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ABSTRACT

Dose- and term-dependent differences in the location and nature
of brain lesions induced in rats and dogs by 2,5-hexanedione (2,5-HD),
misonidazole, clioquinol, and acrylamide are reported. Subchronic
neuropathies ("distal axonopathy") were induced by low-dose ad-
ministration of these neurotoxicants and at high doses, lesions caused
by acute or subacute neurotoxicity were found in the central nervous
system (CNS). In rats, 2,5-HD induced extracellular edema, nerve cell
degeneration, and axonal degeneration in the cerebellar and vestibular
nuclei. Similar lesions were observed in misonidazole-treated dogs
and clioquinol induced nerve cell degeneration in the hippocampus
and malacia in the piriform lobes of these animals. In rats, acrylamide
induced degeneration of Purkinje cells.

Although the mechanism(s) underlying the differential neuro-
toxicity of high and low doses of these neurotoxicants remains un-
clear, we suggest certain biochemical mechanisms, cytotoxic edema
and excitotoxicity, as factors in the production of such lesions after
high-dose treatment.

t This study was reported in part at the Xlth International Congress of Neuropathol-
ogy (1-P-38, Abstract p. 147), Kyoto, Japan, September 2-8, 1990.

*Author to whom all correspondence and reprint requests should be addressed.
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Accurate morphological studies, including the study of the ultrastruc-
ture of subcellular organelles, are essential for identifying the underlying
pathological mechanisms or processes in any disorders. In the course of
performing toxicity tests on several drugs, we sometimes encountered
different neurological disorders and different neurotoxic changes induced
by the administration of varied doses of the drugs to experimental animals.

Distal axonopathy is a hexacarbon neuropathy induced by 2,5-hexane-
dione (2,5-HD, a common metabolite of neurotoxic hexacarbons); it
shows characteristic axonal swelling with accumulation of neurofilaments
in the distal parts of the peripheral nerves and spinal cord (Spencer and
Schaumburg, 1977a, 1977h; Yoshimura and Imai, 1986; Yoshimura et al.,
1987). In previous studies (Yoshimura et al., 1988, 1990b), we found that
high-dose treatment with 2,5-HD induced neurotoxicity that was charac-
terized by edema and degeneration in the thalamus and cerebellar and
vestibular nuclei. Therefore, we compared the nature and distribution of
neurotoxic changes produced in experimental animals by a wide dosage
range of 2,5-HD, misonidazole, clioquinol, and acrylamide.

In humans, the neurotoxicity of misonidazole (a hypoxic cell sensi-
tizer) was an axonal-type neuropathy (Sterman and Schaumburg, 1980;
Urtasun et al., 1978; Wasserman et al., 1984); in rats (Griffin et al., 1979),
mice (Chao et al., 1983), and dogs (Scharer, 1972), it was manifested as
edematous changes in the brain. Clioquinol, 5-chloro-7-iodo-8-hydroxy-
quinoline, induces distal axonopathy resulting in subacute myelo-optico
neuropathy (SMON) in humans; this was reproduced in dogs by prolonged
administration of clioquinol (Tateishi and Otsuki, 1975; Tateishi et al.,
1975; Yoshimura et al., 1984; Yoshimura and Imai, 1985, 1990) or its related
compound, 5,7-dichloro-8-hydroxyquinoline (Yoshimura et al., 1989,
1990a; Yoshimura and Imai, 1990). Nerve cell degeneration in the hippo-
campus by high doses of quinoline has been reported in dogs (Lannek,
1974; Lannek and Jonsson, 1974). Acrylamide induces axonal swelling
with accumulation of neurofilaments as a distal axonopathy (Schaum-
burg et al., 1974; Tilson, 1981; Yoshimura and Imai, 1986; Yoshimura et al.,
1987), in addition, it induces degeneration of Purkinje cells (Cavanagh,
1982; O'Shaughnessy and Losos, 1986).

