
What Is the Most Important and Impactful Paper Related to
Movement Disorder Therapy Published in the 20th Century?

Cotzias GC, Van Woert MH, Schiffer LM. Aromatic amino acids and modification of parkinsonism. N Engl J Med 1967;276:374–379.

Without any hesitation, my vote for the most important and
impactful paper related to the treatment of movement disorders
and published in the 20th Century is the one by George
C. Cotzias and his colleagues,1 reporting on the dramatic effec-
tiveness of high dosage DL-dopa in treating Parkinsonʼs disease
(PD). This was published in the February 16, 1967, issue of
The New England Journal of Medicine. I’d add Cotzias’ compan-
ion paper published 2 years later (February 13, 1969), showing
that the benefit from DL-dopa is solely due to the levorotatory
isomer, levodopa.2 In between these two publications, Cotzias
delivered an oral presentation at an international symposium in
September 1967 in Montreal organized by André Barbeau, in
which Cotzias showed movies of the dramatic improvement in
his patients by both DL- and L-dopa.3 This presentation likely
spurred many clinical investigators sitting in the audience to
embark on their own investigations of L-dopa because there
was a spate of publications that appeared shortly after Cotzias’
February 1969 paper on high dosage levodopa.2 All these sub-
sequent publications4–15 corroborated Cotzias’ findings. Melvin
Yahr and colleagues4 published the first of these papers, a
double-blind clinical trial of levodopa appearing in October
1969. All the rest were open-label studies, except for the paper
by Nakano and Tyler.14

The work by Cotzias and his colleagues was immediately
and widely recognized to be a new revolutionary treatment for
PD. The Lasker Foundation named Cotzias as the recipient of
its 1969 award for Clinical Medical Research.16 Levodopa was
approved for the treatment of PD by the U.S. Food and Drug
Administration in 1970.17 Interestingly, Cotzias revealed16 that
his 1967 DL-dopa paper had been initially rejected by promi-
nent journals before being accepted by The New England Journal
of Medicine. Cotzias suspected the rejections were because his
dramatic beneficial results were difficult to be believed by the
reviewers and editors of these other (unnamed) journals.

What about the outstanding contributions by others that
provided laboratory and some clinical evidence for a role of
levodopa in the treatment of PD (see review by Fahn18)? Let
us start with the pioneering, Nobel prize-winning work of
Arvid Carlsson in Sweden who showed that a deficiency of a
brain catecholamine was responsible for reserpine-induced par-
kinsonism in animal models (mice and rabbits), and that DL-
dopa can reverse this parkinsonian state,19,20 as illustrated in

Figure 1.21 Carlsson showed that dopamine is present in the
brain and that reserpine depletes the dopamine, which is
restored by DL-dopa administration.20 Graduate students22 in
Carlsson’s lab, as well as the neurologist Isamu Sano23 in Japan
showed in regional distribution studies that dopamine is highly
localized in the striatum in the brain. Based on all these investi-
gations, Carlsson proposed that brain dopamine was somehow
related to parkinsonism.24 Despite all this magnificent work in
establishing a role for dopamine in brain function and implicat-
ing its role in PD, Carlsson’s work appeared to have no influ-
ence on the subsequent clinical work of Cotzias, who never
even cited any of Carlsson’s publications in the DL- and L-
dopa clinical trials.1,2 Carlsson’s treatment of reserpine-induced
parkinsonism in animals19 was instrumental in initiating trials of
L-dopa in drug-induced parkinsonian patients by Rudolf
Degkwitz and his colleagues.25 As I will describe later, Cotzias’
goal with DL-dopa administration was not to restore brain
dopamine with DL-dopa but to restore neuromelanin in the
substantia nigra.1

FIG. 1. Rabbits that became immobile (akinetic) after being
reserpinized (upper panel) and then were restored to good
mobility after being treated with L-dopa (lower panel) in an
experiment by Carlsson, Lindqvist and Magnusson19 who
showed that it was L-dopa, and not L-5-HTP, that could
reverse reserpine’s parkinsonian effect. Figure from
Carlsson’s Nobel Lecture.21 Permission had been granted by
Arvid Carlsson for future use of this figure.
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Let us next consider the huge contributions by Oleh Hor-
nykiewicz and his colleagues in Austria. In his own words26

