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Selectivity of the Parkinsonian Neurotoxin MPTP: 
Toxic Metabolite MPP+ Binds to Neuromelanin 

Methylphenyltetrahydropyridine (MPTP) selectively destroys neuronal cell bodies in 
the melanin-containing substantia nigra of humans and other primates. We show that 
methylphenylpyridine (MPP+), an active metabolite of MPTP which is accumulated 
intraneuronally by the catecholamine uptake system, binds with high affinity to 
melanin and neuromelanin. MPP+ bound intracellularly to neuromelanin may be 
released gradually, resulting in subsequent damage to the neurons of the substantia 
nigra. 

ETHYLPHENYLTETRAHYDROPYRI-

dine (MPTP), a by-product in the 
synthesis of certain illicit opiates, 

selectively destroys dopamine neurons of the . A 

substantia nigra and produces parkinsonism 
in human subjects (I, 2) and parkinsonian 
symptoms in animals (3, 4). The selective 
destruction of these neurons by MPTP ap- 
pears to depend on several factors. MPTP 
initially binds with high attinity to the en- 
zyme monoamine oxidase (type B) (5-9). 
The conversion by monoamine oxidase of 
MPTP to methylphenylpyridine (MPPt ) is 
required for neurotoxicity, since prior treat- 
m&t of animals with monoamik oxidase 
inhibitors prevents MPTP neurotoxicity 
(10, 11). The initial selectivity of MPP+ for 
catecholamine neurons appears attributable 
to the high affinity of MPPC, but not 
MPTP, for the catecholamine uptake sys- 
tem. Accordingly, catecholamine neurons 
can concentrate MPP' to levels many times 
greater than the surrounding extracellular 
tluid (12). 

Several features of MPTP toxicity remain 
difficult to explain. There are marked species 
differences in susceptibility to MPTP neuro- 
toxicity. In humaniand monkeys, there is an 

Table 1. Equilibrium constants for MPP+ and 
MPTP binding to melanin. Binding constants 
were calculated by computer fit I31 '. Saturation 
analysis was performed for [ H]MPP+ and 
[3H]MPTPbinding to various melanin prepara- 
tions using 14 concentrations of ligand as de- 
scribed in (32).Values reported are the means t 
standard error of four independent determina- 
tions. DA, dopamine; NE, norepinephrine. 

-
Lax

KD (nmoVmg
(nM) melanin) 

L "J""'DA Melanin 28.0 r+_ 4,0 l.OO 0,17 

NE Melanin 32.0 3.1 0.49 r+_ 0.08" 
[3H]~1'TP 

DA Melanin 39.0 r 5.3 0.27 -t 0.06
NE ~ ~ 37.0 3.2 ~ i ~l 0.03 -t 0,001t 

"Differs from DA melanin value, P < 0.05. tDiEers 

dent's t-test which accounts for unequal variance be- 
tween groups was used. 

A modified SN- 0.001.< 1' from 1IA melanin value, 

extensive loss of neurons in the substantia 
nigra at very low doses of MPTP, while in 
rodents, even at higher doses, there are no 
permanent deficits. In mice depletion of 
striatal dopamine can be produced by high 
doses of MPTP, but neuronal cell bodies are 
not destroyed (13, 14). Monkeys and hu- 
mans have a high content of neuromelanin 
in the substanGa nigra while little or no 
neuromelanin exists in the substantia nigra 
of rodents. Furthermore, the susceptibility 
of monkeys to MPTP appears to increask 
with age (15) corresponding to the age- 
related increase of neuromelanin in their 
substantia nigra. Lyden et  al. (16) described 
binding of MPTP to synthetic melanin, but 
only low affinity interactions were observed. 
We now report high affinity binding of 
MPP', the active metabolite of MPTP, to 
synthetic melanin and neuromelanin which 
can explain important aspects of MPTP 
neurotoxicity. 

