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study employed immunocytochemistry to visualize the neurotoxic effects of methylenedioxyamphetamine hydrochloride (MDA) on

jerotonergic projections to brainstem structures. Separate groups of animals were injected twice a day, for 4 consecutive days, with: saline; MDA

(40 mg /kg/day); or fluoxetine hydrochloride (10 mg/kg) prior to each injection of MDA. In agreement with previous reports, MDA produced a
bronounced loss of 5-HT immunoreactivity in the forebrain, most notably in neocortex and hippocampus. However, our results revealed that
MDA .lso produced a loss of 5-HT fibers in brainstem that was as severe as that seen in any region of forebrain. Regions most severely affected

included: superior colliculus; superior olivary complex; trigeminal sensory complex and vestibular nuclei. The brains of animals treated with

MDA demonstrated a relative absence of fine 5-HT axon terminals within these forebrain and brainstem regions, while thicker axonal elements
were still present. The neurotoxic effects of MDA on serotonergic projections to forebrain and brainstem were completely blocked by the prior
sdministration of the 5-HT reuptake inhibitor, fluoxetine. It was suggested that the denervation of the superior colliculus, superior olive and

vestibular nuclei could alter visually guided eye movements and the vestibulo-ocular reflex while the loss of serotonergic inputs to the trigeminal

sensory complex might be expected to alter tactual reflexes.

INTRODUCTION

The neurotoxic actions of some halogenated am-
phetamines (e.g., p-chloroamphetamine) on serotoner-
gic neurons were first suggested on the basis of long-
term changes in neurochemical measures'>!® and mor-
phological evidence derived from studies using the
Fink-Heimer silver-impregnation methods>*. Subse-
Quently, the substituted amphetamines, methylene-
dio..amphetamine (MDA) and methylenedioxymeth-
amphetamine (MDMA) were also suggested to pro-
duce a selective neurotoxic action on 5-HT neurons
based on a long-term depletion of 5-HT and other
neurochemical markers!"!*?! as well as morphological
evidence of degenerative changes based on Fink-
Heimer methods!!. These latter findings have gained
Considerable attention because of the psychedelic ac-
tior , of MDA and MDMA?® and the current abuse of
the latter under the street name of ecstasy'°.

More recently, a series of elegant immunocytochem-
ical studies have described in great detail the neuro-
toxic actions of p-chloroamphetamine, MDA and
MDMA in the rat and non-human primate’®'%3, These
studies have demonstrated that the neurotoxic actions
of the substituted amphetamines were due to the de-
generation and structural loss of serotonergic axon
terminals. The major emphasis of the immunocyto-
chemical studies cited above has been to describe the
selective pattern of neurotoxicity in the forebrain. In
the rat, MDA and MDMA were reported to produce
the greatest damage to 5-HT axon terminals innervat-
ing neocortex, striatum and thalamus with smaller re-
ductions observed in hippocampal formation, septum,
olfactory bulb and amygdala®. There was also a selec-
tive action within brain regions. For example, in hip-
pocampus, 5-HT projections to field CA, were the
most affected. In neocortex, spared axon terminals
were most visible in frontal cortex with greater neuro-
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toxicity seen as one moved to the occipital cortex. The

medial hypothalamus including the ventromedial hy-

pothalamic nucleus was more denervated than the lat-
eral hypothalamus. The high degree of selectivity in the
neurotoxic actions of p-chloroamphetamine, MDA and
MDMA in forebrain structures was shown to be due to
a greater susceptibility of fine axons projecting from
the dorsal raphe nucleus”®.

