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ABSTRACT To further evaluate the serotonin (5-HT) neurotoxic potential of substi-
tuted amphetamines, we used tritiated proline to examine anterograde transport along
ascending axonal projections originating in the rostral raphe nuclei of animals treated 3
weeks previously with (6)fenfluramine (FEN, 10 mg/kg, every 2 h 3 4 injections; i.p.) or
(6)3,4-methylenedioxymethamphetamine (MDMA, 20 mg/kg, twice daily for 4 days;
s.c.). The documented 5-HT neurotoxin, 5,7-dihydroxytryptamine (5,7-DHT, 75 mg; ICV;
30 min after pretreatment with pargyline, 50 mg/kg; i.p., and desipramine 25 mg/kg;
i.p.), served as a positive control. Along with anterograde axonal transport, we measured
two 5-HT axonal markers, 5-HT and 5-hydroxyindoleacetic acid (5-HIAA). Prior treat-
ment with FEN or MDMA led to marked reductions in anterograde transport of labeled
material to various forebrain regions known to receive 5-HT innervation. These reduc-
tions were associated with lasting decrements in 5-HT axonal markers. In general,
decreases in axonal transport were less pronounced than those in 5-HT and 5-HIAA.
However, identical changes were observed after 5,7-DHT. These results further indicate
that FEN and MDMA, like 5,7-DHT, are 5-HT neurotoxins. Synapse 40:113–121, 2001.
© 2001 Wiley-Liss, Inc.

INTRODUCTION

The long-term neurotoxicity of certain ring-substi-
tuted amphetamine derivatives is an area of much
interest and concern (see Adelekan et al., 1997; Mc-
Cann et al., 1997a, for reviews). One of these substi-
tuted amphetamines, (6)3,4-methylenedioxymetham-
phetamine (MDMA), is a recreational drug of abuse
whose use is on the rise (Johnston et al., 2000). An-
other, (6)fenfluramine (FEN), was used as an appetite
suppressant by over 40 million people (Derome-Trem-
bley and Nathan, 1989) until reports of valvular heart
damage (Connolly et al., 1997; Wee et al., 1998;
Kancherla et al., 1999), possibly mediated by serotonin
(5-HT) (Fitzgerald et al., 2000), prompted its removal
from the market.

Over the last two decades, a large body of data has
accrued strongly suggesting that FEN and MDMA are
5-HT neurotoxins. Animals treated with FEN or
MDMA develop long-term reductions in a number of
markers unique to central 5-HT axons and axon termi-
nals including the level of 5-HT and its major metabo-

lite 5-hydroxyindoleacetic acid (5-HIAA) (Commins et
al., 1987; Schmidt, 1987; Kleven and Seiden, 1989;
Zaczek et al., 1990), the number of 5-HT transporters
(5-HTT) (Schuster et al., 1986; Commins et al., 1987;
Battaglia et al., 1987; Lew et al., 1996), the activity of
tryptophan hydroxylase (Steranka and Sanders-Bush,
1979; Stone et al., 1989; Schmidt and Taylor, 1987),
and the density of 5-HT and 5-HTT-immunoreactive
axons (Appel et al., 1989; O’Hearn et al., 1988; Molliver
et al., 1990; Molliver and Molliver, 1990; Fischer et al.,
1995; Hatzidimitriou et al., 1999). In addition, there is
evidence of 5-HT axon fragmentation shortly after drug
exposure (O’Hearn et al., 1988; Appel et al., 1989; Mol-
liver et al., 1990; Molliver and Molliver, 1990). This
constellation of findings, coupled with anatomic obser-
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vations at the level of the raphe nuclei, has led most,
although not all (Kalia, 1991; Sotelo, 1991; O’Callaghan
and Miller, 1994), investigators in the field to conclude
that ring-substituted amphetamines such as FEN and
MDMA destroy 5-HT axons and axon terminals in the
forebrain while sparing 5-HT cell bodies in the brain
stem (see McCann et al., 1997a, for review).

The notion that the lasting loss of 5-HT presynaptic
axonal markers observed after treatment with substi-
tuted amphetamines is perhaps related to downregu-
lation of certain proteins unique to serotonin axons,
rather than to frank axonal destruction, merits consid-
eration. According to this view, loss of axonal markers
could occur even though the axons and axon terminals
remain functionally viable (Kalia, 1991; O’Callaghan
and Miller, 1997). To address this issue, the present
study was undertaken to measure anterograde axonal
transport along ascending 5-HT axonal projections
originating in the rostral raphe nuclei of the brain stem
of animals previously treated with FEN or MDMA
(Dahlstrom and Fuxe, 1965; Anden et al., 1965). This
tract-tracing technique, coupled with a neuron-specific
lesion induced by 5,6-dihydroxytryptamine (5,6-DHT),
was previously used by Halaris et al. (1976) to trace
ascending 5-HT neuronal pathways in the rat brain.
We hypothesized that if substituted amphetamines
produced a distal axotomy of central 5-HT neurons,
anterograde axonal transport along 5-HT axons would
be reduced after treatment with FEN and MDMA.

MATERIALS AND METHODS
Drugs and chemicals

The following test compounds were purchased or ob-
tained from the sources indicated: (6)3,4-methyl-
enedioxymethamphetamine hydrochloride and (6)fen-
fluramine hydrochloride from the National Institute on
Drug Abuse (Rockville, MD); 5,7-dihydroxytryptamine
creatinine sulfate, pargyline hydrochloride, desipra-
mine hydrochloride, serotonin creatinine sulfate and
5-hydroxyindoleacetic acid from Sigma Chemical Co.
(St. Louis, MO); and [3H]proline (L-proline [2,3-3H (N),
40 Ci/mmol) from New England Nuclear (Boston, MA).