Hornykiewicz described the influencing events that led him to
measure dopamine levels in parkinsonian brains.27 First were
Carlsson’s discoveries that dopamine is in the brain, it is
depleted by reserpine, and that DL-dopa can both restore the
brain dopamine and reverse reserpine-induced parkinson-
ism.19,20 Second, and perhaps of more importance to
Hornykiewicz,26 were the reports that dopamine was highly
selectively localized in the neostriatum,22,23 a region known to
be involved in extrapyramidal diseases. Hornykiewicz therefore
decided to study regional brain dopamine concentrations in
patients with a variety of extrapyramidal diseases. He
proceeded to collect autopsied brains of 17 neurologically-
normal adults, 2 fetuses, and 14 brains of movement disorder
cases; the latter group consisted of four with postencephalitic
parkinsonism, two with PD, two with Huntingtonʼs disease,
and six of an unknown cause. He measured the level of dopa-
mine and norepinephrine in different brain regions, finding a
marked depletion in striatal dopamine in only the six parkinso-
nian brains.27 Next, using a more sensitive analytical method-
ology, Hornykiewicz showed that dopamine was also severely
reduced in the substantia nigra in PD brains.28 In 1966, Hor-
nykiewicz published a review on dopamine’s function in the
brain and its relationship to PD. He concluded that striatal
dopamine deficiency correlates with the parkinsonian motor
features of rigidity and akinesia.29 With additional postmortem
correlations of brain biochemistry and pathology, Hor-
nykiewicz and his colleagues concluded that because of com-
pensatory changes, such as supersensitivity of dopamine
receptors and increased dopamine turnover, PD symptoms are
manifested only when there is about an 80% reduction of
dopamine concentration in the putamen or a loss of 60% of
nigral dopaminergic neurons.30

Actually, Hornykiewicz was not the first person to demon-
strate dopamine deficiency in the brains of people with PD
(published in December 196027). Isamu Sano, a neurologist in
Japan, reported dopamine deficiency in a single patient with
PD at a neuropathology meeting earlier that year.31 The publi-
cation in Japanese of Sano’s presentation of that work was of
limited circulation and was not widely picked up by other sci-
entists. Sano conceived of the idea of overcoming the dopa-
mine deficiency by administering dopa to PD patients. He
injected 200 mg of DL-dopa intravenously into some patients
with PD and found transient relief of rigidity and tremor. But
the benefit lasted only a few minutes, and Sano concluded that
this treatment was of no practical value.31

Hornykiewicz, similarly, after finding dopamine deficiency
in parkinsonian brains,27 immediately conceived of the idea to
treat parkinsonian patients with L-dopa.26 Contributing his
own personal small supply of L-dopa, Hornykiewicz persuaded
the neurologist, Walther Birkmayer, to inject L-dopa intrave-
nously into his patients with PD and postencephalitic parkin-
sonism. Following the procedure of Degkwitz,25 Birkmayer

and Hornykiewicz began the injections in July 1961. They
injected a total of 20 patients, and reported striking, transient
benefit in mobility of their patients,32 with the greatest
response in the postencephalitic patients. Benefit was enhanced
if an oral monoamine oxidase (MAO) inhibitor was also given.
Their collaboration lasted 5 years, testing many more patients
and also testing oral doses of dopa. Dosing was limited by
adverse effects of nausea and vomiting. By 1964, Birkmayer
and Hornykiewicz had treated 200 parkinsonism patients with
L-dopa 25 mg i.v. (along with an oral MAO inhibitor) once or
twice a week; 20% showed a general improvement of reduced
akinesia, 30% had no improvement, and the other 50% had
some improvement in speech or posture.33

While European investigators (Degkwitz in drug-induced
parkinsonism and Birkmayer in PD) were testing small doses of
i.v. dopa, Patrick McGeer, a pharmacologist in Vancouver,
teamed up with neurologists to test high dosage oral DL-dopa.
First, McGeer and his colleagues34 tested patients with drug-
induced parkinsonism (4 from reserpine, 18 from phenothia-
zines). They administered D,L-dopa (4 to 32 g/day) orally and
found mild improvement in two of the reserpine group and
none in the phenothiazine group. Diphenhydramine 400 to
600 mg/d was also tested and was found to be beneficial in all
11 patients studied.34 Despite this disappointing result, McGeer
and Zeldowicz subsequently tested high dosage oral DL-dopa
in six patients with PD and three with postencephalitic parkin-
sonism.35 They built the oral dose up gradually until 5 gm/d
of DL-dopa was reached. They treated 10 patients (six PD,
three postencephalitic, and one arteriosclerotic) for several days.
Two showed some benefit. The authors concluded in 1964
that dopa has little to offer as a therapeutic agent in the treat-
ment of parkinsonism.