The brainstem was not analyzed systematically as
part of the studies cited above except to note that the
raphe cell bodies were spared®!”. Evidence for a possi-
ble brainstem effect of 5-HT neurotoxins was provided
by Fritschy et al.2 who reported that p-chloro-
amphetamine selectively destroyed the fine 5-HT axons
projecting from the dorsal raphe nucleus to the trigem-
inal motor nucleus while sparing 5-HT projections from
the raphe obscurus and raphe pallidus. This latter
finding suggests that both ascending and descending
fine axons from dorsal raphe may be equally suscepti-
ble to the 5-HT neurotoxins. Consequently, one might
expect that these drugs would produce a selective
denervation of nuclei in the brainstem in a manner
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similar to that observed for forebrain. The presep &
study employed immunocytochemistry to further exam.:
ine the neurotoxic effects of MDA on 5-HT axons jp
brain with special emphasis on its possible selective"’:
effects on brainstem nuclei. In addition, the 5-HT .
uptake inhibitor, fluoxetine, was used to determine ’
whether neurotoxicity required the neuronal uptake of -
MDA into 5-HT neurons.
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MATERIALS AND METHODS

Subjects .

Male Sprague-Dawley rats, weighing 150 g on arrival, were ‘fl,
obtained from Ace Animals, Inc. (Boyertown, PA, US.A.). Rats :
were housed 3 per cage and had free access to food and water, The ®
colony room was illuminated on a 12:12 h light: dark cycle. E

Drugs

from the National Institute on Drug Abuse, was dissolved in sterile &
physiological saline and fluoxetine hydrochloride, a gift from Eli Lilly
and Co. (Indianapolis, IN, U.S.A.), was dissolved in sterile distilled *
water. Fluoxetine hydrochloride (10 mg/kg) or MDA (20 mg/kg) z
were prepared just prior to use and their doses were expressed as the ’-‘
salt form. All injections of drug or control injections of sterileé
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Fig. 1. Average optical density

DEEP

of 5-HT immunoreactivity obtained in designated brain structures. The optical density was measured in successive

coronal sections taken at intervals of 0.5 mm through each structure. Each vertical bar represents the mean of 5 animals. The brackets above ap
below each vertical bar indicate one S.E.M. Asterisks indicate a mean value significantly (P < 0.001) different from that of saline controls.
Abbreviations are: DEEP, deep gray layer of the superior colliculus; ECN, external cuneate nucleus; FCTX, frontal cortex: HIP, hippocampus:

1C, inferior colliculus; INT, intermediate gray layer of superior colliculus; LAT,

lateral vestibular nucleus; MED, medial vestibular nucleus; orl,

optic nerve layer of superior colliculus; SPN, spinal vestibular nucleus; SO, superior olivary complex; SU+ ZO, superficial and zonal layer o
superior colliculus; SUP, superior vestibular nucleus; TRIG, trigeminal sensory complex.
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physiological saline were given in a volume of 1 ml/kg. Sodium
pentobarbital (Sigma Chemical Co., St. Louis, MO, U.S.A.) was
injected i.p. at a lethal dose of 75 mg/kg.

Procedures

Three groups of animals were employed. The control group
(n = 5) received an i.p. injection of saline followed 20 min later by a
s.c. injection of saline; a second group (n=15) received an i.p.
injection of saline followed 20 min later by a s.c. injection of MDA
(20 mg/kg); and a third group {(n =5) received an i.p. injection of
fluoxetine (10 mg/kg) followed 20 min later by a s.c. injection of
MDA (20 mg/kg). Each group was injected twice a day (every 12 h)
for 4 days. Thus, the total daily dose of MDA was 40 mg/kg.

Histological procedures

Standard procedures were employed. Fourteen days after the last
injection, rats were perfused transcardially, under deep pentobarbital
anesthesia (75 mg/kg, i.p.), with ice-cold phosphate buffered saline
(PBS; pH 7.4) followed by ice-cold 4% paraformaldehyde dissolved
in a 0.15 M phosphate buffer (PB; pH 7.4). The brains were removed
and placed sequentially in ice-cold solutions for the times indicated:
48 h in the 4% paraformaldehyde dissolved in PB; 12 h in 10% (w/v)
sucrose dissolved in PB; and 24 h in 20% (w /v) sucrose dissolved in
PB. Brains were then frozen and 30-um thick coronal sections were
cut in a cryostat and placed in ice-cold PBS. The free floating
sections were then incubated for 24 h on a rotating platform at room
temperature with an anti 5-HT antisera obtained from Incstar Cor-
poration (Stillwater, MN). The antibody was diluted 1:10000 in PBS
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Fig. 3. Average optical density of immunoreactivity in hippocampus.