Animals and housing

Male albino rats (200–225 g) of the Sprague-Dawley
strain (Harlan, Indianapolis, IN) were used for these
studies. Animals were housed individually in hanging
wire mesh cages in a temperature-controlled room
(22 6 1°C), maintained on a 12-h light/dark cycle
(0600–1800). Food (PMI Feeds, St. Louis, MO) and
water were provided ad libitum throughout. All proce-
dures were approved by the Animal Care and Use
Committee of the Johns Hopkins Medical Institutions.

Drug treatments

Rats (n 5 15–18 rats/group) were treated with
FEN (10 mg/kg, every 2 h 3 4 injections; i.p.) or MDMA

(20 mg/kg, at approximately 0900 and 1700 h for 4
days; s.c.). FEN and MDMA were dissolved in 0.9%
saline and were administered on a ml/kg basis. Control
animals received equal volumes of vehicle. The dosage
regimens of FEN and MDMA were selected because
they have previously been shown to produce long-last-
ing 5-HT neurochemical deficits in rats (Commins et
al., 1987; Battaglia et al., 1987; Zaczek et al., 1990). 5,7
DHT was given by an intracerebroventricular (ICV)
route to rats (n 5 13–15 rats/group) pretreated with
desipramine (25 mg/kg, i.p.) and pargyline (50 mg/kg,
i.p.). Thirty minutes after desipramine/pargyline pre-
treatment, a 75 mg dose of 5,7 DHT (dose calculated as
the free base) was given into the right lateral ventricle
using a 5 ml Hamilton syringe (Reno, NV) in 3 ml of
sterile 0.9% saline with 0.2% ascorbic acid over 5 min.
A 75 mg dose of 5,7-DHT was used in order to produce
a lesion of 5-HT neurons that is limited to 5-HT axons
(Neale et al., 1972; Bjorklund et al., 1973, 1974), and
thus serve as an appropriate positive control group.
Three weeks after treatment, five animals from each
group (FEN, MDMA, 5,7-DHT), along with an equal
number of controls, were sacrificed by decapitation and
analyzed for regional brain 5-HT and 5-HIAA content,
as below. The remaining animals in each group were
used for axon tracing experiments with [3H]proline.

Anterograde axonal transport

Three weeks after drug treatment, animals were
anesthetized with chloral hydrate (50 mg/kg, i.p.) and
placed in a Kopf stereotaxic device (Tujunga, CA). Just
prior to use, [3H]proline was evaporated under a
stream of nitrogen gas, then dissolved in sterile phys-
iological saline (pH 7.4) to a final concentration of 100
mCi in 1.0 ml. Using a 1 ml Hamilton syringe, rats
received injections of [3H]proline (100 mCi) into the
rostral raphe nuclei (nucleus raphe dorsalis, nucleus
centralis superior) over a period of 20 min (rate of
injection .05 ml/min). Syringe needles were left in place
for 5 min following the completion of injections to min-
imize diffusion of [3H]proline from the injection site.
Coordinates for the rostral raphe injections were as
follows: perpendicular plane at 2.0 mm anterior from
the ear bars, vertical 2.0 mm above horizontal zero,
with the tooth bar at 2.5 mm below the ear bar (Paxinos
and Watson, 1986). Animals were sacrificed 48 h after
injection of the labeled amino acid by decapitation.
Immediately after sacrifice, whole brains were re-
moved from the skull and dissected over ice as previ-
ously described (Halaris et al., 1976). For determina-
tion of regional brain radioactivity, evaluated as
activity of isotope (DPMs/mg tissue), tissue sections
were dissolved overnight in 450 ml of Soluene tissue
solubilizer (Packard Instrument Co., Downers Grove,
IL) at a temperature of 37°C. The following day, sam-
ples were combined with 10 ml of Hionoflour scintilla-
tion fluid (Packard Instrument Co.) and radioactivity
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was measured by a Packard scintillation counter. In
order to visualize the injection sites, tissue sections
containing the raphe nucleus were frozen quickly with
powdered dry ice and serial 20-mm frozen sections were
obtained by using a cryostat at 220°C. The sections
were then thaw-mounted onto glass slides and autora-
diograms were generated by apposing the dry, slide-
mounted sections, to tritium-sensitive Amersham film.
After an exposure period of 2 days the film was devel-
oped and the mounted sections were counterstained
with cresyl violet. Injection sites were evaluated by
superimposing the autoradiograms over the stained
tissue sections.

Determination of 5-HT and 5-HIAA levels

Three weeks after drug treatment rats were killed
and the brain was removed and regionally dissected as
previously described (Halaris et al., 1976). Tissue sam-
ples were placed in aluminum foil and frozen in liquid
nitrogen until analysis of monoamines and major
monoamine metabolites by reverse-phase HPLC cou-
pled to electrochemical detection (Ricaurte et al., 1992).
Briefly, frozen tissue samples were weighed, placed in
10–15 volumes (wt/vol) of 0.4 N perchloric acid, and
homogenized using a Brinkman Polytron Homogenizer
(setting of 5 for 12 sec). The homogenates were then
centrifuged for 20 min at approximately 25,000g in a
refrigerated Sorvall RC2B centrifuge at 0–4°C. The
supernatant was removed and 0.3 ml aliquots were
placed in polypropylene tubes, which were then stored
in liquid nitrogen until assay. Monoamines and their
metabolites were separated using a reverse phase C-18
column from Brownlee Applied Systems (Santa Clara,
CA) using a mobile phase that was 100% aqueous and
contained citric acid (125 mM), sodium phosphate (125
mM), EDTA (0.27 mM), sodium octyl sulfate (0.12 mM),
pH 3.0–3.5. The flow rate was 1 ml/min. The column
was housed at 40°C in a Shimadzu (Columbia, MD)
CTO-6A column oven. A Shimadzu amperometric
L-ECD-6A detector containing a glassy carbon working
electrode and a silver/silver chloride reference elec-
trode with a potential difference of 0.70 V was used.
Shimadzu Chromatopacs C-R 4A and 7A were used to
quantify the electrochemical response by measuring
the area under a given curve and comparing it to that
of a standard processed identically.

