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Abstract

The behavioral effects of S-methoxy-6-methyl-2-aminoindan (MMAI) were examincd using the drug discrimination procedure
and direct observation for classification of the characteristic syndrome induced by MMAL The stimulus effects of MMAI were
studied in 5 different groups of rats trained to discriminate MMAL (1.71 mg/kg: 8 uM/kg), MDMA (34-methylenedi-
oxymcthamphetamine: 1.75 mg/kg; 7.6 uM/kg), (+)>-MBDB ((+)-N-methylamino-(1,3-benzodioxo-5-y1)-2-butanamine; 1.75
me/ke: 7.18 pM /kg), (+)}-amphetamine (1 mg/kg; 5.4 uM/kg), or LSD (( + M-lysergic acid dicthylamide tartrate: 0.08 meg/kg;
186 nM /kg) from saline. In substitution tests in rats trained to discriminate MMAI from saline, all the compounds which fully
mimicked MMAI were serotonin (5-hydroxytryptamine, 5-HT) releasing agents. This substitution is symmetrical for MDMA and
(+)-MBDB. Nevertheless, the dose-response curve of MMALI is parallel to those of (+ )-fenfluramine {m-trifluoromethyl-N-
ethylamphetamine) and p-chloroamphetamine. The results also show that MMAI lacks amphetamine-like and LSD-like
discriminative stimulus effects, suggesting that MMALI is neither a psychostimulant nor a hallucinogen. Tests of the discriminabil-
ity of MMALI after 5-HT depletion with the selective scrotonin synthesis inhibitor, p-chlorophenylalanine (2 % 200 mp /kg i.p..
pretreatment 72 h befare test), showed only saline appropriate responding. Prolonged block (ca. 1 week) of the MMAI cue by
p-chlorophenylalanine further supports the conclusion that endogenous 5-HT is essential for MMAI discrimination. Fluoxetine
(10 mg /kg) or paroxetine (2.5 mg,/kg), both selective 5-HT uptake inhibitors, reduced the discriminability of MMAI to 407 and
50¢%. respectively. None of the antagonists (kctanserin, methiothepin, pindolo}, yohimbine, haloperidol) used in antagonism tests
inhibited the stimulus properties of MMAL These resulis and data from radioligand binding studies support the conclusion that
direct activation or inhibition of known neurotransmitter receptors did not play a significant role in the discriminative cue of
MMAL The administration of 5, 10, or 20 mg /kg of MMAI to rats induced a behavioral syndrome consisting of hypolocomotion
with accompanying catalepsy-like posture, turning, Straub tail, flat body posture, and suppressed sleeping time. In general, this is
qualitatively similar to what is seen after administration of 5-HT precursors or S-HT receptor agonists. In conclusion, the data
from the drug discrimination study and the behavioral syndrome induced by MMALI suggest that MMAL is a potential selective
releaser of scrotonin,
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3-HT (5-hydroxytryptamine, scrotonin) release; (Rat)

I. Introduction behavioral cffects and explanation of the mechanism(s)

which lead to attenuation or loss of serotonergic neu-

Recent interest in our laboratory in the pharmacol-
ogy of non-ncurotoxic substituted phencthylamines has
been focused on two arcas: characterization of their
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rotoxicity. We have developed novel. non-neurotoxic
chemical structures that appear sclectively to release
endogenous stores of neuronal serotonin (Nichols et
al,, 1990; Johnson et al., 1991a.b; Huang et al., 1992).
The effects of these molecules were initially identified
using a two-lever drug discrimination procedure in rats
trained to discriminate saline from 3.4-methylene-
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Fig. 1. Molecular structure of MMAI (5-methoxy-6-methyl-2-
aminoindan).

dioxymethamphetamine (MDMA) or its a-ethyl homo-
logue (MBDB). Many of these substances can potently
mimic both MDMA and MBDB while at the same time
showing significant pharmacological differences from
hallucinogenic or stimulant training drugs. In vitro
assays using rat brain synaptosomes showed some of
these compounds to have extremely high selectivity for
the serotonin carrier over that for dopamine or nor-
epinephrine (Johnson et al., 1991b; Huang et al., 1992;
Nichols et al.,, 1993). The most selective of the com-
pounds developed to date is S-methoxy-6-methyl-2-
aminoindan (MMALI, Fig. 1).

It does not appear that compounds with similar
pharmacology have been characterized in any other
laboratories. Other structural modifications of am-
phetamine, such as p-chloroamphetamine, fenflu-
ramine (m-trifluoromethyl-N-ethylamphetamine), and
3,4-methylenedioxymethamphetamine (MDMA) are
the most well-known examples of compounds that re-
lease neuronal serotonin. However, these compounds
are also central serotonergic neurotoxins (Schmidt et
al., 1986; Battaglia et al., 1987; Johnson et al., 1990). In
drug discrimination studies, the catecholaminergic ef-
fects of both p-chloroamphetamine and MDMA are
pronounced (Schechter, 1986, 1988), and may be linked
to their ability to cause degeneration of central sero-
tonin neurons (Schmidt et al., 1986; Battaglia et al.,
1987; Johnson et al., 1990).

By contrast, at near lethal or repetitive high dosages,
MMALI produces no long-term changes in rat central
monoamines or metabolites (Johnson et al., 1991b).
This lack of toxicity may be related to its relative
inactivity at dopamine or norepinephrine neurons. In-
deed, the combined administration of MMAI with the
catecholamine releasing agent (+ )-amphetamine re-
sults in serotonin neuron destruction (Johnson and
Nichols, 1991).

Rudnick and Wall (1992) have recently reported
that the serotonin releasing action of MMAI is similar
to MDMA, at least in membrane vesicles isolated from
human platelets. Although MDMA inhibits binding of
cocaine analogs to the dopamine transporter and re-
leases dopamine accumulated by cells expressing the
dopamine transporter, similar concentrations of MMALI
lacked these actions.

Similarly, while both MDMA and MMAI are potent
releasers of serotonin, the latter is almost completely
inert at catecholamine uptake carriers, and completely

lacks the serotonergic neurotoxic effect induced by the
former. Receptor binding data also show that MMAI
has relatively low affinity for a variety of other neuro-
modulator or neurotransmitter receptors, in each case
ICs values were higher than 10 micromolar (Nichols et
al,, 1993). Additionally, in this report we present data
showing that MMALI also has low affinity for a,-, a,-,
and B-adrenoceptors. These results have led us to
conclude that MMALI is a potent and selectwe sero-
tonin releasing agent.

Behavioral patterns evoked by the above mentioned
derivatives of amphetamine are heterogeneous in na-
ture and not well understood. Most of the experiments
studying the behavioral effects of these agents em-
ployed only the drug discrimination paradigm, com-
monly used to study psychoactive drugs. While this
procedure is sensitive and specific in classifying drug
action, it is not useful in determining the overt behav-
ioral profile or the mechanism of the serotonergic
neurotoxicity associated with high doses of those drugs.

