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A Review of Acrylamide Neurotoxic.ity
Part II. Experimental Animal Neurotoxicity and

Pathologic Mechanisms

PETER S. SPENCER* AND HERBERT H. SCHAUMBURG

The companion paper of this re-
view examined the chemical,
biochemical and toxicologic proper-
ties of acrylamide and its analogues
(Spencer and Schaumburg, 1974).
Mention was made of the industrial
preparation and uses of acrylamide,
the hazard faced by industrial work-
ers. and the clinicopathologic fea-
tures of chronic human acrylamide
intoxication.

The present paper summarizes
current knowledge of the effects of
acrylamide intoxication in labora-
tory animals. The major focus
here is the pattern of nerve damage
in experimental acrylamide neuro-
pathy, since this has become the
most powerful experimental tool
with which to explore human nerv-
ous system dying-back disease.
Adhering to this theme, the paper
concludes with a discussion of the
pathologic mechanisms which might
be involved in producing the nerv-
ous system damage seen in ac-
rylamide neuropathy.

ACUTE INTOXICATION

Although the experimental perip-
heral neuropathy produced by
chronic low exposure to acrylamide
has received most attention, histori-
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cally, more interest was generated in
the central nervous system signs
seen in animals acutely intoxicated
with very large amounts of ac-
rylamide. First reported in rats
(Druckrey et al., 1953), contem-
poraneous unpublished studies
(Hazleton, 1951-53; Solnitzky, 1953;
Kuperman, 1955-56) demonstrated a
sequence of clinical findings in dogs,
cats, mice, rats, rabbits and frogs
intoxicated with 100-5,000 mg/kg of
acrylamide. The LD.50 in rodents is
170 mg/kg (Stockinger, 1956). Clini-
cal signs are not seen before 15
minutes, regardless of the amount
or route of administration of ac-
rylamide. Gradually, over a period
of minutes or hours, depending on
the route of administration and the
dose, neurologic and circulatory
manifestations become apparent.
These include hypotension, postural
and motor incoordination, hindlimb
ataxia, generalized tremulousness,
behavioral changes, a massive sym-
pathetic discharge and culminate in
recurrent tonic-clonic convulsions
(Kuperman, 1957; 1958). Death may
result, probably from respiratory
failure due to laryngeal spasm and
obstruction (Riker, 1954). Using
EEG recordings from acutely-
intoxicated spinal decerebellate, de-
cerebrate and decorticate cats, Kup-
perman (1958) stated convulsive
doses of acrylamide produced high
voltage and hypersynchronous elec-
trical cortical activity. He concluded
acrylamide could produce a sus-
Fajned and intense EEG seizure only
in the presence of an intact brains-
tem.

The clinical signs of acute ac-
rylamide poisoning have been con-
firmed by subsequent investigators
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(Barnes, 1969b; 1970; Fullerton and
Barnes, 1966) but convulsions have
not been demonstrated in acutely-
intoxicated primates (McCollister et
al., 1964). If animals survive the
effects of acute poisoning, recovery
may be rapid and complete (Barnes,
1969; Fullerton and Barnes, 1966;
Riker, 1954). For example, we found
cats were convulsive 24 hours after
100mg/kg acrylamide but had totally
recovered one day later.

CHRONIC INTOXICATION

Chronic acrylamide intoxication
of experimental animals produces a
neurologic picture predominantly of
peripheral neuropathy. In recent
years, great interest has been engen-
dered in experimental acrylamide
neuropathy, since it serves as an
animal model of human peripheral
neuropathy in which bilateral symp-
toms and signs initially appear dis-
tally and slowly progress proxi-
mally. Such neuropathies, whether
produced by acrylamide, other
neurotoxic chemicals, such as cresyl
phosphates (Cavanagh, 1963) or nu-
tritional disorders (Cavanagh, 1964)
collectively are characterized as
dying-back polyneuropathies.