Data analysis

Regional brain 5-HT and 5-HIAA and axonal tracing
data were analyzed by one-way ANOVA followed by
Duncan’s Multiple Range post hoc comparisons. The
relationship between regional amount of labeled mate-
rial and regional brain 5-HT levels was investigated
through determination of Pearson’s correlation coeffi-
cients. For these purposes, all control data was pooled.
Results were considered significant at P , 0.05, us-

ing a two-tailed test. SPSS for Windows, v.7.5 (Chica-
go, IL) was employed for all data analysis. Results were
considered significant at P , 0.05.

RESULTS
Effect of treatment with 5,7-DHT/DMI/pargyline

(positive control)

As shown in Figure 1A, animals treated with 5,7-
DHT/DMI/pargyline 3 weeks previously had signifi-
cantly lower regional brain concentrations of labeled
material when examined 2 days after stereotactically
guided microinjections of [3H]proline (100 mCi) into the
rostral raphe nuclei. Reductions in regional brain con-
centrations of labeled material were associated with
long-term reductions in the levels of regional brain
5-HT (Fig. 1B) and 5-HIAA (Fig. 1C). These findings
confirm and extend those of Halaris et al. (1976) and
attest to the validity of the anterograde axonal trans-

Fig. 1. Effect of treatment with 5,7-DHT (75 mg; ICV; 30 min after
pretreatment with pargyline, 50 mg/kg; i.p., and desipramine 25
mg/kg; i.p.; 3-week survival) on regional distribution of radioactivity
following injection of 100 mCi [3H]proline into the rostral raphe nuclei
(A), and on regional brain 5-HT (B) and 5-HIAA (C). Values shown are
the means 6 SEM (n 5 5–8 rats/group). Significance level was set at
*P , 0.05. OLF.B, olfactory bulb; F.COR, frontal cortex; B.FB, basal
forebrain; HYPO, hypothalamus; STR, striatum; SEP, septum;
THAL, thalamus; T.COR, temporal cortex; OC.COR, occipital cortex;
AMYG, amygdala; HIPPO, hippocampus.
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port method for detecting drug-induced neurotoxicity
of ascending 5-HT axonal projections.

Effect of treatment with FEN

Rats previously treated with FEN (10 mg/kg, every
2 h 3 4 injections; i.p.) showed similar effects as those
previously treated with 5,7-DHT/DMI/pargyline. In
particular, FEN-treated animals showed significant
decreases in regional brain concentrations of labeled
material when examined 2 days after [3H]proline injec-
tions into the rostral raphe nuclei (Fig. 2A), as well as
long-term reductions in regional brain levels of 5-HT
(Fig. 2B) and 5-HIAA (Fig. 2C). Reductions in regional
brain 5-HT paralleled reductions in regional brain con-
centrations of labeled material in all brain regions ex-
amined except the hypothalamus, striatum, and thal-
amus, where transport reductions did not achieve
statistical significance.

Effect of treatment with MDMA

Prior treatment with MDMA (20 mg/kg, twice daily
for 4 days; s.c.) also led to significant decreases in
anterograde axonal transport of labeled material (Fig.
3A), and lasting decreases in regional brain levels of
5-HT (Fig. 3B) and 5-HIAA (Fig. 3C). Again, decreases
in labeled material tended to parallel decreases in
5-HT and 5-HIAA, but decreases in regional concentra-
tions of labeled material were generally less severe, as
was the case after 5,7-DHT/DMI/pargyline.

Verification of injection sites

Autoradiographic analysis of injection sites revealed
labeling of [3H]proline along the entire rostral raphe
complex (Fig. 4), with labeling primarily centered over
the dorsal and medial raphe nuclei. There was also a
small amount of labeling along the injection tract. No-
tably, there was a a positive correlation, (r 5 0.78)

Fig. 2. Effects of treatment with FEN (10 mg/kg, Q234; i.p.;
3-week survival period) on regional distribution of radioactivity fol-
lowing injection of 100 mCi [3H]proline into the rostral raphe nuclei
(A), and on regional brain 5-HT (B) and 5-HIAA (C). Values shown are
the means 6 SEM (n 5 5–8 rats/group). Significance level was set at
*P , 0.05. OLF.B, olfactory bulb; F.COR, frontal cortex; B.FB, basal
forebrain; HYPO, hypothalamus; STR, striatum; SEP, septum;
THAL, thalamus; T.COR, temporal cortex; OC.COR, occipital cortex;
AMYG, amygdala; HIPPO, hippocampus.

Fig. 3. Effect of treatment with MDMA (20 mg/kg, BID34; s.c.;
3-week survival period) on regional distribution of radioactivity fol-
lowing injection of 100 mCi [3H]proline into the rostral raphe nuclei
(A), and on regional brain 5-HT (B) and 5-HIAA (C). Values shown are
the means 6 SEM (n 5 5–8 rats/group). Significance level was set at
*P , 0.05. OLF.B, olfactory bulb; F.COR, frontal cortex; B.FB, basal
forebrain; HYPO, hypothalamus; STR, striatum; SEP, septum;
THAL, thalamus; T.COR, temporal cortex; OC.COR, occipital cortex;
AMYG, amygdala; HIPPO, hippocampus.
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between concentrations of labeled material and re-
gional brain 5-HT levels (Fig. 5), suggesting that
greater amounts of labeled material were transported
to areas high in 5-HT axon density.