Melanin can arise by the autoxidation and 
polymerization of tyrosine, dihydroxyphen- 
ylalanine (dopa), dopamine, or norepineph- 
rine. In skin, the synthesis of melanin is 
catalyzed by the enzyme tyrosinase, while in 
the brain it is not clear whether the forma- 
tion of neuromelanin is enzymatic or nonen- 
zymatic. Das et  al. (17) showed that neuro- 
melanin of the substantia nigra is similar to 
the type formed by dopamine autoxidation. 
Initially we examined ligand binding to syn- 
thetic melanin that was synthesized from 
dopamine or norepinephrAe by autoxida- 
tion to model neuromelanin of the substan- 
tia nigra or locus coeruleus, respectively 
(18). [ 3 ~ bound with high affinity ] ~ ~ ~ 
to dopamine melanin (Fig. 1). Scatchard 
analysis of equilibrium-saturation data re-
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Bound MPP+ (nM) 

Fig. 1. Scatchard plot of the saturation of specific 
[3H]MPP' binding to dopamine melanin. Specif- 
ic binding was calculated by subtracting nonspe- 
cific binding measured in the presence of 10 @ 
unlabeled MPP'. Data were analyzcd by comput- 
er-assisted iterative curve fitting (31). The x axis 
represents the concentration of bound MPP+ 
(nM) in 0.25 ml with 0.5 pg of dopamine 
melanin. The corresponding B,,, is thus 1 nmol 
per milligram of melanin. Data presented are the 
results of a typical experiment which was replicat- 
ed four times as described in Table 1. 

vealed two distinct populations of binding 
sites. The high affinity site had a dissociation 
constant (KD) of 28.0 4 4.0 (SEM) nM 
and a maximal number of binding sites 
(B,,,) of 1.00 2 0.17 (SEM) nmol per 
milligram of melanin (Table 1). By contrast, 
the low affinity site had a IZD of 1.6 2 0.4 
FM and a B,,, of 15.00 4 0.40 nmol per 
milligram of melanin. MPP+ bound with 
similar affinity to norepinephrine melanin 
but with a 50 percent lower B,,,. 

MPTP interactions with melanin ap- 
peared somewhat different. While [3H]- 
MPTP bound to dopamine melanin with a 

similar KD as [ 3 ~ ] ~ P P + ,  it interacted with 
one-fourth as many sites. Even more strik- 
ing, [IHIMPTP bound to only 11 percent 
as many sites on norepinephrine melanin as 
on dopamine melanin. 

The binding sites for [ 3 ~ ] ~ P P +  on do- 
pamine and norepinephrine melanin were 
highly selective. MPTP was less than 10 
percent as potent as MPP' in competing 
for the sites (Table 2). Removal of the 
methyl group of MPP+ yielded 4-phenyl- 
pyridine and abolished a f i i t y  for the bind- 
ing sites. Dimethyl-4-phenyltetrahydropyri- 
dine which, like MPP', is a quaternary 
pyridine derivative, lacked detectable affinity 
for the binding sites. Dopamine was also 
inactive. Although many substances were 
examined, only the antimalarial quinolines, 
chloroquine and hydroxychloroquine, 
which bind to melanin (19) are potent in- 
hibitors. 

The drug specificity for MPTP binding 
differed from MPP+. MPP+ was only a fifth 
as potent in competing for ['HIMPTP as 
for [ 3 ~ ] ~ P P +  binding. Conversely, MPTP 
itself was two times more potent than MPP+ 
in competing for the [ 'HIM~TP binding 
sites. Chloroquine and liydroxychloroquine 
were substantially less potent at [ 3 ~ ] ~ P T P  
than [ 3 ~ ] M P P i  binding sites. 

In experiments with neuromelanin isolat- 
ed from monkey substantia nigra and with 
retinal melanin, [3H1MPPi bound with 
similar affinity (30 I*) and pharmacologic 
specificity as it did to synthetic dopamlne 
melanin (20). The high a f i i t y  of 
['HIMPI?' binding to melanin and neuro- 
melanin implies that such interactions occur 

Fig. 2. Model for MPTP neurotox- L O C U S  c o e r u l e u s  S u b s t a n t l a  n igra  

icity. MPP+ is produccd cxtrancur- 
onally from MPTP by glial mono- 
aminc oxidasc (type B). The mech- 
anism may involve the diffi~sion of 
thc intcrmcdiatc mcthylphenyldi- 
hydropyridinc (Ml'Dl'+) across the 
glial membrane and its noncnzy- 
matic conversion to MPP+. Cate- 
cholamine uptakc sitcs on tcrminals 
and ccll bodies acciunulate MPP+ 
resulting in acute neurochemical 
changes. The amount of MPl" tak- 
en up by ccll bodics depends on the 
density of adjacent catccholamine 
terminals which can also accutnu- 
latc MPP', making less MPP' 
available to cell bodies. In the locus 
cocrulcus (Icfi), the dcnse network 
of terminals protects the ccll bodies 
from MPP+ accumdation. In the 
substantia nigra (right) fcw tcrmi- 
nals exist to compctc for MPP+ and M P  

so it is taken up into the nigral ccll 
M P P  

bodies. Once it is accumdated, tox- 
ic concentrations of MPP' are 
maintained in the cells of the sub- 
stantia nigra by high affinity bind- 
ing to and slow release from neuro- 
mclanin. 

