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Ethylene oxide induces central-peripheral distal
axonal degeneration of the lumbar primary neurones
in rats
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ABSTRACT Wistar rats subjected to a single exposure lasting six hours to ethylene oxide (EO) at a
concentration of 500 parts per million three times a week for 13 weeks developed ataxia in the
hindlegs. Myelinated fibres in hindleg nerves and in the fasciculus gracilis showed axonal degen-
eration sparing the nerve cell body of the lumbar dorsal root ganglion and myelinated fibres of
lumbar dorsal and ventral roots. These pathological findings are compatible with central-
peripheral distal axonal degeneration. This is the first animal model of EO neuropathy to be
histopathologically verified.

Ethylene oxide (EO)' 2 is widely used as a raw mat-
erial for industrial chemicals and as a sterilising
agent for equipment and supplies, particularly in
hospitals. Both the acute and the chronic effects of
EO in man2-5 and experimental animals2367 are
well known. Clinical polyneuropathy after occupa-
tional exposure to EO has been reported.8-"0 These
neurological effects may be assumed from animal
experiments,67 but an animal model of EO induced
neuropathy with histological verification has not
been documented. We report here the first animal
model of EO induced neuropathy characterised by
central-peripheral distal axonal degeneration of the
primary sensory neurones."-14

Materials and methods

Ten male Wistar rats each weighing about 250 g
were divided into two groups. Five served as the test
animals subjected to a single exposure lasting six
hours to EO at a concentration of 500 parts per
million (ppm) three times a week for 13 weeks. In
some preliminary experiments the methods of
exposure and the effects of various concentrations
(250, 500, 1000, and 5000 ppm) of EO on the body
weight and behaviour of the rats were determined.
The other five rats, exposed to ambient air in a simi-
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lar manner, were pair-fed and served as controls. All
the rats were weighed and examined regularly.

After the completion of the exposure period, the
five test rats were killed in pairs with the five control
rats by perfusing 3% glutaraldehyde in 0-1 M
cacodylate buffer (pH 7.4) under deep pentobarbi-
tal -anaesthesia. The sural nerve from the same side
was harvested at the mid-thigh and ankle level
(proximal and distal sural nerve) together with the
peroneal nerve above the knee and the tibial nerve
above the ankle from each rat. The entire spinal
cord with the attached right and left sixth lumbar
(L-6) roots and ganglia was dissected out.
Each of the distal sural, proximal sural, peroneal,

and tibial nerves was divided into two portions. One
portion was postfixed in 1% osmium tetroxide for
two hours, washed, and immersed in 60% glycerine
solution for teased fibre preparations. About 100
teased myelinated fibres were obtained from each
specimen and the appearances classified as
described by Dyck.'5 The second portion was addi-
tionally fixed in 3% glutaraldehyde in 0 1 M cacody-
late buffer (pH 7.4) for two hours, postfixed in 1%
osmium tetroxide for two hours, dehydrated, and
embedded in epoxy resin. Thick sections (1-5 ,um)
of epon embedded specimens stained with toluidine
blue were examined under a light microscope.
Photographic enlargements (x 1600) were obtained
to calculate the density (number of myelinated fibres
per mm2 of fascicular area) of large (diameter >5
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,.m) and small (diameter s5 Am) myelinated fibres,
their size frequency distribution, the total transverse
fascicular area (mm2), and the number of large and
small myelinated fibres per nerve in distal sural,
proximal sural, and peroneal nerves. These values
were obtained using a particle size analyser (Carl
Zeiss TGA- 10, West Germany) and programmed
calculation and plotting. Student' s t test was used for
statistical evaluation.
The ipsilateral L-6 ventral and dorsal root ganglia

were cut into three parts and embedded in epoxy
resin and thick sections were examined under a light
microscope.

Transverse slices (2 mm in thickness) of the spinal
cord at the level of the third cervical (C-3) and fifth
thoracic (T-5) segments were obtained after over-
night fixation in 3% glutaraldehyde in 0-1 M cacody-
late buffer from all the rats. The specimens were
washed and postfixed in 1% osmium tetroxide for
three hours, dehydrated, and embedded in epoxy
resin. Photographic enlargements (x 1600) of the
fasciculus gracilis were obtained to calculate the
density (number per mm2 of fascicular area) of
myelinated fibres and their size frequency distribu-
tion. The area for the determination of the density
of myelinated fibres was preselected in the dorso-
median portion of the fasciculus gracilis.'4
For electron microscopy, thin sections of the epon

embedded specimens from both test and control rats
were obtained and stained with uranyl acetate and
lead citrate. These sections were examined under a
Hitachi HS- 10 electron microscope at 80 KV.

