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ICI Americas, Inc.
Concord Pike & Murphy Roads
Wilmington, Delawars 19897

Gentlemen:

The California Department of Pood and Agriculture (CDFA) has received a request
to evaluate paraquat based pesticides for poesible induction of a Parkineon's
Disease like syndrome. This tequest is based on two recent articles (1,2)
appearing in Science in which a metabolite of an {1llicit drug, which structu-
rally resembles that of paraquat, appears to cause & clinical ayndrome similar
to Parkinson's Disease. At present, our toxicology staff feels there is
insufficient evidence to make & proper determination on this speculation.

Enclosed is an article by Burns, et al., which describes apecific clinical and
laboratory testing of primates for induction of this syndrome (which has been
induced in both man and primates by MPTP).

Any studies of paraquat which you may have or are aware of which specifically
address this concern should be forwarded to CDFA at your earliest convenience.
Please identify your response: “Paraquat Adverse Effect Investigation" and
address the response to Tareq Formoli, Registration Specialist. An early
reaponse will be appreciated.

8incerely,

01af Le' 1floj, Chief

Pesticide Registration Branch
(916) 322-5130

1) Levin, R., Trail of Ironies to Parkinson's Disease
Sci. 224; 1083-1085, (1984)

2) levin, R., Parkinson's Disease: An Environmental Cause?
Sei, 229; 267-268, (1985)

3) Burns, R.5., Et al., A Prinate Model of Parkinsonism:
SBelective Destruction of Dopominergic Neuron
in the Pars Compacta of the Substantia Nigra
by N-methyl-4-phenyl-1,2,3,6-tetrahydro-pyridine;
Proc. Natl., Accid. Sci. USA 80, 4546-4550, (1983)
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A primate model of parkinsonism: Selective destruction of
dopaminergic neurons in the pars compacta of the
substantia nigra by N-methyl-4-phenyl.

1,2,3,6-tetrahydropyridine

{dopamint/hamovaniDic ldd/?-hydrmindoluutlt acid /3-methoxy-{-hydroxyphenylcthylene glycal)
R. STANLEY BURNs, CHUANG C. CHIUEH, SANFORD P. MARKEY, MICHAEL H. EBERT,

Davip M. JacoBow1TZ, AND IawiN ], KOPIN

Lalwratons of Clinical Sewnce. National Institute of Mental Health, Bethesda, Mon land 20203

Communicated by Julws Aselrod. April 20, 1983 '

ABSTRACY . A syndrume similar to idiopathic parkinsonism
developed after intravenous sell-administration of zn illicit drug
preparation in which N-methyl-4-phenyl-1,.2,3.6-tetrahydropyri.
dine (NMFTP) might have been responsible for the taxicity. In the
present sludy we show that intravenous administration of N\SPTP
to the rhesus monkey produces a disorder like parkinsonism (aki-
nesin, rigidity, postural tremoe, llexed posture, eyelid closure,
druoling) thal & reversed by the adminlstration of L-dopa. NMPTP
treatment decreases the release of dopamine and dopamine ae-
cumulates in swollen, distorted axons in the nigrostriatal pathway
just above the substantia nigra, followed by severe nerve cell loss
in the pars compacta of the substantia nigra sod a marked re.
duction in the dopamine content of the stristum. The pathalogical
and biochemical changes produced by NMPTP are similar to the
well-established ehlntu in patients with parkinsonism. Thus, the
NMPTP-treated monkey provides a mode! that can be used to ex.
amine mechanisms and explore therapies of parkinsonism,

The most prominent pathological change in idiopathic parkine
sonism is degencration of the nigrostriatal dopaminergic path.
way with nerve cell Jns in the substantia nigra (1). A neuro-
chemical consequence of this loss of dopaminergic neurons fs
a marked decrease in the concentrations of dopamine and its
major metaholite homovanillic acid (HVA) in tﬁe caudate pu.
cleus and putamen (2). The effectiveness of L-dopa and direct-
acting dupamine agonists in reversing akinesis, rigidity, resting
tremor, and postural abinormalities in patients with jdiopathic
parkinsonism (3, 4) reflects the pat.hopiysiology of these clin.
ic-al signs.

