark pigmented granule, which
accumulate in catecholaminergic neurons of
the substantia nigra and locus ceruleus. NM
has been supposed to be a mere “waste box™
in the neurons, but recently it was found to
function as a reservoir of trace metals, such
as iron (Zecca et al., 2001a). The involvement
of iron in dopaminergic degeneration during
ageing has been suggested repeatedly and
recent studies show the content of iron in the
substantia nigra was higher than that in the
locus ceruleus (Zecca et al., 2004). Iron possi-
bly induces cell death in nigral dopamine neu-
rons through oxidative stress, as confirmed by
studies on postmortem parkinsonian brains and
on the cellular and animal PD models (Jenner,
2003). In the substantia nigra of PD brains,
increased oxidative stress is suggested by in-
crease in oxidative modification of lipids, pro-
teins and DNA (Yoritaka et al., 1996). These
results suggest that the effect of NM and iron
should be examined on mitochondrial dysfunc-
tion, oxidative stress and the UPS.

In this paper we report the effects of
NM prepared from control human brain on
the production of reactive oxygen and nitro-
gen species (ROS, RNS) in mitochondria, the
UPS activity using neuroblastoma SH-SY5Y
cells. The in situ ubiquitin-26S proteasome
activity was examined using the cells trans-
fected with a proteasome sensor vector. The
results are discussed in relation to the role of
NM in selective vulnerability of dopaminer-
gic neurons in PD and ageing.

Materials and methods

Materials

NM was isolated and purified from the substantia
nigra of control human brains, as described previously
(Gerlach et al., 1995) and was dissolved in distilled
water containing 15 mM L-cysteine and 10% dimethyl
sulfoxide (DMSO) (L-Cyst-DMSO solution) to be
0.5mg/ml in the final concentration (Shamoto-Nagai
et al., 2004). L-Cysteine was purchased from Sigma
(St. Louis, MO, USA). 2',7-Dichlorodihydrofluorescein
diacetate (H,DCFDA) was purchased from Molecular
Probes (Eugene, OR, USA), deferoxamine mesylate
(DFX) and superoxide dismutase (SOD) from bovine
erythrocytes were purchased from Sigma (St. Louis,
MO, USA), and anti-polyubiquitin monoclonal antibody
from NBT (Tokyo, Japan). A proteasome sensor vector,
pZsProSensor-1, was purchased from BD Biosciences
(Palo Alto, CA, USA). 2/, 7-Dichlorofluorescein (DCF),
N-acetyl cysteine (NAC), L-cysteine and catalase from
bovine liver, minimum essential medium (MEM) and
other reagents were from Wako (Kyoto, Japan).

Measurement of in situ 26S proteasome
activity in SH-SY5Y cells expressing
a proteasome Sensor vector

SH-SYSY cells were cultured as reported (Shamoto-
Nagai et al., 2004). Transfectant with a proteasome sen-
sor vector was established using a pZsProSensor-1
eukaryotic expression vector, designed to express
ZsGFP fused to the degradation domain of mouse or-
nithine decarboxylase, a specific substrate for 26S
proteasome, by lipofection technique as reported pre-
viously (Shamoto-Nagai et al., 2004). The culture
medium was changed with the medium containing L-
Cyst-DMSO solution without (control) or with NM and
the cells were cultured for 3 days. In addition, the cells
transfected with proteasome sensor vector was incu-
bated with various concentrations of iron in the presence
or absence of 25 uM DFX or antioxidants for 20 h. The
fluorescence of ZsGFP in the living cells was measured
as described before (Shamoto-Nagai et al., 2004), and
the fluorescence intensity of the cells was expressed as
arbitrary fluorescence unit/mg protein. The protein
amount was measured according to Bradford (1976).

Detection of polyubiquitinated proteins
in the cells treated with NM

After treatment with NM for 1 or 3 days, the cells were
gathered, washed with PBS, and lyzed in the RIPA lysis
buffer (Upstate Biotechnology, Lake Placid, NY, USA)
containing protease inhibitor cocktail (Roche Diagnos-
tics GmbH, Mannheim, Germany). Fifty pg of protein
was subjected to SDS-polyacrylamide electrophoresis
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using 12.5% polyacrylamide gel (Bio Craft, Tokyo,
Japan), and blotted onto polyvinylidene difluoride
membranes (Amersham Biosciences, Piscataway, NJ,
USA). Plolyubiquitinated proteins were visualized using
anti-polyubiquitin antibody and enhanced chemofluores-
cence (ECF) Western blotting kit (Amersham Biosci-
ences, Piscataway, NJ, USA), as described previously
(Shamoto-Nagai et al., 2003).

Isolation of mitochondria
Jrom SH-SY5Y cells

Mitochondria were prepared from SH-SYSY cells
according to Desagher et al. (1999). The cells were
gathered, washed with PBS and suspended in the iso-
tonic mitochondrial buffer (210 mM mannitol, 70 mM
sucrose, | mM EDTA and 10mM HEPES, pH 7.5)
supplemented with complete protease inhibitor cocktail
(Roche Diagnostics, Mannhein, Germany). The mito-
chondrial fraction was prepared by homogenization and
two steps of centrifugation.

Measurement of ROS-RNS
with H,DCFDA

The mitochondria were suspended in PBS and the
production of ROS-RNS was quantified fluorometri-
cally by measuring DCF produced from H,DCFDA
(Crow, 1997). H,DCFDA was added to be 50 uM to
the mitochondria suspension in the presence or
absence of NM suspension (1-5pg/ml) in dark at
37°C. The increase in DCF fluorescence at 504 nm
with excitation at 520nm was measured at every
30min for 3h in a RF-5000 spectrofluorometer
(Shimadzu, Kyoto, Japan). The generation of ROS-
RNS was expressed as mol DCF per min per mg pro-
tein. The effects of DFX and anti-oxidants were also
examined in the same way, after 15 min pre-incuba-
tion with DFX or the antioxidants.

