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When amphetamine or an analog is administered in repeated high
doses, neurochemical deficits in both the dopaminergic and
serotonergic systems of selected areas of the brain are observed.
Methamphetamine (10 to 15 milligrams per kilogram (mg/kg)),
administered every 6 hours for 5 doses, decreases rat tyrosine
hydroxylase (TH) activity and dopamine (DA) content in the
neostriatum within 18 hours after the first dose (Koda and Gibb
1973). Interestingly, these neurochemical deficits persist in rats and
nonhuman primates for extended periods of time after the drug is
discontinued (Ellison et al. 1978; Bakhit et al. 1981; Woolverton et
al. 1989).

Buening and Gibb (1974) demonstrated that DA plays a critical role in
the neurochemical deficits observed after methamphetamine
administration. The DA antagonists chlorpromazine and haloperidol,
when administered concurrently with methamphetamine, completely
blocked the metham-phetamine-induced alterations in neostriatal TH
activity and DA content. Subsequent studies (Gibb and Kogan 1979)
demonstrated that when the rate-limiting enzyme TH was inhibited by
administering -methyltyrosine (MT), the neurochemical deficits
normally observed with methamphet- amine were prevented.
Consistent with the concept that DA is necessary for the
methamphetamine-induced neurochemical deficits, the neuro-
chemical deficits were again observed when DA synthesis was restored
by administering L-dopa.

Not only is methamphetamine administration toxic to the
dopaminergic system, but the serotonergic system in the various brain
areas is also altered. Hotchkiss and Gibb (1980) reported that
methamphetamine, administered as described above, decreased
tryptophan hydroxylase (TPH) activity in the serotonergic nerve
terminal of rat brain and spinal cord. Similarly, the content of 5-
hydroxytryptamine (5-HT) and its metabolite 5-hydroxyindole acetic
acid (5-HIAA) were also severely depressed. In contrast to the effects
in the dopaminergic system, these serotonergic parameters were
decreased by methamphetamine within 15 minutes after a single dose

128



(Bakhit and Gibb 1981) and were more pronounced than the
dopaminergic deficits. Like the dopaminergic changes, these
serotonergic alterations persisted for extended periods of time (Bakhit
et al. 1981).

Interestingly, the serotonergic changes resulting from toxic doses of
meth- amphetamine are also dependent on DA. When MT was
administered concurrently with methamphetamine, the decreases in
TPH activity and 5-HT and 5-HIAA content were prevented
(Hotchkiss and Gibb 1980; Schmidt et al. 1985). When DA synthesis
was reinstated by adding L-dopa to the dosing regimen, the
neurochemical deficits were again observed. Further evidence for DA
dependence was reported by Johnson and colleagues (1987), who
destroyed the dopaminergic nerve terminals in the neostriatum by
injecting 6-hydroxydopamine (6-OHDA) into the substantia nigra.
Eleven days later the usual neurotoxic dosage regimen of metham-
phetamine was administered and TPH activity in the neostriatum,
cerebral cortex, and the hippocampus was determined. The usual
decrease in TPH activity was observed in the cerebral cortex and
hippocampus; however, in the neostriatum, which was deprived of
dopaminergic input by prior administration of 6-OHDA, the deficit of
TPH usually observed with methamphetamine was significantly
attenuated.

The pronounced neurochemical deficits in the dopaminergic and
serotonergic systems posed the question of whether
methamphetamine, administered in these large, repeated doses, was a
general neurotoxin affecting all neurotransmitter systems. Hotchkiss
and colleagues (1979) found no effects on the cholinergic system or
on the glutaminergic system as defined by an absence of any
alteration of the respective synthesizing enzymes of these
neurotransmitter systems.

Ricaurte and colleagues (1985) demonstrated that an analog of
amphetamine, 3,4-methylenedioxyamphetamine (MDA), is
neurotoxic to monoamine systems. They observed that neostriatal
and hippocampal 5-HT and 5-HIAA contents were depressed after
MDA administration and that hippocampal norepinephrine (NE)
content was also compromised. In comparing the effects of
methylenedioxymethamphetamine (MDMA) and methamphetamine,
it was observed (Stone et al. 1986, 1987) that while
methamphetamine decreased both TH and TPH activity, MDMA
depressed only TPH activity without altering the DA-synthesizing
enzyme. Although MDMA releases DA (Yamamoto and Spanos
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1988), this analog is selectively neurotoxic to the serotonergic
system at doses that do not cause any persisting effect on the
dopaminergic system.