High doses of the serotonergic neurotoxins p-chlo-
roamphetamine and MDMA produced stereotyped be-
haviors that included sniffing, lateral head-weaving,
backpedaling, turning, and salivation (Hiramatsu et al.,
1989; Gordon et al.,, 1991). Additionally, p-chloro-
amphetamine and fenfluramine evoke tremor, rigidity,
forepaw treading, Straub tail, hind limb abduction, and
lateral head-weaving, which are blocked by pretreat-
ment with the 5-HT biosynthesis inhibitor p-chloro-
phenylalanine (Trulson and Jacobs, 1976). Blockade of
behavioral effects of p-chloroamphetamine or fenflu-
ramine by p-chlorophenylalanine pretreatment sup-
ports the hypothesis that those responses are mediated
by the release of endogenous serotonin rather than a
direct effect of p-chloroamphetamine or fenfluramine
on postsynaptic serotonin receptors (Trulson and Ja-
cobs, 1976).

Somewhat lower doses of p-chloroamphetamine,
MDMA, fenfluramine and MMAI can also induce
abnormal motor behavior. p-Chloroamphetamine and
MDMA increase behavioral activity in animals; previ-
ous studies have suggested that this hyperactivity is
partially mediated by release of endogenous serotonin
(Callaway et al., 1990).

More recently, Callaway et al. (1993) have shown
that fenfluramine (2.5 and 5 mg/kg) and MMALI (10
mg/kg) reduce motor activity. In that study, however,
it was suggested that a mechanism other than 5-HT
release contributed to the suppression of activity by
fenfluramine or MMALI, since pretreatment with fluox-
etine, a selective serotonin reuptake inhibitor, methio-
thepin, a non-selective 5-HT receptor antagonist, or
p-chlorophenylalanine, did not antagonize MMAI-in-
duced or fenfluramine-induced reductions of activity.
However, methiothepin and fluoxetine cause inhibition
of locomotor activity by themselves, and they may only
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produce enhancement of any sedative action of MMAI
and fenfluramine.

In view of the renewed interest in the role of sero-
tonin in a number of mental disorders, including de-
pression, panic and anxiety disorder, obsessive-compul-
sive disorder, and others, as well as the marked clinical
success of the specific serotonin reuptake inhibitor
fluoxetine (Prozac), a specific serotonin releasing agent
might ultimately possess therapeutic significance. Such
a compound would be expected to increase intrasynap-
tic serotonin concentrations, as would an uptake in-
hibitor. However, issues such as tolerance and turnover
might differ for a releasing agent.

This report describes the further characterization of
MMAI using the two-lever drug discrimination proce-
dure. Cross-substitution tests, various pretreatments,
and antagonists were used to define the behavioral
effects of MMAL

Additionally, the present study was designed to de-
fine further the site of action of MMAI induced behav-
jors such as sniffing, turning, head-weaving, Straub tail,
flat body posture, immobility, hypolocomotion (seda-
tion), sleeping, and salivation, in relation to serotoner-
gic functions. For this purpose we investigated: (1)
acute behavioral effects after MMAI administration,
using higher doses (5, 10, and 20 mg/kg) than were
employed in the drug discrimination studies, and (2)
behavioral consequences after pretreatment with the
serotonin synthesis inhibitor, p-chlorophenylalanine, on
MMAI-induced behavior.

2. Materials and methods
2.1. Animals

Male Sprague-Dawley rats (Harlan Laboratories, In-
dianapolis, IN) weighing 200-220 g at the beginning of
the drug discrimination study were divided into five
groups (n = 8-15 per group), trained to discriminate
MDMA - HCl, (+)-MBDB - HCIl, (+)-amphetamine
sulfate, LSD tartrate, or MMALI - HCI from saline. None
of the rats had previously received drugs or behavioral
training. Water was freely available in the individual
home cages and a rationed amount of supplemental
feed (Purina Lab Blox) was made available after exper-
imental sessions so as to maintain approximately 80%
of free-feeding weight. Lights were on from 07:00 to
19:00 h. The laboratory and animal facility temperature
was 22-24°C and the relative humidity was 40-50%.
Experiments were performed between 08:30 and 17:00
h each day, Monday-Friday.

For acute behavioral and biochemical studies male
Sprague-Dawley rats (Harlan Laboratories, Indianapo-
lis, IN) weighting 250 + 50 g were used. The animals
were kept in groups of 5 rats per cage, under the same

conditions described above, but with free access to
food and water.

2.2. Apparatus

Six standard operant chambers (model E10-10RF,
Coulbourn Instruments, Lehigh Valley, PA) consisted
of modular test cages enclosed within sound-at-
tenuated cubicles with fans for ventilation and back-
ground white noise. A white house light was centered
near the top of the front panel of the cage, which was
also equipped with two response levers, separated by a
food hopper (combination dipper pellet trough, Coul-
bourn model E14-06, module size 1/2), all positioned
2.5 ¢cm above the floor. Solid state logic in an adjacent
room, interfaced through a Med Associates interface
to a Intel 486-based microcomputer, controlled rein-
forcement and data acquisition with a locally written
program.

2.3. Discrimination training and testing

A fixed ratio (FR) 50 schedule of food reinforce-
ment (Bioserv 45 mg dustless pellets) in a two-lever
paradigm was used. The drug discrimination procedure
details have been described elsewhere (Oberlender and
Nichols, 1988, 1990). After habituation to the experi-
mental conditions (one week after isolation in the
individual home cages and at the beginning of the food
deprivation) initial shaping was begun. During the first
2-3 sessions, rats were trained only to associate a
characteristic noise (click) after lever pressing with a
delivered food pellet (without drug injections). Initially,
rats were shaped to lever press on an FR1 schedule so
that one food pellet was dispensed for each press. Half
of the rats were trained on drug-left, saline-right and
the other half on drug-right, saline-left to avoid posi-
tional preference. Training sessions lasted 15 min and
were conducted at the same time each day. Levers
were cleaned between animals with 10% ethanol solu-
tion to avoid olfactory cues (Extance and Goudie,
1981). Only one appropriate lever was present during
the first 10 sessions of initial learning (after beginning
to administer saline or training drug i.p. 30 min before
sessions). Afterwards both levers were present during
all following phases of training, but reinforcements
were delivered only after responses on the appropriate
lever. Presses on the incorrect lever had no pro-
grammed consequences. As responding rates stabilized
(during the next 15 sessions), the schedule of reinforce-
ment was gradually increased to an FR50. Once at the
FR50, training continued until an accuracy of at least
85% (number of correct presses X 100/number of total
presses) was attained for eight of ten consecutive ses-
sions (approx. 40-60 sessions). Once criterion perfor-
mance was attained, test sessions were interspersed
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between training sessions, either 1 or 2 times per week.

