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Role for Excitatory Amino Acids in Methamphetamine- 
Induced Nigrostriatal Dopaminergic Toxicity 

The systemic administration of either methamphetamine or  1-methyl-4-phenyl- 
1,2,3,6-tetrahydropyridine (MPTP) to experimental animals produces degenerative 
changes in nigrostriatal dopaminergic neurons o r  their axon terminals. This study was 
conducted to  determine if excitatory amino acids, which appear to  be involved in 
various neurodegenerative disorders, might also contribute to  the dopaminergic 
neurotoxicity produced in mice by either methamphetamine o r  MPTP. MK-801, 
phencyclidine, and ketamine, noncompetitive antagonists of one subtype of  excitatory 
amino acid receptor, the N-methyl-D-aspartate receptor, provided substantial protec- 
tion against neurotoxicity produced by methamphetamine but not that produced by 
MPTP. These findings indicate that excitatory amino acids play an important role in 
the nigrostriatal dopaminergic damage induced by methamphetamine. 

0 VERACTIVITY OF EXCITATORY AMI- phate with a concomitant increase in purine 
no acid (EAA) neurotransmission catabolites (13). Each of these effects, alone 
may be associated with the patho- or in combination, could contribute to cell 

physiology of a number of neurodegenera- death. Cultured cerebellar neurons can be 
tive disorders, including epilepsy (I), olivo- protected from excitotoxin-induced death 
pontocerebellar atrophy (Z), stroke or hy- by compounds that reduce levels of superox- 
poxia-induced brain damage (3),  hypoglyce- ide or hydroxyl radicals (14). These latter 
mia-induced brain damage (4). spinal cord " x , *  L 

injury (5), and possibly even Huntington's 
disease (6) and Alzheimer's disease (7). The 
infusion of EAA agonists such as kainate, 
ibotenate, or N-methyl-D-aspartate (NMDA) 
directly into a particular brain region such 
as the cortex (8),  hippocampus (Y), or 
striatum (6) of experimental animals causes 
neurodegeneration within that brain region. 
Excitotoxin-induced cell death appears to be 
mediated by excessive stimulation of EAA 
receptors, of which there are at least three 
subtypes: NMDA, kainate, and quisqualate 
(10). 

The excitotoxins cause a prolonged neu- 
ronal depolarization (II), an influx of Ca2+ 
(IZ), and a depletion of adenosine triphos- 

Department of Neurology, University of Medicine and 
Dentisuy of New Jersey-Robert Wood Johnson Medical 
School, Piscataway, NJ 08854. 

findings are consistent with the premise that 
excitotoxin-induced neuronal degeneration 
may be mediated by oxidative stress associat- 
ed with the production of superoxide and 
hydroxyl radicals. 

Parkinson's disease (PD) is a neurodegen- 
erative disorder of unknown etiology that is 
characterized by a loss of nigrostriatal dopa- 
minergic neurons. One theory of neurode- 
generation in PD is that oxidation products 
derived from dopamine (DA), such as hy- 
drogen peroxide, superoxide radicals, and 
hydroxyl radicals, are neurotoxic (15). There 
are several experimental models of PD, one 
of which is the amphetamine- or metham- 
phetamine (METH)-treated rodent or non- 
human primate. The amphetamines cause 
damage to nigrostriatal dopaminergic neu- 
rons as evidenced by marked decrements in 
the neostriatal content of DA and its metab- 
olites, the number of high-affinity DA up- 
take sites, and the activity of tyrosine hy- 
droxylase (TH), as well as histochemical 
indications of nerve terminal degeneration 
within the neostriatum (16). The amphet- 
amines cause a release of newly synthesized 

Table 1. Effect of (+)MK-801 on METH-induced decreases in T H  activity and DA content in the 
mouse neostriatum. Mice received four intraperitoneal injections of METH at the doses indicated at 2- 
hour intervals. Other groups were injected intraperitonedy with (+)MK-801 at the doses indicated 15 
min before and 3 hours after the first injection of METH. Results are the means t SD of three to five 
mice per group killed 3 days after treatment. 