Further studies (Stone et al. 1988) provided extensive evidence that
the neurochemical deficits induced by MDMA are DA dependent.
The deficits in TPH activity and content of 5-HT and 5-HIAA
normally seen in MDMA-treated rats were attenuated by concurrent
administration of MT; these deficits returned when L-dopa was
administered concurrently with MT and MDMA. Prior treatment
with 6-OHDA (described above) selectively attenuated the
serotonergic deficits in the neostriatum while no protection by 6-
OHDA occurred in the hippocampus or cerebral cortex. Prior
depletion of DA with reserpine attenuated the neurotoxicity of
MDMA. From these experiments the authors concluded that DA
and/or its metabolites play a key role not only in the neurotoxicity
observed with methamphetamine, but also with its methylenedioxy
analogs.

Because of the apparent role for DA in the toxicity caused by metham-
phetamine and its analogs, the authors reasoned that DA and/or a reactive
DA metabolite may be oxidizing components of the dopaminergic and
serotonergic nerve terminals to cause the persisting deficits in these two
neuronal systems. To test this hypothesis, TPH activity was measured in
cerebral cortex from rats treated with toxic doses of methamphetamine,
MDMA, or p-chloroamphetamine (Stone et al. 1989). Three hours after
receiving one of the amphetamines, the rats were killed and the supernatant
fraction of the cerebral cortex containing TPH was obtained. An aliquot of
the supertanant was then exposed to various reducing agents in a nitrogen
atmosphere for a 24-hour period. As previously observed, enzyme activity
from rats treated with the amphetamine analog was markedly impaired
compared to that from untreated rats. TPH activity from rats treated with
the amphetamine analog was essentially normal in those samples incubated
with dithiothreitol, a reducing agent, in a nitrogen atmosphere; other
reducing agents were not as effective. A time-response relationship
revealed that the enzyme activity could be restored only during the first 6-
hour period. After 6 hours, oxidation of the enzyme had apparently
progressed to a point where it was irreversible.

METABOLITES OF AMPHETAMINE

Methamphetamine administered directly into the brain is not neurotoxic
(Matsuda 1987; Molliver et al. 1986; Berger et al. 1990; Paris and
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Cunningham 1990). Furthermore, when methamphetamine or its analogs
are incubated with brain slices or homogenates, no impairment of TH or
TPH activity is observed. This finding led to an investigation of whether
an amphetamine metabolite is responsible for neurotoxicity (Matsuda et al.
1989). Ketamine-anesthetized rats received bilateral injections of either p-
hydroxyamphetamine (pOHA) or p-hydroxynorephedrine (pOHN) at doses
of 0.5, 5, or 50 micrograms (g) administered directly into the

neostriatum. Three hours later, striatal DA and 5-HT contents were
determined. The 50 g dose of pOHA or pOHN decreased the concen-
tration of striatal DA to 27 percent and 18 percent of control,
respectively. The 5-HT content was also decreased by both metabolites,
but not to the same extent as DA. The DA metabolites
dihydroxyphenylacetic acid (DOPAC) and homovanillic acid (HVA)
declined in parallel with DA, but 5-HIAA content was not changed by
pOHA and was actually elevated after injection of pPOHN. The decline in
DA and its metabolites reached its nadir at 6 hours and returned to control
levels by 48 hours. Surprisingly, TH activity was not altered when either
pOHA or pOHN was administered intrastriatally. TPH activity was actually
elevated when either of the higher doses of the two amphetamine
metabolites was administered.

The effect of systemic administration of these amphetamine metabolites
on the content of DA and its metabolites and on 5-HT was then examined.
When pOHA was administered systemically (5, 15, or 30 mg/kg), the
concentration of DA and its metabolites in the neostriatum was depressed.
The effect on the neostriatal serotonergic system was not as pronounced as
that on the dopaminergic system; hippocampal serotonin content was
altered only at the higher dose of pOHA and hypothalamic 5-HT
concentrations were decreased at both the 15 mg and 30 mg doses. The
authors then determined the effect of the monoaminergic uptake inhibitors
amfonelic acid and cocaine on the response to systemically administered
pOHA. The decrease in DA and its metabolites was attenuated by
amfonelic acid (1 mg/kg, administered 30 minutes before pOHA), but
cocaine failed to alter the effects of systemic pOHA administration.