Optical density was measured in successive coronal sections spaced

0.5 mm apart through the entire extent of the hippocampus. These

coronal sections correspond to Plates 18 to 28 of Paxinos and

Watson®. Each point is the average of S animals. Vertical bars

indicate one S.E.M. Asterisks indicate a significant difference from
saline controls at P < 0.001.

containing 1% normal goat serum and 0.3% Triton X-100. 5-HT-like
immunoreactivity was visualized with the avidin-biotin-peroxidase
complex (ABC) kit supplied by Vector Laboratories, Inc. (Burlin-

Fig. 2. 5-HT axons in frontal cortex. The coronal sections were taken approximately 3 mm rostral to bregma and correspond to Plate 8 of Paxinos
and Watson®. A high density of fine axon terminals is seen in frontal cortex of a control rat (left panel). After MDA (right panel) nearly all fine
axon terminals are ablated, but thicker preterminal fibers are still present. Dark-field photomicrograph, X 30.
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= 5-HT axons in the hippocampus. The cotonal seciions were taken approximately 3 mm caudal to bregma and correspond
graph taken from a control animals showing a high density of fine axon terminals in
erminals are ablated in field CA| but thicker preterminal fibers are still present.

to Plate 21 of Paxinos and Watson® Top panel: a photomicro
field CA . Bottom panel: after MDA nearly all fine axon t

Dark-field photomicrograph, X 40.
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Fig. 5.°5-HT axons in the superior coiiicuius. The coronai sections were taken approximately / mm caudal to bregma and correspond to Plate 28

of Paxinos and Watson®. A high density of 5-HT axons can be seen in all layers of the superior colliculus of a control rat (top panel). After MDA

(bottom panel) nearly all fine axon terminals are ablated, but thicker preterminal fibers are still present especially in the intermediate and deep
gray layers. Dark-field photomicrograph, X 20.




Fig. 6. 5-HT axons in the inferior colliculus. The coronal sections were taken approximately 8 mm caudal to bregma and correspond to Plate 31
of Paxinos and Watson®’. The high density of 5-HT axons in a control rat (left panel) was reduced after treatment with MDA (right panel).
Dark-field photomicrograph, x 15,

game, CA, U.S.A.) which is based on the method of Hsu et al’.
Sections were then mounted on chrome alum-gelatin coated slides.
The average optical density of the immunoreactivity was measured in
various brain regions by means of a Bioquant Image Analysis System
(R&M Biometrics, Inc., Nashville, TN, U.S.A.) and expressed as
average optical density as previously described by Wang et al.?.
Statistical measurement of mean differences were calculated by
Student’s -test with corrections for multiple comparisons with con-
trols.

RESULTS

Rats treated with MDA (40 mg/kg/day for 4 days)
demonstrated a reduction in 5-HT reactive neurons
throughout the brain (Fig. 1). These reductions oc-
curred in both forebrain and brainstem structures and
were completely blocked by pretreatment with fluoxe-

tine (Fig. 1). The reductions in 5-HT axon terminals in
forebrain and in brainstem were highly variable be-
tween and within various structures.

Effects in forebrain

Rats treated with MDA demonstrated a loss of
immunoreactive neurons in forebrain structures that
was essentially identical with the neurotoxic effects
previously described by O’Hearn et al.®. In agreement
with-those findings, the dense innervation of frontal
corteéx by 5-HT axons seen in control animals (Fig. 2,
left panel) was greatly reduced by MDA (Fig. 2, right
panel). There was an almost complete loss of fine
axons as described by O’Hearn et al.® with a selective