Statistics

Experiments were repeated at least 3 times. The data
was expressed as mean & SD and the difference was
evaluated by analysis of variance (ANOVA) followed
by Scheffe’s F-test. A p value less than 0.05 was esti-
mated to be statistically significant.

Results

The effect of NM on in situ 26S
proteasome activity

After treatment with NM or iron the accu-
mulation of ZsGFP was observed in cyto-
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Fig. 1. Effects of NM on the in situ activity of 26S

proteasome in SH-SYS5Y cells transfected with the

proteasome sensor vector. The cells were cultured in

the presence of 0.1 pg/ml of NM for 3 days. Left:

morphological observation of the cells treated with

NM. Right: Accumulation of ZsGFP (white arrows)
was observed by fluorescence microscopy

plasm by fluorescence microscopy (Fig. 1).
After 3 days’ incubation, the fluorescence
intensity in the cells treated with 0.1 pg/ml
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Fig. 2. Accumulation of poly-ubiquitinated proteins

in SH-SYSY cells treated with NM for 3 days (arrow).

The cells were cultured with or without NM and lysed,

then proteins were separated by SDS-PAGE and im-

munoblotted using anti-polyubiquitin antibody as de-
scribed in the Materials and methods
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NM increased to be that of 161% of control
cells. The accumulation and the increase
of fluorescence intensity was confirmed by
measuring its fluorescence intensity by Fluo-
rospectrometry also (Fig. 4). The increase of
ZsGFP, that reflects the reduced activity
of 26S proteasome by iron, was restored
by DFX.

Accumulation of polyubiquitinated
proteins in SH-SY5Y cells
treated with NM

The cells treated with various concentration
of NM was gathered and applied to Western
blotting using anti-polyubiquitin antibodies.
As shown in Fig. 2, in the cells treated with
1 pg/ml of NM, the accumulation of poly-
ubiquitinated proteins, which is the specific
substrate for 26S proteasome, was detected
(arrow).

DCF produced (pmol/min/mg protein)

Increase of ROS-RNS in isolated
mitochondria by NM

The production of *OH, NO and ONOO™ in
mitochondria was quantified fluorometrically
using DCF cleaved from H,DCFDA as an
indicator (Fig. 2). In the presence of mito-
chondria, NM increased DCF fluorescence.
In addition, SOD, but not catalase, reduced
DCF production in mitochondria themselves.
DFX significantly reduced the DCF produc-
tion from mitochondira enhanced by NM.
These results indicate that O,"~ plays the
key role in ROS-RNS production and the
involvement of iron in the ROS-RNS produc-
tion by NM.

Discussion

In this paper, it was clearly shown that NM
increased ROS and RNS generation espe-
cially superoxide, in mitochondira, which
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Fig. 3. Effects of SOD, deferoxamine mesylate (DFX), and catalase on DCF production in mitochondria

prepared from SH-SY5Y cells. Mitochondria (30 pg protein) were incubated with or without 2.5 pg/ml NM

in PBS, and the effects of SOD (1000 units), DFX (1 uM), and catalase (500 units) were examined.

Generated ROS-RNS was quantitatively measured as DCF produced from H,DCFDA and expressed as

pmol/hr. The column and bar represent the mean and SD of triplicate measurements of 3 independent
experiments. *P<0.01
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Fig. 4. Iron inhibited in situ activity of 26S proteasome in SH-SY5Y cells transfected with a proteasome sensor

vector. After the treatment with iron with or without deferoxamine mesylate (DFX) for 20h, the fluorescence

intensity of ZsGFP, which is coded by a proteasome sensor vector, at 505 nm with excitation at 493 nm was

quantified and expressed as arbitrary fluorescence unit/mg protein. The column and bar represent mean and SD

of 3 experiments. After the treatment with iron, the fluorescence intensity increased in a dose-dependent manner.

*p<0.05 compared to the control. This increase was suppressed by 25 uM DFX significantly. #p <0.05 com-
pared to the cells treated with iron without DFX

was mediated by released iron, as shown by
the complete suppression of DFX. The onset
of oxidative stress may deteriorate the func-
tion of mitochondria, in addition to the
direct inhibition of mitochondrial respira-
tory chain enzymes. NM reduced the in situ
activities of 26S proteasome, as shown using
a green fluorescent protein homologue tar-
geted to 26S proteasome. The mitochondrial
toxins, such as rotenone and I1-methyl-4-
phenyl-1,2,3,6-tetrahydropyridine (MPTP),
were reported to induce neuronal death se-
lective to dopamine neurons with formation
of Lewy body-like inclusion body in in vivo
models of PD (Betarbet et al., 2000; Kowall
et al., 2000). The mechanism of cell death
has not been elucidated, but the involvement

of reduced UPS activity was suggested. Re-
cently we found that mitochondrial dys-
function caused by rotenone, a complex I
inhibitor, increased abnormal oxidative mod-
ification of proteins with acrolein, and
reduced the activity of proteasome, through
binding of aggregated oxidized protein to
the catalytic site of 20S proteasome and
direct adduction of acrolein to 20S proto-
some itself (Shamoto-Nagai et al., 2003). It
may be reasonable to assume that mitochon-
drial dysfunction plays a central role in the
pathogenesis of sporadic PD, and impairment
of the UPS may be a final executor in the
neural degeneration.