DISCUSSION

Ascending 5-HT axonal projections in normal rats
and in rats treated 3 weeks previously with FEN or
MDMA have been studied by tracing the transport of
radioactive material after [3H]proline injections into
the rostral raphe nuclei (nucleus raphe dorsalis and
nucleus centralis superior) (Fig. 4). The results indi-
cate that prior treatment with either FEN or MDMA
leads to a marked reduction of anterograde transport of
radioactive label to forebrain regions that receive 5-HT
innervation. Along with reductions in radioactive label,
there are lasting reductions in two 5-HT axonal mark-
ers, 5-HT and 5-HIAA (see Results). In addition, simi-
larly treated animals show comparable decrements in

the number of 5-HT transporters (Schuster et al., 1986;
Commins et al., 1987; McCann et al., 1994; Lew et al.,
1996). Given that animals treated with 5,7-DHT, a
well-documented 5-HT neurotoxin (for review, see
Baumgarten et al., 1982), develop an identical constel-
lation of neuronal deficits (Fig. 1), it seems reasonable
to conclude that FEN and MDMA, like 5,7-DHT, pro-
duce these long-lasting effects by producing a distal
axotomy of ascending 5-HT neuron projections.

The fiber-tracing technique used in the present study
has been used in numerous previous studies to exam-
ine the trajectory of various neuronal pathways, in-
cluding projections to the thalamus and brain stem
(Beckstead et al., 1980), spinal cord (Hung et al., 1994),
substantia nigra (Sakai, 1988), and striatum (Kelley et
al., 1982). In all of these studies, axonal projections
have been mapped by tracing the transport of radio-
active material after injection of [3H]proline (or
[3H]leucine) into brain region that contain the cell bod-

Fig. 4. Frontal section of a [3H]proline in-
jection site showing the distribution of radio-
label over the rostral raphe complex. Note
that radiolabel is centered primarily over the
dorsal (DR) and medial (MnR) raphe nuclei.
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ies of origin. A refinement of this method was intro-
duced by Halaris et al. (1976), who coupled the [3H]pro-
line method with selective lesions induced by 5,6-
dihydroxytryptamine (5,6-DHT) to successfully trace
ascending 5-HT neuronal pathways in the rat brain.
The present study used a similar approach but intro-
duced two further refinements. First, we used 5,7-DHT
instead of 5,6-DHT because of reports that it is a more
selective 5-HT neurotoxin (Breese et al., 1974). Second,
we used 5,7-DHT in combination with DMI and pargy-
line to prevent toxic effects of 5,7-DHT on brain norad-
renergic neurons (Breese and Mueller, 1978). As might
be expected, we found a significant correlation between
regional brain 5-HT levels and [3H]proline concentra-
tions in normal animals (Fig. 5). Moreover, the pattern
of regional concentrations of [3H]proline we observed
coincides closely with that observed by Halaris et al.
(1976). Collectively our findings support the hypothesis
that substituted amphetamines produce a distal axo-
tomy of central 5-HT neurons.

Decreases in axonal transport measured with
[3H]proline tended to parallel lasting depletions of
5-HT and 5-HIAA after 5,7-DHT (Fig. 1), FEN (Fig. 2),
and MDMA (Fig. 3) but were generally smaller. In
addition, there were some brain regions (e.g., hypothal-
amus) where significant long-term depletions of 5-HT
and 5-HIAA were associated with more modest reduc-
tions in radioactive material that did not achieve statis-
tical significance. Although the basis for these differences
is not fully understood, it may be that nonserotonergic
neurons located in (or passing through) the rostral
raphe nuclei incorporated labeled material and trans-
ported it to terminal fields in the diencephalon and
telencephalon. It is also possible that at least some of
the damaged 5-HT axons are still capable of transport-
ing labeled material, at least as far as the site of most

severe axonal injury (Tsuiki et al., 1994; Curtis et al.,
1993). Either of these possibilities could lead to reduc-
tions in axonal transport that underestimate the true
extent of axonal injury. Therefore, while use of the
axonal tracing method to assess neurotoxic potential of
substituted amphetamines offers an important comple-
ment to other existing methods, it may have a tendency
to underestimate the actual extent of axonal damage
induced by substituted amphetamines.

It could be argued that despite the decrease in axonal
transport measured with [3H]proline and the loss of
5-HT axonal markers documented in this study, 5-HT
axons in FEN- and MDMA-treated animals, although
metabolically and functionally impaired, remain struc-
turally intact. Although perhaps theoretically possible,
we regard this possibility as highly improbable for sev-
eral reasons. First, immunocytochemical studies per-
formed a few days after substituted amphetamine expo-
sure reveal the presence of markedly swollen, seemingly
fragmented 5-HT-containing axons (O’Hearn et al., 1988;
Appel et al., 1989; Molliver, 1990; Molliver and Molliver,
1990) which are identical in appearance to those seen
after 5,7-DHT (Frankfurt and Azmitia, 1984; Rowland et
al., 1993), an accepted 5-HT neurotoxin. Second, the ap-
parent fragmentation of preterminal 5-HT axons is
followed by an extremely long-lasting loss of all 5-HT
axonal markers measured to date (Zaczek et al., 1990;
Scanzello et al., 1993; McCann et al., 1994; Hatzidimi-
triou et al., 1999). Given that the reduction of 5-HT
axonal markers after substituted amphetamines has
been documented as long as 7 years after MDMA (Hat-
zidimitriou et al., 1999) and 14 months after FEN
(McCann et al., 1994), it seems unlikely that the ob-
served axonal changes are due to a drug-related down-
regulation of 5-HT neuronal metabolism, especially
since the biologic half-lives of FEN and MDMA in an-
imals are relatively short (2 to 8 h, depending on spe-
cies). Moreover, in those species where recovery of
5-HT axonal markers is observed, the time-course of
recovery coincides more closely with the anticipated
time-course of axonal regeneration, the pattern of
which is abnormal and in keeping with evidence of
prior “pruning” (see Fischer et al., 1995). Third, recent
studies of yet another axonal marker said to be less
amenable to pharmacologic regulation, the vesicular
monoamine transporter (VMAT), show that it too is
reduced on a long-term basis after substituted amphet-
amine exposure (Ricaurte et al., 2000).