Experimental acrylamide neuro-
pathy, first produced in the Hazle-
ton laboratories (Hazleton, 1951-53)
and reported by American Cyana-
mid Company (1952), has been in-
vestigated clinically (Barnes, 1970;
Chenoweth, 1955-56; Fullerton,
1969; Hamblin, 1956; Hopkins, 1968,
1970; Hopkins and Gilliatt, 1967;
Kaplan and Murphy 1972a; Kaplan
et al., 1973; Kuperman, 1955-56,
1957, 1958; Leswing and Ribelin,
1969; McCollister et al., 1964;
Riker, 1954; Schaumburg et al.,
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1973, 1974), histologically (Brad-
ley and Asbury, 1970; Fullerton and
Barnes, 1966; Hashimoto and Ando,
1973; Hopkins, 1968, 1970; Kaplan
et al, 1973; Leswing and Ribelin,
1969; Morgan-Hughes et al., 1974;
Ribelin, 1964) and ultrastructurally
(Ghetti et al., 1973; Kocen and
Thomas, 1971; Ochoa and Mor-
gan - Hughes, 1974; Prineas, 1969b;
Schaumburg et al., 1973; Schaum-
burg et al., 1974; Suzuki and De
Paul, 1973; Suzuki and Pfaff,
1973; Tsujihata et al., 1974). Elec-
trophysiologic (Fullerton and
Barnes, 1966; Hopkins, 1968; Hop-
kins and Gilliatt, 1971; Hopkins and
Lambert, 1972; Leswing and Ribe-
lin, 1969; Sumner, 1973; Sumner and
Asbury, 1974; Swift and Lambert,
1974), biochemical (Asbury et al.,
1973; Hashimoto and Aldridge.
1970; Hashimoto and Ando, 1971,
1973; Kaplan and Murphy, 1972;
Kuperman, 1957) and studies of ax-
onal transport (Bradley and Wil-
liams, 1973; Pleasure et al., 1969)
have been conducted during various
stages of neuropathy induced by ac-
rylamide intoxication.

CLINICAL STUDIES

Acrylamide neuropathy has been
produced in all mammals studied.
Primates (Leswing and Ribelin,
1969; McCollister et al., 1964) and
guinea-pigs (Ribelin, 1964; West,
1959) are more resistant than cats or
rodents. Susceptibility to acrylamide
is higher in older animals (Barnes,
1969a, b, Fullerton and Barnes,
1966; Kaplan and Murphy, 1972b;
Kaplan et al., 1973) although suck-
ling rats are also vulnerable (Sukuki
and Pfaff, 1973). Male and female
animals react similarly (Fullerton
and Barnes, 1966). Acrylamide
neuropathy is more readily induced
after bilateral adrenalectomy, de-
layed by pre-treatment with DDT or
phenobarbitone, but animals are not
more susceptible in pyridoxine or
thiamine deficiency states (Kaplan
and Murphy, 1972a & b). Concur-
rent administration of methionine
and acrylamide reduces the
neurotoxic potency of acrylamide
(Hashimoto and Ando, 1971). If the
initial daily doses of acrylamide are
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extremely low (0.3-1mg/kg for cats
and 1-3mg/kg for monkeys), no
neurologic signs are detected after
one year of intoxication (McCollister
et al., 1964).

Peripheral neuropathy is readily
induced in animals by repetitive dos-
ing with aqueous solutions of ac-
rylamide (eg. 10-50mg/kg/day) irre-
spective of the route (Hamblin,
1956; Kuperman, 1957, 1958), includ-
ing dermal applications (McCollister
et al., 1964). Hindlimb signs appear
first; by two weeks in suckling rats
receiving 50mg/kg intraperitoneally
daily for 6 days (Suzuki and Pfaff,
1973), and by 40-100 days in baboons
eating fruit containing 10mg/kg/day
(Hopkins, 1968, 1970). Onset of
signs is more rapid in cats receiving
20mg/kg/day (4-6 days) compared
with the same species receiving half
of this daily dose (13-15 days). Prop-
rioceptive sense impairment is con-
sidered by some to be one of the first
signs and is seen before hindlimb
paralysis (Bradley and Asbury,
1970; Hamblin, 1956; McCollister et
al., 1964). Tendon reflexes are lost
both in upper and lower extremities
(Hopkins, 1970). In cats, we found
(Schaumburg et al., 1974) hindlimb
unsteadiness is an early feature and
this progresses into a gross truncal
ataxia with crossing of forelimbs and
hindlimb splay (Fig. 1). Tremor and
head titubation are sometimes pres-
ent during the maintenance of pos-
ture. With continued intoxication,
animals become progressively un-
steady in the lower extremities, and
eventually are forced to drag them-
selves about using their forelimbs.
Animals receiving smaller amounts
of acrylamide develop symptoms
later and progress insidiously. We
demonstrated quadraparesis after
eight and a half months in cats re-
ceiving 3mg/kg/day. Forelimb signs