Iron is known to induce oxidative stress
by enhancing electron transfer in a Fenton
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Fig. 5. The scheme how iron increases oxidative stress in mitochondria. Iron released from NM generates

superoxide (O,7), which is catalized by SOD. O, also reacts with nitric oxide (NO) by near-diffusion limit

to produce peroxinitrite (ONOO™). ONOO™ is a strong radical itself and is decomposed into hydroxyl radical
(OH") also

reaction (Fig. 5). In the dopaminergic neu-
rons, almost all the iron exists as bound with
ferritin or NM, suggesting that NM may be
neuroprotective, by chelating iron and other
trace metals (Zecca et al., 2001b). Iron con-
tent in the substantia nigra increases by age-
ing but remained stable after the fourth decade
of age, but NM content increases further ac-
cording to ageing (Zecca et al., 2001a). In the
postmortem PD brain, increased iron content
was detected (Riederer et al., 1989) and re-
cent results using transcranial ultrasonogra-
phy revealed that in the substantia nigra of
parkinsonian patients, not only the iron con-
tent increased, but that of NM decreased
(Zecca et al., 2005). These results indicate
that in the dopaminergic neurons in PD, the
binding capacity of NM with iron was de-
creased and as a result, cytosolic free iron

increased to inhibit ubiquitin-26S proteasome
system, as shown in this paper (Gerlach et al.,
2003).

Recent proteomics studies indicate the
involvement of endosome-lysosome system
as a source of proteinacious components in
human NM (Tribl et al., 2005). This means
NM production is not only “passive” accu-
mulation of oxidative products, but some
enzymatic system is required for the forma-
tion of high molecular aggregates. It requires
further studies to elucidate whether the char-
acteristics of NM itself or its synthetic path-
way are changed in PD. The future studies on
the intracellular mechanisms underlying the
selective cell death by iron released from NM
may bring out new strategies to prevent or
rescue the decline in nigral dopamine neu-
rons in PD.
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Fig. 6. The possible mechanism of dopaminergic neuronal death in Parkinson’s disease. Iron released from NM
increases oxidative stress in the mitochondria, and inhibit 26S proteasome system in the cells. Impairment of 26S
proteasome increases accumulation of abnormal proteins to induce cell death
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Summary. Histopathological, biochemical
and in vivo brain imaging techniques, such as
magnetic resonance imaging and transcranial
sonography, revealed a consistent increase
of substantia nigra (SN) iron in Parkinson’s
disease (PD). Increased iron deposits in the
SN may have genetic and non-genetic causes.
There are several rare movement disorders as-
sociated with neurodegeneration, and genetic
abnormalities in iron regulation resulting
in iron deposition in the brain. Non-genetic
causes of increased SN iron may be the result
of a disturbed or open blood-brain-barrier,
local changes in the normal iron-regulatory
systems, intraneuronal transportation of iron
from iron-rich area into the SN and release of
iron from intracellular iron storage molecules.
Major iron stores are ferritin and haemo-
siderin in glial cells as well as neuromelanin
in neurons. Age- and disease dependent over-
load of iron storage proteins may result in
iron release upon reduction. Consequently, the
low molecular weight chelatable iron com-
plexes may trigger redox reactions leading to
damage of biomolecules. Additionally, upon
neurodegeneration there is strong microglial

activation which can be another source of
high iron concentrations in the brain.

Introduction

Iron is one of the most abundant metals in the
human body. It is essential for various brain
functions and it is involved in neuronal com-
munication. There is increasing evidence
that iron is involved in the mechanisms that
underlie many neurodegenerative diseases
(Gerlach et al., 1994; Zecca et al., 2004).
Biochemical, histopathological, and in vivo
brain imaging techniques, such as magnetic
resonance imaging and transcranial sonogra-
phy, revealed a consistent increase of substan-
tia nigra (SN) iron in Parkinson’s disease (PD)
(Riederer et al., 1985, 1988, 1989; Sofic et al.,
1988, 1991; Gerlach et al., 1994, 2005; Berg
etal., 2001; Gotz et al., 2004). While the cause
of the increased iron concentration in the de-
generating parkinsonian SN is unclear, the
interaction of this metal with cellular consti-
tuents, such as a-synuclein and neuromelanin,
appear to be important for the develop-
ment of the characteristic neuropathology
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characterising the disease and possibly,
oxidative-mediated neurodegeneration. Recent
work investigating the time course of dopa-
minergic cell death and iron accumulation in
animals models of PD (He et al., 2003) sug-
gest that these pathways may not represent
the initial trigger of the disease process but
may reflect as yet unidentified alterations in
iron homeostasis and represent secondary but
important mechanisms involved in the pro-
gressive nature of the disease. This paper will
review potential sources of increased SN iron
in PD.

Regulation of iron brain homeostasis

The ability of the brain to store a readily
bioavailable source of iron is essential for
normal neurological function because both
iron deficiency and iron excess in the brain
have serious neurological consequences. Iron
homeostasis in the brain is regulated by

e mechanisms for transport of iron into the
brain,

e mechanisms for transport of iron into neu-
rons and

e molecules involved in brain iron storage.