In the present study, we noted a relationship between the dose of
neurotoxins and the characteristics of the induced pathological changes.
After high-dose, short-term treatment with these chemicals, animals fre-
quently died or became moribund with servere neurological signs; histo-
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logical and electron microscopic studies revealed edematous, hemorrhagic,
or necrotic foci in areas of the central nervous system (CNS). High-dose
administration of 2,5-HD produced evidence suggestive of cytotoxic
edema and excitotoxic mechanism(s). These findings, although they were
based on morphologic examinations, suggest that in high doses, these
chemicals may call into action similar neurotoxic mechanisms.

L •

Animals and Treatment
For each drug we designed experiments with varied dosage regimens;

acute illness was induced by giving high dose(s), subchronic axonopathies
by administering lower dose(s).

2, 5-Hexamedione
Six-wk-old female Sprague-Dawley rats (total 24 rats, Crj:CD(SD) pur-

chased from Charles River Japan Inc., Atsugi) were housed individually
in wire-bottom metal cages and kept in a barrier-sustained animal room.
2,5-HD (Wako Pure Chemical Industries, Ltd.) was dissolved in distilled
water in a vol of 5 mL/kg body wt. After 1 wk quarantine, they were divided
into four groups: The first group (n = 10) was administered orally with 700
mg/kg/d of 2,5-HD. The second group (n=6) was given 500 mg/kg/d.
These rats became moribund with neurological signs after 3-10 d and were
sacrificed by a perfusion fixation method (see below). The third group (n = 4)
was administered with 300 mg/kg/d of 2,5-HD, and the fourth group
(n = 4) was given distilled water and served as the control group. These
rats were sacrificed on the 8th wk using the same perfusion method.

Misonidazole
Seven-mo-old female beagle dogs (total 11 animals, purchased from

the CSK Laboratory Animal Institute) were housed individually in a wire-
bottom metal cage and kept in a semibarrier-sustained animal room. Mis-
onidazole (presented by Kayaku and Pola Corporation) was dissolved in
phosphate-buffered saline. After 1-mo quarantine, the dogs were divided
into four groups: In the two high-dose groups, they received 100 (n = 3) or
80 mg/kg/ d iv (n = 3). Two other dogs were administered with 64 mg/kg/d;
they were sacrificed by perfusion fixation when their neurological signs
became severe (on the 2nd or 3rd wk). The three remaining dogs received
41 mg/kg/d of misonidazole iv for 6 wks and were sacrificed by the per-
fusion method.

Clioquinol (Chino form)
In the high-dose group, three female beagle dogs were administered

orally with 300 mg/kg of clioquinol two times a day (600 mg/kg/d). After
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recovery from an episode of acute neurologic signs, they were sacrificed
on the 5th wk, and the brain tissue was fixed by the immersion fixation
method. In the low-dose group, two beagle dogs received orally an initial
dose of 100 mg/kg/d for 1 wk, subsequently, the dose was gradually in-
creased to 200 mg/kg/d for 1 wk and to 300 mg/kg/d for 2 wk. Thereafter,
they were maintained at 400 mg/kg/d until sacrifice. The dogs in the low-
dose group were sacrificed by the perfusion method 4 or 6 wk later when
neurological signs became evident.

Acrylamide
Six-wk-old female Sprague-Dawley rats (total 10 rats, Crj:CD(SD)

purchased from Charles River Japan Inc., Atsugi) were maintained as
described for the 2,5-HD experiment. Acrylamide was dissolved in dis-
tilled water in a vol of 5 mL/kg body wt. Six rats were given 50 mg/kg/d,
po and sacrificed when their neurological signs became severe (on the
2nd or 3rd wk). Four rats were given 20 mg/kg/d of acrylamide; they were
sacrificed on the 7th or 8th wk.

Perfusion Fixation and Pathological Examination
Sodium pentobarbital-anesthetized animals were perfused through

the ascending aorta (rats, 50 mL/min; dogs, 1000 mL/min) with phosphate-
buffered saline followed by 0.1M phosphate-buffered-mixed-fixative of
2% paraformaldehyde plus 1.25% glutaraldehyde (pH 7.4). For light micro-
scopical examination, tissues were embedded in paraffin and sections
were stained with luxol fast blue-hematoxylin eosin (LFB-H-E). For elec-
tron microscopy, tissues were additionally fixed with 2% osmium tetroxide
and embedded in epoxy resin. Semithin sections (about 1µm) were stained
with toluidine blue, and ultrathin sections were stained with uranyl ace-
tate followed by lead citrate.