The neurotoxic potential of substituted amphet-
amines toward brain 5-HT neurons has been ques-
tioned because no increases in glial fibrillary acidic
protein (GFAP) have been observed after drug treat-
ment in rodents (O’Callaghan and Miller, 1994). How-
ever, it is not known if the GFAP method has the
sensitivity for detecting small lesions of fine unmyeli-
nated 5-HT axons (Rowland et al., 1993; Bendotti et al.,
1994), particularly after treatments of drug that pro-

Fig. 5. Graph representing the correlation (r 5 0.78) between
regional brain 5-HT levels and amounts of labeled material in various
brain regions 2 days after microinjection of [3H]-proline into the
rostral raphe nuclei. Note that regions high in 5-HT levels also exhibit
elevated levels of labeled material, indicating that radioactive mate-
rial is transported to regions high in 5-HT density.
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duce only 15–20% reductions in 5-HT axonal markers
(O’Callaghan and Miller, 1994). In another study,
young rats treated with escalating doses of the dextro-
rotatory isomer of fenfluramine, dexfenfluramine, de-
veloped only transient decreases in 5-HT, and these
were not associated with lasting decreases in the den-
sity of serotonin immunoreactive fibers, increases in
GFAP, or increases in a growth-associated protein
(GAP 43) (Rose et al., 1996). However, given that esca-
lating dose-regimens may influence fenfluramine’s
long-term effects (Caccia et al., 1992; Rose et al., 1997),
and given that young rats are known to be less sensi-
tive to the neurotoxic effects of amphetamines than
more mature animals (Seiden, 1991; Teuchert-Noodt
and Dawirs, 1991; Broening et al., 1994, 1995;
D’Almeida et al., 1996), this report also has to be in-
terpreted with caution. Moreover, as noted above, the
reliability of the GFAP method for detecting 5-HT ax-
onal injury has not been fully documented (Rowland et
al., 1993; Bendotti et al., 1994; Stewart et al., 1999; but
see O’Callaghan and Miller, 1993), nor has it been
established that axotomy of central 5-HT neurons is
necessarily followed by increases in GFAP or GAP 43.
Thus, methodologic issues may help explain the differ-
ent conclusions reached in these investigations.

There are a number of important differences be-
tween 5,7-DHT and substituted amphetamines that
deserve emphasis. First, 5,7-DHT can destroy 5-HT
nerve cell bodies (Baumgarten et al., 1982), whereas
the toxicity of FEN and MDMA is largely, if not exclu-
sively, restricted to 5-HT axons and axon terminals
(McCann et al., 1994; Hatzidimitriou et al., 1999). No
doubt, sparing of the nerve cell bodies accounts for the
regrowth of some 5-HT axons after substituted am-
phetamines (Scanzello et al., 1993; Fracasso et al.,
1995; Lew et al., 1996). Second, 5,7-DHT has the po-
tential to damage NE neurons, whereas FEN and
MDMA neurotoxicity tends to be highly selective for
5-HT neurons. In this regard, it is noteworthy that in
the present studies we used a dose of 5,7-DHT (75 mg)
which, when given after pretreatment with desipra-
mine and pargyline, is known to be selectively toxic to
5-HT neurons (Breese and Mueller, 1978; Gerson and
Baldessarini, 1975). Third, there is some indication
that there may be an increase in GFAP after 5,7-DHT
(O’Callaghan and Miller, 1993) but not after FEN or
MDMA; however, this is likely to be related to the fact
that intracerebroventricular administration of 5,7-DHT
directly damages a variety of nerve fibers, inducing a glial
response. In contrast, both FEN and MDMA are ad-
ministered systemically.

Detecting or documenting degeneration of fine-cali-
ber axons in the central nervous system (CNS) poses a
significant challenge, particularly when the axons in
question do not achieve a high density in any particular
brain region (such as dopamine axons in the striatum).
As noted elsewhere (McCann et al., 1997b), the GFAP

method is useful for detecting many forms of neural
injury but its sensitivity for detecting 5-HT axonal
injury remains to be fully established. Moreover, it may
be that lesions of 5-HT axons are not necessarily fol-
lowed by increases in GFAP or other proteins associ-
ated with neuronal degeneration or regeneration (e.g.,
GAP 43 and other growth factors). Finally, there is
some indication that the glial response to 5-HT axonal
injury may involve microglia rather than astroglia
(Wilson and Molliver, 1994). It may well be that studies
of 5-HT axonal injury associated with substituted am-
phetamines will lead to new insights regarding the
response of CNS elements to axonal injury.

The relevance of the present studies to humans pre-
viously exposed to repeated doses of MDMA or FEN
deserves comment. In particular, the dosage regimens
utilized in the present study were not intended to
mimic those that have been used by humans. Rather,
the dose regimens were selected because they had pre-
viously been shown to produce a large and selective
lesion of 5-HT neurons, as measured by reductions in
5-HT axonal markers. However, other studies have
demonstrated loss of 5-HT axonal markers following
dosages of FEN and MDMA that overlap those used by
humans (see McCann et al., 1994, 1998).