in vivo after high intracellular concentra- 
tions of MPP+ accumulate via the dopamine 
uptake system. Between 1 and 72 hours 
after monkeys receive MPTP, MPP+ con- 
centrations in the substantia nigra almost 
double, while they fall tenfold in the cerebel- 
lum and decline by 50 percent in the corpus 
strianun (21). MPP+ is accumulated by the 
dopamine uptake process both in the corpus 
striatum and in the substantia nigra, while 
neuromelanin occurs only in the- neuronal 
cell bodies. Thus, MPP+ which is bound 
intracellularly to neuromelanin may form a 
depot for gradual release and subsequent 
damage to the neurons. We suggest that 
these interactions of MPP ' with neurome- 
lanin may be iniportant for MPTP neuro- 
toxicity. The neurotoxicity of other sub- 
stances such as manganese and chloroquine 
may also depend on their high affinity for 
melanin (1 9, 22). 

The binding of MPTP to neuromelanin 
may affect its-initial regional distribution. 
Monkeys pretreated with pargyline, which 
blocks the formation of MPP', and then 
treated with MPTP exhibit striking regional 
variations in MPTP levels (21). MPTP con- 
centration in the substantia nigra is six times 
as great as any other brain region. Interest- 
ingly, levels in the eye are four times as great 
as the substantia nigra. Thus, binding of 
MPTP to retinal melanin and neuromelanin 
may provide an important initial store of 
MPTP, especially considering the lack of 
MPTP binding sites on norepinephrine mel- 
anin. 

In monkeys, MlTP initially depletes both 
norepinephrine and dopamine. Over a peri- 
od of months norepinephrine levels retiun 
to normal values, and no dramatic neuronal 
cell loss has been demonstrated in the locus 
coeruleus, which also contains neuromel- 
anin (3). The relative resistance of the locus 
coeruleus neuronal cell bodies may reflect a 
lesser exposure to MPP' compared to the 
substantia nigra. The locus coeruleus is in- 
nervated densely by catecholamine nerve 
terminal systems. These include dopamine 
terminals from cell bodies in the ventral 
tegmentum and the substantia nigra, norepi- 
nephrine terminals from cells in the lateral 
tegmentum, and a moderately dense net- 
work of epinephrine terminals (23). By con- 
trast, the substantia nigra receives only a few 
norepinephrine and epinephrine terminals, 
and it is unclear whether any dopamine 
terminals innervate the substantia nigra. 
Catecholamine uptake sites can be detected 
on both terminals and cell bodies (24), but 
are more concentrated on nerve terminals. 
These sites can be labeled by [3~]mazindol 
autoradiography (25). [ 3 ~ ] ~ a z i n d o l  bind- 
ing sites are much denser in the locus coeru- 
leus than the substantia nigra, reflecting the 
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greater catecholamine innervation of this 
region. We propose that MPP' formed by 
monoamine oxidase in glia in the locus 
coeruleus is accumulated mainly by norepi- 
nephrine, dopamine, and epinephrine nerve 
terminals. Thus, very little MPPf is avail- 
able for accumulation into locus coeruleus 
neuronal cell bodies (Fig. 2). By contrast, 
the substantia nigra lacks a dense innerva- 
tion of catechol&ine terminals to remove 
MPP' surrounding the substantia nigra neu- 
ronal cell bodies. Interestingly, the ventral 
tegmental area, which may be partly resist- 
ant to MPTP neurotoxicity, also has more 
[3H]mazindol binding sites than the sub- 
stantia nigra (25). 