RESULTS

2, 5-Hexanedione
The body wt of rats given 500 mg/kg/d increased for 2 wk but de-

creased gradually after the 3rd wk. The weight of rats given 700 mg/kg/d
decreased after 1 wk of administration (Fig. 1). Abnormal gait with sway-
ing of the body was observed during the 2nd wk in animals given 700
mg/kg/d, and during the 3rd wk in those given 500 mg/kg/d. They were
sacrificed on the 2nd or 3rd wk (700 mg/kg/d rats) and the 4th wk (500
mg/kg/d rats). The low-dose group (300 mg/kg/d) showed a relatively
small weight gain, but no distinct signs of abnormal gait during the 7-wk
experimental period.
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Fig. 1. Body wt change of rats treated with 2,5-hexanedione. 0: control;
x: 300 mg/kg/d; 0: 500 mglkg!d; • : 700 mg/kg/d.

Histopathologically, the brains of rats given 500 or 700 mg/kg/d of
2,5-HD showed vacuolar change in the cerebellar and vestibular nuclei,
and edema and necrosis in the thalamus (Table 1; Fig. 2B). In the cerebellar
and vestibular nuclei of all 500 or 700 mg/kg/d rats, many large and small
vacuoles were found (Fig. 3C and D). These large vacuoles sometimes
contained a string-like structure, resembling an axon, stained with eosin
(Fig. 3C and D, arrows). Degenerated nerve fibers showing myelin ovoids
were also observed in these nuclei. Small foci of hemorrhage in these
nuclei were detected in 1 of 6 rats dosed 500 mglkg!d and 5 of 10 rats
dosed 700 mg/kg/d (Table 1).

Ultrastructural examination of the cerebellar and vestibular nuclei of
rats dosed 500 or 700 mg/kg/d showed that the periaxonal space of thick
nerve fibers was occasionally dilated and contained intact or destroyed
axoplasm (Fig. 4). There were wide spaces around nerve cells or between
nerve fibers and foot processes of astrocytes, and the space contained a
few membranous fragments. Many of the dendrites of nerve cells were
swollen, and the endings also appeared to have undergone degenerative
changes, containing many vesicles, swollen mitochondria, and fragments
of organelles (Figs. 5, 6, and 7). Some of the nerve cells were destroyed,
and their fragments or degenerated organelles were dispersed (Fig. 8). The
perivascular space of the vessels in these nuclei was often dilated, and
sometimes filled with erythrocytes (Fig. 9). Axonal degeneration was
prominent in rats treated for 4 wk with 500 mg/kg!d 2,5-HD, and the axons
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Fig. 2. 2,5-Hexanedione, 500 mg/kg/d, po. A: Brain slices of a control
rat. B: Brain slices of a treated rat sacrificed 9 d after exhibiting neurological signs
(4th wk). Edematous areas of the thalamus (T) and a vacuolated area of the cere-
bellar nuclei (C) are palely stained. Luxol fast blue-hematoxylin eosin stain.

frequently contained degenerated organelles or were densely stained
(Fig. 10). Axonal swelling with accumulation of neurofilaments in the
peripheral nerves was observed only rarely in the high-dose group.

In the thalamus, histopathologic examination revealed edematous
and spongy change in all rats dosed with 500 mg/kg/d and in 6 of 10 rats
dosed with 700 mg/kg/d; there was pale staining with LFB-H-E stain (Fig.
2B). Nerve cells in the edematous area of the thalamus were destroyed
(Fig. 11C and D). Small foci of hemorrhage in the thalamus were observed
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Fig. 3. 2,5-Hexanedione, 300 (B), 500 (C), or 700 mg/kg/d po. A:
Cerebellar nucleus of a control rat. Cerebellar nucleus of a rat treated with B: 300
mg/kg/d and sacrificed on the 8th wk, C: 500 mg/kg/d and sacrificed 9 d after
onset of neurological signs during the 4th wk. D: 700 mg/kg/d and sacrificed 6 d
after the onset of signs on the 3rd wk. Large and small vacuoles were found in
the cerebellar nucleus of rats treated with 500 or 700 mg/kg/d. These large
vacuoles sometimes contained a string-like structure (an axon) stained with
eosin (arrows). Luxol fast blue-hematoxylin eosin stain.
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Fig. 4. 2,5-Hexanedione, 700 mg!kg/d, po. Cerebellar nucleus of a rat
sacrificed 6 d after onset of neurological signs on the 3rd wk. The periaxonal
space is extensively dilated. Thin epoxy section stained with uranyl acetate and
lead citrate.