Hornykiewicz, himself, at a symposium in 1965, concluded
that the role of L-dopa in the treatment of PD is unsettled
because of its side effects.36 Roger Duvoisin in New York, in
his review on the therapy of PD in 1965, also did not place
much therapeutic value to levodopa.37

Did the contributions by Hornykiewicz, Birkmayer or
McGeer influence Cotzias to evaluate DL- or L-dopa in PD?
The answer is “no.” In Cotzias’ 1967 DL-dopa paper,1 he cites
Hornykiewicz’s report of brain dopamine depletion and won-
ders if that finding is related to the loss of neuromelanin in
PD. Cotzias also cites the clinical results of Birkmayer and
Hornykiewicz and those of McGeer and colleagues and points
out that their results disagree with each other. So, why did
Cotzias administer high dosage DL-dopa? Cotzias had a
hypothesis that PD is due to a loss of neuromelanin in the sub-
stantia nigra,38,39 and if this pigment can be increased, perhaps
this would ameliorate the symptoms of PD. The first drug
Cotzias tested was not DL-dopa but melanocyte-stimulating
hormone.1 Instead of improving the patients, however, this
agent worsened their Parkinson condition. Cotzias speculated
that the resulting stimulation of skin melanocytes may have
diverted the supply of dopa from brain to skin. Cotzias next
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tested DL-dopa because dopa is a precursor to neuromelanin.
Cotzias knew that L-dopa would be the active agent, but this
amino acid would be enormously expensive, and therefore
DL-dopa was used. The dramatic results were mentioned
above. After observing the benefits from DL-dopa, Cotzias
substituted DL-phenylalanine for it because phenylalanine is a
precursor of dopa, and this amino acid was also expected to
provide benefit. However, the administration of phenylalanine
resulted in an aggravation of PD. Today, we could interpret
this result as providing a large amino acid that would compete
against tyrosine for uptake into the brain via the active trans-
port system. Tyrosine is the immediate direct precursor to
dopa. In the discussion of the results, Cotzias did not fully
accept the explanation that restoration of brain dopamine is
the mechanism for the benefit provided by DL-dopa, but he
did not exclude this possibility either.

Cotzias attributed his successful result with DL-dopa, in
contrast to those of McGeer and others, to his ability to build
up the dosage of DL-dopa slowly over months by having his
patients remain in a government research hospital, thereby
avoiding the gastrointestinal side effects that occurs with a rapid
increase in the dosage of dopa.

The impact of Cotzias’ success with high dosage DL- and
L-dopa to treat PD and other forms of parkinsonism goes far
beyond helping the people with parkinsonism. True, after
more than 50 years of levodopa being commercially available
for treating parkinsonism, levodopa remains the “gold stan-
dard” of therapy for the motor features of PD.40 The introduc-
tion of levodopa cut the 3-fold elevated mortality rate in half
for people with PD,41 although with long-term usage of levo-
dopa, the mortality rate has climbed back up somewhat.42

Beyond the importance of levodopa as a therapy for patients,
the presence of levodopa therapy attracted more clinicians and
scientists to join the study of dopamine in the nervous system.
Further investigations have led to a more comprehensive
understanding of brain physiology and function. They led to a
realization of the role of dopamine in psychiatric conditions,
addiction, and reward behavior. In neurology, dopamine was
found to play a role not just in parkinsonism but also in hyper-
kinetic disorders such as dystonia, tardive dyskinesia, and cho-
rea. The utilization of high-dosage levodopa therapy was a key
factor in the development of the subspecialty of movement
disorders, leading to the founding of The Movement Disorder
Society.
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