Figure 1 — Retouched movie sequence
of an ataxic cat chronically-
intoxicated with acrylamide. As the
cat walks, there is a broad-based hind-
limb placement, crossing forelimbs
and a truncal sway. (Figure 1,
Schaumburg et al., 1974, reproduced
by permission).
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occur after hindlimb signs; in ba-
boons, this is first seen as clumsi-
ness and loss of grip (Hopkins, 1968,
1970) and in cats as foot-drop
(Prineas, 1969b). Facial muscles
may become involved if intoxication
is extended for long periods of time
(Hopkins, 1970). Hoarseness and
weight loss (Leswing and Ribelin,
1969; Prineas, 1969b; Riker, 1954)
and normal (Kuperman, 1957) or
poor growth (McCollister et al.,
1964) and have been reported. Sig-
nificantly, reaction to painful stim-
uli is preserved throughout the

illness, even when animals are
paralysed (Hopkins, 1968, 1970;
Leswing and Ribelin, 1969), al-

though Sumner (1974) reported
blunted sensation in cats’ paws after
severe intoxication. Cessation of ac-
rylamide dosing is followed by re-
covery, initially rapid (Leswing and
Ribelin, 1969; Hopkins, 1970;
McCollister et al., 1964) although the
speed of recovery depends on the
age of the animal (Barnes, 1969a;
Kaplan and Murphy, 1972b) and de-
gree of intoxication. Cats recovering
from prolonged insidious intoxica-
tion, which produced severe ataxia
followed by quadraparesis, display a
residual ataxia (see also Fullerton
and Barnes, 1966) or, almost no
neurologic deficit after 10 months.
However, recovered animals are
more vulnerable to re-dosing with
acrylamide (Stokinger, 1956), requir-
ing approximately half the original
amount of acrylamide to reprecipi-
tate ataxia (Kuperman, 1957). In
rats, the greater vulnerability to re-
dosing with acrylamide eventually
disappears. Return of normal sen-
sitivity corresponds to a return of
the normal level of sciatic nerve

-glucuronidase activity which in-
creases significantly during admini-
stration of acrylamide (Kaplan and
Murphy, 1972b).

ELECTROPHYSIOLOGIC
STUDIES
Animals exposed to acrylamide
for short periods show no abnor-
malities but a small reduction in
nerve conduction velocity and amp-
litude is evident when clinical symp-
toms are mild (Leswing and Ribelin,
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1969). With severe neuropathy,
nerve conduction velocity is reduced
20-49% in the distal regions (Fuller-
ton and Barnes, 1966; Hopkins and
Gilliatt, 1971).

Reduction in conduction velocity
is more marked in nerves of the
hindlimb than the forelimb (Leswing
and Ribelin, 1969) and both velocity
and amplitude reduction are greater
for sensory nerve conduction than
motor conduction (Hopkins, 1968;
Hopkins and Gilliatt, 1971). The
largest nerve fibers show the
greatest reduction in response amp-
litude and the reduction in conduc-
tion velocity may be accounted for
by a loss of large diameter fibers
(Fullerton and Barnes, 1966; Hop-
kins and Gilliatt, 1971). Correlated
with the maintenance of pain sensi-
tivity, conduction characteristics of
unmyelinated axons in peripheral
and autonomic nerves are unchanged
in animals with marked fore- and
hindlimb weakness (Hookins and
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Figure 2 — A (upper), cross-section of
the nerve to biceps femoris and B
(lower), the nerve to the extensor di-
gitorum brevis in a baboon with
acrylamide neuropathy. Fixed with
Flemming’s solution, stained with
Kultschitsky’s hemotoxylin. Scale:
1004 m. (Figure 48, Hopkins 1968 and
figure 4, Hopkins, 1970; reproduced
by permission).
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Lambert, 1972). Sumner (1973) and
Sumner and Asbury (1974) have
found that IA afferent nerve fibers
from primary spindle terminals dis-
play greater abnormalities of con-
duction than group II fibers. By
contrast, motor nerve fibers are
among the most resistant in acryl-
amide-poisoned animals (Sumner
and Asbury, 1974).