Fig. 5. Cerebellar nucleus of a control rat. Thin epoxy section stained
with uranyl acetate and lead citrate.
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Fig. 6. 2,5-Hexanedione, 700 mg/kg/d, po. Extracellular edema in the
cerebellar nucleus of a rat sacrificed on the 3rd wk when neurological signs
became severe 6 d after onset. The extracellular space is dilated and contains
membranous material and degenerated organelles, including features suggest-
ing swelling of dendrites (D). Some nerve endings exhibit degenerated mito-
chondria (arrow). Thin epoxy section stained with uranyl acetate and lead citrate.

in 2 of 6 rats dosed with 500 mg/kg/d and in 1 of 10 rats dosed with 700
mg/kg/d (Table 1).

Histopathological examination of the low-dose group (300 mg/kg/d)
revealed no edematous changes in the brain (Figs. 3B and 11B). The charac-
teristic change in the low-dose group was axonal swelling with accumula-
tion of neurofilaments in the fasciculus gracilis of the cervical cord and peri-
pheral nerve fibers (Fig. 12). Axonal swelling in the low-dose, prolonged
administration group was more prominent than in the high-dose group.

Misonldazole

After 1 or 2 wks of treatment with 64, 80, or 100 mg/kg/d of misonida-
zole, all eight dogs developed severe neurological signs, such as excess
salivation, nystagmus, and disequilibrium of the body, and were sacrificed
1-7 d after onset. In the cerebellar and vestibular nuclei, extracellular
edema, dilatation of the periaxonal space, axonal degeneration, swelling
of dendrites, and degeneration of nerve endings were noted ultrastruc-
turally in all five dogs dosed 64 or 100 mg/kg/d (Figs. 13 and 14). These
changes resembled the lesions seen in rats treated with high doses (700,
500 mgikg/d) of 2,5-HD. In the entopeduncular nuclei of the dogs, edema-
tous changes were observed in paraffin sections stained with LFB-H-E
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Fig. 7. 2,5-Hexanedione, 700 mg/kg/d, po. Cerebellar nucleus of a rat
sacrificed on the 3rd wk when neurological signs became severe 6 d after onset.
Dendrites are swollen and exhibit degenerated mitochondria. Mitochondria in a
nerve ending are also degenerated (arrows). Thin epoxy section stained with
uranyl acetate and lead citrate.

Fig. 8. 2,5-Hexanedione, 700 mg/kg/d, po. Cerebellar nucleus of a rat
sacrificed on the 3rd wk. Note the destroyed nerve cell (A); fragments of the
nucleus (N) and organella are dispersed. Thin epoxy section stained with uranyl
acetate and lead citrate.
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Fig. 9. 2,5-Hexanedione, 700 mg/kg%d, po. Hemorrhage into the pen-
vascular space in the vestibular nucleus of a rat sacrificed on the 3rd wk, 8 d after
onset of neurological signs. Thin epoxy section stained with uranyl acetate and
lead citrate.

Fig. 10. 2,5-Hexanedione, 500 mg/kg/d, po. Cerebellar nucleus of a rat
sacrificed on the 4th wk, 12 d after onset of neurological signs. Many axons are
degenerated, and densely stained organelles are accumulated in these axons
(arrows). Thin epoxy section stained with uranyl acetate and lead citrate.
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Fig. 11. 2,5-Hexanedione, 300 (B), 500 (C), or 700 mg/kgld, po. Thalamus
of a control rat (A) and a rat treated with 300 mg/kg/d and sacrificed on the 8th
wk (B). The nerve cells in the edematous area of the thalamus were destroyed
(arrows) in rats treated with 500 mg/kg/d (C) or 700 mg/kg/d (D). Luxol fast blue-
hematoxylin eosin stain.