METH 
(mg/kg) 

T H  activity 
(nmoYg 

per hour) 

465 r 54 
367 t 16 
197 * 111* 
154 r 44* 
64 ? 26" 

240 -C 82" 
369 + 80t  
358 r 77*t 
420 * 50t 

*Statisticall different ( P  < 0.05) from naive group (analysis ofvariance with Duncan's multiple range test). tSta- 
tistically digerent ( P  < 0.05) from METH-only group. 
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DA from a cytosolic pool (1 7). The adminis- produced by electroshock and convulsants 
tration to experimenial animals of u-methyl- 
p-tyrosine, which inhibits T H  activity and 
therefore prevents DA synthesis, attenuates 
METH-induced neurotoxicity (18). Oxida- 
tion products of DA may play a role in this 
METH-induced toxicity (19), and it is possi- 
ble that there may be important similarities 
in the mechanisms of cell death in idiopathic 
PD and the dopaminergic cell damage in- 
duced by METH administration. 

The neostriatum receives a large input of 
glutamatergic neurons from the cortex (20). 
NMDA causes DA to be released from 
neostriatal slices, a part of which, at least, 
may be mediated by NMDA receptors on 
dopaminergic terminals (21). Moreover, a 
population of these glutamatergic neurons 
have presynaptic DA receptors which, when 
activated, may decrease the high-affinity up- 
take of glutamate (22). The competitive 
blockade of NMDA receptors or the block- 
ade of the NMDA receptor-associated ion 
channel prevents EAA-mediated damage in 
in vitro experimental systems (23) and in 
experimental animals retards seizure activity 

(24), reduces or prevents neurodegeneration 
induced by hypoglycemia (4) or reperfusion 
ischemia (3), and improves neurological 
outcome after spinal cord injury (5). o n  the 
basis of these observations, we have evaluat- 
ed the effect of noncompetitive NMDA 
receptor antagonists that readily penetrate 
into the brain on METH-induced dopamin- 
ergic toxicity. In addition, we tested for 
the efficacy of one of these agents, namely 
(+)MK-801, in preventing dopaminergic 
neurotoxicity induced by another dopamin- 
ergic neurotoxin, l-methyl-4-phenyl-l,2,3,6- 
tetrahydropyridine (MPTP) (25). The 
mechanism of cell death by MPTP is not 
well understood. Although oxidative stress 
may be a component of MPTP-induced 
dopaminergic toxicity (26), other mecha- 
nisms involving cellular respiration may be 
more important (27). 

The Intraperitoneal administration of 
METH (28) produced a dose-dependent 
decrease in T H  activity and in DA content 
in the mouse neos t r i ak  (Table 1). Three 
days after treatment with METH (four in- 

Table 2. Effect of (+) or (-)MK-801 on METH- or MPTP-induced decreases in T H  activity and DA 
content in the mouse neostriatum. Mice were injected with (+) or (-)MK-801 (2.5 mglkg, 
intraperitoneally) 15 min before and 3 hours after the first injection of METH or MPTP. Four 
intraperitoneal injections of METH (10 mglkg) or MPTP (20 mglkg) were given at 2-hour intervals. 
Results are the means k SD of three to five mice per group killed 3 days after treatment. 

Treatment Neuro- 
toxin 

T H  activity 
(nmoVg 

per hour) 

(+)MK-801 
(-)MK-801 

METH 
(+)MK-801 METH 
(-)MK-801 METH 

MPTP 
(+)MK-801 M m P  
(-)MK-801 MPTP 

*Statistically different (P < 0.05) from naive or corresgondin control (*) group (analysis of variance with Duncan's 
multiple range test). +Statistically different (P < 05) A m  METH-only group. +Statistically different (P 
< 0.05) from MITP-only group. 

Table 3. Effect of ketamine or PCP on METH-induced decreases in neostriatal T H  activity and DA 
content. Ketamine (100 mglkg) or PCP (20 mglkg) was administered intraperitonedy 15 min before 
each ir~jection of METH. METH was administered as described in Table 2. Results are the means -+ SD 
of four to nine mice per group killed 7 days after treatment. 

Treatment METH 

-- 

T H  activity 
(nmoVg 

per hour) 

Ketamine 

Ketamine 

PCP 

PCP 
- - - - - 

"Statlstlcally dlfferent (P < 0.05) from naive or corresponding control group (analysis of varlance wlth Duncan's 
multlple range test). tStatlstlcally dlfferent (P < 0.05) from METH-only group. 

jections of 5 or 10 mg per kilogram of body 
weight every 2 hours), there was a marked 
loss of neostriatal DA (78% and 93%, re- 
spectively) and T H  activity (67% and 86%, 
respectively). The compound (+)MK-801 
(0.5 to 2.5 mgtkg) protected against these 
large decrements (Tables 1 and 2). 