When paralyzed animals are al-
lowed to recover by withdrawing
acrylamide, conduction velocity in
previously unaffected nerves may
first deteriorate, then show substan-
tial improvement (Hopkins and Gil-
liatt, 1971; Leswing and Ribelin,
1969) or return to the normal range
of values (Fullerton and Barnes,
1966). Recovery in the forelimb is
more rapid than in the hindlimb, and
sensory nerve action potentials re-
turn more slowly than motor func-
tion. During regeneration, there is a
dispersion of the muscle response
and a lower amplitude response to
proximal stimulation than to distal
stimuli (Hopkins and Gilliatt, 1971).

MORPHOLOGIC STUDIES

In experimental acrylamide neuro-
pathy, the major lesion occurs in
the distal parts of peripheral nerves
with progression of the damage
centripetally. Ribelin (1964) first
identified a lesion in the sciatic
nerves of intoxicated animals. Ful-
lerton and Barnes (1966) and Hop-
kins (1968, 1970) systematically
studied the nerve fiber damage using
paraffin sections and teased nerve
fibers. They demonstrated that dis-
tal parts of nerves are more severely
affected than proximal parts (Fig.
2). The lesion was characterized by
a loss of nerve fibers. Degenerating
fibers frequently were encountered
distally but occasionally they were
seen in both spinal nerve roots (Ful-
lerton and Barnes, 1966; Prineas,
1969b). Fullerton and Barnes (1966)
indicated medium to large diameter
fibers (8-9«m) are most susceptible
to degeneration in the rat but Hop-
kins and Gilliatt (1971) stated the
largest and longest fibers (10-16,4m)
of both motor and sensory nerves
degenerated first in the baboon,
quoting the large fiber drop-out seen
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Figure 3 — Single teased myelinated fiber from the nerve to extensor digitorum brevis
of a baboon with acrylamide neuropathy. Successive lengths of the fiber are
mounted below each other; toward the distal region, the fiber is disintegrating.
Arrows indicate preserved nodes. Fixed in formol-saline, stained with osmium
tetroxide. (Figure 54, Hopkins, 1968 and figure 6, Hopkins, 1970; reproduced by

permission).

in a sural nerve of one patient biop-
sied by Fullerton (1969) as further
evidence. With prolonged intoxica-
tion, myelinated fibers of all sizes
are affected (Hopkins and Lambert,
1972) but unmyelinated fibers are
relatively resistant (Schaumburg et
al., 1974). Individual teased nerve
fibers from the sural nerves of the
neuropathic baboons reflected the
dying back process by displaying
progressively more severe changes
distally with relative preservation
proximally (Fig. 3). Suzuki and Pfaff
(1973) noted axon degeneration in
distal portions of nerves was most
severe around blood vessels. Con-
current with axon degeneration and
secondary myelin breakdown, there
is an appearance of endoneurial
macrophages and a proliferation of
Schwann cells (Bradley and Ash-
bury, 1970; Suzuki and Pfaff, 1973).