In summary, the present results extend previous
findings regarding the neurotoxic potential of FEN and
MDMA. More specifically, they show that following
substituted amphetamine exposure there is a lasting
reduction in anterograde axonal transport along as-
cending neuronal projections originating in the rostral
raphe nuclei. This finding, coupled with the fact that
every 5-HT axonal marker measured to date is reduced
on a long-term basis after FEN and MDMA exposure,
supports the view that substituted amphetamines can
damage central 5-HT axon projections. This view is
further supported by the fact that the effects of FEN
and MDMA on axonal transport closely parallel those
of 5,7-DHT, a well-documented 5-HT neurotoxin.

ACKNOWLEDGMENT

We thank Dr. Una McCann, Camille Bentley and
Ahleah Gustina for helpful comments on earlier ver-
sions of the manuscript.

REFERENCES

Adelekan M, Adlaf E, Alkott A, Banagg C, Bem P. 1997. Epidemiology
and social context of amphetamine-type stimulant use. In: Amphet-
amine type stimulants: a report from the WHO meeting on amphet-
amines, MDMA and other psychostimulants. Geneva: WHO. p 12–
15. Programme on substance abuse, Division of mental health and
prevention of substance abuse. World Health Organization.

Anden NE, Dahlstrom A, Fuxe K, Larsson K, Olsen L, Ungerstedt U.
1965. Mapping out of catecholamine and 5-hydroxytryptamine neu-
rons innervating the telencephalon and diencephalon. Life Sci
4:1275–1279.

Appel NM, Contrera JF, DeSousa EB. 1989. Fenfluramine selectively
and differentially decreases the density of serotonergic nerve ter-
minals in rat brain: evidence from immunocytochemical studies.
J Pharmacol Exp Ther 249:928–943.

AMPHETAMINE NEUROTOXICITY 119



Battaglia G, Yeh SY, O’Hearn E, Molliver ME, Kuhar MJ, DeSouza
EB. 1987. 3,4-Methylenedioxymethamphetamine and 3,4-methyl-
enedioxyamphetamine destroy serotonin terminals in rat brain:
qualification of neurodegeneration by measurement of [3H] parox-
etine-labeled serotonin uptake sites. J Pharmacol Exp Ther 242:
911–916.

Baumgarten HG, Klemm HP, Sievers J, Schlossberger HG. 1982.
Dihydroxytryptamines as tools to study the neurobiology of seroto-
nin. Brain Res Bull 9:131–150.

Beckstead RM, Morse JR, Norgren. 1980. The nucleus of the solitary
tract in the monkey: projections to the thalamus and brain stem
nuclei. J Comp Neurol 190:259–282.

Bendotti C, Baldessari S, Pende M, Tarizzo G, Miari A, Presti ML,
Mennini T, Samanin R. 1994. Does GFAP mRNA and mitochondrial
benzodiazepine receptor binding detect serotonergic neuronal de-
generation in rat? Brain Res Bull 34:389–394.

Bjorklund A, Nobin A, Stenevi U. 1973. Regeneration of central sero-
tonin neurons after axonal degeneration induced by 5,6-dihy-
droxytryptamine. Brain Res 50:214–220.

Bjorklund A, Baumgarten HG, Nobin A. 1974. 5,7-dihydroxy-
tryptamine: improvement in chemical lesioning of indoleamine neu-
rons in the mammalian brain. Z Zellforsch 135:399–414.

Breese GR, Mueller RA. 1978. Alterations in the neurocytotoxicity of
5,7-dihydroxytryptamine by pharmacological agents in adult and
developing rats. Ann NY Acad Sci 305:160–174.

Breese GR, Cooper BR, Grant LD, Smith RD. 1974. Biochemical and
behavioral alterations following 5,6-dihydroxytryptamine adminis-
tration into brain. Neuropharmacology 13:177–187.

Broening HW, Bacon L, Slikker W Jr. 1994. Age modulates the long-
term but not the acute effects of the serotonergic neurotoxicant
3,4-methylenedioxymethamphetamine. J Pharmacol Exp Ther 271:
285–293.

Broening HW, Bowyer JF, Slikker W Jr. 1995. Age-dependent sensi-
tivity of rats to the long-term effects of the serotonergic neurotoxi-
cant 3,4-methylenedioxymethamphetamine (MDMA) corresponds
with the magnitude of the MDMA-induced thermal response.
J Pharmacol Exp Ther 275:325–333.

Caccia S, Sarati S, Anelli M, Garattini S. 1992. Effect of escalating
doses of d-fenfluramine on the content of indoles in brain. Neuro-
pharmacology 31:875–879.

Commins DL, Vosmer G, Virus RM, Woolverton WL, Schuster CR,
Seiden LS. 1987. Biochemical and histological evidence that meth-
ylenedioxymethylamphetamine (MDMA) is toxic to neurons in the
rat brain. J Pharmacol Exp Ther 241:338–345.

Connolly HM, Crary JL, McGoon MD, Hensrud DD, Edwards BS,
Edwards WD, Schaff HV. 1997. Valvular heart disease associated
with fenfluramine-phentermine. N Engl J Med 28;337:581–588.

Curtis R, Adryan KM, Zhu Y, Harkness PJ, Lindsay RM, DiStefano
PS. 1993. Retrograde axonal transport of ciliary neurotrophic factor
is increased by peripheral nerve injury. Nature 365:253–255.

D’Almeida V, Camarini R, Azzalis LA, Junqueira VB, Carlini EA.
1996. Chronic fenfluramine treatment of rats with different ages:
effects on brain oxidative stress-related parameters. J Biochem
Toxicol 11:197–201.