The metabolites of amphetamine, in the doses administered, decrease the
concentrations of DA and its metabolites as well as 5-HT. The pronounced
decrease in DA and its metabolites returned to normal within 48 hours. No
decrease in either TH or TPH activity was observed concurrent with the
decrease in DA. From these observations it appears that these
amphetamine metabolites transiently decrease the neurotransmitter
concentrations, but are not neurotoxic since the activity of the
synthesizing enzymes TH and TPH are not altered.
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FIGURE 1. Effects of systemic and cerebral injections of
methamphetaming (METH) on neastriatal TPH activity,
Rats were anesthetized with ketamine {1 75-225 mpie, IP)
S0 mila pricr fo METH ireatments (both systemic dnd
cerebral injections) and were killed 3 hr later. Reglonal
corebral and ICV infeciions were performed ax describvd,
Columns represent average striatal TPH activities
(manomoles (nmofesVgnvhr) £ SEM jn = 3 1o 8).

KEY: O = saline (5C)- or mannitol (cerebral injections)-treated controls;
[ = METH-treated, * = p = 0,05 compared to respective conirols.

The effects of cerebral injections of methamphetamine on striatal
TPH activity were also investigated (figure 1). In an anesthetized rat,
systemically administered methamphetamine (10 mg/kg) decreased
striatal TPH activity. However, bilateral injections of
methamphetamine into the neostriatum (100 g) failed to decrease
striatal TPH activity 3 hours after treatment. To determine whether
multiple areas of the brain are involved in methamphetamine-induced
changes in striatal TPH, microinjections of methamphetamine were
administered into the substantia nigra or lateral midbrain and into the
striatum. Three hours after treatment, injections of
methamphetamine into the striatum (100 g) and the substantia

nigra (25 g) or the lateral midbrain (area of B9 serotonergic cell
bodies) (50 g) did not reduce TPH activity in the neostriatum.
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Similarly, in rats treated with methamphetamine (800 g
intracerebroventricularly (ICV)), TPH activity was unaffected in the
cerebral cortex and hypothalamus (data not shown) as well as in the
neostriatum. These results suggest that direct application of metham-
phetamine to neural tissues has no effect on TPH activity; however,
the possibility cannot be ruled out that the duration of exposure of
locally injected methamphetamine, in any region, was too brief to be
effective.

METABOLITES OF MDMA

As indicated above, large doses of MDMA cause profound and
persisting neurochemical deficits in the serotonergic nerve terminals
without any lasting effects on the dopaminergic nerve terminals.
Since the parent compound is not toxic when injected directly into
the brain (Molliver et al. 1986; Paris and Cunningham 1990), the
possibility that one or more MDMA metabolites cause the
neurotoxicity observed after administration of large doses of the drug
was considered.

2,4,5-Trihydroxyamphetamine

While investigating the metabolism of MDMA, two of the authors’
colleagues identified eight metabolites formed in vivo (Lim and Foltz
19914a, 1991b). The authors injected synthesized metabolites into
rats to determine their possible neurotoxicity (figure 2). Rats
received a single injection of either 0.25 or 0.5 micromoles (mole)
of 2,4,5-trihydroxy-amphetamine (THA) ICV and were killed 7 days
later (figure 3).

TPH activity was dramatically decreased in the hippocampus to 5 or
1 percent of control, respectively, with 0.25 or 0.5 moles of the
metabolite. The content of 5-HT and 5-HIAA in the hippocampus
was also decreased. The striatal serotonergic system was more
resistant to the effects of THA. In this structure, TPH activity was
decreased to 74 percent and 81 percent of control 1 week after a
single injection of 0.25 or 0.5 mol of THA, while the concentration
of 5-HT and 5-HIAA remained unaltered. THA administration
dramatically decreased all dopaminergic parameters in the striatum.
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FIGURE 2. =Chemical structures of MDMA, THM, THA, and DEHM,

In response to the administration of 0.25 or 0.5 mol of THA,
striatal TH was reduced to 67 and 10 percent of control, respectively
(figure 4). A similar decrease in content of DA and its metabolites
was observed in the striatum contralateral to the site of injection.
When enzyme activity in the dopaminergic and serotonergic cell
bodies from the THA-treated rats was examined, no change was
observed in the medial or dorsal raphe TPH activity. However, TH
activity in the substantia nigra was decreased to 59 and 20 percent of
control in animals treated with 0.25 or 0.5 mol of THA,
respectively. To assess the response of the noradrenergic system,
hippocampal NE content was measured in the THA-treated animals.
NE content was lowered to 10 and 18 percent of control after 0.25
and 0.5 mol of THA, respectively.

2,4,5-Trihydroxymethamphetamine

Corresponding experiments were conducted with another analog of
MDMA, 2,4,5-trihydroxymethamphetamine (THM). A single dose
of 50, 100, or 200 g was administered ICV 5 days before sacrificing
the rats and TPH activity was determined in various areas of the brain
(figure 5).