Peter S. Spencer et al

In animals allowed to recover for
several months from an intoxication
sufficient to produce clinical
neuropathy, teased fiber studies
(Fullerton and Barnes, 1966; Hop-
kins, 1968, 1970) revealed consecu-
tive short, thinly myelinated inter-
nodes in the distal parts of affected
nerves (Figs. 4A and B) — features
indicative of axon regeneration. Ful-
lerton and Barnes (1966) noted there
was some evidence of regeneration
occurring during the period of in-
toxication, a finding later supported
by Suzuki and Pfaff (1973). Recently
Morgan-Hughes et al. (1974) studied
the effects of nerve crush during
acrylamide intoxication and demon-
strated that a proportion of fibers
failed to regenerate during the main-
tenance of intoxication. The termi-
nal portions of these interrupted
fibers were bulbous and contained
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many of the fine structural features
of axonal growth cones apparently
arrested because of the effects of
the acrylamide intoxication (Ochoa
and Morgan-Hughes, (1974). On the
other hand, Aguayo and Pryse-
Phillips (1974) found normal regen-
eration of unmyelinated axons in
crushed cervical sympathetic trunks
and sural nerves of acrylamide-
poisoned rats.

Teased fiber studies also revealed
some fibers with short remyelinated
segments in propinquity to the posi-
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Figure 4 — A (upper), internodal length
and fiber diameter relationships in the
posterior tibial nerve of normal rats
and B (lower), pooled data from two
rats recovering from acrylamide
neuropathy. (Figure 10, Fullerton and
Barnes, 1966, reproduced by permis-
sion).
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Figure 5 — Single teased myelinated fiber from the nerve to the medial head of the
gastrocnemius of a baboon recovering from acrylamide neuropathy. Arrows indicate
nodes of Ranvier in the regenerated portion. a, b — are intercalated, remyelinated
segments proximal to the site of regeneration. Fixed in formol-saline, stained with
osmium tetroxide. (Figure 56, Hopkins, 1968 and figure 7, Hopkins, 1970: repro-

duced by permission).

tion of fiber regeneration (Hopkins,
1968; Hopkins and Gilliatt, 1971).
This remyelination did not result
from internodal demyelination,
which does not accompany the
primary axon damage caused by ac-
rylamide (Fullerton and Barnes,
1966; Schaumburg et al., 1974), but
was paranodal in character. Be-
tween the terminal preserved myeli-
nated internodes, one or two thin,
intercalated internodes were pres-
ent, shorter proximally than distally
(Fig. 5). Some fibers contained in-
tact nodes of Ranvier between the
focally remyelinated sites and the
terminal preserved internode (Fig.
6A). In support of the contention of
Hopkins and Gilliatt (1971), we de-
monstrated (Schaumburg et al.,
1974) that paranodal demyelination
does not result from primary
Schwann cell damage, but myelin
retracts in response to gross focal
enlargement predominantly of
paranodal axons (Fig. 6B). The axon
may appear normal in contiguous
internodes but frank degeneration
may be present a few millimeters
distally. These nodal/paranodal
changes appeared to be an early,
potentially reversible feature of axon
change which heralded forthcoming
degeneration in adjacent internodes
if intoxication was maintained
(Schaumburg et al., 1974).

Ultrastructural study of the
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peripheral nervous system in ex-
perimental acrylamide neuropathy
has characterized further the pattern
of nerve fiber degeneration. Prineas
(1969b) first demonstrated the pres-
ence of abnormally large numbers
of neurofilaments and enlarged
mitochondria in myelinated nerve
fibers of cats with neuropathy, a
finding later confirmed by Suzuki
and Pfaff (1973). Focal axon
neurofilamentous hyperplasia has
now been identified in other toxic
neuropathies such as that produced
by inhalation of hexane (Asbury,
1974) and methyl n-butyl ketone
(Spencer et al., 1974).

In acrylamide neuropathy, the
neurofilamentous accumulations ini-
tially occur at paranodal regions
(Fig. 7A) where they appear to cause
local axon swelling (Fig. 7B) leading
to the paranodal retraction of myelin
observed by light microscopy (Fig.
6A). In these swollen portions of the
axon, there are abnormally large
numbers of axonal dense bodies,
mitochondria, multivesicular bodies
and small vesicles, but neurotubules
are rare. Free and membrane-bound
granules may also be prominent.
Groups of abnormal organelles near
Schmidt-Lanterman clefts and at
paranodes frequently are sur-
rounded by complex, membranous
profiles derived from adaxonal
Schwann cell cytoplasm surrounded

