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AXT. K. J. AND L. S. SEIDEN. a-Methyl-p-tyrosine partially attenuates p-chloroamphetamine-induced 5-hydroxytryptamine
depletions in the rat brain. PHARMACOL BIOCHEM BEHAV 35(4) 995-997, 1990. —a-Methyl-p-tyrosine (AMT) partially
attenuates the long-term p-chloroamphetamine (pCA)-induced 5-hydroxytryptamine (5-HT) depletions. Pretreatment of rats with the
tyrosine hydroxylase inhibitor AMT before treatment with the serotonin neurotoxin pCA decreased the extent of 5-HT depletion in the
two brain regions examined. In these experiments, rats were administered AMT (150 mg/kg) 1 and 5 hours prior to an injection of pCA
(5. 10, or 15 mg/kg). AMT reduced the pCA-induced S-HT depletions in the striatum and to a lesser extent in the hippocampus.
Furthermore. the attenuation of neurotoxicity was dependent on dose of pCA, with greater AMT effects at higher doses of pCA.
AMT-pretreated rats were still significantly depleted of brain 5-HT following all doses of pCA. However, at the higher doses of pCA,
the AMT-pretreated rats were significantly less depleted than saline-pretreated, pCA-treated rats. These results suggest that the
neurotoxic effects of high doses of pCA on 5-HT-containing nerve terminals may be in part dependent on the availability of newly

synthesized dopamine (DA).

Neurotoxicity p-Chloroamphetamine

Serotonin Brain

Rat Dopamine

p-CHLOROAMPHETAMINE (pCA) produces long-term neuro-
chemical deficits in serotonergic (5-HT) nerve terminals. Levels of
5-HT and 5-HIAA are decreased, as is tryptophan hydroxylase
(TPH) activity (22). The number of high affinity uptake sites is
decreased and there is morphologic evidence of nerve terminal
degeneration (14, 15. 21). The neurotoxic effects of pCA have
been observed primarily in the serotonergic system; pCA does not
have long-lasting effects on parameters of catecholamine function
(9,22) or on the activities of glutamate decarboxylase or choline
acetyltransferase (10).

The neurotoxic effects of the substituted amphetamines meth-
ylenedioxyamphetamine (MDA) and methylenedioxymethamphet-
amine (MDMA) (5, 17, 18, 23), methamphetamine (MA) (19).
and fenfluramine (2, 16, 29) are well documented and are
qualitatively comparable to pCA. Although pCA has been widely
used as a tool for lesioning serotonergic pathways, the mechanism
of its neurotoxicity, as well as that of the other amphetamine-
related compounds. is not completely understood. However, we

have reported that the 5-HT neurotoxin 5,6-dihydroxytryptamine
(5,6-DHT) is formed in the rat brain shortly after a single
neurotoxic dose of MA or pCA (3,4). We postulated that 5,6-DHT
or radical oxygen species (produced during the formation of
5,6-DHT or upon its oxidation to quinones) mediate the neurotoxic
effects of MA and pCA, and possibly other substituted amphet-
amines.

Administration of the tyrosine hydroxylase inhibitor a-methyl-
p-tyrosine (AMT) attenuates the long-term neurotoxic effects of
MA on 5-HT nerve terminals (1, 6, 12). A functioning dopami-
nergic system has been suggested to be necessary for the neuro-
toxic effects of both MA (13,26) and MDMA (30). To elucidate
further the mechanism of neurotoxicity of pCA and determine
whether DA is involved in the neurotoxic process, it was of
interest to determine whether AMT pretreatment protects against
pCA neurotoxicity.

AMT (150 mg/kg. SC) was administered S and 1 hour prior to
pCA. pCA was administered IP at doses of 5. 10, or 15 mg/kg, as
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FIG. 1. Effect of pretreatment with saline or AMT on depletions of

hippocampal 5-HT induced by various doses of p-chloroamphetamine
(pCA). AMT (150 mg/kg) was administered 5 and 1 hour prior to pCA.
Rats were sacrificed 2 weeks atter pCA administration. Values are
expressed as mean % control = SEM.: for all pCA values. nz=6. Control
values (ng/mg wet tissue = SEM are: (5 mg/kg group) (pooled saline and
AMT): 0.350=0.010, n=5; (10 mg/kg group) saline: 0.408 *0.036;
n=6; AMT:0.413£0.038. n=6: (15 mg/kg group) saline: 0.319 = 0.028.
n=6.AMT: 0.297 2 0.016, n= 6. S-HT levels in saline and AMT controls
were comparable, and. therefore, were pooled in the 5 mg/kg group (n=2
and 3, respectively). **p<0.01 compared to control. Newman-Keuls:
+¥p<<0.005 compared to saline = pCA (10 mg/kg). Student 7= 3.80.