No protection against the METH-in- 
duced dopaminergic deficits was observed in 
mice treated with the less active isomer 
(-)MK-801 (2.5 mgtkg) (Table 2). How- 
ever, (-)MK-801 does display a moderate 
afhity for the ion channel binding site but 
is only one-seventh as potent as ( + )MK-801 
(29). A larger dose of (-)MK-801 (10 mg/ 
kg) provided substantial, although not com- 
plete, protection against METH-induced 
toxicity (30). 

In contrast to its protective effect against 
METH-induced toxicity, (+)MK-801 failed 
to provide substantial protection against 
MPTP-induced decrements in DA content 
and TH activity (Table 2). Although DA 
content was significantly higher in mice that 
received (+)MK-801 and MPTP than in 
those that received MPTP alone, no statisti- 
cal differences in T H  activity were seen 
between the two groups (Table 2). More- 
over, the effects of (-)MK-801 on MPTP- 
induced decreases in DA and T H  were 
similar to those of (+)MK-801. In two 
other experiments, the effects of (+)MK- 
801 were variable: in one experiment there 
was no significant protection, whereas in the 
other experiment there was a small but 
significant attenuation by (+)MK-801 of 
the MPTP-induced decrement in DA con- 
tent. Although a more complete investiga- 
tion is needed to determine if there is any 
protective effect of (+)MK-801 against 
MPTP, it is clear that (+)MK-801 does not 
provide the same degree of protection 
against MPTP as against METH. 

Both phencyclidine (PCP) and ketamine 
antagonize NMDA responses in a noncom- 
petitive fashion, presumably by blocking the 
NMDA receptor-associated ion channel in a 
manner analogous to that for MK-801. 
Both PCP and ketamine are much less po- 
tent than either (+)MK-801 or (-)MK- 
801 in their binding afhity for the ion 
channel (29) and in their related pharmaco- 
logical effects (24). Neither PCP (10 mgtkg) 
nor ketamine (10 mgtkg) given intraperito- 
neally 15 min before and 3 hours after the 
first METH injection protected against 
METH-induced toxicity. However, when 
the doses were increased (PCP, 20 mgtkg; 
ketamine, 100 mgtkg) and the compounds 
were administered more frequently (four 
times, 15 min before each METH injec- 
tion), each provided extensive protection 
(Table 3). 

Although both METH and MPTP pro- 
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duce nigrostriatal dopminergic neurotoxic- Meldrum, in Excitotoxins (Wenner-Gren Interna- Meldrum, Eur. J .  Phamacol. 83, 335 (1982). 
tional Symposium Series), K. Fuxe, P. Roberts, R. 25. There is an abundance of literature regarding the ity, different mechanisms appear to be in- Schwarcz, Eds. (Macmillan, London, 1983), vol. neurotoxicity of MPTP; several representative pa- 

volved. The lack of any substantial protec- 39, p. 331. pers, which describe its effects in mice, are: R. E. 
tive of (+)MK-801 on ~ p ~ p - i ~ -  2. A. Plaitakis, S. Berl, M. D. Yahr, Science 216, 193 Heikkila, A. Hess, R. C. Duvoisin, Science 224, 

(1982). 1451 (1984); G. A. Ricaurte et dl., Brain Res. 403, 
duced neurotoxicit~ suggests 3. R. P. Simon, J.  H .  Swan, T.  Griffiths, B. S. Mel- 43 (1987); E. Sundstrom, I. Stromberg, T. Tsut- 
receptors, at least of the NMDA type, are drum, ibid. 226, 850 (1984); R. Gill, A. C. Foster, sumi, L. Olson, G. Jonsson, ibid. 405, 26 (1987). 

not involved in MPTP-induced neurotoxici- 4, :; :iEl,%[;L ~~~~~i~~~~ (19877). 
26. S. P. Markey and N. R. Schmuff, ~ e d .  Res. Rev. 6, 

389 (1986). 
ty. In contrast, our data are consistent with a 5. A, I, Faden and R. P. Simon, Ann. Neurol. 23,623 27. D. Di Monte. M. S. Sandy, G. Ekstrom, M. T. 
role for the actions of EAAs, mediated via 
NMDA receptors, in the dopaminergic tox- 
icity induced by METH. Not only did sever- 
al different noncompetitive antagonists of 
the NMDA receptors provide protection 
against METH toxicity, but the rank order 
for the potency of these compounds in 
protecting against METH-induced toxicity 
[(+)MK-801> (-)MK-801 > PCP > ke- 
tamine] is the same as the order observed in 
binding experiments (29) and in other in 
vivo experiments (24). 