134



& Hip@serampus
Percenl of coniral

i
I
IF P
St :
-
8 i

. S1riatum
PEropnl oF CoNLrgl

a6 " , T
=|I::I|E E
a

M Srwl

LYY

FIGURE 3. Effect of THA on the hippocampal (A} and strianad (8)
serofonergle svitems. Ros received o single TCV infection
af THA (0 pmol, apen bar; 0,23 pmol, black bar; or
0.5 gunad, stviped bar) dn 20 g of O 1% ascorbate saline
vehicle and were Eilled 7 days later. TP aciiviey was
meastred i the brain strvcteere dpsilateral wo the dnjection
while 5-HT and 5-HIAA concentrations were ieasored i
the braiee sircture contralaieral 1o the gection. Means
+ SE (= 5-8) are expressed ar o percentoge of control
(0 pired |, Compirod TPH acrivities, expressed in wmol of
hvdraxylated trypiaphean per hefg af tissie, were 49.9 £ 9.1
it the hippocampus and 120 + 4.8 in the sriamm. Control
5-HT concentrations (s 1issse ) were (440 & 0.02 in the
hippocanmes and O350 & 004 in the strianem.  Control
S HIAA comeemtrations (/e tsse) were 030 & 0.00 in the
hippocampiis and 040 £ 003 in the strignim. Stafistical
analyals was perforned by ANOVA followed by a Flsher res.

KEY: *=p <005 versus control.

SOURCE:  Reprinted with permission from Elayan et al. 1992,
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FIGURE 4. Effect of THA on the striatal daparminergic svitem. Means
£ SE (0= 5.8) are expresied as a percentage of control
{(} pomaal, open bar), Control TH activiry was .4 + 0. umol
of hydroxwated tvrosine per h per g of tissue while control
verliees were 8.0 £ 016 for DA, 0.60 + 0L05 for DOFPAC, and
(.30 2 0.03 for HVA (pg/s tissue), Statistical analysis was
performed by ANOVA fallowed by o Fisher test,

KEY: *=p<{.05 versus control.

SOURCE:  Reprinted with permission from Elayan et al. 1992,

Of the three serotonergic terminal areas examined, TPH activity in
the hippocampus was most impaired to 58 and 10 percent of control
in rats treated with 50 or 200 g of THM. Enzyme activity in the
frontal cortex was decreased less than that observed in the
hippocampus, while the striatum was least affected. TPH activity in
the cell bodies did not decrease; in fact, enzyme activity was elevated
in both the medial and dorsal raphe, depending on the dose of THM.
The effect of THM on 5-HT content followed a pattern similar to
TPH activity in the corres-ponding brain areas, while 5-HIAA
concentrations were not altered by THM in these structures.
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FIGURE 5. Effects of different doses of THM on central TPH aerivily.
The rats received one ICV infeciion of THM {50, 104, ar
200 pg per 20 pl) ar vehicle and were allowed 1o recover
Jor 5 days. The rexults are expressed as a percentage of
their respective control (means + 5.E. ). The comrol values
fer TP activity, expressed ax nmol of hydroxylored
trypraphan/p tissue, were: Fox, 69.8 £ 5.4: STR, J09.6 +
4.7, HIP, 1438 £ 5.2. TP acriviey in the MR and in the
DR were 6 x 0.4 and 17,3 £ 0.8 nmol of hvdroxvlated
iryplophantvimg protein, respectively fn = 3-11)

KEY: FCx = fromal conex; STR = stristum; HIP = hippocampus;
MR = median raphe: DR = dorsal raphe, * = p < 0,05 versus
0.

SUURCE:  Reprinted with permission from Johnson ef al, 19932,

The effects of THM on the central dopaminergic system were then
examined (figure 6). TH activity was markedly depressed to 76, 56,
and 21 percent of control in the striatum of rats administered a single
ICV injection of 50, 100, or 200 g, respectively, of THM 5 days
previously. A decrease in the content of DA and its metabolites in
these structures was also observed. TH activity was not altered in the
substantia nigra. Another metabolite of MDMA, 3,4-
dihydroxyamphetamine (DHM), was administered ICV (135 g) and
the enzymatic response was examined.
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The activity of TPH was unaltered by DHM, but TH activity was
significantly elevated by this metabolite of MDMA.