the free base. The highest dose (15 mg/kg) is the same dose after
which 5.6-DHT is detectable in the hippocampus (4). Rats were
sacrificed 2 weeks after drug administration. Brain regions of
interest were dissected as previously described (11). Levels of
5-HT were determined using high performance liquid chromatog-
raphy (3). Indole levels in pCA-treated groups were compared to
their respective controls using ANOVA and the Newman-Keuls
post hoc test. Two-tailed Student r-tests were used to compare
5-HT depletions in saline + pCA to AMT + pCA (each expressed
as percent of their respective control).

AMT partially reduced the neurotoxic effects of 15 mg/kg pCA
on 5-HT nerve terminals (Figs. 1 and 2). Levels of 5-HT in the
striatum of rats treated with AMT + 15 mg/kg pCA were approx-
imately three times those of rats treated with saline + 15 mg/kg
pCA:16.2=4.6% (AMT + 15 mg/kg pCA) comparedto 5.0 = 1.9%
{15 mg/kg pCA) of control (p<<0.05, Student r=2.25. Fig. 2).
However, levels of 5-HT in the hippocampus of rats treated with
AMT + 15 mg/kg pCA were not significantly different from those
of rats treated with saline + 15 mg/kg pCA; 12.7 + 3.5% of control
(AMT + 15 mg/kg pCA) compared to 7.5+2.7% of control
(saline + 15 mg/kg pCA) (Fig.1). 5-HIAA levels were not deter-
mined for these samples.

AMT pretreatment also partially attenuated S-HT depletions
produced by a dose of 10 mg/kg pCA. The depletions of S-HT
after treatment with AMT -+ 10 mg/kg pCA were significantly less
than those observed after treatment with saline + 10 mg/kg pCA
both in the hippocampus (30.2 +3.4% compared to 14.5+2.4%
of control, p<0.005. Student r=3.80. Fig. 1) and striatum
(45.3=5.0% compared to 20.9+1.7% of control, p<0.001.
Student r=4.58, Fig. 2). 5-HIAA levels were also significantly
less depleted in AMT-pretreated rats in both hippocampus
(AMT + 10 mg/kg pCA: 30.5%5.3%. saline + 10 mg/kg pCA:
15.0+2.0%; p<0.05, Student r=2.72) and striatum (AMT + 10
mg/kg pCA: 39.3+4.1%, saline ~ 10 mg/kg pCA: 19.1+2.7%:
p<0.005. Student r=4.09).

In contrast to the partial attenuation of pCA-induced (10 or 1S
mg/kg) 5-HT depletions observed in AMT-pretreated rats. AMT
had no significant effect on depletions of 5-HT produced by S
mg/kg pCA in either hippocampus or striatum (Figs. 1 and 2).
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FIG. 2. Effect of pretreatment with saline or AMT on depletions of striatal
5-HT induced by various doses of p-chioroamphetamine (pCA). AMT
(150 mg/kg) was administered 5 and | hour prior to pCA. Rats were
sacrificed 2 weeks after pCA administration. Values are expressed as mean
% control = SEM: for all pCA values, ni6. Control values (ng/mg wet
tissue + SEM)are: (S mg/kg group) (povled saline and AMT): 0.467 = 0.045,
n=35: (10 mg/kg group) saline: 0.527 = 0.034. n=6: AMT: 0.573 +0.023.
n =6:(15 mg/kg group) saline: 0.224 = 0.021. n = 6: AMT: 0.264 = 0.033,
n=6. 5-HT levels in saline and AMT controls were comparable. and,
therefore. were pooled in the 5 mg/kg group (n—2 and 3. respectively).
*p<0.05. **p<0.01 compared to control. Newman-Keuls; ++tp<.0.001
compared to saline + pCA (10 mgkg). Student r=4.58; §p<20.05
compared to saline ~ pCA (15 mg/kg). Student r=2.25.