Transferrin, a bilobal glycoprotein of ap-
proximately 88 kDa with its two homologous
domains both containing one high-affinity
Fe(IlI)-binding site (Ponka, 1999) is the most
important iron transport protein in the human
brain. Most studies on transferrin within the
brain focus upon its role in iron uptake via the
transferrin receptor, although it is also in-
volved in intracellular iron processing and pos-
sibly in iron efflux (Aisen et al., 1999; Ponka,
1999). In addition, it has been suggested that
lactotransferrin (synonym lactoferrin) have a
role in the transport of iron into dopaminer-
gic neurons in the SN. Lactotransferrin is an
80kDa glycoprotein belonging to the trans-
ferring family with a transferrin-similar
structure (Anderson et al., 1989) that has
been localized in the human brain to neurons,
glial cells and microvasculature (Aisen and

Leibman, 1972). Lactotransferrin crosses the
blood—brain-barrier (BBB) in an iron satu-
rated and native form (Fillebeen et al., 1999a)
and is also synthesized within the brain
(Fillebeen et al., 1999b). Iron binds more
avidly to lactotransferrin than to transferrrin
(Birgens, 1991), and in contrast to trans-
ferrin, the binding of lactotransferrin to its
receptor is independent of its degree of iron
saturation (Davidson and Lonnerdal, 1989).
In addition, the lactotransferrin expression
is not regulated by intracellular iron (Yamada
et al., 1987). In this absence of intracellular
feedback the expression of the lactotrans-
ferrin receptor could become uncontrolled
(Faucheux et al., 1995).

The most important molecules involved
in brain iron storage are ferritin and neuro-
melanin (NM). Ferritin is a 450kDa protein
with 24 subunits forming a cavity which can
store up to 4500 atoms of iron (III). Ferritin-
bound iron is compartmentised within the
brain so that it cannot participate in redox
reactions and acts as a protective mecha-
nism against iron-induced oxidative damage
(Halliwell and Gutteridge, 1986). Ferritin is
highly expressed within the glial compart-
ment, predominantly in oligodendrocytes but
also in microglia and astrocytes (Connor et al.,
1994), while ferritin staining of neurons is
absent in both the young and aged brain
(Connor et al., 1990).

NM is a dark pigment produced in dopa-
minergic and noradrenergic neurons of the
human SN and locus coeruleus, respectively.
The loss of NM-containing dopaminergic
neurons and the resulting pallor of the SN
is one of the most striking features of PD
(Jellinger, 1989; Sian et al., 1999). A rela-
tionship between the loss of the dopami-
nergic SN cells and their NM content has
been reported (Hirsch et al., 1988), suggest-
ing a role of NM for neurodegeneration in
PD. The function of NM has yet to be estab-
lished, but it is considered as an endogenous
iron-binding molecule in pigmented neurons
(Double et al., 2000; Federow et al., 2005).



Potential sources of SN iron 135

It may therefore play a physiological role in
intraneuronal iron homeostasis.

At the post-transcriptional level cellular
iron uptake and storage are regulated by cyto-
plasmic factors, the iron-regulatory protein 1
and 2 (IRP-1 and IRP-2). When intracellular
iron levels fall, IRPs bind to iron-responsive
elements (IREs) in the 5'-untranslated region
of ferritin mRNA and the 3’-untranslated
region of the transferrin receptor mRNA,
inhibiting the translation of ferritin RNA to
decrease iron storage capacity and stimulates
the translation of the transferrin receptor
mRNA by stabilisation of the mRNA to up-
regulate iron uptake. When sufficient intra-
cellular iron is present the opposite situation
develops to down-regulate intracellular iron
levels (Thomson et al., 1999).

Potential sources of increased SN
iron in PD

Iron misregulation in the brain may have ge-
netic and non-genetic causes. There are sev-
eral rare movement disorders associated with
neurodegeneration, and genetic abnormalities
in iron regulation resulting in iron deposition
in the brain (Thomas and Jankovic, 2004).
For example, patients with neuroferritinopa-
thy suffer from parkinsonism and the iron
deposition in the basal ganglia is caused by
a mutation in the gene encoding the ferritin
light chain on chromosome 19q13.3. Non-
genetic causes of increased SN iron may be
the result of

e a disturbed or open BBB,

e local changes in the normal iron-regula-
tory systems,

e intraneuronal transportation of iron from
iron-rich area into the SN and

e release of iron from intracellular iron stor-
age molecules.

A disturbed or open BBB as a cause
of increased SN iron in PD

A potential source of increased iron is from
peripheral influx through a disturbed or open

BBB in the SN (Riederer, 2004). This has
been suggested from studies in rats, in which
the dopaminergic neurons were destroyed by
infusion of 6-hydroxydopamine (6-OHDA)
into the medial forebrain bundle and higher
iron concentrations were measured in SN
using both histochemical and neurochemical
methods (Oestreicher et al., 1994). Indeed,
recently a BBB dysfunction in the midbrain
of PD patients was demonstrated by using
radiolabelled verapamil hydrochloride and
positron emission tomography (Kortekaas
et al., 2005). Verapamil is a specific substrate
for the P-glycoprotein multidrug resistance
system in the cell membrane. P-glycoprotein
functions as an efflux pump, and verapamil
does not cross the BBB. Kortekaas et al.
(2005) found a high level of uptake of ve-
rapamil in the midbrain of patients with
PD but no uptake in age-matched healthy
controls. These data suggest a dysfunction
of the P-glycoprotein system in vulnerable
brain regions in PD, suggesting the BBB
might render the midbrain accessible to
serum iron.