At least one drug and one saline session separated’

each test session. Rats were required to maintain the
85% correct responding criterion on training days in
order to be tested. In addition, test data were dis-
carded when the accuracy criterion of 85% was not
achieved on the two training sessions following a test
session. Test drugs were administered i.p. 30 min prior
to the sessions; test sessions were run under conditions
of extinction, with rats removed from the operant
chamber when 50 presses were emitted on one lever. If
50 presses on one lever were not completed within S
min the session was ended and scored as a disruption.
Treatments were randomized at the beginning of the
study. For the time dependency test, the training dose
of the training drug was administered 15, 30, 60, 90,
120, or 180 min prior to the test session.

2.4. Other behavioral studies

All behavioral experiments took place in a quiet
room, at a temperature of 22-24°C between 09:00 and
16:00 h. Observation of animals was done in a plastic
cage with dimensions 24 X 24 X 20 cm. The animals
were habituated to the plastic cage by placing them
individually in the cage for 30 min before the experi-
ment.

Stereotyped behavior was recorded using a video
camera, and rated using rating scales described by
Nabeshima et al. (1984) with some modification. Briefly,
stereotyped behavior was rated as follows: sniffing, flat
body posture, Straub tail, and salivation (the intensity
of these syndromes: 0 - absent, 1 - occasional, percep-
tible, 2 — weak, 3 - medium, 4 - constant). Head-weav-
ing (the number of times the animals made a slow, side
to side or lateral movement), turning (the number of
times the animals laterally circled to the left or right
over 360° within a relatively small area), and shaking
behavior (head shaking plus a ‘wet dog’ shaking syn-

drome) were determined using the scale: 1 = 1-4 times, -

2 =5-10 times, 3=11-20 times, 4 = more than 20
times. Behavioral ratings were made for 12 periods of
10 min each. Locomotion, immobility (as the duration
of catalepsy-like posture), and sleeping were recorded
as the number of minutes of duration during each 10
min period of observation (the sum of minutes of
locomotion, immobility, and sleeping is equal to the 10
min period of observation).

2.5. Radioligand binding studies

The radioligand receptor binding assays to a- and
B-adrenoceptors were performed by the Nova Pharma-
ceutical Corporation using their PROFILE Novascreen
program, as generously provided by a contract with the
National Institute of Mental Health. MMAI was

screened at a concentration of 10 micromolar against
the ligands: [*Hlprazosin, [*H]RX781094, and [*H]di-
hydroalprenolol.

After the Novascreen indicated some affinity of
MMAL for a,-adrenoceptors, binding to this site was
assessed in our laboratory by the methods of Brown et
al. (1990) with minor modifications. Male Sprague-
Dawley rats (180-200 g) were killed and the brains
dissected rapidly on an ice-cold surface. Cerebral cor-
tex was used for the assay. Brain tissue was homoge-
nized in 25 volumes of Tris buffer (50 mM Tris for
[*Hlclonidine binding and 50 mM Tris plus 5 mM
EDTA for [*Hlyohimbine binding) at 0°C before initial
centrifugation (at 40000 X g for 15 min at 4°C). The
pellet was re-suspended in fresh buffer before second
cycles of centrifugation. Incubations were carried out
at 25°C using the following ligands, together with 10
#M of phentolamine to estimate non-specific binding:
1 nM [*Hlclonidine or 1 nM [*Hlyohimbine. Binding
displacement at each concentration (50 nM-10 uM) of
MMALI was determined in triplicate.

2.6. Drugs

The training drugs, dosages, and sources, used in
this study were as follows: (+)-amphetamine sulfate (1
mg/kg, 5.4 uM/kg), Smith Kline and French Labora-
tories, Philadelphia, PA), 3,4-methylenedioxymetham-
phetamine hydrochloride (MDMA; 1.75 mg/kg, 7.62
#M/kg)) and S-(+)-N-methyl-1-(1,3-benzodioxol-5-yl)-
2-butanamine hydrochloride ((+)-MBDB; 1.75 mg /kg,
7.18 uM/kg); both were synthesized in our laboratory
(Nichols et al., 1986), (+)-lysergic acid diethylamide
tartrate (LSD; 0.08 mg/kg, 186 nM/kg, NIDA),
and 5-methoxy-6-methyl-2-aminoindan hydrochloride
(MMAT; 1.71 mg/kg, 8.0 uM/kg) synthesized in our
laboratory (Johnson et al., 1991b). All training drugs
were dissolved in 0.9% saline and were injected intra-
peritoneally in a volume of 1 ml/kg, 30 min before the
session.

Other drugs used during the drug discrimination
study include: (+)-fenfluramine hydrochloride (synthe-
sized in our laboratory; Nichols et al., 1973), fluoxetine
hydrochloride (a generous gift of the Eli Lilly Labora-
tories, Indianapolis, IN), paroxetine hydrochloride
(Beecham Pharmaceuticals, Surrey, UK), 2,5-di-
methoxy-4-iodoamphetamine hydrochloride (DOI, syn-
thesized in our laboratory), ketanserin (Research Bio-
chemicals, Natick, MA), methiothepin (Hoffmann-La
Roche, Nutley, NJ) and haloperidol (Mylan Pharma-
ceuticals, Morgantown, WYV). Pindolol, p-chloro-
amphetamine hydrochloride, cocaine hydrochloride,
clonidine hydrochloride, yohimbine hydrochloride and
d,l-p-chlorophenylalanine methyl ester hydrochloride,
all were purchased from Sigma Chemical Co. (St. Louis,
MO). p-Chlorophenylalanine at a dose of 200 mg/kg
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(total dose: 400 mg /kg) was dissolved in a volume of 4
ml/kg and injected i.p. 72 and 48 h before MMALI or
saline. Paroxetine, fluoxetine, and ketanserin were ad-
ministered 60 min before MMAI (90 min before the
test session). Pretreatments with pindolol, methio-
thepin and yohimbine were 30 min before MMALI (60
min before the test session).

Drugs and dosages used in behavioral observations
were as follows, MMAL: 5.0, 10.0, 20.0 mg/kg, fluoxe-
tine: 10.0 and 20.0 mg/kg and p-chlorophenylalanine
200 mg/kg (total dose: 400 mg/kg). Dosages of MMALI
were dissolved in a volume of 1 ml /kg and injected s.c.
directly before recording. p-Chlorophenylalanine was
administered dissolved in a volume of 4 ml/kg and
injected 72 and 48 h before MMALI or saline.