(Fig. 15B) and in ultrathin sections of dogs receiving 80 or 100 mg/kg/d
misonidazole. Sporadic hemorrhagic foci were noted in the entopeduncu-
lar, cerebellar, and vestibular nuclei, and in the cerebellar cortex.

Moreover, the Purkinje cells of two dogs each in the groups receiving
64 and 80 mg/kg/d and one dog in the group receiving 100 mg/kg/d ex-
hibited marked swelling and degeneration (Fig. 16B). In the molecular
layer of the cerebellar cortex many vacuoles were observed, and the den-
drites of Purkinje cells contained degenerated organelles (Fig. 17).
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Fig. 12. 2,5-Hexanedione, 300 mg/kg/d, po. Tibial nerve of a rat sacri-
2d on the 8th wk. A nerve fiber has an abnormally thin myelin sheath; the
rn is swollen and contains numerous neurofilaments with disorganized
'angement. Thin epoxy section stained with uranyl acetate and lead citrate.

Fig. 13. Misonidazole, 100 mg/kg/d, iv. Cerebellar nucleus of a beagle
g sacrificed on the 2nd wk, 7 d after the onset of neurological signs. The extra-
lular space is dilated and contains cellular fragments and flocculent material.
ate the swollen dendrite of a nerve cell (D); the nerve endings are also swollen
i contain degenerated mitochondria (arrows). Many axons are degenerated and
nsely stained. Thin epoxy section stained with uranyl acetate and lead citrate.
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Fig. 14. Misonidazole, 80 mgl'kg/d, iv. Cerebellar nucleus of a beagle
dog sacrificed on the 2nd wk, 1 d after onset of neurological signs. The periaxonal
space is extensively dilated (arrow). Thin epoxy section stained with uranyl ace-
tate and lead citrate.

In the group dosed with 41 mg%kgid, the edematous changes in the
cerebellar and vestibular nuclei were very slight and the Purkinje cells were
intact (Fig. 16A). No distinct change was detected in the nerve fibers of the
spinal cord or in the peripheral nerves of all 11 misonidazole-treated dogs.

Clioquinol

All three dogs receiving 600 mg/kg/d clioquinol developed acute
neurological signs on the 3rd or 4th d, such as excess salivation, hyper-
sensitivity, and convulsion. After the dosage was decreased for a few
days to allow recovery from the signs of acute intoxication, high-dose
treatment was resumed, and the dogs began to exhibit abnormal gait on
the 3rd or 4th wk; they were sacrificed on the 5th wk. In 2 of the 3 dogs,
the hippocampal nerve cells were selectively degenerated or had disap-
peared, and there were may glial cells around them (Fig. 18B). In all dogs,
a wide area extending from the piriform lobe to the olfactory tract was
necrotic, forming cysts (Figs. 19B and 20).

Dogs in the ascending dose group developed abnormal gait after 3 or
4 wk when the dose reached 300 or 400 mg/kg/d, and after a few weeks,
when the neurological signs became severe, their nervous tissues were
fixed by the perfusion method. Pathological lesions in the central nervous
tissue of these dogs were characterized by axonal degeneration of nerve
fibers in the optic tract, fasciculus gracilis (Fig. 21), spinocerebellar tract in
the cervical cord, and corticospinal tract in the lumbar cord.
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Fig. 15. Misonidazole, iv. A: Brain of a beagle dog administered with 41
mg/kg'd for 6 wk. B: Partial edema (arrows) in the brain of a beagle dog admin-
istered with 100 mg/kg/d and sacrificed on the 2nd wk, 7 d after onset of neuro-
logical signs. The entopeduncular nucleus is palely stained owing to in situ
edema. Luxol fast blue-hematoxylin eosin stain.