Local changes in the normal
iron-regulatory system as a potential
cause for increased SN iron in PD

A change in the normal iron regulatory sys-
tems, such as a local increase in transferrin
receptor number could also result in an in-
crease in SN iron. Results from studies inves-
tigating the density and distribution of the
transferrin binding site in the midbrain in
post-mortem PD suggested that transferrin
receptor number, while increased in the cau-
date and putamen, are actually decreased
on the perikarya of melanised neurons in
the SN (Faucheux et al., 1995, 1997; Morris
et al., 1994). In the serum, transferrin (the
iron transport protein) levels were either un-
changed (Riederer et al., 1988) or even de-
creased (Logroscino et al., 1997). However, in
postmortem ventricular CSF transferrin levels
were lower (Riederer et al., 1988). In addition,
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serum ferritin concentrations are increased in
PD (Riederer et al., 1988). Further, serum iron
is reported to be either unchanged (Torsdottir
et al., 1999) or even appears to be decreased
in the parkinsonian patients compared with
controls (Riederer et al., 1988), even when
iron intake is equivalent (Torsdottir et al.,
1999). Such results point to a general change
in iron regulation in PD, which is not
restricted to the brain. In contrast, another
iron-binding glycoprotein, lactotransferrin, is
reported to be increased in surviving neurons
in the SN and ventral tegmental area in the
PD brain (Leveugle et al., 1996). The increase
in lactotransferrin is associated with increased
numbers of lactotransferrin receptors on
neurons and microvessels in the parkinsonian
SN (Faucheux et al., 1995). The observed in-
creases in this iron mobilization system could
represent one mechanism by which iron might
concentrate within the PD SN.

Intraneuronal transportation of iron
from iron-rich area into the SN
as a potential cause of increased SN
iron in PD

Another possibility for increased iron in PD
SN is that iron might be transported intra-
neuronally from iron-rich areas into the SN.
Many areas of the basal ganglia normally
contain high concentrations of iron (Hallgren
and Sourander, 1958): The globus pallidus
(21.30 mg iron/100 g fresh weight) contains
the highest concentration of iron in the brain
and is directly connected to the SN pars
compacta via afferent y-aminobutyric acid
(GABA) neurons. To date, however, there is
no known mechanism which would explain
the translocation of iron from one area of
the brain to another, although such a phe-
nomena has been demonstrated in the imma-
ture rat where the BBB, however, is not fully
developed (Dwork et al., 1990). In addition,
there is no evidence for decreased iron con-
centrations in such assumed iron-rich areas
in PD.

Release of iron from intracellular iron
storage molecules as a potential cause
of SN iron in PD

A fourth possibility is that the increased iron
levels might result from the redistribution of
intracellular iron. Early work attributed the
increased iron primarily to nigral glial cells
(Jellinger et al., 1990); glial cells are known
to store iron and the gliosis occurring in the
parkinsonian SN is associated with the de-
generating dopaminergic neurons (Jellinger
et al., 1990, 1992). The migration of iron-
containing activated microglia and macro-
phages into the degenerating SN represents a
normal immune response to the degenerative
process but could also pose another source of
increased reactive oxygen species production
in the SN. Significantly, the glial cells con-
tain ferritin, the major iron binding protein
within the brain. Ferritin has been found by
using a dissociation-enhanced lanthanide solid
phase two-site fluoroimmunoassay based on
the direct sandwich technique with polyclon-
al antibodies (DELFIA) to be significantly
increased in the SN but not in the putamen of
PD (Riederer et al., 1988). Indeed, an increase
in the number of ferritin-immunoreactive
microglia in the PD SN has been demonstrated
(Jellinger et al., 1990); the presence of an
abundance of these scavenger cells in the
degenerating brain region might be expected.
The logical consequence of the migration of
ferritin-expressing glial cells into the degener-
ating SN would be an increase in total ferritin
in this region. The concentration of ferritin in
the parkinsonian basal ganglia has been re-
ported to be slightly increased (Riederer et al.,
1989) or reduced (by between 25 to 53%;
Dexter et al., 1990) or unchanged when com-
pared with controls (Mann et al., 1994) de-
pending on the method of measurement and
quantification of L- and H-ferritin, respec-
tively, used. These latter findings are, how-
ever, surprising, given that intracellular iron
levels regulate ferritin levels; an increase in
intracellular iron would normally result in an
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up-regulation of ferritin expression, rather
than a decrease, suggesting that normal iron
regulatory systems are dysfunctional in PD.
The work of Connor et al. (1992, 1995) sup-
ports this hypothesis; this research group has
studied changes in iron regulatory systems in
both normal ageing and in disease in detail
and have reported changes in both PD and
Alzheimer’s disease (AD) which are at var-
iance with the changes occurring in normal
aging. This suggests that iron homeostasis
may be disrupted in both the AD and PD
brain, but the focus of these changes appears
to differ between the two diseases. AD is
characterised by a decrease in the iron mobili-
sation protein transferrin (Connor et al., 1992),
in contrast, PD is characterised by a decrease
in iron storage capacity. Normal ageing is
reported to be accompanied by an up-regula-
tion of ferritin expression for reasons that are
unknown; in PD this normal up-regulation
response appears to fail (Connor et al., 1995).

As discussed above at the post-transcrip-
tional level cellular iron uptake and storage
are regulated by IRP-1 and IRP-2. Of parti-
cular interest is the fact that the activation of
IRPs increases the cell’s potential to take up
iron (Meneghini, 1997). IRPs, predominantly
IRP-1, have been described in the human
brain (Hu and Connor, 1996), and changes in
IRP-2 are reported to be associated with the
pathological hallmarks of AD, suggesting that
changes in this iron regulatory system might
be linked to the disease process (Smith et al.,
1998). Possible changes in this system in PD
are yet to be investigated.