Results

GENERAL OBSERVATION
The mean body weights + standard deviations in the
control and test groups were 247 + 6 and 246 ±
13 g at the onset and 358 + 11 and 357 ± 11 g at
the end of the experiment, respectively, with no
significant difference between the groups. The mean
body weight in the test rats, however, was constantly
less 24 hours after each exposure to EO due to poor
food intake but similar to the control 48 hours after
each exposure to EO due to restoration of food
intake.

In the fifth to eighth weeks of the exposure all the
test rats showed an awkward gait and three to four
weeks before death showed slight to moderate
ataxia of the hindleg but without evidence of foot
drop or muscle atrophy (fig 1).

FINDINGS IN TEASED FIBRE PREPARATIONS
In all the test nerves the nature of the myelinated
fibre degeneration was axonal with linear rows of
myelin ovoids. The myelinated fibres showing

multifocal breakdown of the myelin sheath (fig 2)
were more often detected in the proximal sural than
in the distal sural, peroneal, and tibial nerves. Fibres
with segmental demyelination and remyelination
were never observed. Table 1 shows the mean fre-
quency of myelinated fibres showing linear rows of
myelin ovoids or focal myelin breakdown in the test
and control groups which were greater in the test
animals than in the controls in all the nerves. The
difference was statistically significant, except for the
proximal sural nerve. The distal sural nerve was
more often affected than the proximal sural nerve,
but the difference was not statistically significant.

LIGHT MICROSCOPIC FINDINGS OF EPON
EMBEDDED PREPARATIONS

Peripheral nerve - Myelin ovoids were seen in
the distal sural, proximal sural, peroneal, and tibial
nerves of test rats (fig 3). The frequency of myeli-
nated fibre degeneration appeared to be more prom-
inent in the peroneal, tibial, and distal sural nerves
than in the proximal sural nerve. No obvious axonal
swellings were observed in these nerves. Mild
endoneurial oedema was shown by the appearance
of loosely dispersed myelinated fibres with an
increase in the transverse fascicular area of both the
proximal sural and peroneal nerves of the test rats.
Small myelinated axons in clusters suggesting regen-
eration of myelinated fibres were not found.

Table 2 shows the mean values (with standard
deviations) for the total transverse fascicular area
(TTFA) and numbers per nerve and median diame-
ter of myelinated fibres in proximal sural, distal
sural, and peroneal nerves.
TTFA was significantly greater (p < 0-05) in both

the proximal sural and peroneal nerves in the test
rats but in the proximal sural, distal sural, and
peroneal nerves, total, small, and large myelinated

*~~~~~~~~~~~~~~~~~~~'... .~~~~~~~~~~~~~~~~~~..
Fig 1 Test rat with an abnormal posture ofhindlegs.
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fibre numbers per nerve were similar in both groups.
The mean median diameters of the myelinated fibres
of the proximal sural, distal sural, and peroneal
nerves were smaller in the test rats than in the con-
trols, but the differences were not statistically
significant.

Spinal root and dorsal root ganglion In both
ventral and dorsal roots and in the dorsal root gang-
lion no definite abnormalities were seen in the test
group compared with the control group.

Posterior column In the test group myelin
ovoids were seen at both C-3 and T-5 levels of the
fasciculus gracilis (fig 4), except at the T-5 level in
one rat. No myelin ovoids were seen in the fasciculus

cuneatus at either C-3 or T-5 levels. Swollen myeli-
nated axons were found concomitant with myelin
ovoids in both levels. In two test rats the degree of
myelinated fibre degeneration appeared to be simi-
lar at both levels, but in three others it was more
pronounced at the C-3 than at the T-5 level.
At the T-5 level of the fasciculus gracilis the mean

density of myelinated fibres was similar in the test
and control groups, but the median diameter was
significantly smaller in the test rats (table 3).
At the C-3 level of the fasciculus gracilis the mean

density of myelinated fibres was significantly (p <
0-01) decreased compared with that of the controls,
with a concomitant decrease in the median diameter

Table 1 Frequency (%o) ofmyelinated fibres showing axonal degeneration

Sural nerve Peroneal nerve Tibial nerve

Proximal Distal

Test (n = 5):
Mean 0-60 3-80 8-20 3-00
SD* 0-89 4-55 7 95 2-92

Control (n = 5):
Mean 0 0 0 0
SD* 0 0 0 0

*SD = Standard deviation.
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Fig 3 Transverse section of distal sural nerve of test rat.
Note presence ofmyelin ovoids. (Bar represents 5 pum.)