Hippocampal 5-HT was 56.5 %= 4.7% of control in AMT + 5 mg/kg
pCA-treated and 47.4%5.9% of control in saline+5 mg/kg
pCA-treated rats, p=0.34. Striatal 5-HT was 73.2+5.2% of
control in AMT+5 mg/kg pCA-treated and 64.3+7.6% of
control in saline +5 mg/kg pCA-treated rats, p=0.25. There was
also no effect on S-HIAA depletions. Levels of 5-HIAA in
hippocampus were 50.0 = 2.5% of control (AMT ~ 5 mg/kg pCA)
compared to 44.3+3.3% of control (saline+5 mg/kg pCA),
p=0.19, and in striatum were 63.6+5.7% of control (AMT +5
mg/kg pCA) compared to 56.6 + 5.0% of control (saline + 5 mg/kg
pCA). p=0.38. Depletions of striatal dopamine or DOPAC were
not observed at any of the doses of pCA employed (data not
shown).

AMT pretreatment. therefore. does not fully protect rats
against pCA-induced depletions of 5-HT in the hippocampus or
striatum. Although neostriatal 5-HT is significantly less depleted
when rats treated with 10 or 15 mg/kg pCA are pretreated with
AMT., this apparent attenuation does not occur in rats treated with
5 mg/kg pCA. Since pCA has been shown to cause release of DA
(28). it is possible that a component of pCA-induced serotonergic
neurotoxicity is mediated by the actions of released DA on the
serotonergic terminals. At higher doses of pCA. the DA compo-
nent may be significant, and thus can be eliminated by AMT-
pretreatment. Note that the slight attenuation of 15 mg/kg pCA-
induced depletions resulting from AMT pretreatment is significant
in striatum (Fig. 2). but not in hippocampus (Fig. 1), where there
is very little DA,

Since the pharmacologic and neurotoxic effects of substituted
amphetamines on serotonergic neurons are similar (7. 8. 20, 24,
25. 31), albeit with differing potencies. it is probable that the
mechanism of toxicity is identical for this group of drugs. It has
been suggested that DA may mediate the neurotoxic effects of
several substituted amphetamines on serotonergic neurons (13, 28,
30). The role of DA. or catechols, in amphetamine-induced
serotonergic neurodegeneration is not yet clear. however, because
of discrepant observations. AMT pretreatment has been shown to
protect against the neurotoxic effects of MA (1, 6. 12). However.
pretreatment with AMT does not completely prevent the MA-
induced formation of 5.6-DHT in the rat hippocampus (1).



AMT ATTENUATES pCA NEUROTOXICITY

Endogenously produced 5.6-DHT has been hypothesized to be
responsible for the neurotoxic effects of both MA and pCA (3.4).
Schmidt and Taylor (27) have shown that AMT pretreatment does
not protect serotonergic neurons from the acute pharmacologic
effects of MDMA. However. more recent reports indicate that
AMT protects against decreases in TPH activity and 5-HT levels
measured | week (32) or 3 days (30) after drug administration. In
addition, Stone et al. (30) demonstrated that bilateral 6-hydroxy-
dopamine (6-OHDA) lesions of substantia nigra attenuated MDMA-
induced decrcases in neostriatal TPH activity, but not hippocampal
or neocortical TPH activity. In contrast. Taylor and Schmidt (32)
reported that unilateral nigral lesions with 6-OHDA had no effect
on MDMA-induced reductions in TPH activity or 5-HT levels in
either neostriatum or neocortex measured 3 hours or 1 week after
drug administration.

In conclusion. a role for DA in the neurotoxic effects of
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substituted amphetamines on serotonergic neurons cannot be
definitively assigned. Specifically in the case of pCA-induced
neurotoxicity, DA availability does not appear to play a direct role
in the neurotoxic actions of pCA, especially at lower doses of the
drug. It has been suggested that AMT may prevent MA-induced
neurotoxicity in part by scavenging reactive oxygen species (1).
However, in light of the present observation that AMT is unable to
fully protect serotonergic nerve terminals from the neurotoxic
effects of pCA., this mechanism of protection by AMT seems less
likely.