Iron can be released from ferritin by var-
ious exogenous and endogenous substances
via reductive mechanisms (Boyer et al., 1988;
Monteiro and Winterbourn, 1989; Lapenna
et al., 1995; Double et al., 1988). Of particu-
lar interest are mechanisms that might be
physiologically relevant. Glial cells produce
significant amounts of superoxide (*O,~) and
also nitric oxide (NO") from L-arginine, and
both of these free radicals are reported
to release iron from ferritin stores (Biemond

et al., 1984; Rief and Simmons, 1990; Youdim
et al., 1993; Yoshida et al., 1995). We have
further demonstrated that a variety of cate-
chol-based substances, including the dopami-
nergic neurotoxin 6-OHDA, can release iron
from ferritin in vitro (Double et al., 1998).
The release of ferritin-bound iron by 6-OHDA
is associated with lipid peroxidation, a re-
sponse abolished by the addition of an iron
chelator; thus we have suggested that this
release is important for 6-OHDA toxicity.
Interestingly, we showed that the native neu-
rotransmitter dopamine is also capable of
releasing iron from ferritin, although whether
this release is elicited by dopamine itself
or after its oxidation to 6-OHDA is unclear.
Comparative studies demonstrated that the
release of ferritin-bound iron is dependent
upon the substance containing an ortho-
dihydroxyphenyl structure and upon the redox
potential of the substance (Double et al.,
1998). Such in vitro work is of interest as
significant amounts of 6-OHDA can be formed
in vitro from the oxidation of dopamine by
H,0O, (Napolitano et al., 1995), and it has
been suggested that 6-OHDA can also be
formed in vivo under conditions of oxidative
stress and may contribute to degeneration in
PD (Jellinger et al., 1995; Linert et al., 1996).
Certainly ‘“6-OHDA-like substances™ have
been identified in the urine of PD patients
(Andrew et al., 1993).

As discussed above, however, ferritin is
located mainly in the glial compartment in
the brain; neurons mostly do not stain posi-
tive for ferritin (Connor et al., 1990). As free
radicals are highly reactive, it is unlikely that
glial-derived free radicals diffuse across the
intracellular space in sufficient quantities to
damage neuronal constituents. If intracellular
iron release contributes to neuronal damage it
seems more probable that an intraneuronal iron
source is responsible for oxidant-mediated
damage. Such an iron source is the intraneu-
ronal pigment NM.

The function of NM has yet to be estab-
lished, but it is considered as an endogenous
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iron-binding molecule in pigmented neurons
(Double et al., 2000; Federow et al., 2005). It
may therefore play a physiological role in
intraneuronal iron homeostasis. Support for
this theory comes from changes in NM in
the PD brain where significantly less iron is
bound to NM than that seen in the normal
brain (Lopiano et al., 1999). This suggests
that changes in iron-binding to NM result
in increased levels of intraneuronal free iron
and the subsequent cell damage observed
in PD.

Isolated human NM consists of 2.8% iron
as estimated by Mossbauer spectroscopy
(Gerlach et al., 1995), while the concen-
tration of iron(IIl) in the SN has been esti-
mated using electron paramagnetic resonance
at 6780ng iron/mg intact SN tissue or
11300 ng iron/mg isolated NM (Shima et al.,
1997). This measurement is in agreement
with the estimate of 9700ng iron/mg iso-
lated NM using total reflection X-ray fluo-
rescence (Zecca and Swartz, 1993). Iron
binding studies using NM isolated from the
human SN demonstrated that NM contains
high (K4=7.18£1.08nM) and low-affinity
binding sites (Kyq=94.31+6.55nM) for
iron(IIT) (Double et al., 2003). Our recent data
demonstrates that a purely iron(Ill) signal
can be measured from intact frozen SN tissue
using Mossbauer spectroscopy (Double et al.,
2003). These data support reports that iron
is directly bound to NM granules in the SN
(Good et al., 1992; Jellinger et al., 1992;
Zecca et al., 1996) and that this signal is in-
creased in PD (Kienzl et al., 1995).

The interaction of iron with NM is of in-
terest because the behaviour of NM changes
in the presence of iron; instead of inactivat-
ing free radicals, it begins to act as an effec-
tive pro-oxidant. It is unclear whether iron
bound to NM can contribute to free radical-
producing mechanisms or whether the pre-
sence of NM within the dopaminergic cells
represents a pool of iron which, under certain
circumstances, can be released to interact in
free radical-producing pathways. Neverthe-

less such mechanisms are of interest as they
represent an intraneuronal source of free rad-
icals that could increase the oxidative load
within the vulnerable dopaminergic neurons.
While the physiological relevance of these
proposed mechanisms is unclear we have
demonstrated the functional consequences of
NM'’s influence on the cell and its modulation
by iron in vitro (Double et al., 1999). In the
absence of iron, isolated human NM sig-
nificantly decreased membranal damage in
rat cortical homogenates in vitro as measured
by lipid peroxidation. Further when NM was
added together with iron the amount of lipid
peroxidation measured was significantly less
than that induced by iron alone. These results
support the hypothesis that NM has antioxi-
dant properties and can protect the cell from
radical-induced damage. It is possible that
NM may serve a similar function in binding
iron in neurons, as does ferritin in the glia,
thus representing an as yet unrecognised
mechanism by which the cell can protect
itself against oxidative damage. In contrast,
when iron-saturated NM was added to the
membrane homogenate, cell damage was sig-
nificantly increased to 264% of that induced
by NM alone; this damage was significantly
attenuated by the addition of the iron chelator
desferoxamine (Double et al., 1999). These
results support the hypothesis that NM can
have a protective influence on the cell, but
can be detrimental when iron levels rise
above a certain level.