https://doi.org/10.1017/50317167100119201 Published online by Cambridge University Press
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Figure 6 — A (upper three). Massive
axonal swellings near nodes of Ran-
vier associated with paranodal myelin
retraction. Fibers sited in the tibial
nerve above the ankle of a cat with
acrylamide neuropathy. Fixed with
glutaraldehyde followed by osmium
tetroxide; La4m epon sections, stained
with toluidine blue. Each X620. B
(lowest), successive paranodal regions
on a single fiber from the pudendal
nerve of of a baboon recovering from
acrylamide neuropathy. a, b — are
intercalated remyelinated internodes.
Fixed in formol-saline, stained with
osmium tetroxide. (Figure 59, Hop-
kins, 1968, and figure 12, Gilliatt,
1969; reproduced by permission).

100 pm
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by axolemma (Fig. 8A). Spencer
(1971) and Spencer and Thomas
(1975) have suggested these profiles
represent an attempt by the
Schwann cell to sequester and re-
move abnormal organelles from the
axon. They are encountered proxi-
mal to the level of frank fiber disrup-
tion and characteristically form a
honeycomb array (Fig. 8B). Al-
though these profiles are occasion-
ally seen in normal nerve fibers,
their numbers increase dramatically
in many axonal neuropathies and, as
such, they are useful indicators of
early axonal compromise. As the
axon becomes further impaired in
acrylamide intoxication, the fiber
breaks up with the formation of
ovoids indistinguishable from those
seen in Wallerian degeneration.
Local Schwann cell division occurs
(Bradley and Asbury, 1970), Biing-
ner bands are formed, and these
receive regenerating axon sprouts
which may appear during intoxica-
tion (Suzuki and Pfaff, 1973).
Acrylamide-induced unmyelinated
axon degeneration has not been ob-
served (Aguayo and Pryse-Phillips,
1974; Schaumburg et al., 1974).

Schaumburg et al. (1974) deter-
mined the spatio-temporal pattern of
distal peripheral nerve, sensory and
and motor nerve terminal axon de-
generation in the paws of cats in-
toxicated with acrylamide. This
study demonstrated some sensory
nerve terminals were more vulner-
able than motor nerve terminals. Pa-
cinian corpuscle axons in fore- and
hindfeet were the first terminals to
display axonal changes. Sometimes
accompanied by neurofilamentous
hyperplasia, the first change was a
loss of characteristic axonal pro-
cesses (Spencer and Schaumburg,
1973) from the surfaces of ultraterm-
inal (Fig. 9A) and terminal axons.
Ocasionally, groups of enlarged
degenerating mitochondria were
phagocytosed by the surrounding
inner core cells. Clear spaces de-

Figure 7— A (upper). Sciatic nerve fiber of a suckling rat intoxicated with acrylamide,
prior to evidence of hindlimb weakness. The axon is filled with neurofilaments and a
very few neurotubles. This figure and figures 8-11 are micrographs of tissues fixed
with glutaraldehyde followed by osmium tetroxide, and stained with uranyl acetate

veloped beneath the axolemma (Fig. followed by lead citrate. X 20,250. (Figure 9A, Suzuki and Pfaff, 1973, reproduced
9B) and eventually the axolemma by permission).

was lost leaving a clump of extracel- B (lower). Cross-section of an abnormally large fiber profile. probably a demyeli-
lular axoplasm which gradually dis- nated paranodal region similar to those illustrated in Figure 6A. X 8,400. (Figure 3,
appeared. The preterminal fiber por- Schaumburg et al., 1974; reproduced by permission). Inset, shows the boxed portion
tion displayed concurrent axonal in B at a higher magnification: X 42,000.
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<— Figure 8 — A (upper). Adaxonal
Schwann cell invagination into the
axon compartment which has seques-
tered a group of abnormal axonal or-
ganelles. Tibial nerve above the ankle
of a cat with acrylamide neuropathy.
X 27,000.
B (lower). Multiple adaxonal invagina-
tions together form a complex profile
in the axon compartment of a myeli-
nated nerve fiber, and compartmen-
talize abnormal organelles derived
from the axoplasm (Spencer, 1971). X
19,000. (Figure 13, Prineas, 1969b, re-
produced by permission).

changes which were sometimes
more severe proximally than distally
(Figs. 9C and 9D). Eventually, cor-
puscles became totally denervated
(Fig. 10) and reinnervated on recov-
ery.