Drugs used for radioligand binding studies were:
[*Hlclonidine (spec. act. 57.8 Ci/mmol; New England
Nuclear), [*Hlyohimbine (spec. act. 88 Ci/mmol;
Amersham, Chicago, IL), and phentolamine hydrochlo-
ride (Sigma Chemical Co., St. Louis, MO).

2.7. Data analysis

Data from the drug discrimination study were scored
in a quantal fashion, with the lever on which the rat
first emitted 50 presses in a test session scored as the
‘selected’ lever. The percentage of rats selecting the
drug lever (%SDL) for each dose of test compound
was determined. The degree of substitution was deter-
mined by the maximum %SDL for all doses of the test
drug. ‘No substitution’ is defined as 59% SDL or less,
and ‘partial’ substitution is 60-79% SDL. If the drug
was one which completely substituted for the training
drug (at least one dose resulted in a %SDL = 80% or
higher) the method of Litchfield and Wilcoxon (1949)
was used to determine the EDs, and 95% confidence
interval (95% C.1.). This method also allowed for tests
of parallelism between dose-response curves of the
drug and the training drug with 95% confidence limits
(C.L)). If the percentage of rats disrupted (%D) was
50% or higher, an ED,, value was not determined,
even if the %SDL of nondisrupted animals was higher
than 80%. ANOVA with analysis of repeated measures
was used for comparison of the mean response rate
(defined as the number of lever presses per min) from
the first 20 training sessions after saline and after drug
with the corresponding response rate after one year of
training.

The results from behavioral observations are ex-
pressed as the mean + S.E. and were analyzed by one-
or two-way analysis of variance with significant differ-
ences between groups determined by the Student New-
man-Keuls test with homogenous ‘N’ (Hinkle et al.,
1979).

Results of the binding displacement studies were
analyzed using a 4-parameter non-linear least squares

regression analysis program to estimate the ICg, (con-
centration of competitor displacing 50% of specifically
bound radioligand).

3. Results
3.1. Shaping and discrimination training

All 15 rats learned the initial 1.71 mg/kg (8.0
uM/kg) MMALI vs. saline discrimination. The mean
number of sessions to criterion (85% correct respond-
ing for eight of ten consecutive sessions) was 45 (range:
40-60). There was no difference in this parameter
compared with (+)-MBDB vs. saline discrimination
training to attain accuracy criterion (Oberlender and
Nichols, 1990). MMALI discrimination was an easy task
for the animals to learn, as judged by the length of
time necessary to acquire the discrimination in compar-
ison with racemic MDMA, for which as many as 65
sessions were necessary (Oberlender and Nichols,
1988). By contrast, the rats trained to discriminate
(+)-amphetamine from saline more rapidly learn the
discrimination task. The mean number of sessions to
criterion for this group was only 31 + 2 (Oberlender
and Nichols, 1988).

Analysis of response rate data for the first 20 drug
or saline discrimination sessions (after attaining the
accuracy criterion) and for the 20 last training sessions
for MMAI or saline - after one year of training —
revealed no significant difference between the initial
response rate and the response rate after one year
(87 + 27 versus 96 + 38 presses/min after MMAI, and
106 + 38 versus 110 + 31 presses/min after saline, re-
spectively, P> 0.05). Differences between pressing
rates in MMALI and saline sessions were significant; the
response rate for MMALI sessions was lower than the
response rate for saline, independent of the time when
experiments were conducted (P < 0.05).

3.2. Time-response tests

In the time-response tests for the MMAI training
dose (1.71 mg/kg; 8.0 uM/kg) more than 80% of the
rats selected the drug appropriate lever between 15
and 60 min. A rapid onset after i.p. administration was
evident as 10/12 rats tested 15 min after being injected
selected the drug lever. The %SDL remained at or
above 83% through 60 min, then rapidly decreased to
56% by 90 min. At 150 min post-injection only 3/10
rats continued to respond on the drug appropriate
lever.

3.3. Cross-substitution with MDMA and ( +)-MBDB

As seen in Table 1, both MDMA and (+)-MBDB
fully substituted in MMAI-trained rats. We have previ-
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ously shown (Johnson et al., 1991b) that MMALI substi-
tutes in animals trained to discriminate MDMA or
(+)-MBDB from saline. Thus, symmetrical substitu-
tion occurs between MMAL, MDMA and MBDB. The
slopes of the dose-response curves for MDMA or (+ )-
MBDB were significantly different from the dose-re-
sponse curve for the training drug (MDMA vs. MMALI,
(+)-MBDB vs. MMAI). However, the dose-response
curves of MDMA and (+)-MBDB were parallel to
each other in MMAI-trained rats.

3.4. Substitution tests with other serotonergic releasers,
psychostimulants and hallucinogens

The results of substitution tests with (+ )-fenflura-
mine and p-chloroamphetamine are shown in Table 2.
Both of these serotonergic agents produce full substitu-
tion. Furthermore, both dose-response curves are par-
allel to that of MMAL

Table 2 also contains substitution test data for (+)-
amphetamine and cocaine, prototypic psychostimu-
lants. Neither compound substituted in MMAI-trained
rats. However, test doses chosen for (+ )-amphetamine
and cocaine were clearly centrally active, as a large
percentage of rats was disrupted by both drugs at the
highest doses administered. In a previous study, we
have shown that no substitution of MMALI occurs in
rats trained to discriminate LSD or (+ )-amphetamine
from saline (Johnson et al., 1991b). (There is an error
in this reference: the data in the %SDL column of
Table 1V should be all zeros). In MMAI-trained rats
LSD produced partial substitution: 75% SDL with 47%
disruption at a dose of 186 nmol/kg. The highest
tested dose of LSD (372 nmol /kg) caused disruption of

Table 1
Data from substitution tests in MMAI-trained rats

Drug Dose n %D %SDL EDs,
umol/kg mg,/kg (95% C.1)

Saline 14 0 0

MMAI 2 0.43 12 0 33 2.64 umol /kg
3 0.64 13 0 54 (2.14-3.26)
4 0.85 13 0 77 0.56 mg/kg
6 1.28 13 0 100 (0.46-0.70)
8 1.7 13 0 100

MDMA 0.95 0.22 6 50 0 3.03 wmol /kg
1.43 0.33 10 30 29 (1.98-4.62)
1.90 0.44 11 36 29 0.70 mg/kg
3.81 0.88 12 36 50 (0.46-1.10)
5.70 1.31 11 36 7
7.62 1.75 11 27 100

(+)-MBDB 0.90 0.22 11 36 29 1.44 pmol /kg
1.79 0.44 12 42 67 (0.74-2.80)
3.59 0.88 11 45 83 0.36 mg /kg
5.38 1.31 11 55 80 (0.18-0.69)
7.18 1.75 10 70 100

Table 2 .
Data from substitution tests in rats trained to discriminate MMAI
from saline