—

Fig. 7. 5-HT axons at the level of the superior olivary nucleus. Coronal sections were taken approximately 10 mm caudal to bregma and

correspond to Plate 34 of Paxinos and Watson®. The top panel shows 5-HT immunoreactive fibers in a control animal. S-HT axons can be seen in

the principal sensory trigeminal nucleus located just dorsal and lateral to the root of the facial nerve and in the lateral and medial superior

olivary nuclei located medial to the facial nerve. Further medially some 5-HT axons can be seen in both the medial and lateral nuclei of the

trapezoid body. MDA produced a decrease in the number of 5-HT axons in each of these areas (bottom panel) but had no effect on the densé
S-HT innervation of the pontine reticular formation just dorsal to the superior olivary nuclei. Dark-field photomicrograph, x 20.
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sparing of thicker axons (Fig. 2, right panel). The
overall reduction in optical density in frontal cortex
produced by MDA (48%) was much greater than the
overall reduction in hippocampus (18%; Fig. 1). How-
ever, the neurotoxic effect of MDA on hippocampus
was highly selective as shown in Fig. 3. There was no
loss of 5-HT axons at the most rostral or most caudal
levels of the hippocampus, however the average optical
density of 5-HT axons was reduced by 34-39% at
coronal levels lying approximately 2.5-5 mm caudal to
bregma. MDA had its largest effect on 5-HT axons in
field CA,. Fig. 4 (top panel) illustrates the innervation
of field CA, by 5-HT axons in a control animal. After
treatment with MDA there is a near total loss of these
fine axons in field CA, while thicker 5-HT axons are
still present (Fig. 4, bottom panel), an effect identical
with previous findings®.

Effects in brainstem
There was also a selective effect of MDA in the
brainstem. The greatest decrease in the density of

5-HT axons occurred in the superior colliculus, sup
rior olivary complex, trigeminal sensory complex apd®
vestibular nuclei with smaller reductions in the inferigg"
colliculus and external cuneate nucleus (Fig. 1). Therg.
were no observable changes in the raphe nuclei or i

the trigeminal motor nucleus and only subtle chang&f?}?

Yy
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in remaining brainstem structures, which were not fug,
ther analyzed. The neurotoxic effect of MDA in thg
brainstem appeared similar to that observed in fore
brain in that the affected areas demonstrated a seleg !
tive loss of fine 5-HT axons. Consequently, thick :
5-HT axons were usually still present within an othef
wise denervated area (see Figs. 5-11).

As in the case of forebrain structures, the Neuro.,.
toxic effects of MDA varied within some nuclear re."’
gions and this was the most dramatic for the superioﬁ%
colliculus. 5-HT axons in control animals were densely's
distributed in all layers of the superior colliculus (Fig."
5, top panel). MDA produced large decreases in S-H'I'?L
axons within the superficial and zonal layers (57%) and';
the optic nerve layer (43%) of the superior colliculus azf,Iz

Fig. 8. 5-HT axons in the trigeminal sensory complex at a level approximately 10.5 mm caudal to bregma corresponding to Plate 35 of Paxinos
and Watson®. The high density of 5-HT axons which can be seen in pars oralis of a control rat (left panel) was greatly reduced by MDA (right
panel). Dark-field photomicrograph, X 30.
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well as a small (10%) decrease in the deep gray layer
put had no significant effect on S-HT axons in the
intermediate gray layer (Fig. 1). These effects of MDA
are illustrated in Fig. 5 (bottom panel), where it can be
seen that the smaller effects of MDA in the deep and
intcrmediate gray layers of the superior colliculus were
due to the presence of a dense plexus of thick 5-HT
fibers that were spared by MDA. In contrast with the
large effects of MDA on 5-HT fibers in the superior
colliculus, the dense 5-HT innervation of the inferior
colliculus (Fig. 6, left panel) demonstrated only a small
(9%) but significant decrease in 5-HT axons (Fig. 1).
This small decrease was due primarily to the elimina-
tic1 of fine 5-HT axons in the rostral portions of the
inferior colliculus and within its dorsolateral margins
(Fig. 6, right panel).