Dahlstrom A, Fuxe K. 1965. Evidence for the existence of monoamine-
containing neurons in the central nervous system. I. Demonstration
of monoamines in the cell bodies of brainstem neurons. Acta Physiol
Scand 62 (Suppl 232):1–55.

Derome-Trembley M, Nathan C. 1989. Fenfluramine studies. Science
243:991.

Fischer CA, Hatzidimitriou G, Katz JL, Ricaurte GA. 1995. Reorga-
nization of ascending serotonin axon projections in animals previ-
ously exposed to the recreational drug 3,4-methylenedioxymetham-
phetamine. J Neurosci 15:5476–5485.

Fitzgerald LW, Burn TC, Brown BS, Patterson JP, Corjay MH, Val-
entine PA, Sun JH, Link JR, Abbaszade I, Hollis JM, Largent BL,
Hollis GF, Meunier PC, Robichaud AJ, Robertson DW. 2000. Pos-
sible role of valvular serotonin 5-HT(2B) receptors in the cardiopa-
thy associated with fenfluramine. Mol Pharmacol 57:75–81.

Fracasso C, Guiso G, Confalonieri S, Bergami A, Garattini S, Caccia
S. 1995. Depletion and time course of recovery of brain serotonin
after repeated subcutaneous dexfenfluramine in the mouse. A com-
parison with the rat. Neuropharmacology 34:1653–1659.

Frankfurt M, Azmitia E. 1984. Regeneration of serotonergic fibers in
the rat hippocampus following unilateral 5,7-dihydroxytryptamine
injection. Brain Res 298:273–282.

Gerson S, Baldessarini RJ. 1975. Selective destruction of serotonin
terminals in rat forebrain by high doses of 5,7-dihydroxy-
tryptamine. Brain Res 85:140–145.

Halaris AE, Jones BE, Moore RY. 1976. Axonal transport in serotonin
neurons of the midbrain raphe. Brain Res 107:555–574.

Hatzidimitriou G, McCann UD, Ricaurte GA. 1999. Altered serotonin
patterns in the forebrain of monkeys treated with (6)3,4-methyl-
enedioxymethamphetamine seven years previously: factors influ-
encing abnormal recovery. J Neurosci 19:5096–5107.

Hung MY, Hung TJ, Shen CL. 1994. Rubrospinal tract in the Formo-
san monkey: HRP and autoradiographic studies. Proc Natl Sci
Counc Repub China B 18:161–169.

Johnston L, Bachman J, O’Malley P. 2000. The monitoring the future
national results on adolescent drug use: overview of key findings,
1999. National Institute on Drug Abuse, NIH publication 00-4690.

Kalia M. 1991. Reversible, short-lasting, and dose-dependent effect of
(1) fenfluramine on neocortical serotonergic neurons. Brain Res
548:111–125.

Kancherla MK, Salti HI, Mulderink TA, Parker M, Bonow RO, Mehl-
man DJ. 1999. Echocardiographic prevalence of mitral and/or aortic
regurgitation in patients exposed to either fenfluramine-phenter-
mine combination or to dexfenfluramine. Am J Cardiol 84:1335–
1338.

Kelley AE, Domesick VB, Nauta WJ. 1982. The amygdalostriatal
projection in the rat—an anatomical study by anterograde and
retrograde tracing methods. Neuroscience 7:615–630.

Kleven MS, Seiden LS. 1989. D-, L- and DL-fenfluramine cause long-
lasting depletions of serotonin in rat brain. Brain Res 505:351–353.

Lew R, Sabol KE, Chou C, Vosmer GL, Richards J, Seiden LS. 1996.
Methylenedioxymethamphetamine-induced serotonin deficits are
followed by partial recovery over a 52-week period. II. Radioligand
binding and autoradiography studies. J Pharmacol Exp Ther 276:
855–865.

McCann UD, Hatzidimitriou G, Ridenour A, Fischer C, Yuan J, Katz
J, Ricaurte G. 1994. Dexfenfluramine and serotonin neurotoxicity:
further preclinical evidence that clinical caution is indicated.
J Pharmacol Exp Ther 269:792–798.

McCann UD, Seiden LS, Rubin LJ, Ricaurte GA. 1997a. Brain sero-
tonin neurotoxicity and primary pulmonary hypertension from fen-
fluramine and dexfenfluramine: a systematic review of the evi-
dence. JAMA 278:666–672.

McCann UD, Seiden LS, Rubin LJ, Ricaurte GA. 1997b. Brain sero-
tonin neurotoxicity and fenfluramine and dexfenfluramine. Reply
(Letter). JAMA 278:2141–2142.

McCann U, Mertl M, Ricaurte G. 1998. Methylenedioxymethamphet-
amine (MDMA, “Ecstasy”). In: Tarter R, Ammerman R, Ott P,
editors. Handbook of substance abuse: neurobehavioral pharmacol-
ogy. New York: Plenum Press. p 567–577.

Molliver DC, Molliver ME. 1990. Anatomic evidence for a neurotoxic
effect of (1/2) fenfluramine upon serotonergic projections in the rat
brain. Brain Res 511:165–168.

Molliver ME, Berger UV, Mamounas LA, Molliver DC, Wilson MA.
1990. Neurotoxicity of MDMA and related compounds: anatomic
studies. Ann NY Acad Sci 600:682–698.

Neale JH, Neale JA, Agranoff BW. 1972. Radioautography of the optic
tectum of the goldfish after intraocular injection of [3H]proline.
Science 176:407–410.

O’Callaghan JP, Miller DB. 1993. Quantification of reactive gliosis as
an approach to neurotoxicity assessment. In: Erinoff L, editor.
Assessing neurotoxicity of drugs of abuse. NIDA Res Monograph
136, DHHS Publication 93-3644, Rockville, MD. p 188–212.

