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releasing dopamine [5,6] and (2) that high doses of both MDMA and MDA
selectively damage serotonergic neurons, causing long-term and dramatic
decreases in brain levels of 5-HT and the activity of its synthesizing enzyme,
tryptophan hydroxylase, while having little detectable impact on dopamine
concentration or the activity of its synthesizing enzyme, tyrosine hydroxylase
[7,8,9].

In spite of the somewhat selective effects on serotonergic pathways by
MDMA and MDA, there is evidence that these drugs also significantly
increase central nervous system dopaminergic activity. In vitro studies reveal
that MDMA is a potent releaser of dopamine through action on the carrier
mechanism [5]. In vivo volta metric detection of extracellular dopamine has
been used to demonstrate that MDMA administered systemically results in
substantial dopamine release from striatum and nucleus accumbens [10]. These
findings have been supported by behavioral studies that suggest that MDMA
and MDA have amphetamine-like stimulant properties thought to be dopami-
nergically-mediated [2]. However, ..in contrast to the serotonergic responses,
traditional neurochemical markers used to monitor changes in the activity of
the dopaminergic system are little affected by administration of the designer
amphetamines. For example, the only dopaminergic changes of significance in
the rat include a transient elevation in striatal levels of dopamine and its
metabolite, homovanillic acid, following a single dose of MDMA and MDA
[9]. Such a change likely reflects a drug-mediated increase in dopamine release.
In addition, Stone and coworkers [11] reported that two weeks following
multiple doses of MDMA, the striatal contents of dopamine metabolites were
slightly lower than corresponding controls, but in animals treated with MDA
or another designer amphetamine, N-ethyl-3,4-methylenedioxyamphetamine
(MDE), these metabolites remained unaltered. In neither study were changes
in tyrosine hydroxylase activity seen following drug treatments.

Interestingly, single and possibly multiple doses of amphetamine or its
methylated analogue, methamphetamine, also result in initial transient rises in
the levels of dopamine metabolites. These rises are comparable to those ob-
served following MDMA and MDA administration [12, 13]; however, unlike
the designer amphetamines, profound long-term decreases (thought to be
related .to neurotoxic drug effects) occur in tyrosine hydroxylase activity and
in the concentrations of dopamine and its metabolites, following multiple
doses of both amphetamine or methamphetamine [14,15].

Based on the above cited changes in dopaminergic neurochemical para-
meters, there are uncertainties as to how the designer amphetamines compare
to amphetamine and methamphetamine in their ability to activate dopami-
nergic pathways. Apparently, neurochemical evaluation of the dopaminergic
systems themselves is not sufficient to answer many of the questions concern-
ing the impact of the designer amphetamines on these pathways. Another
approach worth investigating is proposed here and consists of determining the
response of transmitter systems that arc "downstream" from the dopami-
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. nergic pathways. In other words, these downstream systems, due to their
neuronal linkage to dopamine projections, are altered by drug-induced fluctua-
tions in postsynaptic dopaminergic activity. Consequently, if such downstream
pathways could be identified and their response to changes in dopaminergic
activity could be characterized, neurochemical analysis of these pathways
following treatments with drugs such as the designer amphetamines would be
useful tools for establishing the dopaminergic consequences of these agents.

Within extrapyramidal structures there exist neuropeptide pathways that are
dramatically influenced by changes in the postsynaptic activity of the nigral-
striatal dopaminergic neurons. However, these same extrapyramidal peptide
systems do not appear to respond directly to fluctuations in serotonergic
activity [16, 17, unpublished observations]. The transmitter substances of
these responsive peptidergic projections include substance P (SP), neurotensin
(NT), and dynorphin Al-17 (Dyn). Specifically, SP-containing neurons, which
originate within the striatum and terminate in the substantia nigra, are thought
to serve an excitatory feedback function to the nigral-striatal dopamine path-
way. In support of this hypothesis is the observation that intranigral injections
of SP cause striatal release of dopamine [18] and stimulate locomotion [19]. As
would be expected, nigral administration of SP has no locomotor effects in
animals that have received 6-hydroxydopamine lesions to their mesostriatal
dopamine pathway [19]. The state of this SP pathway is reciprocally controlled
by dopaminergic activity causing striatal and nigral content of SP to increase
or decrease in response to repeated increases or decreases, respectively, in
nigral-striatal dopaminergic activity [16,20].