Acrylamide

Histopathologic examination of rats treated with 50 mg/kg/d and sacri-
ficed on the 2nd or 3rd wk showed vacuolar changes in the molecular layer
of the cerebellar cortex and condensation of Purkinje cells (Fig. 22B). In
addition, there was distal axonopathy restricted to the long tracts of the
spinal cord and peripheral nerves. Ultrastructurally, the degenerated

Molecular and Chemical Neuropathology	 Vol. 16, 1992
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Fig. 16. Misonidazole, iv. A: Cerebellar cortex of a beagle dog adminis-
tered with 41 mglkgl d for 6 wk. Purkinje cells are intact. B: Cerebellar cortex of a
beagle dog administered with 100 mg/kg!d and sacrificed 7 d after the onset of
neurological signs, on the 2nd wk. Purkinje cells are swollen and palely stained
(arrows). There are many vacuoles in the molecular layer. Hematoxylin eosin
stain. x280
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Fig. 17. Misonidazole, 80 mg/kg/d, iv. Molecular layer in cerebellar cor-
tex of a beagle dog sacrificed 6 d after the onset of neurological signs, on the 3rd
wk. The dendrite of a Purkinje cell contains densely stained materials (arrows)
and vacuoles (V). Thin epoxy section stained with uranyl acetate and lead citrate.

Purkinje cells manifested accumulation of densely stained, degenerated
organelles in the cytoplasm and dendrites (Fig. 23). Treatment with 20
mg/kg/d for 7 or 8 wks induced a typical distal axonopathy, i.e., accumu-
lation of neurofilaments in the axoplasm of the distal part of the central
and peripheral nerve fibers.

DISCUSSION

We observed dose-dependent, different neurotoxicity of the same
chemical in rats treated with 2,5-HD or acrylamide and in dogs treated
with clioquinol. Low-dose and subchronic treatment produced distal
axonopathy either in CNS (clioquinol), or in both CNS and peripheral
nervous system (PNS) (2,5-HD and acrylamide). High-dose, short-term
treatment, on the other hand, induced edematous and/or degenerative
changes in particular regions of the CNS, such as the hippocampus and
piriform lobe (dogs, choquinol) and thalamus (rats, 2,5-HD), the ento-
peduncular nuclei (dogs, misonidazole), cerebellar and vestibular nuclei
(rats, 2,5-HD and dogs, misonidazole), and cerebellar cortex and Purkinje

Molecular and Chemical Neuropathology 	 Vol. 16, 1992



Fig. 18. Clioquinol, po. A: Hippocampus of a beagle dog treated with
increasing doses. The nerve cells are intact. B: Hippocampus of a beagle dog
treated with 600 mglkgld. The nerve cells are destroyed or have disappeared,
and there are many glial cells. Hematoxylin eosin stain. x175

cells (dogs, misonidazole and rats, acrylamide). That is, high doses of
2,5-HD induced lesions in the cerebellar nuclei of rats, but not in Purkinje
cells. Acrylamide induced degenerative changes of rat Purkinje cells, but
not in rat cerebellar nuclei. In dogs, both the Purkinje cells and cerebellar
nuclei were affected by misonidazole intoxication. Since the major nerve
fibers distributing to the cerebellar nucleus derive from Purkinje cells, our
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Fig. 19. Clioquinol, po. A: Brain slices of a beagle dog treated with
gradually increasing doses. B: Brain slices of a beagle dog treated with 600
mg/kgld. The dog recovered from acute intoxication, and was sacrificed after 5
wk of treatment. A wide area from the piriform lobe to the olfactory tract was
necrotic and formed large cysts (arrows). Luxol fast blue-hematoxylin eosin
stain.

observations suggest that the neurons may be more vulnerable to damage
by misonidazole and acrylamide.

We found that high-dose, short-term treatment with the different
drugs used resulted in destructive changes in the CNS, indicative of brain
neurotoxicity. The question arises regarding why the same drug can in-
duce different, dose-dependent neurotoxicity. It is possible that different
mechanisms are involved, although there may be some overlapping.

