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p-Chloroamphetamine: Selective Neurotoxic Action in Brain

Abstract. Injection of 2.5, 5, 10, or 20 milligrams of p-chloroamphetamine per
kilogram of body weight into rats produced evidence of cytopathological changes in
sections of brain stained by a Nissl or silver method. As early as 1 day after drug
injection cells demonstrated an intenre Nissl staining, intense argyrophilia, cellular
shrinkage, and perineuronal spaces. At 30 days after injection both stains revealed
cellular debris and glial reactions characteristic of cellular dissolution. The neuro-
toxic effects of 2.5, 5, or 10 milligrams of p-chloroamphetamine per kilogram were
primarily restricted to an area of the ventral midbrain tegmentum corresponding to
the distribution of the B-9 serotonergic cell group. After 20 milligrams of p-chloro-
amphetamine per kilogram there was also evidence of neurotoxic effects on cells
within the substantia nigra. These results confirm previous suggestions that the
long-term reduction in serotonin content of brain, tryptophan-5-hydroxylase ac-
tivity, and uptake of serotonin after injection of p-chloroamphetamine is due to
a neurotoxic effect of the drug or some metabolite on serotonergic cell bodies.

A number of halogenated arylalkyla-
mines have been reported to produce
a decrease in brain content of sero-
tonin accompanied by a decrease in
activity of tryptophan-5-hydroxylase
(1). Some of these compounds, such as
p-chlorophenylalanine (p-CP), have
been extensively used to examine the
role of serotonin in brain, while others
such as p-chloroamphetamine (p-CA)
and fenfluramine have been used clini-
cally as an antidepressant and an ano-
rexogenic agent, respectively. Some of
these halogenated derivatives, including
p-CA, have been shown to have long-
term and apparently irreversible effects
on serotonergic systems of brain. Sero-
tonin content of brain remains signifi-
cantly reduced up to 4 months after a

single dose of p-CA in the rat (2—4).
There is also a long-term reduction in
serotonin uptake by brain slices or
synaptosomal fractions isolated from
rat brain (4, 5) and a reduction in
tryptophan-5-hydroxylase activity (2—
4). These findings have led to the spec-
ulation that p-CA may have some
neurotoxic action on serotonergic neu-
rons in brain, either directly, or indi-
rectly through the formation of a toxic
metabolite (3, 4). Such a toxic action
might be similar to that observed on
serotonergic and catecholaminergic neu-
rons of brain after the intraventricular
administration of 5,6-dihydroxytrypta-
mine or 6-hydroxydopamine, respective-
ly (6). In the present study, we have
found that p-CA produces cellular dam-
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Table 1. Effect of 20 mg of p-chloroamphetamine (p-CA) per kilogram of body weight on
whole brain content of serotonin at 3 and 30 days after injection. Each mean is based on an
N of 3. Whole brain content is for brain minus olfactory bulbs and cerebellum. S.E.M., standard

error of the mean.

At 3 days At 30 days
Group Serotonin Percent Serotonin Percent
(nmole/g = S.E.M.) change (nmole/g = SSEEM.) change
Control 343 =0.08 4,02 =0.13
p-CA 1.01 = 0.11* —71 1.88 = 0.14* -53
* P < .001.

age which can be observed in Nissl-
and silver-stained sections of the rat
midbrain.

Male albino rats (Holtzman, Madi-
son, Wisconsin), 150 to 200 g, were
housed two per cage and maintained
on Purina Laboratory Chow and tap
water. Animals were injected intraperi-
toneally with 2.5, 5, 10, or 20 mg of
pL-p-chloroamphetamine per kilogram
of body weight, dissolved in sterile
physiological saline to give an injection
volume of 1 ml/kg. Control animals
received an equivalent volume of the
saline solution. At 1, 3, 9, 14, and 30
days after injection, rats injected with
p-CA (N = 25) and control rats (N =
10) were perfused transcardially under
pentobarbital anesthesia by the method
of De Olmos and Ingram (7), except
that formaldehyde was substituted for
the paraformaldehyde. Frozen, 30-um
sections were stained by a modification
of the cresyl violet stain described by

Fig. 1. Coronal section through the mid-
brain of a rat illustrating the three sero-
tonergic cell groups: B-7, the dorsal raphe
nucleus; B-8, the medial raphe nucleus;
and B-9, serotonergic cell group within
the ventral midbrain tegmentum. Nissl
stain, 10 mg/kg p-CA, 9 days survival
(X 3%4).
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Fernstrom (8), or by the silver meth-
od (procedure I) of Fink and Heimer
9).