In 1979 a single cuse of parkinsonism occurring after intra.
venous seli-administration of an fllicit narcotic analgesic was
described (5). Recently, a series of similar cases has been re-
poried (6). \Ve had the opportunity to examine two patients in.
cluded in the later study. In both instances there was evidence
that the method of Ziering et al (7) had been used to synthe
size the reverse ester of meperidine, 4.propionovy--phenvl.
Nanediyipendine. The mjected misture aso contaned the
wide pradust NemethyI4-phenyl 12,3 Acetrahvéropondine
NMPTP;, After intravenous administration of multiple doses
of the drug mixture over severa) days, the patients gradually
developed persistent syinptoms of parkinsonism, with & syn.
drome characterized by severe akinesia, rigidity, a flexed pos-
ture, and a resting tremor associated with low concentrations
of HVA in the lumbar cerebruspinal fluid (3-6.7 ng/ml). The
clinical signs were reversed by the administration of L-dopa or

The publication costs of this article were defrayed in part by page charge
payment. This article mudt therefore be herehy maked “aduertise:
mient” in accordance with 18 U.5.C. §1734 solely to indicate this fact.
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bromocriptine. A marked loss of pigmented cells in the sul..
stantia nigra with minima changes in the Jucus ceruleus was
found in the one patient who died of other causes 14 monthi.
after the onset of symptoms (5).

In the present study we show that repeated intravenous
administration of NMPTP to the rhesus monkey over o period
of 5=8 days produces a chronic disorder with neurological, bio.
chemical, pathological, and pharmacological similarities ta jdio-
pathic parkinsonism. The symptoms were suppressed by the
sdministration of L-dopa. '

METHODS

Subjects and Sample Collecton Procedures, Twelve male or
female adult rhesus monkeys (Macaca mulatta) weighing 55
kg were used in these studias; eight animals were given NN PTT:
and four animals served as controls. The monkeys were adapted
to primate restralning chairs and kept in heated and humidified
quarters on a 12-hr Jight/dark cvele (light 0700-1900" The
;\i:rc- fed Purina Monkev Chow once dally and given water ad
ib.

In two animals, stainless steel cannulae were placed in the
lateral ventricle near the foramen of Monro. A 3-m length of
polvethylene tubing (inside diameter, 0.58 mm; vol, 0.79 ml
was used to connect the cannulae to a fraction collector hinused

" In a refrigerator (4°C). A timing cireult and a solenoid valve al-

4546

lowed intermittent flow (20-40 sec open, 360-500 se¢ clused:
and 2 controlled collection rate (3.25-1.5 ml/hr). The cere-
brospinal fluid (CSF) within the tubing was at room temper-
aturc for approximately 30 min before entering the refrigerated
compartment. The collected CSF was frozen (—20°C) until as-
sayed for biogenic amine metabolites. The cannula was re-
placed by a stylet and a protective cap when the animal was
retumed to its cage between collection periods.

Drug Administration. Crystalline NMPTP (Aldrich. 87%!
was dissohved in ethann! .6 T ne/m] and diluted with 4 vol of
water Immediatels hefore amection, ths solution was steri:
deed by filtranion througlh o 22-umepore filter.

NMPTP was administered intravenously in J-2 min to cight
animnals with various dosage schedules, Monkey 1 initially re-
ceived three doses of 0.15 mg/kg at 24-hr intervals. After 72
hr, this animal was given three additional d;il{ doses of 0.30
mg/kg, for a total of 8.9 mg dudnf 8 days. Monkey 2 was given
four daily doses of 0.30 mg/kg followed by three dally doses of