ACKNOWLEDGEMENTS
This work was supported by a USPHS NIDA Grant DA-0250 to

L.S.S., P.I. for Project IV. L.S.S. is the recipient of an RSA Award
MH-10562. K.J.A. was supported by USPHS Training Grant MH-14274.

REFERENCES

1. Axt, K. J.; Commins. D. L.; Vosmer, G.. Seiden, L. S.; o-
Methyl-p-tyrosine pretrcatment partially prevents methamphetamine-
induced endogenous neurotoxin formation. Brain. Res.. in press:
1990.

. Clineschmidt. B. V.; Totaro, J. A.: McGuffin, J. C.; Pflueger, A. B.
Fenfluramine: Long-term reduction in brain serotonin (5-hydroxy-
tryptamine). Eur. J. Pharmacol. 35:211-214: 1976.

3. Commins, D. L.. Axt, K. J.; Vosmer, G.. Seiden, L. S. 5.6-
Dihydroxytryptamine, a serotonergic neurotoxin is formed endoge-
nously in the rat brain. Brain Res. 403:7-14; 1987.

4. Commins, D. L.; Axt, K. J.; Vosmer. G.: Seiden. L. S. Endoge-
nously produced 5.6-dihydroxytryptamine may mediate the neuro-
toxic effects of para-chloroamphetamine. Brain Res. 419:253-261;
1987.

5. Commins. D. L.; Vosmer, G.; Virus, R. M.: Woolverton, W. L.;
Schuster, C. R.: Seiden, L. S. Biochemical and histological evidence
that methylenedioxymethamphetamine (MDMA) is toxic to neurons in
the rat brain. J. Pharmacol. Exp. Ther. 241:338-345; 1987.

6. Commins, D. L; Seiden, L. S. a-Methyltyrosine blocks methylam-
phetamine-induced degencration in the rat somatosensory cortex.
Brain Res. 365:15-20: 1986.

7. Fuller. R. W. Serotonin oxidation by rat brain monoamine oxidasc:
inhibition by 4-chloroamphetamine. Life Sci. 5:2247-2252; 1966.

8. Garattini. S.: Buczko, W.; Jori. A.; Samanin, R. The mechanism of
action of fenfluramine. Postgrad. Med. J. 51(Suppl. 1):27-35; 1975.

9. Gorlitz, B.-D.: Frey, H.-H. Central monoamines and antinociceptive
drug action. Eur. J. Pharmacol. 20:171-180; 1972.

10. Hattori. T.; McGeer, P. L.; McGeer. E. G. Synaptic morphology in
the neostriatum of the rat: possible scrotonergic synapse. Neurochem.
Res. 1:451-467; 1976.

11. Heffner, T. G.; Hartman. J. A.: Seiden. L. S. A rapid method for the
regional dissection of the rat brain. Pharmacol. Biochem. Behav.
13:453-456; 1980.

12. Hotchkiss. A. J.: Gibb, J. W. Longterm effects of multiple doses of
methamphetamine on tryptophan hydroxylase activity in rat brain. J.
Pharmacol. Exp. Ther. 214:257-262; 1980.

13. Johnson. M.; Stone. D. M.; Hanson, G. R.; Gibb, J. W. Role of
dopaminergic nigrostriatal pathway in methamphetamine-induced de-
pression of the neostriatal scrotonergic system. Eur. J. Pharmacol.
135:231-234: 1987.

14. Mamounas, L. A.; Molliver, M. E. Evidence for dual serotonergic
projections to neocortex: axons from the dorsal and median raphe
nuclei are differentially vulnerable to the neurotoxin p-chloroamphet-
amine (pCA). Exp. Neurol. 102:23-36; 1988.

15. Massari, V. J.. Tizabi, T.. Sanders-Bush, E. Evaluation of the
neurotoxic effects of p-chloroamphetamine: a histological and bio-
chemical study. Neuropharmacology 17:541-548; 1978.

16. Molliver, D. C.; Molliver, M. E. Selective neurotoxic effects of
( = )fenfluramine upon 5-HT axons in rat brain: immunocytochemical
evidence. Soc. Neurosci. Abstr. 14:210; 1988.