The superior olive demonstrated an overall 35%
decrease in S-HT immunoreactivity (Fig. 1). There was
a greater innervation of the lateral as compared with
the medial superior olive as well as a sparse innerva-

Fig. 9. S-HT axons in the trigeminal sensory complex at the juncture of pars interpolaris and pars caudalis. The coronal sections were taken

tion of the medial and lateral nuclei of the trapezoid
body (Fig. 7, top panel). MDA produced a decrease in
the number of 5-HT axons in each of these areas (Fig.
7, bottom panel). Fig. 7 also illustrates that the dense
5.HT innervation of the pontine reticular formation
dorsal to the superior olive (top panel) was not af-
fected by MDA (bottom panel).

MDA produced a substantial (45%) decrease in
density of 5-HT neurons throughout the trigeminal
sensory complex (Fig. 1). For example, the dense 5-HT
innervation of the principal sensory trigeminal nucleus
(see area just dorsal and lateral to the root of the facial
nerve in Fig. 7, top panel), pars oralis (Fig. 8, left
panel) and at the juncture of pars interpolaris and pars
caudalis (Fig. 9, left panel) was greatly reduced by
MDA in each of these structures (Fig. 7, bottom panel;
Fig. 8 and 9, right panels). Fig. 8 and 9 clearly demon-
strate that MDA tended to eliminate fine 5-HT axons
throughout the trigeminal sensory complex while spar-
ing the thicker 5-HT axons. Note that the 5-HT axons

approximately 13.5 mm caudal to bregma corresponding to Plate 41 of Paxinos and Watson®. The high density of 5-HT axons which can be seen

in pars interpolaris of a control rat (left panel) was greatly r

educed by MDA (right panel). Dark-field photomicrograph, X7.5.
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Fig. 10. 5-HT axons in the medial, superior and lateral vestibular nuclei at a level approximately 11 mm caudal to bregma corresponding to Plate
36 of Paxinos and Watson”. The dense 5-HT innervation of all 3 nuclei in a control animal (top panel) was greatly reduced by MDA (bottom
panel). Dark-field photomicrograph, X 40.




Fig. 11. S-HT axons in the medial and spinal vestibular nuclei at a level approximately 12 mm caudal to bregma corresponding to Plate 38 of
Paxinos and Watson®. The external cuneate nucleus can be seen just medial to the inferior cerebellar peduncle and trigeminal spinal nerve. The
5-HT innervation of all 3 nuclei in a control animal (top panel) was reduced by MDA (bottom panel). Dark-field photomicrograph, x 20.
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Fig. 12. Coronal sections taken approximately 10.5 mm caudal to bregma corresponding to Plate 35 of Paxinos and Watson®. The section was cut

at an angle that allows one to view the rostral portions of the trigeminal sensory nucleus (just latera!
the vestibular nuclei located just lateral to the facial nerve and dorsal to the trigeminal sensory nucleu
at the base of the brain just medial to the facial nerve. The 5-HT innervation of these nuclei in a cont
does not differ from that of an animal injected with fluoxetine just prior to each injection of MD

in the parvocellular reticular formation just medial to
the trigeminal sensory nuclei (Fig. 9) appear to have
been largely spared by MDA.

The vestibular nuclei exhibited approximately equiv-
alent neurotoxicity demonstrating 26 to 37% decreases
(Fig. 1). Fig. 10 (top panel) shows the distribution of
5-HT axons in the medial, superior and lateral vestibu-
lar nuclei of a control animal and Fig. 11 (top panel)
the distribution, at a more caudal level, in the medial
and spinal vestibular nuclei. MDA produced a loss of
fine 5-HT axons in each of these nuclei (see bottom
panels of Fig. 10 and 11), while thicker axons are still
present. In addition, there was a small (9%) but signifi-
cant decrease in the 5-HT innervation of the external
cuneate nucleus which can be seen just lateral to the
spinal vestibular nucleus in Fig. 11 (compare the top
and bottom panels).