Abbrevistions: NMPTP, N-methyl-&phenz]-l.2.3,6-!emhydrop3ﬂ-
dine; HVA, homovanillic acid; 5-HIAA, 5 ydm:?-indolmlic acid,
khﬂrit’ca}melhoxy-i.hydrox.\'phenylethylcnc glveal; C5F, cerebrospl-
nad [luid,
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(.36 mg/kg on vonsecutive days for a total of 17.1 mg during
7 doys. Monkey 3 received four daily duses of 0.35 mg/kg fol-
Juwed by one dose of 0.40 mg/kg and one of 0.69 mg/kg for
u total of 18.6 mg during 5 days, Monkeys =8 received five
duses of 0,33-0.36 mg/kg for a tata) of 11.0 mg during 5 days.
Brain Removal and Dissection. Animals were injected in-
tramuscularly with ketamine (Vetalar) st 7 mg/kg and xylazine
(Kumpun) at 0.6 mg/kg and then anesthetized with 50 mg of
thismyial (Surital) given intravenously, and the traches was in-
tulted. A mixture of air and Oy was used to ventilste the an.
imal. and 120 mg of peatobarhital (Somnifer) was administered
intravenously to deepen the anesthesis, After the cranium was
removed and the dura over the hemispheres was exposed, &
Jetha) dose of pentobarbital (360 mg) was administered. The
brain was transected at the level of the foramen magnum, re-
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moved, and placed on & meta! dissection tray on ice within 5°

min of the cessation of respiration, This provedure required
20-25 min from the time of ketamine treatinent. The brain was
bisceted in the saggital plane and the Jeft half was used for dis-
section of brain regions based upon gross anatomical Jand-
murks. After dissection. brain tissue samples were weighed,
{ruzen on dry ive within 20 min, and stored in a ~70°C freezer
until assayed. Tissue samples of specific brain nuelei (putamen,
caudate) were obtained from slices of the right half gy punch
microdissection and immediately frozen on dry fce.

Biochemital Methods. Tissues were obtained for anslysis of
HVA, 5-hydroxyindoleacetic acid {5-HIAA), 3-methoxy~4-hy-
droxyphenylethylene glycol (MHFG), and dopamine. Brain tis-
sue samples were homogenized in 5 m) of 0.2% ascorbic acid/
0.02% EDTA solution containing [*HsJHVA at 100 ng/ml,
[*H;)5-HIA A {Merck Sharp & Dohme) at 100 ng/ml, and [*H;)-
\MHPG (8) at 50 ng/m! as internal standards. After centrifu-
gation at 10,000 X g, an aliquot (2 m) of the supernatant was
extracted twice with 7 ml of hexane and then used for the si
multaneous determination of HVA and 5-HIAA. The agueous
phase was acidified by addition of 0.5 m! of 8 M HCI and ex.
tracted with 7m) of ~thylacetate. The organic extract ws evep-
orated to drvness and the residue was redissolved in 1 ml of
ethyl acetate that had been dried with anhydrous Na;50,.

The athyl acctate was evaporated under a stream of N, and
the residue was dissolved in 130 g of 1:2 misture of trifluoro.
cthanol and trifluoroacetic acid anhyvdride (Pierce) and heated
at 70°C for 15 min. The mixture was evaporated and the residue
was dissolved in 200 ul of trifluoroacetic acid anhydride and
heated at T0°C for 60 min, After evaporation, the residue was
taken up into 50 ! of dried ethyl acetate and analyzed by gas
vhrumatography/mass spectrometry using a Finnigan 3200
quadrupole mass spectrometer. The jon pairs monitored were
st mass-to-charge ratio m/z 360 and 365 for endogenous and
deuterated HVA and at 465 and 467 for endogenous and deu-
terated S-HLAA, respectively, The peak height ratios were de.
termined and the amounts of endogenous HVA and 5-H1AA
were talculated by inverse linear regrescion analvsis of stan.
aatd curves Fed beights were corrected for danned spiliover
and naterd sbundance of devtenum by wsinig the prozram of
Jenden ct al (8). Separation was carried out witha 1.5 m X 2
. mm inside diameter glass column packed with 3% OV'17 on 100~
120 mesh Gas Chrom Q {Applied Science, State College, PA),
The column was maintained at 155°C for HVA and 180°C for 5-
HIAA, with retention times of 1-1.5 min. A second aliquot (2
ml) of the supernatant was used for the determination of MHPG
by & modification of the method of Gordon et al (10).