The interactions between neurotensin pathways and the extrapyramidal
dopaminergic system are somewhat more complex. As the vast majority of
striatal and nigral neurotensin receptors are associated with dopamine neurons
[21], neurotensin pathways certainly contribute to the regulation of extra-
pyramidal dopamine activity. The overall CNS pharmacology of neurotensin
has been compared to that of the neuroleptic drugs [22], whereas intraventric-
ular administration of this peptide is reported to antagonize some of the
behavioral activity of powerful stimulants, such as amphetamine and cocaine
[23]. Short-term or long-term increases in mesostriatal dopaminergic activity
cause dramatic but transient elevations in striatal and nigral levels of neuro-
tensin [24]. Finally, dynorphin A is associated with striatal-nigral neurons,
which, like the SP pathway, have been postulated to be part of a feedback
system to the nigral-striatal dopamine neurons [25]. Increases in activity of
the mesostriatal dopamine pathway cause a relatively rapid rise in both striatal
and nigral dynorphin concentrations [26]. However, such a feedback role for
dynorphin has recently been questioned, as the locomotor activity induced by
nigra! dynorphin injections is not influenced by elimination of the nigral-
striatal dopamine pathway [19].

The effects of the designer amphetamine analogues on SP, neurotensin, and
dynorphin pathways associated with extrapyramidal structures have been
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evaluated. For comparison, the responses of these peptide systems in the
nucleus accumbens, a limbic structure, were also determined in some of the
experiments. Following the systemic administration of drugs such as MDMA
and MDA, changes in the neuropeptide systems were assessed by radio-
immunoassay, measuring striatal and nigral content of SP [20], neurotensin
[24], and dynorphin [26] immunoreactivity. The antibodies employed in the
assays were raised in our laboratory and are highly selective and able to detect
2-8 pg of neuropeptide per sample. The mean neuropeptide contents (pg/mg
protein) detected were as follows: striatum - SP = 1,740, neurotensin = 148,
dynorphin = 380; substantia nigra - SP = 12,400, neurotension = 501, dy-
norphin = 760; nucleus accumbens - neurotensin = 377, dynorphin = 823.
Differences between treatment groups were assessed employing either the
Student's t-test or an ANOV A analysis followed by a multiple comparisons
test. Significance was judged to occur at the 0.05 level.

2. EFFECT OF MDMA AND RELATED AGENTS ON NEUROPEPTIDES

The responses of SP, neurotensin, and dynorphin extrapyramidal systems to
the designer amphetamines were determined and compared to the changes
induced by methamphetamine treatment. Sprague-Dawley rats received five
doses (six-hour intervals between doses) of MDMA (10 mg/kg/dose), MDA
(10 mg/kg/dose), and methamphetamine (15 mg/kg/dose). Approximately 18
hours following treatment, the animals were decapitated and brains were re-
moved. The striata and substantia nigras were dissected out, and for some
experiments, the nucleus accumbens was also excised. The tissues were pre-
pared for radioimmunoassay analysis as previously described [20,24,26], and
the peptide levels were normalized by the total protein content in each sample.

The striatal content of SP was increased to approximately 200% of control
by the administration of all three drugs examined. In the substantia nigra, both
MDA and methamphetamine administration increased SP content to 150%,
whereas MDMA treatment elevated SP levels only to an insignificant 127% of
control (Figure 1).

The responses of the neurotensin systems were examined by giving multiple
administrations (as described for Figure 1) of two doses of both MDMA (10 or
15 mg/kg/dose) and MDA (5 or 10 mg/kg/dose), as well as one dose of
methamphetamine (15 mg/kg/dose). In the striatum and nucleus accumbens,
200-300% increases in neurotensin levels were observed following all drug
treatments (Figure 2). However, increases in nigral NT content following
both doses of MDMA were about half that found in animals treated with
either dose of MDA or methamphetamine.

The responses by the dynorphin projections were studied in animals that
were treated with either five administrations of MDMA (10 mg/kg-dose) or
of methamphetamine (15 mg/kg/dose). Treatment with either drug increased
nigral dynorphin levels to approximately 250% of control (Figure 3). How-
ever, MDMA treatment appeared to have substantially less effect on dynorphin
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Figure 1. Effects of MDMA, MDA, and methamphetamine on the levels of substance P in
extrapyramial structures. Rats were sacrificed 18 hours following 5 doses (6-hour intervals be-
tween doses) of MDMA, MDA, or METH. *P <0.01 and "P <0.005 compared to correspond-
ing controls.

600- 0 control'0 Q MDMA (10)•..- 500 m MDMA (15)c:::
0 m MDA(5)e 121 MDA (10)- : I:::::l METH0- 400c:::
C1l
U•..
C1l 300Q.--c:::
C1l- 200e
0o
I-z 1M

0

Figure 2. Effects of MDMA, MDA, and methamphetamine on neurotensin levels. Rats received
multiple adrnininstrations of2 different doses of MDMA (10 or 15 mg/kg/dose) or MDA (5 or 10
mg/kg/dose) or a single dose ofMETH (15 mg/kg/dose), as described for Figure 1. *P <0.01 and
*'P < 0.001 compared to respective controls.