Increased iron deposits in the SN may
also result from heme oxygenase-1, a 32kDa
stress protein that degrades heme to biliverdin,
free iron, and carbon monoxide (Schipper,
2004). In the normal mammalian brain heme
oxygenase-1 mRNA and protein are confined
to small populations of scattered neurons and
glia. An increased heme oxygenase-1 stain-
ing was found in astrocytes and Lewy bodies
in SN of patients with PD (Schipper, 2000).
The cause for heme oxygenase-1 overexpres-
sion is unknown. It has been demonstrated
that pro-oxidant effects of dopamine, hydro-
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gen peroxide and proinflammatory cytokines
stimulate the expression of heme oxygenase-1
(Schipper, 2004). Therefore, it was suggested
that glial heme oxygenase-1 induction is a
final common pathway leading to pathologi-
cal iron sequestration and mitochondrial dis-
turbances in neurodegenerative disorders.

Conclusion

Increased iron deposits in the SN in PD may
have several reasons that may reside in distur-
bances of iron uptake, storage and transport
as neurodegeneration progresses. Major iron
stores are ferritin and haemosiderin in glial
cells as well as NM in dopaminergic neurons.
Age- and disease dependent overload of iron
storage proteins may result in iron release
upon reduction. Consequently, the low molec-
ular weight chelatable iron complexes may
trigger redox reactions leading to damage of
biomolecules. Additionally, upon neurodegen-
eration there is strong microglial activation
which can be another source of high iron con-
centrations in the brain. Although the current
evidence suggests that increased brain iron
may be a secondary result of neuronal degen-
eration in PD, the question of whether iron-
associated degenerative pathways are a signif-
icant factor driving progressive neuronal death
is yet to be definitively answered (Youdim
et al., 1989; Riederer, 2004).
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Iron and Friedreich ataxia
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Summary. Friedreich ataxia is due to in-
sufficient levels of frataxin, a mitochondrial
iron chaperone that shields this metal from
reactive oxygen species (ROS) and renders
it bioavailable as Fe II. Frataxin partici-
pates in the synthesis of iron—sulfur clusters
(ISCs), cofactors of several enzymes, includ-
ing mitochondrial and cytosolic aconitase,
complexes I, II and III of the respiratory
chain, and ferrochelatase. It also plays a role
in the maintenance of ISCs, in particular for
mitochondrial aconitase. A role of frataxin in
heme synthesis has been postulated, but is
controversial. Insufficient frataxin leads to
deficit of ISC enzymes and energy deficit.
Iron levels increase in mitochondria. Oxida-
tive stress may result from respiratory chain
dysfunction and from direct reaction between
iron and ROS. Stress pathways are activated
that may lead to apoptosis or other forms of
cell death. The basis for the selective vulner-
ability of specific neurons, like sensory neu-
rons, is still unknown.

Introduction

Friedreich’s ataxia (FA) is an autosomal re-
cessive disease characterized by progressive
neurological disability, cardiomyopathy, and
increased risk of diabetes mellitus (Pandolfo,
2003). The disease, which currently has no
treatment, affects roughly 1 in 50,000 people.
The first symptoms usually appear in child-
hood, but age of onset may vary from infancy

to adulthood. Atrophy of sensory and cere-
bellar pathways causes ataxia, dysarthria,
fixation instability, deep sensory loss and loss
of tendon reflexes. Corticospinal degenera-
tion leads to muscular weakness and extensor
plantar responses. A hypertrophic cardio-
myopathy may contribute to disability and
cause premature death. Kyphoscoliosis and
pes cavus are common.

The FA gene (FRDA) encodes a small
mitochondrial matrix protein, frataxin, that is
highly conserved in evolution. FA is caused
by a so far unique mutation mechanism: the
expansion of an intronic GAA triplet repeat
sequence. Most patients are homozygous for
expanded GAA repeats, rare patients are
heterozygous for an expanded repeat and a
point mutation affecting the frataxin coding
sequence. In all cases, FA patients have a
profound but not complete frataxin defi-
ciency, with a small residual amount of nor-
mal protein (Campuzano, 1996).

Most of our initial knowledge about
the functional role of frataxin came from
the investigation of yeast cells in which the
frataxin homolog gene (YFH1) was deleted
(Babcock, 1997). A mouse model of FA was
difficult to generate because complete loss
of frataxin causes early embryonic lethality.
Viable mouse models have been so far ob-
tained only through a conditional gene target-
ing approach (Puccio, 2001).

These investigation have unequivocally
revealed that frataxin deficiency leads to loss
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of function of Fe—S center containing en-
zymes (in particular respiratory complexes
I, II and III, and aconitase), excessive free
radical production in mitochondria and pro-
gressive iron accumulation in these organ-
elles. Ongoing biochemical and structural
studies are aimed to understand the specific
function of the protein.

Frataxin function and pathogenesis

Knock-out of the yeast frataxin homolog
gene (YFH1) has provided the first informa-
tion on frataxin function (Babcock, 1997).
Most YFHI1 knock-out yeast strains, called
AYFHI, lose the ability to carry out oxidative
phosphorylation, cannot grow on non-fer-
mentable substrates, and lose mitochondrial
DNA. In AYFH]I, iron accumulates in mito-
chondria, more then 10-fold in excess of wild
type yeast, at the expense of cytosolic iron.
Loss of respiratory competence requires the
presence of iron in the culture medium, and
occurs more rapidly as iron concentration in
the medium is increased, suggesting that per-
manent mitochondrial damage is the conse-
quence of iron toxicity. Iron in mitochondria
can react with reactive oxygen species (ROS)
that form in these organelles. Even in normal
mitochondria, a few electrons prematurely
leak from the respiratory chain, mostly from
reduced ubiquinone (or probably its semi-
quinone form), directly reducing molecular
oxygen to superoxide (O, ). Mitochondrial
Mn-dependent superoxide dismutase (SOD,)
generates hydrogen peroxide (H,O,) from
O,", then glutathione peroxidase oxidizes
glutathione to transforms H,O, into H,O.
Iron may intervene in this process and
generate the hydroxyl radical (OH®) through
the Fenton reaction (Fe(Il) +H,0, —
Fe(III) + OH®* + OH™). OH* is highly toxic
and causes lipid peroxidation, protein and
nucleic acid damage. Occurrence of the
Fenton reaction in 4YFH1 yeast cells is sug-
gested by their highly enhanced sensitivity to
H,0O, (Babcock, 1997).