Drug Dose n %D %SDL ED.,
pmol,/kg mg,/kg (95% C.1)
(+)-Fenfluramine 1.40 038 11 36 0 3.72 umol/kg
1.87 050 11 27 0 (3.13-4.43)
2.80 075 13 15 18 0.997 mg/kg
373 100 14 0 57 (0.84-1.19)
5.60 150 11 18 89
p-Chloroamphet-  0.75 016 12 8 36 0.69 umol/kg
amine 1.00 021 11 33 88 (0.44-1.08)
1.50 031 13 23 90 0.14mg/kg
2.00 041 14 21 91 (0.09-0.22)

Fluoxetine 14.5 500 10 30 14 NS.
29.0 100 13 30 40
(+)-Amphetamine 2.71 050 13 46 14
5.43 100 14 72 25 N.S.*
8.14 150 5 8 0
Cocaine 7.36 250 11 27 0
14.71 500 11 64 0 N.S.
29.42 10,00 12 75 33
DOI1 0.14 005 11 18 11
0.28 0.10 11 18 22 N.S.
0.56 020 11 45 33
1.12 040 12 75 67
LSD 0.046 002 14 50 14
0.093 004 15 27 36
0.139 006 14 78 67 PS.?
0.186 008 15 47 175
0.372 0.16 13 92 100
Yohimbine 0.39 1.0 8 25 17
0.59 1.5 6 0 17 N.S.
0.78 2.0 10 10 44
1.56 4.0 8 100 -
Clonidine 0.013 005 8 50 0 N.S.

 Although (+)-amphetamine did not produce substitution, it was
potent in producing disruption, with an EDg, of 2.97 (1.59-5.54)
rmol/kg, or 0.54 (0.29-1.02) mg/kg. ° Although LSD produced
partial substitution of 75% at a dose of 186 nmol /kg (0.08 mg /kg), it
was also potent in producing disruption, with an EDg, of 99.2
(51.9-186) nmol /kg, or 0.037 (0.023-0.08) mg /kg.

12/13 tested animals. DOI, an hallucinogenic am-
phetamine derivative, did not mimic MMALI in rats
trained to discriminate MMAI from saline but lowered
the response rate. Thus, at the highest tested dose of
DOI, 9/12 rats did not emit 50 responses during the 5
min test session.

Together with the data in Table 2, these results
indicate that MMALI has neither psychostimulant-like
nor hallucinogen-like effects. However, partial substi-
tution of LSD in MMAI-trained rats did occur. Al-
though the drug discrimination paradigm may produce
false positives, to our knowledge there is no report of a
false negative. That is, drug discrimination in rats has
never indicated a compound to lack stimulus effects
similar to a particular training drug, when the human
psychopharmacology for the two was known to be
similar.
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Table 3
The data from antagonism tests in rats trained to discriminate
MMAI from saline

Pretreatment  Dose Time of  Test n %D %SDL
drug (mg/kg) pretreat- drug
ment
Saline - 30 MMAI 15 0 100
Fluoxetine 5.0 90 MMALI 12 25 78
10.0 90 MMAI 13 62 40
Paroxetine 2.5 60 MMAI 13 38 50
Ketanserin 25 60 MMAI 10 10 78
Pindolol 1.0 60 MMAI 10 40 100
Methiothepin  0.05 30 MMAI 6 67 100
0.10 30 MMAI 6 86 100
Yohimbine 1.5 30 MMAI 8 13 100
20 30 MMAI 8 0 87
3.0 30 MMAI 8 38 60
Haloperidol 0.1 60 MMAI 5 100 -
0.5 60 MMAI 4 100 -

A variety of drugs were used as pretreatments, given 30, 60, or 90
min before MMAL The dose of MMAI was 1.7} mg/kg, given 30
min prior to the test session.

3.5. Antagonism tests

Table 3 presents the results of tests of MMAI dis-
crimination following pretreatment with potential an-
tagonists. The serotonin uptake blockers fluoxetine and
paroxetine reduced the discriminability of MMAI to
40-50%. However, fluoxetine alone produces some
drug lever selection in MMAI-trained rats (see Table
2, 40% at 10 mg/kg), so it is unlikely that doses of
5-HT uptake inhibitors could be selected that would
completely block the cue. This result is similar to a
previous study of fluoxetine in MDMA-trained rats
(Nichols and Oberlender, 1990).

Also consistent with earlier studies of the behavioral
effects of MMAL is the present finding that the 5-HT,
receptor antagonist ketanserin did not block the MMAI
cue. Although the discriminability of MMALI is attenu-
ated somewhat (ca. 22%), this ketanserin dose will
completely block the stimulus properties of compounds
that act via 5-HT, receptor activation (Glennon et al.,
1983; Glennon, 1985).

Pretreatment with behaviorally active doses of me-
thiothepin or pindolol, non-selective 5-HT, receptor
antagonists with high affinity for dopamine D, recep-
tors and B-adrenoceptors, respectively, (Watson et al.,
1992; Winter and Rabin, 1992; Callawey et al., 1993),

also failed to antagonize the MMAI stimulus. How-
ever, methiothepin at a dose of 0.1 mg/kg produced
strong sedation in MMAI-trained rats and caused dis-
ruption in 86% of the tested animals. This effect was
probably due to enhancement by methiothepin of the
sedative properties of MMAL Yohimbine, an a,-
adrenoceptor antagonist with nanomolar affinity for
5-HT,, and 5-HT, receptors (Hoyer, 1988), attenu-
ated discriminability of MMALI to 60%. Haloperidol at
both tested doses, 0.1 and 0.5 mg/kg, produced 100%
disruption. Additionally, after pretreatment with the
highest dose of haloperidol all rats showed catalepsy
after the test (95 min after administration of haloperi-
dol, unpublished observation). However, the haloperi-
dol doses used in this study attenuated the stimulus
effects of cocaine and amphetamine (at 0.5 mg/kg
haloperidol attenuated the drug-lever response by 62%
and 73%, respectively) in rats trained to discriminate
saline from these latter two drugs (Callahan et al,,
1991).