218 12. Effect of MDMA-Iike Drugs on eNS Neuropeptide Systems

-e 300 0 control-e [21 MDMA0
U m METH-0-c:
CI) 200o~
CI)
Q.--c:
CI)-c:
0 100o
c:>-
0

0

Figure 3. Effect of MDMA and methamphetamine on tissue content of dynorphin Al_17. Rats
received multiple administrations of MDMA and METH as described for Figure 1. *P < 0.05 and
**P < 0.01 compared to respective controls.

content in both the striatum and nucleus accumbens than did methamphet-
amme.

In order to determine how quickly the peptide changes occur in response to
MDMA treatment, a single dose of this drug (10 mg/kg) was administered and
animals were sacrificed 12 hours later (Figure 4). No significant changes in
either striatal or nigral SP content were detected. In contrast, levels of striatal
and nigral neurotensin and dynorphin increased from 150% to 400% of con-
trols following the acute MDMA treatments. Although not shown here,
similar patterns of peptide responses have been observed after a single dose of
methamphetamine (24, 28, 29].

The role of dopamine in mediating the peptide changes after a single MDMA
administration was also examined (Figure 5). Selective antagonists for dopa-
mine D-1 (SCH 23390; 0.5 mg/kg) and D-2 (Sulpiride; 80 mg/kg) receptors
were administered 15 minutes prior to MDMA injection. The animals were
sacrificed 12 hours following treatment, and striata and substantia nigras were
removed and analyzed for neurotensin and dynorphin content. In general,
blockade of the D-1 receptor totally prevented the MDMA-induced increases
in striatal and nigral neurotensin and dynorphin levels. In contrast, the block-
ade of D-2 receptors did not reduce the MDMA-related changes. In fact, the
presence of sulpiride actually enhanced the increase in striatal neurotensin
levels caused by MDMA administration. A similar pattern of responses by
extrapyramidal neurotensin systems following methamphetamine treatment

-'..-
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Figure 4. Effect of a single dose of MDMA on neuropeptide levels in extrapyramidal structures.
Rats were given a single injection of MDMA (10 mg/kg) and sacrificed 12 hours after treatment.
*P < 0.05 and '*P < 0.005 compared to respective controls.
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Figure 5. Effects of blockade of dopaminergic D-1 and D-2 receptors on MDMA-induced
changes in neurotensin and dynorphin levels. Animals were treated with a single dose of MDMA
as described for Figure 4 in the presence or absence of a pretreatment (15 minutes prior) of SCH
23390 (0.5 mg/kg) or sulpiride (80 mg/kg). 'P <0.05, '*p < 0.01 compared to respective con-
trols. tp "" 0.05 compared to corresponding MDMA-treated group.
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Figure 6. Effects of MDMA isomers on nigral neurotensin levels. Rats received 5 doses of the
(+) and (-) isomers of MDMA and MDA according to the treatment schedule described for
Figure 1. "P < 0.01 compared to corresponding control. tP < 0.01 compared to corresponding
isomer.

has been reported [27]. One noteworthy exception was the response by the
nigral dynorphin system. Antagonism of the D-l receptor appeared to reduce
the MDMA effect only by 50%; D-2 blockade might also have attenuated the
MDMA effect, although the change was not statistically significant.

It has been demonstrated by Schmidt and coworkers [5] that the (+) enan-
tiomers of MDMA and MDA are more active on dopaminergic systems than
their (-) enantomeric counterparts. Consequently, as the changes in peptide
content are likely a result of drug-mediated dopamine release, the effects of
two doses of the (+) and (-) enantiomers of both MD MA and MD A were
evaluated. Rats received five injections (six-hour intervals between administra-
tions) of 3.5 and 10 mg/kg/dose of both enantiomers of MDMA and MDA.
Changes in nigral neurotensin content were determined (Figure 6). For both
doses and with both drugs the (+) enantiomer caused a substantially greater
increase in nigral neurotensin levels than the corresponding (-) enantiomer.

The effects on neuropeptide systems by one other designer amphetamine
was evaluated. Compared to MDMA and MDA, N-ethyl-3,4-methylene-
dioxyamphetamine (MDE) exerts smaller effects on both the dopaminergic
and serotonergic systems, with a quicker recovery [30]. The responses by
neurotensin systems of the striatum, substantia nigra, and nucleus accumbens
reflected a similar pattern of response (Figure 7). Rats were sacrificed 3 and
18 hours after receiving 5 administrations of10 mg/kg/dose ofMDE. Signifi-
cant increases in neurotensin content were observed in both the striatum and
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Figure 7. Effects of MDE administration on neurotensin levels. Rats received multiple doses
ofMDE (10 mg/kg/dose) as described for Figure 1 and animals were sacrificed either 3 or 18 hours
following treatment. *P < 0.02 and **P < 0.005 compared to the corresponding controls.

substantia nigra with the greater increase occurring three hours after treat-
ment. The neurotensin levels were significantly elevated only at the three-hour
time in the nucleus accumbens. These data suggest that significant recovery by
the neurotensin systems occurs within 18 hours following MDE treatment.
Compared with the neurotensin response to similar treatments by MDMA
and MDA (Figure 2), MDE was considerably less potent.