The concentrations of dopamine and HVA in the brain tissue
samples obtained by the punch technique of Palkovits (11) were
determined by HPLC with electrochemica) detection (12) and
indexed to the protein content determined by the Lowry method
113 . For histolluorescence studies, the brain, including the

CONFIDENTIAL - PARAQUAT LITIGATION

, . ) P.83
Prov Notl Acad, Sei USa stluyg: 4547

brainstem, was cut in the coronal plase e 5 to 10-mmethick
slices, which were placed ou glass slides und imimediately fio-
zen on drv lee. The frozen slices were sectioned st 20 g with
s cryastat (~18°C). Tissue slices were stained for catechol-
amines by utilizing the glyoxylic acid method of histolluores-
cence (J4).

The concentrations of HVA and 5-HIAA in CSF were de-
termined by gas chiromslography/mass spectrometry as out-
lined above. After the addition of 300 ng of [*H;JHVA and 125
ng of [*H,5-H1AA, I mlof CSF was diluted with 2 m] of 0.2%
ascorbic acid and acidified with 0.3 m} of 3 M HCI, and 50 4l
of 0.2% EDTA was added. The aqueous mixture was extracted
with ethy) acctate and the extracted metaholites were carried
through the steps vutlined above. The MBPC concentration in
CSF was determined by the method of Jimerson ef ol. (150

Therapy with L-Dopa, Monkey 2 received aral Sinemet for
& 2-montl prried. Ope taldet of Sincpiet 300 g of L-dopa and
10 mg of carhidopal was pulverized, dissolved jn orange drind
and given to the animal every 4 br five times daily. During this
treatment motor activi?' was continuously recorded by using an
acceleration-sensitive device equipped with u solid-state mem-
ory that stured data on the number of movements per unit of
time (7.5 min) for a period of up to 32 hr (16). The activity mon-
itor was placed in the midhne back pocket of a primate jacket,

Histopathelogy. For neuropathological studies, monkey 2 was
killed 2 months after the last dose of NMPTP. The brain was
fixed in 15% formalin and tissue sections were stained with he.
matoxylin and eosin,

RESULTS

Behavioral Observations. The scute effects of NMPTF in-
cluded abnormal movements and alterations of motor behavior
and posture, These effects were {irst seen after two or three
doses of NMPTP (0.33 mg/kg) had been administered at 24-hr
intervals. The abnormalities gBt:{r.nm- more striking after each
successive dose. They occurred within 5 inin of drug admin.
fstration and, inftially, lasted for 15-30 min. After an animal
had received four or fis e doses, some of the acute motor elfects
persisted.

The first motor signs to appear, usnally after the third dose,
were intermittent evelid closure, a decrease in spantaneous
movements, including Joss of facizl expression, and postural
tremor, The animals were awake, however, and responded 1o
loud noises by opening their eyes, looking at the examiner and
making weak threatening movements. The tremor was inter-
mittently present, moderate in amplitude, and slow in fre-
queney, and involved the proximal muscles of the extremities.
A postural tremor of the head or jaw was observed in sonie an-
imals. These acute motor effects lasted up to 30 min.

Motor signs that appeared only after four or five doses in-
cluded abnormal facial movements and changes in posture,
mu,sc;le lune. and deglutition. Twitching of the facial muscle
cut Lo annecdne e s et e
=atwaln batensar cn o el azede ol the cppec et e
PRASSUH A TS TS - At H TSN v . [rasuive T.&.l,’.t"\bf‘lh":h‘:: it e
antd sustained tuming to one side were vbserved in sume of the
animals. Some animals alsu had difficulty swallowing, as evi-
denced by drooling and the accumulation of food biscuits in
their mouth pouches. Rotatory movements’ of the eyes were
observed in some animals.

In all of the animals eyelid closure, decreased spontancous
motor activity, rgidity, postura) tremor, and difficulty swal-
lowing persisted after » cumulative dose of about 1.7 mg/kg
had been reached. Abpormal facial movements, head exten-
sion. and rotatory eye movements, however, were observed
only during the 30 min immediately after drug administration.