3.6. Effect of a 5-HT synthesis inhibitor on stimulus
properties of MMAI

To test this hypothesis, animals trained to discrimi-
nate MMAI were pretreated with the 5-HT biosyn-
thesis inhibitor p-chlorophenylalanine, at a dose regi-
men that has been shown to deplete central stores of
5-HT to about 15% of control values (Koe and Weiss-
man, 1966). Table 4 presents the results of tests of the
discriminability of MMALI after 5-HT depletion with
p-chlorophenylalanine. All the rats showed only saline
appropriate responding following the 1.71 mg/kg
MMALI training dose. During training sessions for sev-
eral subsequent days, rats fully responded appropri-
ately after saline, but following MMAI administration
they predominantly pressed the saline lever. During
these drug-training sessions the rats were removed
from the chambers after 5 min, until MMAI discrim-
inability returned. Even at 8 days following the last
p-chlorophenylalanine administration, only 10/14 rats
tested responded on the drug lever. However, p-chlo-
rophenylalanine pretreatment does not block discrimi-
nation in (+)-amphetamine trained rats (Schechter
and Cook, 1975), and actually enhances the cue in

Table 4

Effect of the 5-HT biosynthesis inhibitor p-chlorophenylalanine on the discriminability of MMALI

Pretreatment drug Dose (mg /kg) Pretreatment lime (h) Test drug n %D “SDL
None - - Saline 14 0 0
None - - MMAI 14 0 100
p-Chlorophenylalanine 200 + 200 72 and 48 Saline 5 0 0
p-Chlorophenylalanine 200 + 200 72 and 48 MMAI 10 10 0
p-Chlorophenylalanine 200 + 200 8 days MMAI 14 23 82

The dose of MMAI was 1.71 mg/kg. given 30 min prior 1o the test session.
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Table §

Affinity of MMALI for adrenoceptor binding sites

Receptor selectivity Radiotigand 1C (uM)
a;-Adrenoceptor [*H]Prazosin >10°
a,-Adrenoceptor [PHJRX 781094 0.41®
a;-Adrenoceptor [*H]Yohimbine 1.58+0.21°
a>-Adrenoceptor [*H]Clonidine 245+035°

B, /Ba-Adrenoceptor  [*H]Dihydroalprenolol >10*

* Data obtained from the NIMH /NovaScreen Psychoactive Drug
Discovery Program. hK, values (in micromolar) obtained in our
laboratory.

LSD-trained animals (Appel et al., 1982). Recently,
Schechter has shown that p-chlorophenylalanine also
blocks the discriminability of MDMA (Schechter, 1991).
Thus, the prolonged block of the MMALI cue by p-chlo-
rophenylalanine further supports the conclusion that
endogenous 5-HT is essential for MMAI discrimina-
tion.

3.7. Radioligand binding studies

Table 5 contains ICg, data for MMAI from dis-
placement experiments for a- and B-adrenoceptors.
These data, in conjunction with previously reported
results (Nichols et al., 1993) demonstrate the site selec-
tivity for MMAL.

3.8. Behavioral pattern induced by different doses of
MMAl

The scores of MMAI-induced behavioral syn-
dromes, averaged for each 10 min interval and the time
course of the effects of MMAI are shown in Figs.
2A-C. MMAI-induced stereotyped behaviors including
sniffing (data not shown), turning (Fig. 2A), flat body
posture (Fig. 2B), and Straub tail (Fig. 2C) were ob-
served to occur in a dose-dependent manner. At the 10
and 20 mg/kg doses, MMAI-induced stereotyped be-
haviors reached a peak 20-30 min after injection,
(second and third 10-min periods) and slowly de-
creased in the following time periods. The effects of 20
mg/kg MMAI continued longer than those of 10
mg/kg. However, all behavioral syndromes had re-
turned to control levels by the last observation period.
Additionally, head weaving, head shaking, and ‘wet
dog’ shaking behavior was induced only at the highest
dose of MMALI (20 mg/kg) but at weak intensity. Head
weaving was observed in the first and second period
(1.6 + 0.6 and 1.2 + 0.4, respectively; see Materials and
methods for details of the rating scale) but then rapidly
decreased to only 1-2 events/10 min in 2/5 rats.
Shaking behavior, including head shakes and ‘wet dog’
shakes, was observed between 50 and 100 min at a
frequency of 0.6 + 0.4 per 10 min period.

Analyzing other behavioral syndromes which repre-

sent ‘normal’ patterns of behavior, in particular in the
range between locomotion, motionless, and sleeping
(Fig. 3), we observed that MMAI induced a unique
behavioral effect. As shown in Fig. 3A, MMAI evoked
‘sleeplessness’ in rats, independent of dosage used (no
significant difference between 5, 10, and 20 mg /kg).
That is, although locomotion was reduced, and animals
appeared sedated, they did not fall asleep, while ap-
proximately 90% of the control animals did. MMAI
also produced suppression of locomotion (Fig. 3B)
scored for each 10 min period as the time of duration
of catalepsy-like posture. However, MMAI did not
produce actual catalepsy, since after 10 or 20 mg /kg of

(A)
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Fig. 2. MMAI-induced behavior in relation to the dose. Saline (open
columns) or MMAI doses of 5.0 (stippled columns), 10 (hatched
columns), or 20 mg/kg (black columns) were administered s.c. di-
rectly before recording. Flat body posture (B). and Straub tail (C,
lower) were rated using the scale of intensity: 0 - absent, 1 -
perceptible, 2 ~ weak, 3 - medium, 4 ~ constant. Turning behavior
(A, upper) was determined for each period using the scale: 1=1-4
limes, 2=5-10 times, 3=11-20 times, 4 = more than 20 times.
Behavioral ratings were made for 12 periods of 10 min each. The
mean+ S.E. is shown. n=35 rats per group. A one- or two-way
analysis of variance was used for statistical analysis of the data, with
significant differences between groups determined by the Student
Newman-Keuls test with homogenous ‘N’ (Hinkle et al, 1979),
® P < 0.05 vs. saline, " P < 0.05 vs. 5 mg/kg MMAL € P < 0.05 vs. 10
mg/kg MMAL
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MMALI rats did not maintain their limbs on a 10 ¢cm
high block for 20 s (data not shown). Times which the
animals spent walking during 10-min periods of obser-
vation, after administration of 5, 10, and 20 mg/kg of
MMAI, were not significantly different from saline
administration (Fig. 30).

3.9. Behavior induced by MMAI after 5-HT depletion by
p-chlorophenylalanine

p-Chlorophenylalanine pretreatment did not signifi-
cantly alter normal behavior, but had a tendency to
increase non-stereotyped sniffing (data not shown).
5-HT depletion by p-chlorophenylalanine produced

127 (A)

SLEEPING (min/10 min)

SEDATION (min/10 min)

LOCOMOTION (min/10 min)

TIME (min)

