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Abstract
Parkinsonism caused by MPTP exposure was first identified in intravenous drug users. The
neurotoxicant has since been used extensively in nonhuman primates to induce an experimental
model of Parkinson’s disease. We examined the intraoperative physiology and the efficacy of
subthalamic nucleus deep brain stimulation (DBS) in 1 of only 4 known living humans with
MPTP-induced parkinsonism. The physiologic recordings were consistent with recordings from
MPTP-treated primates and humans with Parkinson’s disease, thus further validating the MPTP
model for the study of the neurophysiology of the nigrostriatal dopaminergic deficit in Parkinson’s
disease. Furthermore, DBS offered significant clinical improvement in this patient similar to that
seen in idiopathic Parkinson’s disease. This unique case has important implications for
translational research that employs the MPTP-primate model for symptomatic therapy in
Parkinson’s disease.
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Parkinsonism caused by 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) exposure
was first identified in intravenous drug users in 1983.5 Although exposure was time-limited,
long-term follow up has shown that the parkinsonian syndrome is permanent and in some
cases progresses. Moreover, positron emission tomographic imaging has demonstrated a loss
of fluorodopa uptake similar to that seen in Parkinson’s disease (PD).13 The discovery that
exposure to a relatively simple molecule induced so many of the motor features of PD has
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stimulated new directions for research, ranging from epidemiologic studies on the cause, to
in vitro tools for the study of mechanisms of neurodegeneration. However, one of the most
important applications of this discovery was the development of an animal model for PD.

The MPTP-induced parkinsonian primate model has been particularly useful for
investigating pharmacologic therapies as well as side-effects of treatment, such as
dyskinesias.3,4 The primate model has also been used for the study of cell replacement
therapies, including both fetal cells and embryonic stem cells. It has also proved invaluable
in elucidating much of our current knowledge of basal ganglia circuitry and the therapeutic
value of manipulating its output through deep brain stimulation (DBS) as a treatment for the
idiopathic disease.14 However, the direct testing of this model for expected
electrophysiology changes in basal ganglia firing patterns caused by MPTP in humans has
been lacking.

We now report the benefit of DBS in one of the original individuals with MPTP-induced
parkinsonism. This is the first time DBS has been used to treat MPTP-induced parkinsonism
in a human, and it has provided a unique opportunity to compare subthalamic nucleus (STN)
physiology in human MPTP-induced parkinsonism with that seen in idiopathic PD and in
non-human primates with MPTP-induced parkinsonism. Our results have important
implications for validity of this widely used model of basal ganglia dysfunction due to a
failing nigrostriatal system.

Case History
In 1982, when 24 years old, this man developed tremor and parkinsonism over a three day
period after intravenous self-administration of what he thought to a form of “synthetic
heroin.” This drug was eventually found to be composed of a chemical mixture containing
MPTP, generated as an inadvertent by-product of illicit narcotic synthesis.5 His motor
function improved dramatically with levodopa therapy. However, over time, he developed
disabling wearing-off, freezing, dyskinesias, and severe tremor.

His medical history was otherwise notable for polysubstance abuse (including alcohol,
heroin, marijuana, and cocaine), hepatitis C, and a long history of antisocial behavior that
resulted in incarceration at state detention centers beginning in his teenage years. He
developed auditory hallucinations about 1 year after beginning treatment with levodopa
which were controlled with atypical antipsychotic medications.

Prior to surgery, he estimated that he spent about half the day with significant tremor
involving upper extremities that interfered with eating and spent about 25% of the day in the
“off state.” He experienced falls about once daily because of freezing of gait. Moreover, he
experienced hallucinations and had assaulted a number of individuals in his facility likely
secondary to paranoia. The preoperative medications were carbidopa/levodopa 10/100 seven
daily, clozapine 175 mg daily, pramipexole 0.5 mg three times daily, benztropine 2 mg
twice daily, tolterodine 2 mg twice daily, quitiapine 50 mg twice daily, and trazodone 200
mg daily.

Methods
The patient underwent careful assessments 1 month preoperatively and at 8, 15, and 40
months postoperatively using the Unified Parkinson’s disease Rating Scale, Part III (UPDRS
III)12 and the stand-walk-sit test.9 On October 28, 2003 date, he underwent placement of
bilateral STN DBS (Medtronic model 3387 lead) using single unit microelectrode recording
to confirm location. Neuronal firing patterns were analyzed according to methods described
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elsewhere in detail.10 Electrode location was determined by postoperative MRI, performed
in accordance with guidelines issued by the device manufacturer.