These findings demonstrate that at least three peptide systems, specifically
SP, neurotensin, and dynorphin pathways in extrapyramidal and limbic
structures, are particularly responsive to MDMA, MDA, and, to some extent,
MDE administrations., Even a single injection of MDMA caused 150-400%
increases in striatal and nigrallevels of neurotensin and dynorphin (Figure 4).
These peptide changes are almost certainly dopamine-mediated, as coadminis-
tration of the D-1 antagonist, SCH 23390, totally blocked or at least substan-
tially attenuated these peptide responses (Figure 5). In addition, those amphet-
amine analogues that were less potent as dopamine-releasing agents (e.g.,
MDE less than MDMA and MDA, or (-) isomers less than (+) isomers of
MDMA and MDA) caused smaller peptide changes (Figures 6, 7).

For the most part, the effects of MDMA and MDA on the pep tides were
comparable to those caused by methamphetamine administration (Figures
1,2,3). This finding was somewhat surprising as methamphetamine is thought
to have more dopamine-releasing action than either MDMA or MDA [5]. The
responses by the peptide systems suggest, in general, that drug-induced in-
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creased activity at the dopaminergic postsynaptic receptors (particularly the D-1
subtype) is similar following treatments with methamphetamine, MDMA,
and MDA. However, subtle and possibly important differences were observed
that may have relevance to the distinctive pharmacological features of each of
these drugs. For example, (1) MDMA appeared to be less effective at elevating
nigral SP levels than was MDA or methamphetamine (Figure 1); (2) MDMA
was only half as effective as MDA or methamphetamine in elevating nigral
neurotensin levels (Figures 2,6); and (3) MDMA was less effective than
methamphetamine at increasing the levels of dynorphin in the striatum and
nucleus accumbens.

The significance of these selective differences is unclear. One possible ex-
planation is that multiple dopaminergic systems are involved in the regulation
of the peptide pathways, and these dopamine neuronal networks respond
differentially to the designer amphetamines and methamphetamine. Perhaps
some dopamine neurons are equally affected by three drugs, thus, the peptide
systems linked to these dopaminergic projections are equally influenced by
MDMA, MDA, and methamphetamine. However, other dopamine neurons
might be-more sensitive to the actions of one of the drugs (usually metham-
phetamine), causing a more dramatic response to treatment with that drug by
the peptide systems linked to such dopamine projections. Even so, the present
data demonstrate that MDA and MDMA do have an important dopaminergic
component to their neurochemical activity, which in some ways appears to be
comparable to that of the more traditional amphetamines, such as metham-
phetamine. Although to a lesser extent, MDE also has significant dopamine-
enhancing action.

3. CONCLUSIONS

The significance of the peptide changes in response to drug treatments has not
been elucidated. It is possible that decreases in peptide release following treat-
ment with these drugs results in accumulation of the neuropeptides and a rise
in peptide tissue content. The dramatic increases in nigra I and striatal neuro-
tensin and dynorphin levels following a single dose of MDMA would be sug-
gestive of such a mechanism. Another factor to consider is a drug-induced
increase in the synthesis of the peptide. In fact, Bannon et al. [31] have reported
that a single dose of methamphetamine causes a substantial rise in the levels of
mRNA for preprotachykinin, the SP precursor, suggesting a stimulation ofSP
synthesis. It is possible that similar drug-induced increases in pep tides synthesis
are at least a factor in the observed peptide responses.

In order to understand fully the contribution of these peptidergic path-
ways in mediating the effects of the designer amphetamines, it is necessary to
understand their synaptic connections. It is likely that these peptide projections
serve at least two major roles. First, they are feedback systems that help to
regulate dopaminergic activity, second, they serve an efferent function and
transport dopamine-initiated messages to pathways that originate in extra-
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pyramidal or limbic structures and project to other brain regions. Consequent-
ly, the responses of the peptide systems described herein might be essential in
the regulation of feedback phenomena such as drug tolerance and sensitization,
as well as serve as important links to conduct drug-induced dopaminergic
messages to brain regions crucial for mediating drug effects. As both extra-
pyramidal and limbic peptidergic pathways appear to be influenced by the
designer amphetamines, it is likely that these peptide pathways contribute to
the effects of the drugs on locomotion and mental states. These possibilities
warrant investigation.
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