Fig. 3. MMAL-induced changes in ‘normal” behavior. MMALI § (stip-
pled columns), 10 (hatched columns), or 20 (black columns) mg/kg)
or saline (open columns) was administered s.c. directly before obser-
vation. Sleeping (A), sedation (immobility defined as the duration of
catalepsy-like posture, B), and locomotion (C, lower) were recorded
as the number of minutes of duration during each 10 min observa-
tion period. The mean+S.E. is shown. n =5 rats per group. For
statistical analysis of the data a one-way analysis of variance was
used with significant differences between groups determined by the
Student Newman-Keuls test with homogenous ‘N’ (Hinkle et al.,
1979), * P < 0.05 vs. saline.
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Fig. 4. Effect of inhibition of serotonin synthesis on the behavior
induced by MMAL. Rats (n =5 per group) received either p-chloro-
phenylalanine (200 mg /kg i.p.) or saline 72 and 48 h prior to MMALI
(20 mg/kg s.c.) or saline injection (SAL-SAL (O). p-chlorophenyl-
alanine-SAL (0O), SAL-MMALI (e), p-chlorophenylalanine-MMALI
(m)). The behavior induced by MMAI was observed for 2 h and
determined for each 10 min period. Sleeping (A. upper graph). and
sedation (B, lower graph), were recorded as the number of minutes
of duration during each 10-min period of observation. The mean +
S.E. is shown. For statistical analysis of the data, a two-way analysis
of variance was used with significant differences between groups
determined by the Student Newman-Keuls test with homogenous "N’
(Hinkle et al., 1979), * P < 0.05 vs. SAL-SAL. " P < 0.05 vs. p-chloro-
phenylalanine-MMAL

only partial (statistically nonsignificant) reduction of
the sedation and ‘sleeplessness’ induced by 20 mg/kg
MMALI alone (Fig. 4A and B). Tested rats spent the
same time walking after MMAI administration either
with or without p-chlorophenylalanine pretreatment
(data not shown). As shown in Fig. 5A serotonin deple-
tion inhibited completely the flat body posture induced
by MMALI. The characteristic turning behavior pro-
duced by MMALI was also partially blocked (Fig. SB).
p-Chlorophenylalanine pretreatment before MMALI had
no effect on Straub tail or shaking behavior in rats
(data not shown).

4. Discussion

The present results further confirm the serotonergic
nature of the pharmacology of MMAL. In the substitu-
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Fig. 5. Effect of inhibition of serotonin synthesis on the behavioral
syndromes induced by MMALI. Male rats (n = S per group) received
either p-chlorophenylalanine (200 mg /kg i.p.) or saline twice (72 and
48 h) before MMALI (20 mg/kg s.c.) or saline injection (SAL-SAL
(0), p-chlorophenylalanine-SAL (O), SAL-MMAI (e), p-chloro-
phenylalanine-MMAI (m)). The behavioral syndromes were ob-
served for 2 h and scored for each 10 min period. The intensity of
flat body posture (A, the upper graph) was rated as: 0 - absent, 1 -
occasional, 2 - weak, 3 - medium, 4 — constant. Turning behavior
(B, lower graph) was rated as follows: 0= absent, 1=1-4 times,
2=>5-10 times, 3=11-20 times, and 4 = more than 20 times. The
mean + S.E. is shown. For statistical analysis of the data a two-way
analysis of variance was used with significant differences between
groups determined by the Student Newman-Keuls test with homoge-
nous ‘N’ (Hinkle et al., 1979), ® P < 0.05 vs. SAL-SAL, " P < 0.05 vs.
p-chlorophenylalanine-MMAL.

tion tests all the compounds that substitute for MMALI
are serotonin releasing agents. This substitution is sym-
metrical for MDMA and (+)-MBDB. Nevertheless,
the dose-response curve of MMALI is not parallel to
those of MDMA and (+)-MBDB. All the compounds
which fully substituted for MMALI have multiple phar-
macological effects: inhibition of serotonin uptake, re-
lease of serotonin, inhibition of MAO and additionally,
for p-chloroamphetamine, inhibition of serotonin syn-
thesis as well as effects on other monoamine systems.
The lack of parallelism of dose-response curves of
these compounds to the MMAI dose-response curve
may indicate that the predominant pharmacological
effect of MMALI can control discriminative responding
in the rat, but may represent only part of a pharmaco-

logical complex of activity for compounds that fully
substituted. Since both MDMA and (+ )-MBDB have
similar psychopharmacology in man, this could be in-
terpreted to indicate that MMAI might possess similar
clinical effects. However, fenfluramine produces sym-
metrical substitution in MDMA- or MBDB-trained
rats, and also substitutes in MMAI-trained rats (Table
2). Since fenfluramine does not produce MDMA-like
psychopharmacology in man, the likelihood must also
be considered that MMAI may have clinical effects
more like fenfluramine.

The results also show that MMAI lacks am-
phetamine-like discriminative stimulus effects, indicat-
ing that MMALI is not a psychostimulant. Partial substi-
tution of LSD for MMAI but lack of substitution for
MMALI in LSD-trained rats (Johnson et al., 1991b) and
the fact that DOI, a 5-HT,/5-HT,. receptor agonist
did not mimic MMALI, indicate that MMAI is not a
hallucinogen.

Moreover, MMAI-trained rats completely lacked
drug appropriate responding after pretreatment with
the serotonin synthesis inhibitor, p-chlorophenyl-
alanine, yet they maintained full responding after saline
administration, in agreement with our hypothesis that
MMALI acts by a release of endogenous stores of neu-
ronal serotonin. This also corresponds to the previous
report by Johnson et al. (1991a) that 5-HT modulation
is more important than dopamine or norepinephrine
for the discriminative cue of MDMA and MBDB.
Additionally, the data from substitution tests and from
cross-substitution studies between MMAI and MDMA
or (+)-MBDB are consistent with the results of Rud-
nick and Wall (1993). Those workers found that MMAI
displayed all of the in vitro characteristics of serotonin
releasing amphetamines such as MDMA and p-chloro-
amphetamine. The ability of MMAI to inhibit sero-
tonin accumulation and imipramine binding by platelet
plasma membranes indicated that it interacted directly
with the serotonin transporter. Although MMAI ef-
fects on the serotonin transporter were similar to those
of MDMA, the two compounds had different effects
on the dopamine transporter. MDMA inhibited bind-
ing of a cocaine analog to the dopamine transporter
and released dopamine accumulated by cells express-
ing dopamine transporters, but similar concentrations
of MMAI were inactive. The last finding demonstrated
by Rudnick and Wall (1993) is consistent with the
results presented here on the lack of substitution of
(+)-amphetamine in MMAI-trained rats and the data
published earlier (Johnson et al., 1991b) that MMAI
did not mimic (+)-amphetamine in rats trained to
discriminate amphetamine from saline.