(table 3). The combined size distribution of the
diameters of myelinated fibres in the test group indi-
cated a reduction in the number of myelinated fibres
larger than 2 ,um in diameter, as compared with that
in the control group (fig 5).

ELECTRON MICROSCOPIC FINDINGS
Peripheral nerve Myelinated fibres showing a

granular disintegration of the axoplasmic organelles,
with or without myelin breakdown, were found in
the peroneal, distal sural, and proximal sural nerves

of the test rats (fig 6A); the frequency of such fibres

Fig 4 Transverse section offasciculus gracilis at third
cervical level of test rat. Note large number ofmyelin
ovoids. (Bar represents 5 nun.)

was lowest in the proximal sural nerve. In the
degenerating axons the structure of the mitochon-
dria seemed to be relatively well preserved com-
pared with other organelles. In both test and control
nerves an obvious accumulation of axoplasmic
organelles, such as neurofilaments, tubulomem-
branous profiles, and vesicular or membranous
organelles was not encountered, and there were no-
definite abnormalities in the unmyelinated fibres.
Denervated Schwann cell cytoplasm without axon
was found in the test nerves (fig 6B).

Posterior column In test rats degenerating

Table 2 Total transverse fascicular area (TTFA) and numbers per nerve and median diameter ofmyelinated fibres in
proximal sural, distal sural, and peroneal nerves

TTFA (mm2) Myelinated fibre numbers (Nolnerve) Median diameter

Total Small Large

Proximal sural nerve test (n = 5) 0-0765 + 0-0060*t 1244 ± 192 609 + 151 635 ± 152 5-27 + 0-73
Control (n = 5) 0-0645 + 0-0080 1113 + 193 470 + 107 643 + 115 5-82 + 0-45
Distal sural nerve test (n = 5) 0-0579 + 0-0100 973 + 157 516 + 102 457 + 91 4-96 ± 0-33
Control (n = 5) 0-0596 ± 0-0130 952 + 157 470 ± 143 482 ± 122 5-27 ± 0-78
Peroneal nerve test (n = 5) 0-2212 ± 0-0220t 1801 ± 138 621 ± 119 1180 ± 216 6-68 ± 0-59
Control (n = 5) 0-2001 ± 00090 1915 ± 140 606 ± 168 1309 ± 126 7-15 ± 0-80

*Mean ± standard deviation.
tSignificantly (p < 0.05) greater than corresponding control.
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Table 3 Mean ofdensity and median diameter ofmyelinated fibres ofthe fasciculus gracilis

Density (Nolmm2) Median diameter (pm)

T-S C-3 T-S C-3

Test (n = 5):
Mean 40 187 53 514 2-774 1-914
SD* 10 216 4 528 0-214 0-214

Control (n = 5):
Mean 40 800 61 938 3-398 2-305
SD* 2 182 8 955 0-175 0-214

Statistical significance
(Test v control) NS p < 005 p < 0-01 p < 0-01

*SD = Standard deviation.

myelinated fibres similar to those found in the
peripheral nerve were also present. In addition,
there were swollen axons containing larger amounts
of neurofilaments and vesicular organelles than in

the control rats. Astrocytic processes were more
prominent in the test than in the control rats,
especially at the C-3 level of the fasciculus gracilis.

Discussion
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Fig 5 Combined size distributions ofdiameters of
myelinated fibres offasciculus gracilis at third cervical level
in control (upper) and test (lower) groups.

Clinical cases of polyneuropathy after occupational
exposure to EO have been documented.8'0 In such
cases the clinical signs and symptoms suggest
peripheral nerve involvement and there is elec-
trophysiological evidence of axonal neuropathy,
with or without histological verification, in addition
to the history of chronic exposure to EO. On the
other hand, in experimental animals exposed to EO
neuropathy with electrophysiological or histological
verification, or both, has not been shown, although
in monkeys exposed repeatedly 122 to 157 times for
176 to 226 days to EO at a concentration of
204 ppm, partial paralysis occurred, with some evi-
dence of muscular atrophy in the hindlegs.7 Rab-
bits,7 rats,6 and dogs6 also developed paresis of the
hindlegs after repeated exposure to EO.