O’Callaghan JP, Miller DB. 1994. Neurotoxicity profiles of substituted
amphetamines in the C57BL/6J mouse. J Pharmacol Exp Ther
270:741–751.

O’Callaghan JP, Miller DB. 1997. Brain serotonin neurotoxicity and
fenfluramine and dexfenfluramine. JAMA 278:2141–2142.

O’Hearn L, Battaglia G, Desouza E, Kuhar M, Molliver M. 1988.
Methylenedioxyamphetamine (MDA) and methylenedioxymetham-
phetamine (MDMA) cause ablation of serotonergic axon terminals
in forebrain: immunocytochemical evidence. J Neurosci 8:2788–
2803.

Paxinos G, Watson C. 1986. The rat brain in stereotaxic coordinates.
San Diego: Academic Press. p 49–50.

Ricaurte GA, Katz J, Martello M. 1992. Lasting effects of 3,4-meth-
ylenedioxymethamphetamine on central serotonergic neurons in
non-human primates: neurochemical observations. J Pharmacol
Exp Ther 261:616–622.

Ricaurte GA, Yuan J, McCann UD. 2000. (6)3,4-Methylenedi-
oxymethamphetamine (MDMA, “Ecstasy”)-induced serotonin-neu-
rotoxicity: studies in animals. Neuropsychobiology 42:5–10.

Rose S, Hunt S, Collins P, Hindmarsh JG, Jenner P. 1996. Repeated
administration of escalating high doses of dexfenfluramine does not
produce morphological evidence for neurotoxicity in the cortex of
rats. Neurodegeneration 5:145–152.

Rose S, Hindmarsh JG, Collins P, Jenner P. 1997. The effect of
fenfluramine dosage regimen and reduced food intake on levels of
5-HT in rat brain. J Neural Transm 104:1339–1351.

120 B.T. CALLAHAN ET AL.



Rowland NE, Kalehua AN, Li BH, Semple-Rowland SL, Streit WJ.
1993. Loss of serotonin uptake sites and immunoreactivity after
dexfenfluramine occur without parallel glial cell reactions. Brain
Res 624:35–43.

Sakai ST. 1988. Corticonigral projections from area 6 in the raccoon.
Exp Brain Res 73:498–504.

Scanzello CR, Hatzidimitriou G, Martello AL, Katz JL, Ricaurte GA.
1993. Serotonergic recovery after (1/2)3,4-(methylenedioxy)meth-
amphetmine injury: observations in rats. J Pharmacol Exp Ther
264:1484–1491.

Schmidt CJ. 1987. Neurotoxicity of the psychedelic amphetamine,
methylenedioxymethamphetamine. J Pharmacol Exp Ther 240:1–7.

Schmidt CJ, Taylor VL. 1987. Depression of rat brain tyrptophan
hydroxylase activity following the acute administration of methyl-
enedioxymethamphetamine. Biochem Pharmacol 36:4095–4102.

Schuster CR, Lewis M, Seiden LS. 1986. Fenfluramine: neurotoxicity.
Psychopharmacol Bull 22:148–151.

Seiden LS. 1991. Neurotoxicity of methamphetamine: mechanisms of
action and issues related to aging. In: Miller MA, Kozel NJ, editors.
Methamphetamine abuse: epidemiologic issues and implications.
NIDA Res Monogr 115, DHHS Publication 91-1836, Rockville, MD.
p 24–33.

Sotelo C. 1991. Immunohistochemical study of short- and long-term
effects of DL-fenfluramine on the serotonergic innervation of the rat
hippocampal formation. Brain Res 541:309–326.

Stewart CW, Slikker W Jr. 1999. Hyperthermia-enhanced serotonin
(5-HT)depletion resulting from D-fenfluramine (D-fen) exposure

does not evoke a glial-cell response in the central nervous system of
rats. Brain Res 839:279–282.

Steranka LR, Sanders-Bush E. 1979. Long-term effects of fenflura-
mine on central serotonergic mechanisms. Neuropharmacology 18:
895–903.

Stone DM, Johnson M, Hanson GR, Gibb JW. 1989. Acute inactivation
of tryptophan hydroxylase by amphetamine analogs involves the
oxidation of sulfhydryl sites. Eur J Pharmacol 172:93–97.

Teuchert-Noodt G, Dawirs RR. 1991. Age-related toxicity in prefron-
tal cortex and caudate-putamen complex of gerbils (Meriones un-
guiculatus) after a single dose of methamphetamine. Neurophama-
cology 30:733–743.

Tsuiki K, Takada A, Grdisa M, Diksic M. 1994. Effect of 5,7-dihy-
droxytryptamine lesion on the anterograde transport of serotonin
as measured with labeled a-methyl serotonin. Neurochem Int 24:
231–239.

Wee CC, Phillips RS, Aurigemma G, Erban S, Kriegal G, Riley M.
1998. Risk for valvular heart disease among users of fenfluramine
and dexfenfluramine who underwent echocardiography before use
of medication. Ann Intern Med 129:870–874.

Wilson MA, Molliver ME. 1994. Microglial response to degeneration of
serotonergic axon terminals. Glia 11:18–34.

Zaczek R, Battaglia G, Culp S, Appel NM, Contrera JF, De Sousa EB.
1990. Effects of repeated fenfluramine administration on indices of
monoamine function in rat brain: pharmacokinetic, dose response,
regional specificity, and time course data. J Pharmacol Exp Ther
253:104–112.

AMPHETAMINE NEUROTOXICITY 121


	INTRODUCTION
	MATERIALS AND METHODS
	Fig. 1.

	RESULTS
	Fig. 2.
	Fig. 3.
	Fig. 4.

	DISCUSSION
	Fig. 5.

	ACKNOWLEDGMENT
	REFERENCES