For all postoperative evaluations, the evaluator was blinded as to the medication and
stimulator state. The practically defined “off-medication” state consisted of the patient
refraining from dopaminergic medication for 12 hours prior to evaluation. The practically
defined “on-medication” state was defined as the state of the patient 1 hour after taking the
usual first dopaminergic doses of the day. Both stimulators were turned off for 1 hour prior
to the evaluation of the off-stimulator state. The “on-stimulator” state was defined as both
stimulators being on for at least 1 hour. Simulator settings were as follows: left side contact
1 negative/case positive, 2 V, pulse width 60 µs and 185 Hz; right side contact 1 negative/
case positive, 2 V, pulse width 60 µs and 185 Hz. These settings remained unchanged
throughout the 2 1/2 years of follow-up. Neuropsychological evaluations were performed in
the on-medication state 1 month preoperatively and in the on-medication/on-stimulator state
10 months postoperatively.

Results
Intra-operatively, many STN neuronal action potentials were recorded, but only five were
amenable to formal analysis based on the presence of a well isolated single unit recorded
continuously for at least 20 seconds. These cells (Figure 1) demonstrated a mean firing
frequency of 76 +/− 27 Hz (SD) and oscillatory firing patterns (significant spectral peaks at
~4 Hz and/or ~20 Hz in 4/5 cells) similar to that seen in idiopathic PD and in parkinsonian
non-human primates.1 All five neurons had mean firing frequencies greater than 50 spikes/
sec, which is above the 99% confidence interval for normative STN firing rates based on
published data from non-human primates.1 Published data also indicate that oscillatory
firing patterns are rare in the normal primate STN (found in 3.8% of cells1). Therefore, it is
very unlikely that 4 out of five cells picked at random from a population of normal STN
neurons would have oscillatory activity (P<0.00001; Chi-square test). Post-operative MRI
demonstrated that the leads were appropriately located with the active contacts at left lateral
10.5, AP-3.4, vert −3.8 and right lateral 12.1, AP - 0.7, vert −2.8, with respect to the mid-
commissural point (Figure 2).

The patient tolerated the surgical procedure without incident. When evaluated after
activation of the DBS, the patient reported a substantial reduction in the daily percentage of
“off” time from 25% preoperatively to 0% per day postoperatively; this benefit persisted
throughout the 40 months of observation. In addition, activation of the DBS allowed
reduction in medications: levodopa was reduced from 700 mg to 400 mg daily; clozapine
was reduced from 175 mg to 75 mg daily; while pramipexole (0.5 mg 3 times daily) and
benztropine (2 mg twice daily), and quetiapine (50 mg twice daily) were discontinued
altogether. At the 40 month visit, he continued to report stable motor benefit and denied any
recent hallucinations.

Formal postoperative evaluations also showed improvement (Table 1). When evaluated 40
months after surgery, there was a 72% reduction in the UPDRS III score (lower scores
reflect milder parkinsonsism) comparing the practically defined off-medication score
preoperatively with the postoperative off-medication/on-stimulation score. There was also a
55% reduction in the on-medication score, comparing the preoperative on-medication score
with the on-medication/on-stimulation score at 40 months. There were similar improvements
in the stand-walk-sit test, in which shorter times reflect better mobility. For example, at 40
months, there was a 32% reduction in the timed stand-walk-sit test comparing the
preoperative off-medication time with the off-medication/on-stimulation time. The on-
medication/on-stimulation time was 29% shorter than the preoperative on-medication state
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(Table 1). At 40 months, no changes in stimulation parameters had been made since the
initial months after placement.

Surgery and STN DBS had little effect on the patient's neuropsychological status.
Preoperative testing in the on-medication state showed a Wechsler Adult Intelligence Scale
III verbal scale IQ of 77, performance scale IQ of 74, and full scale IQ of 74. Difficulties
were noted on verbal articulation, fine motor dexterity, 3-step motor sequencing, visual-
spatial organization, delayed recall of complex abstract visual stimuli, abstract problem
solving, recognizing higher-order concepts and intruding extra words on list learning. Post-
operatively, with the stimulators on and on-medication, the Wechsler Adult verbal scale IQ
was 71, the performance scale IQ was 80, and the full scale IQ was 73.

Discussion
This report documents the first example of using STN DBS to treat MPTP-induced
parkinsonism in a human. Furthermore the procedure provided robust clinical benefit. It also
represents the first time that STN neuronal action potentials have been recorded in a human
with what is presumably a relatively pure nigrostriatal lesion, i.e., a lesion induced by
MPTP. Single cell recording of STN neurons showed high spontaneous discharge rates and
oscillatory firing patterns, consistent with published physiological studies of idiopathic
parkinsonism6 and MPTP-induced parkinsonism in the nonhuman primate.1 Thus this study
is the final step of cross-validation of the neurophysiologic changes in basal ganglia circuitry
between MPTP-induced parkinsonism in non-human primates, that seen in humans with PD,
and a human with MPTP induced parkinsonism.