Disruption of frataxin causes a general
dysregulation of iron metabolism in yeast
cells. Because iron is trapped in the mito-
chondrial fraction, a relative deficit in cyto-
solic iron results, causing a marked induction
(10- to 50-fold) of the high-affinity iron
transport system of the cell membrane, nor-
mally not expressed in yeast cells that are
iron replete. As a consequence, iron crosses
the plasma membrane in large amounts and
further accumulates in mitochondria, enga-
ging the cell in a vicious cycle.

The reason why AYFH] cells accumulate
iron in the mitochondrial fraction may in
principle involve increased iron uptake, al-
tered utilization or decreased export from
these organelles. Experiments involving in-
duction of frataxin expression from a plasmid
transformed into AYFH1 yeast cells indicate
that the protein stimulates a flux of non-heme
iron out of mitochondria.

Several mitochondrial enzymes are known
to be impaired in AYFH] yeast cells, in par-
ticular respiratory chain complexes I, II,
and III and aconitase (Rotig, 1997). These
enzymes all contain iron—sulfur clusters
(ISCs) in their active sites. ISCs are synthe-
sized in mitochondria and are highly sensi-
tive to free radicals. Remarkably, all defects
in ISC synthetic enzymes in yeast lead to
mitochondrial iron accumulation, apparently
due to defective iron export out of mitochon-
dria, as it occurs in AYFHI. Recent data
point to a direct involvement of frataxin in
ISC synthesis. Frataxin appears not to be
essential, but to strongly stimulate an early
step of ISC synthesis. It appears to interact
with the scaffold protein Isul, where the first
ISC assembly takes place (Stehling, 2004).
Therefore, the following pathogenic cascade
may be proposed: 1) frataxin deficiency pri-
marily impairs ISC synthesis; 2) reduced
ISC synthesis leads to inhibited iron export
and mitochondrial iron accumulation; 3) iron
generates free radicals that cause further
damage to ISCs and decrease the enzymatic
activities of ISC-containing proteins (ISPs);
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4) decreased activities of several repiratory
complexes (I, II, III) and of Krebs cycle
enzymes lead to a further increase free radi-
cal production and the establishment of a
vicious cycle.

It has been proposed that frataxin stimu-
lates ISC synthesis because it is an iron cha-
perone. In the mitochondrial environment,
frataxin would deliver iron to biosynthetic
enzyme complexes and protects it from free
radical attack. When mitochondrial iron is
high, frataxin would also be able to detoxify
and store the metal in a redox inactive form
(O’Neill, 2005).

Several observations support the hypoth-
esis that the above findings in experimental
models have their counterpart in the human
disease and are therefore relevant for its
pathogenesis. Altered iron metabolism, free
radical damage, and mitochondrial dysfunc-
tion all occur in FA (reviewed in Babcock
et al., 1997).

Involvement of iron in FA was suggested
twenty years ago by the finding of deposits
of this metal in myocardial cells from FA
patients. Iron accumulation has also been
reported in the dentate nucleus and in the
mitochondrial fraction from cultured fibro-
blasts has been reported. A general ab-
normality of iron metabolism may also be
occurring in FA patients, as suggested by

Mitochondrial iron T

}

Activation of stress
pathways

Apoptosis, cell loss

the high level of circulating transferrin recep-
tor, the principal carrier of iron into human
cells, which may reflect a relative cytosolic
iron deficit as observed in the yeast model.

Oxidative stress has been demonstrated
in FA cells and patients (Pandolfo, 2003;
Calabrese, 2005). In particular, patients with
FA have increased plasma levels of malon-
dialdheyde, a lipid peroxidation product as
well as increased urinary 8-hydroxy-2'-
deoxyguanosine (80H2'dG), a marker of
oxidative DNA damage (Pandolfo, 2003).
Patients’ fibroblasts are sensitive to low doses
of H,0,, that induce cell shrinkage, nuclear
condensation and apoptotic cell death at
lower doses than in control fibroblasts.
Increased free radical production was di-
rectly shown in mouse P19 embryonic carci-
noma cells with reduced levels of frataxin,
adversely affecting their neuronal differentia-
tion and increasing apoptosis, an observation
that may have implication for the human dis-
ease (Santos, 2001).

Mitochondrial dysfunction has been prov-
en to occur in vivo in Friedreich ataxia
patients. Phosphorus-MRS analysis of skele-
tal muscle and heart shows a reduced rate of
ATP synthesis (Lodi, 1999). Biochemically,
the same multiple ISP enzyme dysfunctions
found in AYFHI yeast are found in affected
tissues from FA patient (Puccio, 2001).

Frataxin deficiency

Impaired ISC synthesis in mitochondria

N

Multiple ISP deficiency

Increased mitochondrial free radicals

Mitochondrial dysfunction

T~

Energy deprivation

Axonal atrophy, dying back neuropathy

Fig. 1. Hypothesis for the molecular pathogenes