After the 5-day period of drug administration, other signs of
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- motor impalrment appeared. These included general slowness
of movement, a flexed posture, loss of hand dexterity, and
“freczing” episodes. The animals remained seated, with marked
flexion of the neck, thoracic spine, and upper and lower ex-
tremities (Fig. 1 Upper). There was evident difficulty in pick.
ing up foud biscuits, which were subsequently dropped while
being carried to the animal's mouth. Episodes of “freezing” or
stopping in the middle of a motion were observed in some an-
imals. “Kinesie paradozale” (17) was apparent in some animals,
when a biscuit was thrown into the bottom of the cave. .the an.
imals initully mos ed with normal speed to retrieve the fuod bt
then their mos ements bevame slow again. Moter fanctinn def-
icits appeared to increase during the initial 2-week period after
the last dose of the drug. Treatment with L-dopa was effective
in corvecting the motor deficits, During the period 30 min to
3 hr after tﬁe oral administration of Sinemet, motar activitv
m:!xmed to normal or became abnormally high (Figs, 1 Lower
and 2).

Neurochemical Changes. The changes in the concentrations
of HVA, MHPG, and 5-HIAA in ventricular CSF during mul-
tiple dose administration were similar in the two animals stud-
ied, dlhouih the Initial (0.15 and 0.30 mg/kg) and total 19,8 and
17.1 mg) doses differed (Fig. 3). After the period of drug
administration (at 6 and B days), the concentrations of HVA,
MHPG, and 5-HIA had fallen to an average of 37%, 38%, and
80% of the base line value, respectively. The greatest decrease
in the CSF concentrations of HVA and MHPG occurred during
the first day, when the levels fell rapidly to an average of 1%
and 52%, respectively, of the base line valuas, The concentra-
tion of 5-HIAA decreased gradually during multiple dose
administration,

The levels of HVA, MHPG. and 5-HIAA in various brain
regions were generally reduced at § to 5 days after the admin.
istration of five dases of NMPTP totaling 11 mg (Fig. 4). The
levels of HVA were uniformly decreased to an average of 37%
of the control values; the midbrain, putamen, and caudate nu-
cleus contained 36%, 32%, and 31% of control HVA concen-
trations, respectively, MHPG levels were decreased in all brain
regions examined to an average of 33% of the control values
except in the frontal cortex. Levels of 5-HIAA were also de-
creased in the midbrain, putamen, and caudate nucleus, as well

i v 20 1= UMPTP-Treated monkey
aa 3 150 |-
R
."iﬁ 8 100 t=
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H 150 b monkey
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Time, be

i, i F1o. 3. Number of movaments per 30 min resorded for a 24.hr pe-
Fig. 1. (Laper) Flexed posture associatad with akinesia exhibited riod by aa scceleration-sensitive activity monitor plated in the pocket
by NMPTP-trauted monkey 2 16 hr aftar last dose of Ldopa. (Lower) of & primale jackat. Motor activity Javel of NMPTP-treated monkey 2

Reversa) of abnormal posture and akinesia 1.5 bt aftar treatment with while receiving L-dopa (Upper) rompared with that of a normal male
aral Siremet 1100 mg of L-dopa and 10 mg of carbidepa) o monkey 2,°  monkey lLaw’l. Sinpemﬁ 100 mg :r Ldopa and 10 mg of carbidopa-
I* .y -t togragh wai taken 2 hr afier that shown In 'pper. wis administered orally at times indicated (D).
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Fic. 3. Vestricular CSF concentrations of 5-HIAA (¢), HVA (o),
and MHPG (a) vs. time during the pariod of repested intravenous
administration of {arrows) and 3 months later in NMPTP-
treatad monkey 1. Zero represents time of administyation of the fimt
doe: initia! data points were at 2, 6, 10, 14, 18, and 22 hr. Base ling
values 1100%), repraseating the mean of the concantration values dur.
ing the 3-day base linv period, for 3-HIAA, HVA, and MHPG are 13},

810, and 22.8 ng/ml, respectivaly.

a the hypothalamus, but the 5-HIAA in the medulla, pons, and
[rontal cortex did not apprar to be altered significantly.

in the one animal that was restudied after 3 months, the HVA
concentration in the ventricular CSF remained as low as the
lowest levels found initially, whereas the concentrations of
MHPG and 5-HIAA had increased (Fig. 3), The MHPG con-
centration, which had been as low as 37% of its base line value,
returned to 75% of this vilue 3 months later and the S-HIAA
voncentration increased from 66% to 86% of its base line value,