Our findings implicate EAAs in yet an- 
other model of neurodegeneration. These 
findings and those of others may lead to an 
understanding of the etiology of and the 

(1988). 
6. J. T. Coyle and R. Schwarcz, Nature 263, 244 

(1976). 
7. W. F. Maragos, J. T. Greenarnyre, J. B. Penney, Jr., 

A. B. Young, Trends Neurosci. 10, 65 (1987). 
8. D. W. Choi, M. Maulucci-Gedde, A. R. Kriegstein, 

J .  Neurosci. 7, 357 (1987). 
9. C. Kohler, in Excitotoxins (Wenner-Gren Interna- 

tional Symposium Series), K. Fuxe, P. Roberts, R. 
Schwarcz, Eds. (Macmillan, London, 1983), vol. 
39, p. 99. 

10. B. Meldrum, in Neurotoxins and Their Phamacological 
Implications, P. Jenner, Ed. (Raven, New York, 
1987), p. 33. 

11. H.  McLennan, G. L. Collingridge, S. J. Kehl, in 
Excitotoxins (Wenner-Gren International Sympo- 
sium Series), K. Fuxe, P. Roberts, R. Schwarcz, 
Eds. (Macmillan, London, 1983), vol. 39, p. 19. 

12. A. B. Mac Dermott, M. L. Mayer, S. J.  Westbrook, 
S. J. Smith, J. L. Barker, Nature 321, 519 (1986). 

13. H.  Hagberg et a/., Neurosci. Lett. 68, 311 (1986). 
14. 1. A. Dvkens. A. Stern. E. Trenkner. I .  Neurochern. 

Smith, Biochem. Biophys. R ~ S .  Commun. 137, 303 
(1986); W. J. Nicklas, I. Vyas, R. E. Heikkila, Lije 
Sci. 36,2503 (1985); R. R. Ramsay, J. I. Salach,T. 
P. Singer, Biochem. Biophys. Res. Commun. 134, 743 
(1986). 

28. Male Swiss Webster mice (25 to 30 g, Taconic 
Farms) were injected intraperitoneally with MPTP 
hydrochloride (Research Biochemicals) (20 mg of 
free base per kilogram per injection) or METH 
hydrochloride (Sigma) (1.25 to 10 mg of free base 
per kilogram per injection) four times at 2-hour 
intervals. Some of the mice were also injected intra- 
peritoneally with various doses of (+)MK-801 ma- 
leate (Merck or Research Biochemicals) or (-)MK- 
801 maleate (Research Biochemicals) 15 min before 
and 3 hours after the first injection of MPTP or 
METH. Other mice received intraperitoneal injec- 
tions of PCP hydrochloride (Sigma) (20 mg of free 
base per kilogram per injection) or ketamine hydro- 
chloride (Research Biochemicals) (100 mg of free 
base per kilogram per injection) before each injec- 
tion of METH. Three or 7 davs later the mice were , - 

development-of effective preventive mea- 49,1222 (1987). killed and the neostriata were ;emoved. TH activity 
15. G. Cohen, Adv. Neurol. 45, 119 (1986). and DA content were measured as described by J. F. for PD and other neurodegenerative 16. G. Ellison, M. S. Eison, H. S. Huberman, F. Daniel, Reinhard, Jr., et 01.  [LiJe Sci. 39, 2185 (1986j1 and 

disorders. Exactly how the E M S  are in- science 201, 276 (1978); A. J. Hotchkiss and J. W. P. K. Sonsalla et 01.  [I. Phamacol. Exp. Ther. 242, 
valved in M E T H - ~ ~ ~ ~ ~ ~ ~  and other forms Gibb, J .  Pharmacol. Exp. Ther. 214,257 (1980); K. 850 (1987)], respectively. 

L. Preston, G. C. Wagner, C. R. Schuster, L. S. 29. E. H.  F. Wong et a/., Proc. Natl. Acad. Sci. U . S . A .  
neurOtOxicity is the Seiden. Brain Res. 338.243 11985): L. R. Steranka 83, 7104 (1986). 

noncompetitive antagonists might inhibit 
the direct actions of EAAs on neostriatal DA 
terminals, there is no evidence that the 
infusion of NMDA or other excitotoxins 
into the neostriatum damages neostriatal 
dopaminergic neurons. Other indirect 
mechanisms involving the EAAs may be 
important. The fact that the EAAs have 
been implicated in many neurodegenerative 
disorders of many brain areas may indicate 
that overactivity of EAAs may be a common 
denominator in neurodegeneration. 
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