Molecular and Chemical Neuropathology 	 Vol. 16, 1992



Fig. 20. Clioquinol, 600 mg/kg/d, po. Piriform lobe of the brain of a beagle
dog that was allowed to recover from acute intoxication, and then sacrificed after
5 wk of treatment. There is a wide necrotic area with many phagocytes. Luxol
fast blue-hematoxylin eosin stain. x175

Fig. 21. Clioquinol, 100 mglkg/d gradually increasing to 400 mg/kg/d,
po. Fasciculus gracilis of a beagle dog. Many of the degenerated axons show
myelin ovoids. Macrophages are infiltrated into degenerated nerve fibers (arrows).
Semithin section stained with toluidine blue. x700
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Fig. 22. Acrylamide, 20 mg/kg/d (A) or 50 mg/kg/d (B), po. A: Cerebellar
cortex of a rat treated with 20 mg/kg and sacrificed on the 7th wk. Purkinje cells
are intact. B: Cerebellar cortex of a rat treated with 50 mg/kg and sacrificed on
the 2nd wk. A single Purkinje cell is degenerated and stained densely (large
arrow). There are vacuoles in the molecular layer (small arrows). Hematoxylin
eosin stain. A: x350, B: x280

Neurotoxins or neurotoxicants produce different effects depending
on the specific molecular composition of the affected nervous tissues dis-
turbing nerve function at that site by chemical binding or action. If distal
axonopathies occur in accordance with this hypothesis, different nerve
elements may have different vulnerable sites for each chemical. For other
neurotoxicity, brain edema or neuronal damage induced by high doses of
these drugs, different mechanism(s) might be responsible.

Molecular and Chemical Neuropathology 	 80	 Vol. 16, 1992



Differential Neurotoxicity of Chemicals
	

81

Fig. 23. Acrylamide, 50 mg/kg/d, po. Purkinje cell in the cerebellar cor-
tex of a rat treated with 50 mg kgi d and sacrificed on the 2nd wk. Degenerated
and densely stained organelles are accumulated in the cytoplasm of the Purkinje
cell. Thin epoxy section stained with uranyl acetate and lead citrate.

The localization of the brain edema and the destructive changes in-
duced by high-doses of 2,5-HD and misonidazole may point to cytotoxic
edema owing to disturbances of osmo- and ion homeostasis, rather than
simple (nontoxic) vasogenic edema, which mostly occurs in the white
matter of the brain (Klatzo, 1967, 1987). The primary cytotoxic edema,
however, may be associated with vasogenic edema as a result of cytotoxic
damage to the astrocytes that are essential for the blood-brain barrier,
and especially susceptible to disturbances in cell osmoregulation (Klatzo,
1967). The observed brain edema thus could be of a mixed type, and the
cytotoxic changes may eventually induce secondary active mediators.

Excitotoxicity is thought to be the most obvious mechanism underly-
ing neuronal destruction. The neuron-destroying process by excitotoxins
is acute, and destroyed neurons are phagocytized and disappear within
only a few hours (Olney, 1980), so that it is difficult to observe this process.
Our findings were obtained 3-7 d after the onset of neurological signs
induced by high-dose 2,5-HD or misonidazole, so they may have been at
the end-stage of excitotoxic neuronal damage. As shown in Figs. 6, 7, 8,
and 13, however, swelling and destruction of nerve cells seemed to first
occur in the dendrites. This is strongly suggestive of a stage of excitotoxic
neuronal damage, which has been termed a "dendrosomatotoxic," but
"presynaptic axon-sparing" type of cytopathologic reaction (Olney, 1980).
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Nerve loss in the hippocampus and malacia in the piriform lobe of
dogs treated with larger doses of clioquinol is suggestive of a later conse-
quence of neuronal damage. Although hippocampal lesions have been
postulated to be of ischemic nature (Krinke et al., 1978), Olney (1989) sug-
gested that they may be involved in an endogenous excitotoxic action.
Compound neurotoxicity, nerve injury in CNS and distal axonopathy in-
duced by acrylamide, may be brought about by intermediate doses.

Our morphological study revealed that the same chemicals induce
different, dose-dependent neurotoxicity. Although these neurotoxicants
regularly induce toxic changes primarily in the axons, at high doses, they
may attack the dendrosomal portion of neurons in the CNS regions that
are vulnerable to known excitotoxins. For this, cytotoxic edema-induced
secondary mediator(s) may be required. Whether the nature and site-speci-
ficity of the observed lesions is indicative of more specified mechanism(s)
for each chemical, requires further study.
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