17. O'Heam. E.; Battaglia, G.. DeSouza. E. B.; Kuhar, M. J.; Molliver,
M. E. Methylenedioxyamphetamine (MDA) and methylenedioxy-

(%]

methamphetamine (MDMA) cause selective ablation of serotonergic
axon terminals in forebrain: Immunocytochemical evidence for neu-
rotoxicity. J. Neurosci. 8:2788-2803; 1988.

18. Ricaurte. G.; Bryan, G.: Strauss, L.: Seiden, L.; Schuster, C.
Hallucinogenic amphetamine sclectively destroys brain serotonin
nerve terminals. Science 229:986-988; 1985.

19. Ricaurte, G. A.; Schuster, C. R.; Seiden, L. S. Long-term effects of
repeated methylamphetamine administration on dopamine and seroto-
nin neurons in the rat brain: a regional study. Brain Res. 193:153-163;
1980.

20. Ross, S. B.; Ogren, S.-O.: Renyi, A. L. Substituted amphetamine
derivatives. 1. Effect on uptake and release of biogenic amines and on
monoamine oxidase in the mouse brain. Acta Pharmacol. Toxicol.
41:337-352; 1977.

21. Sanders-Bush. E.; Bushing, J. A.; Sulser, F. Long-term effects of
p-chloroamphetamine on tryptophan hydroxylase activity and on the
levels of 5-hydroxytryptamine and 5-hydroxyindole acetic acid. Eur.
J. Pharmacol. 20:385-388; 1972.

. Sanders-Bush, E.; Bushing, J. A.. Sulser, F. Long-term effects of
p-chloroamphetamine and related drugs on central serotonergic mech-
anisms. J. Pharmacol. Exp. Ther. 192:33-41; 1975.

23. Schmidt. C. J. Neurotoxicity of the psychedelic amphetamine, meth-
yiendioxy-methamphetamine. J. Pharmacol. Exp. Ther. 240:1-7
1987.

24. Schmidt, C. J.; Gibb, J. W.; Role of the dopamine uptake carrier in
the neurochemical response to methamphetamine: Effects of am-
fonelic acid. Eur. J. Pharmacol. 109:73-80: 1985.

25. Schmidt, C. J.: Levin, J. A.. Lovenberg, W. In vitro and in vivo
effects of methylenedioxymethamphetamine on striatal monoaminer-
gic systems in the rat brain. Biochem. Pharmacol. 31:747-755; 1987.

26. Schmidt. C. J.; Ritter, J. K.; Sonsalla, P. K.; Hanson, G. R.; Gibb,
J. W. Role of dopamine in the neurotoxic effects of methamphet-
amine. J. Pharmacol. Exp. Ther. 233:539-544; 1985.

27. Schmidt, C. J.; Taylor, V. L. Depression of rat brain tryptophan
hydroxylase activity following the acute administration of methylene-
dioxymethamphetamine. Biochem. Pharmacol. 36:4095-4102; 1987.

28. Sharp, T.; Zetterstrom, T.: Christmanson, L.; Ungerstedt, U. p-
Chloroamphetamine releases both serotonin and dopamine into rat
brain dialysates in vivo. Neurosci. Lett. 72:320-324; 1986.

29. Steranka, L. R.; Sanders-Bush, E. Long-term effects of fenfluramine
on central serotonergic mechanisms. Neuropharmacology 18:895-
903; 1979.

30. Stone. D. M.: Johnson, M.. Hanson, G. R.; Gibb. J. W. Role of
endogenous dopamine in the central serotonergic deficits induced by
3.4-methylenedioxy-methamphetamine, J. Pharmacol. Exp. Ther.
247:79-87: 1988.

31. Suzuki. O.; Hattori, H.: Asano. M.; Oya, M. Katsuma, Y. Inhibition
of monoamine oxidase by d-methamphetamine. Biochem. Pharmacol.
29:2071-2073; 1980.

32. Taylor, V. L.; Schmidt. C. J. Evidence for a monoaminergic link in
the neurotoxicity of methylenedioxymethamphetamine (MDMA). Soc.
Neurosci. Abstr. 14:558; 1988.

(853
]