As indicated in Fig. 1, fluoxetine was able to com-
pletely block the neurotoxic effects of MDA on 5-HT

to the facial nerve), the rostral portions of
s, and the superior olivary complex located
rol animal injected with saline (right panel)
A (left panel). Dark-field photomicrograph,

axons in all brain regions. This can be seen by the
similar density of 5-HT immunoreactive axons in the
trigeminal sensory nucleus, vestibular nucleus and su-
perior olivary nucleus of a control animal (Fig. 12, right
panel) and an animal given fluoxetine prior to each
injection of MDA (Fig. 12, left panel).

DISCUSSION

This study has demonstrated that MDA destroys a
much greater number of 5-HT axons in brain than had
been previously reported. The pattern and degree to
which MDA denervated forebrain structures in our
study was identical with that previously described by
O’Hearn et al.® who used the same dose of MDA and
the same survival time. However, in addition to the
previously reported damage to 5-HT axons in fore-
brain, we observed equivalent selective damage to 5-HT
axons within highly circumscribed regions of the brain-
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stem. For example, the zonal, superior and optic nerve
layers of the superior colliculus were highly denervated
while intermediate and deep gray levels were relatively
unaffected. In addition, there was a selective neuro-
toxic effect in the brainstem on the trigeminal sensory
complex, vestibular nuclei and the superior olivary
complex. All of the neurotoxic effects of MDA in
forebrain and brainstem were blocked by fluoxetine
suggesting that neurotoxicity results from the uptake of
MDA into 5-HT neurons. Schmidt'® had previously
demonstrated that fluoxetine also blocks the long term
depletion of brain 5-HT produced by MDMA.

In agreement with O’Hearn et al.®, MDA appeared
to selectively eliminate fine axon terminals in the fore-
brain and this was most prominent in neocortex and
field CA, of the hippocampus. Although these areas of
the telencephalon receive 5-HT inputs from both the
dorsal and median raphe nucleil, it has been suggested
that the fine axon terminals that are particularly sensi-
tive to the toxic effects of MDA project predominantly
from the dorsal raphe nucleus”?. The denervation of
brainstem nuclei also appeared to be due to a selective
loss of fine axon terminals. Fritschy et al.> demon-
strated that p-chloroamphetamine, selectively de-
stroyed the fine 5-HT axons projecting from dorsal
raphe nucleus to the trigeminal motor nucleus without
affecting inputs from other 5-HT raphe nuclei. It is
possible, therefore, that at least part of the denervation

3 C“; of brain stem nuclei in our study is due to a loss of fine
:,Steod 5-HT projections from the dorsal raphe nucleus.
unel) The neurotoxic effects of MDA in the brainstem
aph, suggest that one might expect long term alterations in
visually guided eye movements and the vestibulo-ocular
reflex due to denervation of the superior colliculus,
the superior olivary complex and vestibular nuclei and in
the tactile and nociceptive reflexes due to the denervation
su- of the trigeminal sensory complex. It had been previ-
ght cusly suggested that the selective neurotoxicity of
ach IDA, MDMA and /or p-chloroamphetamine on 5-HT
axons innervating the ventromedial hypothalamic nu-
cleus and the trigeminal motor nucleus may reflect the
greater sensitivity of these brain regions to smaller,
acute and possibly non-toxic doses of these drugs?®.
s a On this basis, it was suggested that the anorexic effects
1ad of MDA, MDMA and related drugs could well be due
to to an increased release of S-HT onto the ventromedial
ur Jypothalamic nucleus which is known to be important
by for processing satiety signals®. Similarly, the intense
ind jaw-clenching reported after ingestion of MDMA was
the suggested to result from the increased release of 5-HT
re- in the trigeminal motor nucleus®. An increased release
HT of 5-HT in the trigeminal sensory complex would also
tn- be consistent with the reported increase in the tactile

13

startle reflex produced by MDMA in the rat® and the
reported increase in the tactually elicited nictitating
membrane reflex produced by MDA in the rabbit!>!*

The results of this and previous studies suggest that
further knowledge of the regional neurotoxic effects of
substituted amphetamines may provide important in-
sights into the behavioral functions regulated by 5-HT
innervation of various anatomical structures,
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