Changes in cell bodies, suggestive of
degeneration, were consistently observed
at 1 and 3 days after injection of 2.5, 5,
10, or 20 mg/kg p-CA in either Nissl-
or Fink-Heimer—stained sections. The
reacting cells were most prominent in an
area of the ventral midbrain tegmentum
corresponding to the distribution of the
B-9 serotonergic cell group (Fig. 1)
as described by Dahlstrom and Fuxe
(10). The cell reactions to p-CA were
readily apparent even under low mag-
nification (X 50). In Nissl-stained sec-
tions the reacting cells displayed three
characteristics: an intense staining of
the cytoplasm and nucleus, cellular
shrinkage, and a perineuronal space
(Fig. 2b). Dosages of 5, 10, or 20
mg/kg p-CA produced comparable ef-
fects in the B-9 area. However, at the
lowest dose of p-CA (2.5 mg/kg) there
were fewer reacting neurons. Similar
results were obtained with the Fink-
Heimer method. Cells in the B-9 sero-
tonergic cell group displayed an in-
tense argyrophilia, cellular shrinkage,
and a perineuronal space (Fig. 3) at
1 or 3 days after 10 or 20 mg/kg
p-CA.

A dosage of 5, 10, or 20 mg/kg
p-CA also produced some abnormally
staining cells within the raphe nuclei
(B-7 and B-8, see Fig. 1) in Nissl- or
silver-stained sections. There were sev-
eral differences between the effects of
p-CA on the cells within the B-9 cell
group and on cells within the raphe
region. In contrast to the intense Nissl
staining and argyrophilia described
above for the B-9 region, the reacting
cells in the B-7 and B-8 regions showed
only a mild intensification of Nissl
staining and only a mild argyrophilia.
While the reacting cells in the B-7 and
B-8 areas did show an abnormal shape,
there was only an occasional occurrence
of perineuronal spaces, and the large

number of glial cells observed in the
B-9 area (see below) were not present.
Although we have not conducted an
accurate cell count, it appeared that
approximately 80 percent of the cells
within the B-9 region demonstrated
these neurotoxic changes, while only
10 percent of the cells within the B-7
plus B-8 area were affected. The re-
acting cells in the B-9 area were typi-
cally about 30 pum in diameter, while
those in the B-7 and B-8 areas were
smaller (about 10 to 15 um), and were
localized to the midline of these cell
groups.

Serial sections stained by either the
Nissl or silver method failed to reveal
any evidence of similar cellular effects
of 2.5, 5, or 10 mg/kg p-CA in any

Fig. 2. Appearance of cells in the B-9 cell
group in Nissl-stained sections (X 108).
(a) Control animal. (b) Three days after
20 mg/kg p-CA. Note the shrunken ap-
pearance and dark staining of the cells. A

perineuronal space is clearly visible
around each reacting neuron. The smaller
dark-staining bodies appear to be glia.
(¢) Thirty days after 20 mg/kg p-CA.
Note the continuing increased staining of
some cells, the occurrence of glial reac-
tions (arrow), the relative absence of
perineuronal spaces, and the more normal
appearance of some cells.
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other area of the brain. These dosages
of p-CA appear, therefore, to have a
highly selective action on cells within
the B-9 serotonergic cell group in the
ventral midbrain tegmentum.

The intense reactions of the cells in
the B-9 region as revealed by both
the Nissl and silver methods strongly
suggests an irreversible degenerative
change. Morcover, the abnormal stain-
ing exhibited by these cells after p-CA
was identical to that described by Hed-
reen and Chalmers (/1) for cells in the
substantia nigra following the intraven-
tricular administration of 6-hydroxy-
dopamine. In both cases there is a
clumping of argyrophilic deposits in the
cytoplasm and a dense argyrophilia of
the nucleus in silver-stained sections,
that is observable by 1 day after drug
administration. In addition we found
a clumping of Nissl substance in cyto-
plasm and nucleus. Also, both drugs
appear to produce cellular shrinkage
and a perineuronal space (11, and Figs.
2b and 3).