Furthermore, several non-selective 5-HT receptor
antagonists (Table 3) failed to inhibit the stimulus
properties of MMAI. Many of them also have high
affinity (nanomolar range) for sites other than sero-
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tonin receptors. Ketanserin binds to 5-HT,/5-HT,c
receptors but also to a;-adrenoceptors, dopamine and
histamine receptors (Leysen et al., 1981). Pindolol binds
to B-adrenoceptors and to S-HT,,/5-HT,g sites
(Hoyer, 1988). In addition to its affinity for 5-HT, and
5-HT, receptors, methiothepin also binds to dopamine
D, receptors, and the a,-adrenoceptor blocker yohim-
bine also has affinity for 5-HT,; and SHT,, receptors
(Hoyer. 1988). Results from inhibition tests are consis-
tent with radioligand binding data (Table 5 and Nichols
et al., 1993). Enhancement of MMAI-induced sedation
by pretreatment with methiothepin was noticeable in
drug discrimination experiments and produced a rela-
tively high percentage of disruption (Table 3). This may
be related to inhibition of dopamine D, receptors by
methiothepin. Two pieces of additional data suggest
this as the explanation. First, pretreatment with the D,
receptor antagonist haloperidol before MMAI pro-
duced 100% disruption. Second, administration of
MMALI to rats trained to discriminate (+)-ampheta-
mine resulted in long term (ca. 1 week) disruption
(unpublished results).

The above facts do not fully explain why some
compounds intensified the sedative effects of MMAI
and dramatically lowered response rate in the drug
discrimination paradigm. However, this may be a prop-
erty that separates MMAI from other serotonin re-
leasers. For example, MDMA had affinity for dopamine
D, receptors (Lyon et al., 1986) similar to MMALI, but
did not produce long term disruption after administra-
tion to amphetamine-trained animals (unpublished
studies). Further, in drug discrimination studies with
MDMA-trained rats pretreatment with haloperidol or
methiothepin did not lead to a high percentage of
disruption.

However, the results from the tests in which fluoxe-
tine and paroxetine, both selective 5-HT uptake in-
hibitors, could only partially block the MMAI cue
(60% and 50% of inhibition, respectively), and the
partial substitution of fluoxetine indicate that release
of neuronal serotonin from endogenous stores is more
important for the discriminative cue of MMALI than the
synaptic level of 5-HT. One additional fact compatible
with this theory is the loss of MMAI discriminability
for as long as central stores of serotonin were depleted
by pretreatment with p-chlorophenylalanine.

Taken together, the results from substitution and
from antagonism tests in rats trained to discriminate
MMALI from saline lead to the conclusion that activa-
tion or inhibition of various other CNS receptors prob-
ably does not play a significant role in the discrimina-
tive stimulus properties of MMAI.

The data from our behavioral observations using
high doses of MMAI support the hypothesis that a
major effect of the administration of MMALI is the
rapid release of stored serotonin. The short latency to

the onset of the syndrome, less than 10 min following
s.c. injection, indicates that this early effect of MMAI
is primarily a reflection of a serotonin-releasing action
rather than reuptake blockade (which takes 30 min,
based on results from an unpublished comparison study
with fluoxetine). The subcutaneous administration of
high doses of MMAI (5, 10, and 20 mg/kg) to rats
induced a behavioral syndrome consisting of hypoloco-
motion with accompanying catalepsy-like posture, flat
body posture, the Straub tail, and suppressed
sleeping-time. In general, the syndrome is qualitatively
similar to that seen following administration of precur-
sors or releasers of 5-HT or directly acting 5-HT recep-
tor agonists (Jacobs, 1976; Trulson and Jacobs, 1976;
Hillegaart et al., 1989), although there are also certain
differences. For instance, MMALI did not induce tremor
and reciprocal forepaw treading identified as a compo-
nent of the 5-HT syndrome (Jacobs, 1976). Addition-
ally, head, or head and body shakes were only weakly
evoked by 20 mg/kg MMALI within the second hour
after drug administration. This could be a result of the
accumulation of serotonin released by MMALI then also
activating 5-HT, receptors.

All the behavioral syndromes induced by MMALI are
more similar to effects induced by 5-HT, receptor
agonists rather than by 5-HT, receptor agonists. Ac-
cording to the latest proposed new nomenclature, cen-
tral 5-HT receptors have been classified into four gen-
eral populations, designated 5-HT,, 5-HT,, 5-HT;, and
5-HT, based on data from functional, radioligand bind-
ing studies, and from molecular biology (Humphrey et
al.,, 1993). The MMAI evoked outflow of neuronal
serotonin from endogenous stores would increase the
level of free 5-HT which then could presumably bind to
serotonin receptors of the 5-HT, subtypes. Addition-
ally, changes in the pattern of spontaneous locomotor
activity of normal rats after administration of high
doses of MMALI (i.e. the rat appears to be moving
slowly, close to the wall and the floor of the Plexiglas
cage) seem to be similar to those reported by Ahlenius
et al. (1993) as characteristic for 5-HT, , agonists. Call-
away et al. (1993) suggested that the decrease in activ-
ity induced by MMAI or fenfluramine measured in
open field using a Behavioral Pattern Monitor is not
related to S-HT release. However, the significant seda-
tive properties of fenfluramine or MMAI observed in
that laboratory occurred mostly during the first 30 min,
i.e. a time at which rats present investigatory behavior,
and at relatively high doses of both compounds which
induced the serotonin behavioral syndrome described
above. The changes of locomotor activity in rats seem
to be a more complex animal behavior, which is under
the control of more than one neurotransmiitter system.
The fact that the selective 5-HT uptake inhibitor fluox-
etine, or the 5-HT synthesis inhibitor p-chlorophenyl-
alanine, did not reverse or even partly antagonize the
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fenfluramine-induced reduction of motor activity of
rats in the study by Callaway et al. (1993), leaves no
explanation for a mechanism responsible for the seda-
tive properties of MMALI or fenfluramine. The poten-
tial antagonists used in that study as tools have seda-
tive properties by themselves and could potentiate the
reduction of locomotor parameters induced by MMAL
or fenfluramine. During our studies with higher doses
of MMALI we also observed some reduction of locomo-
tor activity. This decrease appeared to be a conse-
quence of development of the serotonin syndrome in
treated rats, since no significant difference was noted
between rats treated with MMALI or saline, in the time
which animals spent in motion.

Blockade of the behavioral effect of MMALI by p-
chlorophenylalanine pretreatment supports the hy-
pothesis that this response is mediated by the release
of endogenous serotonin rather than a direct effect of
MMALI on serotonin receptors.

In conclusion, the behavioral and drug discrimina-
tion data suggest that MMALI is a selective releaser of
stored neuronal serotonin. It is our working hypothesis
that the human psychopharmacology of MDMA and
MBDB is the result of a combined action in both
serotonergic and catecholaminergic pathways (Schech-
ter, 1986, 1988). The lack of any in vitro effect of
MMALI on either dopamine or norepinephrine might
thus be an indicator that its human psychopharmacol-
ogy may be more similar to fenfluramine than to
MDMA.

The widespread use of the nonselective agent, p-
chloroamphetamine, to characterize the behavioral ef-
fects of ‘serotonin release’ may have led to erroneous
conclusions. Any future studies should employ more
specific drugs such as MMALI or its congeners.
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