SHORT-TERM EFFECTS OF MDMA METABOLITES

In the studies cited above, the authors determined the effects of
MDMA metabolites 5 to 7 days after administering the drug. In other
experiments (described below), rats were administered 1 mol of

THA, THM, or DHM ICV and the response was determined 3 hours
later. THA decreased TPH activity to 79 percent of control in the
neostriatum, but in the hippocampus enzyme activity was markedly
decreased to 8 percent of control. THM decreased striatal TPH
activity to 87 and 54 percent of control in the striatum and
hippocampus, respectively. The only effect of DHM was an
elevation of enzyme activity in the striatum.
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When the response of the dopaminergic system was investigated, TH
activity had decreased to 75 percent of control in the striatum
following THA administration, but was unaffected by THM. THA
elevated neostriatal content of DA (135 percent), DOPAC (287
percent), HVA (237 percent), and 5-HT (115 percent). THM
elevated DOPAC (512 percent), HVA (366 percent), and 5-HIAA
(149 percent), but decreased 5-HT (74 percent) striatal content.

The authors had previously demonstrated that the decrease in enzyme
activity observed in rats treated for 3 hours with MDMA was reversed
by exposing the supernatant fraction containing TPH to reducing
conditions (dithiothreitol in a nitrogen atmosphere) for 24 hours.
Incubating hippo- campal TPH from animals treated with THM failed
to prevent the decrease in enzyme activity caused by the metabolite;
this finding suggests that the enzyme changes produced by the
metabolite occur by a different mechanism than those caused by the
parent compound.

Because THA and THM are structurally similar to 6-OHDA, it was
important to ascertain whether 6-OHDA administered in a similar
fashion would produce the same response. Since TPH activity from
the striatum and the hippocampus was not altered by 6-OHDA after 3
hours, the DA analog is not likely to be responsible for the toxicity
associated with administering THA or THM.

It is well established that 5,7-dihydroxytryptamine (DHT) is toxic to
serotonergic neurons. Lim and Foltz (1991b) reported that THA and
THM cyclize, thus forming an indole molecule that is similar in
structure to DHT. The effect of DHT on hippocampal TPH activity
was therefore examined (figure 7). This serotonergic neurotoxin
decreased enzyme activity to 18 percent of control. When TPH was
incubated under the reducing conditions described above, there was no
reversal of the enzyme activity. This observation would argue against
the possibility that DHT is the neurotoxin responsible for MDMA-
induced neurotoxicity.

The authors then investigated the effect on hippocampal TPH
activity when incubated in vitro with THA (figure 8). The
hippocampus or striatum of rats was excised and prepared slices were
incubated for 1 hour in buffer containing 0.001, 0.01, 0.1, 0.5, or 5.0
millimoles (mM) THA.
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FIGURE 7. Effect of DHT on hippocampal TPH activity before and
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hydroxylated tryprophaniy tissue were 1335 = 14,5
before reducing conditions and 2715 = 20.4 after reducing
conditions (means 5.E ) {n = 3-8). TPH activity after
reducing conditions was not significantly different from that
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SOURCE: Reprinted with permission from Elayan et al. 1993,

As depicted in figure 8, TPH activity was markedly inhibited when the
enzyme was incubated in vitro with THA. When the enzyme was
incubated under reducing conditions, the enzyme activity was not
restored to normal. As was observed in vivo, hippocampal TPH was
more sensitive than striatal TPH since it was inhibited at a lower
concentration of THA. The mechanism responsible for this
interesting response is under investigation.
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FIGURE 8. In virro effect of THA on hippocampal tryptophan
hydroxylare activity before (A ) and after (B) reducing
condirions {a 20-24-h anaerobic incubalion in the presence
of diothiothreitol), Wippocampus was excised and
incubated with 0.001, 0.01, 0.1, 0.5, or 5.0 mM THA for
1 hour under a flow of 95% O, and 5% €O, Resulii are
expressed as percentage of control (n = 3-8).

KEY: =8-=control;-0-=THA, * = p <005 versus control
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CONCLUSIONS

Methamphetamine, when administered in large doses, causes neuro-
chemical deficits in both the dopaminergic and serotonergic nerve
terminals of the brain that persist for extended periods of time.
When the methamphetamine analog MDMA is administered,
selective and persistent neurochemical deficits are observed in the
serotonergic terminal regions. DA is essential for these
neurochemical deficits. Reducing conditions reverse these
amphetamine-induced changes, providing evidence that oxidative
stress is an important component in causing the neurochemical
deficits.

The role of metabolites of amphetamine or MDMA has been
extensively explored. Although some of the responses to these
metabolites are similar to those of the parent compounds, the
neurochemical profile observed with the metabolites is distinctly
different from the deficits induced by parent compounds. From these
observations it appears that there are additional factors responsible
for the neurochemical deficits caused by amphetamine and its
congeners.
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