According to this model, MPTP should 
destroy catecholamine terminals in the locus 
coeruleus even though it does not destroy 
locus coeruleus neuronal cell bodies (13). 
We treated mice with MPTP using a regi- 
men which produces a maximal depletion of 
dopamine and norepinephrine (26). Autora- 
diographic examination of [3~]mazindol 
binding to catecholamine uptake sites re- 
veals a 66 * 2 percent depletion of binding 
sites in the corpus striaturn of MrrP-treated 
animals relative to controls (P< 0.001) re- 
flecting the loss of dopamine terminals in 
these areas. In the locus coeruleus a 60 -t 5 
percent depletion of [3Hlmazindol binding 
sites is also observed (Student's t-test, 
P < 0.001). This is consistent with destruc- 
tion by MPTP of catecholamine terminals 
innerviting the locus coeruleus. The damage 
to the afferent catecholamine terminals in 
the locus coeruleus reflects the ability of 
these terminals to accumulate MPP+ and 
thus protect the neuronal cell bodies. 

In summary, a number of factors may 
explain the selective sensitivity of human 
and monkey substantia nigra to MI'TP (Fig. 
2). First, the substantia nigra in humans is 
rich in [3H]MPTP binding sites, reflecting 
monoamine oxidase in glia and serotonin 
terminals capable of converting MPTP to 
MPP+ (8, 27). The mechanism of forma- 
tion of extracellular MPP+ mav involve the 
difhsion of the uncharged fork  of the in- 
termediate methylphenyldihydropyridine 
(MPDP+) across the glial membrane and its 
nonenzymatic oxidation (28) to MPPi . Sec-
ond, the MPP+ generated is available for 
uptake into cell bbdies. The dense innerva- 
tion of the locus coeruleus by catecholamine 
nerve terminals appears to decrease the avail- 
ability of MPPi to locus coeruleus neuronal 
cell bodies. Finally, although the accumula- 
tion of MPP+ at catecholamine u ~ t a k e  sites 
results in terminal degeneration, these ter- 
minals regenerate in rodents, where the un- 
pigmented substantia nigra neuronal cell 
bodies remain intact (25, 29). Our data 
imply that neuromelanin in the substantia 

Table 2. Drug inhibition of MPl'+ and MPTP 
binding to melanin. MPT1' analogues and drugs 
which :-do not inhibit specific binding of 
[3H1M1'P+ or [3H]MPTP at 1 JLM concentration 
include mcthyltctrahydropyridine, 4-phcnylpyri-
dine, nortriptyline, atropine, buspironc, flu-
phenazinc, 8-phcnyltheophyllinc, lormpam, ci- 
metidine, phcntolaminc, vcrapamil, arecolinc, 
pargylinc, strychnine, 6-hydroxydopamine, phen- 
cyclidine, chlorprornazine, and 7-hydroxychlor- 
promazine. ICSo values (concentration producing 
50 percent inhibition of specific binding), were 
calculated by computer fit (31).  Competition 
curves were performed with [3~1MPP+ and 
[ 3 ~using 14 concentrations of drug (each ] ~ ~ ~ 
111 triplicate) as described in (32).ICro values are 
means of three independent ICS0 determinations 
whose values varied by less than 30 percent. 

Ic50 (nM) 

Drug [3H]MPP+ [3H]MPTP 
binding binding 

MPP+ 40 200 
Chloroquine 190 570 
Hydroxychloroquine 220 620 
Paraquat 600 >lo00 
Quinacrine 750 800 
Haloper~dol 810 1000 
Spiperone 1000 1000 
MPTP 1000 100 
3-Phenylpyridine 1000 >lo00 
Propranolol 1000 >lo00 
4-Phenyltetra- >lo00 5 70 

hydropyridine 
Dimethyl-4-phenyl- >1000 >1000 

tetrahydropyridine 
4-Phenylpyridine >lo00 >lo00 
Dopamine ,1000 >lo00 
Carbachol >lo00 ,1000 

nigra neuronal cell bodies of primates serves 
as a depot which gradually releases MPPf, 
resulting in cell death. This explains a major 
component of the exquisite sensitivity of 
primates to low doses of M r r P  and the age- 
related susceptibility of primates to MPTP. 

Environmental toxins have been implicat- 
ed in the etiology of idiopathic Parkinson's 
disease and may act in a fashion analogous 
to MPTP (30). The toxin-binding capacity 
of neuromelanin in the substantia nigra 
could account for a component of the selec- 
tive loss of nigral neurons in idiopathic 
Parkinson's disease. In normal humans there 
is an age-related selective loss of dopamine 
neurons which may also be caused by the 
accumulation of toxic substances on nigral 
neuromelanin. 
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