The dopamine levels of the putamen were about twice nor-
mal in two snimals killed 1 day after the scheduled (11.0 mg of
N\IPTP during 8 days) drug administration (Table 1). The mo-
lar ratio of HVA to dopamine in these animals was decreased

HVA $-H!
! Ao
1 MRPG
' .
! | I ' ]
e adin . I‘ l-'.‘ ! - t-l-.- -l-
-n”‘;.&;‘» T iy i -I %Tl T] -} 1{
£ ! p: ‘ }
Tt ! |
¥ 1
4 '\)." » .
3 - vil l r’
E ‘u: - 1 .
= f
]
3 ! g 1
Midbrein Puaamen Freatal
Pom Hypothalamus Cauvdaie N, Cortyx

Fic. 4. Effect of repeated intravenous administration of NMPTP
Wfive doses of 2.2 mg at 24-hr intarvals) on the tissue lavals of HVA,
MHPG, and 5-HIAA in different brain regions of moakeys sacrificed 1=
5 daye after drug administration. Each bar or line (100% level) rop-
rerents the mean = SEM of three animals except bars for hypothala
mus. putamen {MHPG only), and frontal cortex, and lina for pons (3-
HIAA onlys, whith represent two animals. The control values t100%)
for the medulla, pana, midbrain, hypothalamus, putamen, caudata nu-
cleuy, and frontal cortex. in that order, arw as follows: (D HVA (ug/g),
0514, 0.562. 3.14, 2.20, 18.3, 12.5, and 0.387; (/1) MHPG (ng/g} 117,
184. 195, 318, 109. 165. and 144:tiiit 5-HIAA (ug/g) 0.962. 1,56, 2.55,
Vil 0870, 0.457, snd 0.107
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Table ). Effect of NMPTP on dopamine and HVA concentrations

(ng/mg protsin) in the stristum of the monkey

Time of Putamen Caudate pucleys
sagrifice, Dopa- Dopa.

days,* Anlma! mine HYA mine HVA

Control 1 147 168 132 190

2 128 a2 158 138

3 118 241 156 112

L] 13 172 155 125

1 1 50 108 170 N

2 235 H 159 3

B 1 232 82 104 32

2 75 31 13 10

27 1 3.2 28 8.3 52

All animals received five dosen of 2.2 mg of NMPTP intravenously
&t 24-hr intervals.
* Days after completion of cousse of treatment with NMPTP,

In the putamen (from 1.4 to 0.3) and the caudate nucleus (from
0.6 to 0.2),

In one animal studied at 27 days after the 5-day course of
drug administration, the dopamine levels of the putamen and
caudate nucleus were less than 10% of the control values (Table
1). The HVA-to-dopamine ratio was increased in the putamen
grom 1.4 10 7.6) and the caudate nucleus (from 0.8 th 5 4) at 27

ays,
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F10. §. Transverse sections through the midbrains showing the
substantia nigra of 6 normal munkey tL'pper. ard NMPTPutreated
monkey 2 (Lower:. Note aevere nerve cell lnss in WMPTTP-treans d ar:
imal. (Hemataxylinzeesin stain, » 90
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Examination of Brain by Histofluorescence. Histofluores-
out in one contruf animal and in ane
imals killed 1 day and &7 days after the S.day course of drug
administration. All of the fluorescont cell bodies normally ob-
served in the substantis nigns had disappeared § day after the
course of treatment. However, &t 97 davs spproximately ha

of the normal number of cells were present. At this time swal-
len, distorted, intensely fluorescent dopamine-cantaining ax:
ons were saen in the area immediately above the zona compacta
of the substantia niga Swollen axons were also seen 0 the
ventral part of the interoal capsule, the haid portion of the glo-
iyys pallidus. and the adjacent medial part of the putamen. Th
changes were present at 1 day, but were much mure striking
in the animal killed 27 days after drug administration. Th
cleus sccumbent, oliactory tubercle, locus cervleus, and para-
ventricular und other hypothalamic nuclei of both drug-treated
animals (killed at 1 day or 97 days after NMPTF) appeared

cence studies were

mal. .