The STN is a key structure in the "indirect pathway." one of the two major intrinsic basal
ganglia pathways connecting the striatum to the internal globus pallidus. The indirect
pathway is thought to suppress the activation of unwanted motor programs. In PD, dopamine
denervation of the striatal cells that originate the indirect pathway (D2 receptor positive
cells) is thought to increase their neuronal discharge. This in turn would be expected to
suppress spontaneous firing in the external pallidum and increase spontaneous firing in the
STN and GPi. In the patient with MPTP-induced parkinsonism reported here, STN
physiology demonstrated high firing rates and oscillatory activity highly analogous to that
seen in the idiopathic disease, lending support to the classical model of firing rate
abnormalities in the indirect pathway in the parkinsonian state.

That STN DBS produced favorable functional consequents in this patient appears to highly
likely, particularly in view of the fact that his parkinsonism had been disabling for nearly 20
years. Indeed, comparing either UPDRS III scores or stand-walk-sit times preoperatively
with off-medication/off-stimulation values shows a surprisingly robust improvement
postoperatively. A number of factors may explain this improvement including 1) a carry
over benefit of DBS lasting longer than the 1 hour during which the stimulator is off before
testing in the off stimulation state8, 2) reduction in the dose of clozapine and elimination of
quetiapine (both dopamine receptor blocking antipsychotics), 3) a micro-lesion effect on the
STN, or 4) an unusually poor performance at his baseline visit. Regardless of which
factor(s) explain this effect, stimulation clearly provided additional benefit as his UPDRS
scores and stand-walk-sit times were lower in the on-stimulation/off-medication state
compared to the off-stimulation/off-medication state. Furthermore, after DBS, it was
possible to make substantial reductions in dopaminergic medications, which in turn may
have provided further benefits by limiting side-effects of therapy. Although the pattern of
neuropsychological deficits are consistent with the cognitive deficits in PD and MPTP
induced parkinsonism11, this subject’s deficits are more global and more severe, likely
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reflecting the baseline abnormalities in this individual with a history of antisocial behavior
and substance abuse.

How well MPTP-induced parkinsonism models idiopathic PD continues to be a topic of
debate.2 Major criticisms relate to the lack of wide-spread synuclein-based neuropathology
similar to that seen in PD, and the fact that, in animals at least, it does not induce a clearly
progressive disorder. However, these and other similar arguments can be reconciled with
those supporting its use by clearly defining what is being modeled. If the objective is to
provide insight regarding protein misfolding, or investigating therapeutic approaches to
disease modification, then the MPTP model may not be an appropriate choice for an animal
model (indeed, an experimental model meeting these specifications represents one of the
most urgent needs in the field of PD research). On the other hand, if the goal is to model the
abnormalities in basal ganglia circuitry that follow degeneration of the dopaminergic
nigrostriatal system, then this model has proven to be extraordinarily predictive. When
viewed in this light, our case report further substantiates the close approximation of MPTP-
induced parkinsonism to the parkinsonism and changes in basal ganglia physiology seen in
the idiopathic disease because. For example, STN physiology demonstrated high firing rates
and oscillatory activity highly analogous to that seen in the idiopathic disease. Furthermore,
STN DBS produced a striking clinical improvement just as seen in the MPTP-induced non-
human primate models, and patients with idiopathic PD. This is precisely what was
predicted in the original report by Bergman and colleagues in 1989, when they used the
MPTP-non-human primate model to demonstrate over-activity in the STN, and then found
that a lesion of the nucleus reduced parkinsonism.

In closing, it is worth noting that this report represents yet another irony in the MPTP story7

as it completes of a series of events coming full circle. While the outbreak of MPTP-induced
parkinsonism in the early 1980’s represented a tragedy for a group of young drug abusers,
the discovery of the biologic effects of this neurotoxicant lead to the development of a stable
animal model of PD. This model has made it possible to understand the role of the STN in
parkinsonism, a discovery that was central to the development of STN DBS. Over the past
decade, STN DBS has improved the lives of many PD patients, and now, with this report,
has benefited one of the original patients in whom the effects of MPTP were discovered.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Characteristic oscillatory activity recorded from an STN neuron. A, Segment of the raw
signal recorded from a well-isolated neuron. B, Autocorrelogram for the same spike-train
illustrating rhythmic peaks in firing probability ~50 milliseconds apart. C, Frequency
spectrum for the spike-train (normalized to the mean of 100 spectra from shuffled interspike
intervals). Horizontal dotted line, threshold for significance (P<0.01 adjusted for multiple
comparisons, based on the mean and SD in normalized spectrum between 300–500 Hz).
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Figure 2.
Postoperative axial T2 weighted MRI in the plane of the dorsal STN (4 mm inferior to the
intercommissural line). The leads are seen as signal voids, lateral to the anterior border of
the red nucleus.
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