Raising the dosage of p-CA to 20
mg/kg produced the same changes in
the B-9 cell group as that seen after 5
or 10 mg/kg, and there did not appear
to be an increase in the number of cells
affected. However, 20 mg/kg p-CA
also produced an appearance of neuro-
toxicity in cells of the substantia nigra
by 1 day after injection. The reacting
cells in substantia nigra presented the
same appearance as that described for
the reacting cells in the B-9 area.

The silver stain of Fink and Heimer
(9) is capable of impregnating degen-
erating axons and their synaptic end-
ings. However, we found no evidence
of either degenerating axons (see Fig.
3) or of degenerating terminals within
the brains of animals given 10 or 20
mg/kg p-CA. These results are in agree-
ment with other studies that have failed
to detect terminal degeneration even
after lesions destroying the serotonergic
cell bodies or their ascending axons in
the medial forebrain bundle (12). It is
commonly agreed that these negative
results are due to the small size of the
unmyelinated serotonergic fibers, since
degenerative changes in axons and their
terminals have been seen by histochemi-
cal fluorescence or electron microscop;‘r
(13). Hedreen and Chalmers (11) also
failed to observe a 6-hydroxydopa-
mine-induced degeneration of nor-
adrenergic axons and terminals in brain
sections stained by the Fink-Heimer
method.
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Fig. 3. Appearance of cells in the B-9
cell group at 3 days after the injection of
20 mg/kg of p-CA in a Fink-Heimer-
stained section (X 108). Note the intense
argyrophilia of cytoplasm and nucleus,
shrunken appearance of the cells, and peri-
neuronal spaces. Normal-appearing fibers
can be seen coursing through this region.

The cytopathological reaction of B-9
cells to 10 or 20 mg/kg p-CA was still
present at 9 and 14 days after injec-
tion, although the intensity of the Nissl
stain and the argyrophilia was reduced,
and there was a relative absence of
perineuronal spaces. By 30 days after
p-CA the Nissl and silver stain still re-
vealed evidence of continuing degen-
erative changes (Fig. 2c). Some B-9
cells still demonstrated a clumping of
Nissl material and an above-normal
argyrophilia. Many of the cells still ex-
hibited a shrunken and irregular ap-
pearance. In silver-stained sections there
were a number of irregularly shaped,
argyrophilic bodies, suggesting that at
least some of the cells had become
necrotic and undergone dissolution.
Finally, from the first to the 30th day
after p-CA there was an increased
staining of glial cells and evidence of
glial reactions (see arrow, Fig. 2c). In
contrast to these observations in the
B-9 area, there were no observable
effects of 20 mg/kg p-CA on cells with-
in the substantia nigra at 30 days after
injection.

Some rats receiving 20 mg/kg p-CA
were decapitated at 3 or 30 days after
injection and their brains (minus olfac-
tory bulbs and cerebellum) were as-
sayed for serotonin content (14). Sero-
tonin content of brain (Table 1) was
decreased by 71 percent at 3 days and
by 53 percent at 30 days after p-CA.
This long-term depletion of serotonin
suggests that the cells undergoing de-
generative changes in the B-9 cell group
were in fact serotonergic cells. Hence,
p-CA appears to produce a highly se-
lective neurotoxic effect, presumably
on serotonergic cell bodies within the

B-9 cell group of the ventral midbrain
tegmentum. This neurotoxic effect of
p-CA would explain the long-term de-
creases in serotonin content, trypto-
phan-5-hydroxylase activity, and sero-
tonin uptake. The basis of the selective
action of p-CA on the B-9 cell bodies
is not clear at present, but could be
due to a unique ability of these cells to
convert p-CA to a toxic metabolite.
This action of p-CA could be used to
advantage in experiments that require
a selective destruction of this cell
group.
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