Degeneration of primary annulos-
piral endings of muscle spindles
began shortly after changes were
first seen in juxtaposed Pacinian
corpuscle axons (Schaumburg et al.,
1974). The large IA fibers supplying
the primary endings underwent
frank breakdown before the second-
ary nerve terminals, supplied by
smaller group II fibers, displayed
axonal change. Secondary and pri-
mary terminals (Fig. 11A) under-
went neurofilamentous accumulation
(Fig. 11B) and later disappeared. In
one muscle spindle, which dis-
played annulospiral nerve terminals
filled with neurofilaments, the pri-
mary IA axon contained a massively
swollen paranodal region proxi-
mally (Fig. 12A). The 5 nodes of
Ranvier which intervened between
the focal swelling and the
neurofilament-filled terminals were
normal in histologic appearance

Figure 9 — Inset (top left). Diagram of a Pacinian corpuscle showing the single, preterminal myelinated fiber (P-T); as it enters the
center of the corpuscle, the myelin discontinues and the axon forms the naked terminal region (T) which ends in a bulbous
ultraterminal zone (U-T). A-D refer to the other figures of the plate to indicate the levels from which they were cut.

A-D. Skip-serial cross-sections from a single Pacinian corpuscle removed from the hindpaw of a chronically-intoxicated cat, prior
to the appearance of clinical signs.

A — ultraterminal axon containing increased numbers of neurofilaments and lacking characteristic, microfilament-filled filopod
processes described by Spencer and Schaumburg (1973); the shape and position of axonal processes in a normal corpuscle is
indicated diagramatically. X 6,500.

B — terminal region has lost its characteristic polar filopod processes and displays non-artefactual clear spaces beneath the
axolemma. X 13,500.

)C(g—op())roeterminal fiber, sectioned paranodally, displays focal axonal neurofilamentous hyperplasia and dense body accumulation.
D — preterminal fiber, proximal to C, illustrating the more advanced axonal degeneration at this position. X 5,400. At E in
diagram at top left, the fiber appeared similar to C.
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(Fig. 12B). Axons supplying Golgi
tendons organs in the hindfeet of
cats also degenerated (Fig. 13A).
Although Prineas (1969b) and Tsu-
jihata et al. (1974) called attention to

Figure /O_— A (upper). Preterminal region of a Pacinian corpuscle from a cat with
acrylamide neuropathy. The fiber has degenerated and is replaced by Schwann cell

the early changes in motor nerve
terminals supplying extrafusal mus-
cle fibers, Schaumburg et al. (1974)
found these terminals were consid-
erably less vulnerable than adjacent

processes surrounded by a collapsed basement lamina. X 8,000.

B (lower). Denervated terminal region of a Pacinian corpuscle from the forefoot

plantar pad of a cat with acrylamide neuropathy. X 4,300.
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sensory nerve terminals. By the time
motor nerve terminals were swollen
by neurofilaments (Fig. 13B), many
nearby Pacinian corpuscles were
empty or at an advanced stage of
axonal degeneration (Fig. 13C). Tsu-
jihata et al. (1974) have quantified
motor nerve terminal abnormalities
in rats fed with 300 ppm of ac-
rylamide. Synaptic number per unit
area was reduced 17-31% by 20 days
in terminals swollen threefold by
neurofilament accumulation (Fig.
14A). Swift and Lambert (1974)
found a decreased pool of acetyl-
choline quanta immediately releas-
able from nerve terminals in simi-
larly treated rats. Eventually, motor
nerve terminals disappear leaving
denuded endplates (Fig. 14B). Mus-
cle fibers fail to grow normally and,
after denervation, atrophy may
ensue. The pattern of distal peri-
pheral nerve degeneration and regen-
eration during and after intoxication
with acrylamide is summarized
diagrammatically in figure 15.