In our study Wistar rats were subjected to a single
exposure lasting six hours to EO at a concentration
of 500 ppm three times a week for 13 weeks, and
neuropathy was clinically and histopathologically
verified. From the clinical point of view, the ataxia
of the hindlegs without foot drop or muscle atrophy
suggested the involvement of the lumbosacral
primary sensory neurone which sends the central
axon into the fasciculus gracilis, as seen in other
experimental neuropathies.'2 14 1617
The main pathological change was axonal degen-

eration of myelinated fibres in both the fasciculus
gracilis and the hindleg nerve without involvement
of the nerve cell bodies in the lumbar dorsal root
ganglion and of myelinated fibres in the lumbar spi-
nal roots in the ataxic rats. In the fasciculus gracilis a
significant decrease of myelinated fibre density was
noted at the C-3 but not at the T-5 level, indicating a
more pronounced involvement of the distal central
axon of the lumbosacral primary sensory neurone.'4

Ethylene oxide and axonal degeneration 377
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Fig 6 Transverse profies ofmyelinated fibres ofdistal
sural nervefrom test rat, showing (a) granular disintegration
ofaxoplasmic organelles with relative preservation of
mitochondria and (b) Schwann cell cytoplasm containing
myelin debris without axon. (Bar represents 0 5 pm.)

The significant decrease in the median diameter of
the myelinated fibres at both C-3 and T-5 levels was
also compatible with axonal degeneration.

In the hindleg nerve the teased fibre analysis
showed axonal degeneration common to the sural,
peroneal, and tibial nerves. It was more often seen
in the distal nerves, such as distal sural, tibial, and
peroneal nerves than in the proximal nerve, such as
proximal sural nerve. The presence of myelinated
fibres with multifocal breakdown of the myelin
sheath'8-20 suggested peripheral nerve involvement
along the axon with subsequent axonal degeneration
distal to the focal lesions. Such findings in teased
fibre analysis are compatible with more pronounced
involvement of the distal peripheral nerve, although
the frequency of myelinated fibres showing axonal
degeneration was less than in some other experi-
mental toxic neuropathies.'4 ''

In the quantitative studies of the myelinated fibres
of the proximal sural, distal sural, and peroneal
nerves embedded in epoxy resin a preferential
decrease in the number of large myelinated fibres, or
a preferential decrease in the number of myelinated
fibres, was not noted in the distal sural nerve when
compared with the proximal sural nerve.'4 In addi-
tion, no decrease in the median diameter of the
myelinated fibres was shown in any nerve studied.
Therefore, no evidence was found to suggest distal
peripheral nerve involvement in epon embedded
preparations, probably owing to the low frequency
of degenerating myelinated fibres, unlike the case in
the teased fibre analysis.

Considering the distribution and frequency of the
degenerative findings, the central axons of the lum-
bar primary sensory neurone (axons in fasciculus
gracilis) seem to be more severely affected than the
peripheral axons (axons in sural nerve). The differ-
ence in the frequency of the degenerative findings
between central and peripheral axons is partly
explained by the finding that the central axons of the
lumbosacral primary sensory neurone with large
diameters congregate in the fasciculus gracilis.

With regard to the correlation to the human cases,
axonal degeneration in the sural nerve of the test
rats is similar to that found in the sural nerve of two
patients with EO polyneuropathy.'0 Furthermore,
axonal degeneration in the hindleg nerve of the test
rats seems to be compatible with the elec-
trophysiological findings in patients with EO
polyneuropathy.1-'0 Although test rats showed
slight to mild ataxia, probably due to the degenera-
tion of myelinated fibres in the posterior column,
there were no signs and symptoms suggesting post-
erior column involvement, except for a preferential
decrease of deep sensations compared with superfi-
cial sensations in some cases.8 9
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With regard to the pathogenesis, although there
were no particular morphological changes to charac-
terise the nature of the axonal degeneration, such as
the accumulation of neurofilaments,'2 21 tubulo-
membranous profiles'4 22 and vesicular or mem-
branous profiles,23 the degeneration of both central
and peripheral distal axons of the lumbosacral prim-
ary sensory neurone seems to be best explained by
the metabolic or toxic effects, or both, of intermedi-
ate metabolites of EO-.' - 14 24

It is important to be aware of the possible occurr-
ence of EO neuropathy among the potential popula-
tion exposed to EO in hospitals and in the manufac-
ture of other chemicals.

We thank S Ishimatsu, A Sashihara, R Kaku, and T
Kitagawa for technical help and also M Ohara for
comments on the manuscript.

Requests for reprints to: Dr Akio Ohnishi, Depart-
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