Histopathological Changes. Severe nerve cell loss in the pars
compacta of the substantia nigra of monkey 2 (killed 2 months
after NMPTP treatment) was found on light microscopy; i
\han 10% of the normal cell population was present {Fig. 5)
the striatum, no loss or degeneration of nerve cells or resctive

glial cell changes were seeD.
DISCUSSION

\\MPTE-induced parkinsonism in man and idiopathic par
sonism exhibit the same clinical signs (akinesla, rigidity. 're_:ll;ng

tremor, flexed posture), and these signs are reve

or bromocriptine, The loss of pigmented nerve cells in the s
stantia nigrs and the low levals of HVA n lumbar CSF core
respond to the major pathological and biochemical changes found

in idiopathic parkinsonism (1, 2.

In the present study we have shown that a similar neuro-
logical disorder can be produced in the rhesus monkey. Akl
nesia, rigidity, a Mexed posture. and a postural tremor
be reversed by the administration of L-dopa are evident after
several intravenous doses of NMPTP. The signs induced by
\MPTP in the monkey are directly comparable and similar to

those produced in man (Table 2).

NMPTP acutely affects brain dopumine. norepinephrine, and
serotonin systems and produces decreases In the levely of their
metabolites in brain and GSF. An initial decrease in the release
of dopsmine is shown by the rapid full in the ventricular CSF
concentration of HVA and decreased tissue levels of H
companied by an increased dupamine content in the strlatun,
The accumulation of dopamine observed in the axans abave the
substantia nigra suggests that NMPTP muy danite oF destroy
the terminal varicose fibers in the caudate-putamen, The i
onal transport of dopamine {s subsequently retarded and do-

pamine accurnulates within the axona) processes.

Over & longer period, NMPTP appears to selectively and ir-
reversibly damage neurans in the purs compacta nf the sub-

Table2. Corsparison of the major cliaucal signs of the NMPTP-

induced neurclogical disorder in man and the monkey

Man Monkey
Akinusia Akinssia
Rigidity Rigidity
Reiating tremor Pastural tremat
Flexed posture Floxed podture
Eyelid closure Evelid closure
Difficulty swallowing Difficulty swallowing

droollang) tdrooling)

Difficulty with speech Decreased vutalization

“mutirm?
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stantia nigra (corresponding Lo areas A8and A9 of the rat brain-,
leading to chronic cell degenerution and ultimately 10 severe
nerve cell loss and a marked reduction in the dopamine content
of the striatum. Dopamitc terminals in the nucleus accumbens
and olfactory tubercule originating from ather dopaminergic
nevrons in the ventral midbrain (corresponding to area AlOof
the rat brain) appear normal on examination by histofluores-
cence methods. Clearly, these two dopaminergic neuronal sy
tems are difTerentially sensitive to the neurotoxin.

Although diminished biogenlc amine release was evident in
the lowered levels of HVA 5-HIAA. and MHPC in the vens
wicular CSF nne day after the first dose of NMFTP, the mon-
keys fuiled to exhibit motor Jbnormalities until several duses of
the drug had been administered. This is consistent with data
showing that considerable reduction of dopamine and its me-
taholites may occur without the development of clinical evi-
dence of disardered function, presumably because of adequate
compensatory activity in the surviving neuroni. Enhanced
tumover of dopamine in the residual neurons presumably is
reflected by the reversal of the HVA-to-dopamine ratios 27 dayvs
after drug administration.

Aging results in a diminution in viable neurons, including
those of the dopaminergic systems. it has been suggested that
the age-related changes in dopaminergic systems could be un
etiological factor in the development of idiopathic parkinsonism
or depression, the Incidence of which incresse with age (18,
There is a possibility, therefore, that humans who are expose
to doses of NMPTP that roduce permanent but subclinical
damage to the nigsostria system may be susceptible to the
development of parkinsonism at n unusually early age.

We have shown that NMPTP is the neurotoxic agent re
snonsible for drug-induced parkinsonism in humans by repro-

ucing the neuro ogical syndrome and pathological changes in
the rhesus monkey. A toxin causing a syndrome in animals sim-
ilar to idiopathic parkinsonism 1iad not been demonstrated pre-
viously, to our knowledge.
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