Dorsal root ganglion cells and an-
terior horn neurons display rela-
tively few abnormalities in experi-
mental acrylamide neuropathy
(Bradley and Asbury, 1970; Fuller-
ton and Barnes, 1966; McCollister
et al., 1964; Suzuki and Pfaff, 1973).
Prineas (1969b) demonstrated there
was some loss of the normal parallel
arrangement of ribosome-studded
endoplasmic reticulum and possibly
a numerical increase of mitochon-
dria, but numbers of neurotubules
and neurofilaments were normal.
Evidence of central chromatolysis
has not been seen despite the pres-
ence of distal axonal degeneration
(Bradley and Asbury, 1970) but can
be produced after a local crush is ap-
plied to a nerve of an intoxicated
animal (Bradley and Asbury, 1970;
Prineas, 1969b). Dorsal roots how-
ever, contain enlarged mitochon-
dria (Fig. 16) and may display
neurofilamentous hyperplasia with
similar changes in distal nerve twigs
(Prineas, 1969b).

Central nervous system pathology
has recently been recognized in cats
chronically intoxicated with ac-
rylamide. In the spinal cord, Prineas
(1969b) found degenerating fibers in
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the anterior and lateral columns but
not in the posterior columns when
peripheral nerve fiber damage
was evident in distal nerves.
Neurofilamentous whorls were
present in boutons terminaux in the
anterior spinal gray matter at the Sl
level. At cervical levels in advanced
disease, changes were pronounced
in the gracile nucleus. Small my-
elinated fibers displayed neuro-
filamentous hyperplasia, mitochon-
dria, dense body and fine granular
material plus unusual branched
tubulo - vesicular profiles (Ghetti
et al., 1973; Prineas, 1969b). Mye-
lin disintegration was rarely ob-
served, as were axonal abnor-
malities in large myelinated fibers
(Prineas, 1969b). Huge, non-
myelinated axonal profiles, contain-
ing masses of neurofilaments and
many dense bodies were seen
synapsing with dendrites of the
neurons of the gracilis nucleus. Simi-
lar changes were not seen in the
fibers terminating in the cuneate
nucleus (Figs. 17, 18) although
changes have been seen in this
nucleus in intoxicated rats (Suzuki
and Pfaff, 1973). Neurons of the
gracilis neucleus show only minor
changes early in the neuropathy
(Ghetti et al., 1973; Prineas, 1969b),
but with prolonged exposure to
acrylamide, these neurons may
display prominent abnormalities
(Ghetti et al., 1973). Animals hav-
ing recovered from a neurologic
deficit associated with abnormalities
in gracilis axon terminals, possess
normal terminals after recovery.
Recovery from severe neurologic
illness is associated with an appar-
ent reduction in the number of
gracilis axon terminals and a prolif-
eration of astroglial cell processes.
Abnormal neurons also are seen
at this time (Ghetti, 1973).

There is sparse information on
other central nervous system
pathology in acrylamide neuropathy,
Ghetti et al. (1973) have demon-
strated neurofilamentous hyperp-
lasia and many mitochondria in the
mossy endings of the rostral cerebel-
lar vermis (Fig. 19) and Prineas
(1969b) showed extensive fiber de-
struction of the the dorsal spino-
cerebellar tracts in the medulla of
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cats. Kuperman'’s (1958) suggestion
that acrylamide damaged the mid-
brain has not been investigated.

PATHOLOGIC MECHANISMS

Three pathologic mechanisms
have been proposed to account for
the dying-back pattern of nerve fiber
damage produced by chronic ac-
rylamide intoxication. One theory
suggests that neuron perikaryal
metabolism is compromised; a sec-
ond that the axonal transport system
is impaired, while the third concept
considers that acrylamide exerts a
direct, toxic effect on the axon,
without impairing axonal transport.

NEURON PERIKARYAL
IMPAIRMENT

One hypothesis to account for the
distal and slow centripetal axonal
degeneration produced by chronic
acrylamide intoxication, considers
that acrylamide directly or indirectly
interferes with neuron perikaryal
metabolism, resulting in a gradual
decrease in the production of mate-
rials required for the maintenance of
axonal integrity. The extremities of
axons would suffer first from a lack
of essential materials produced by
neuronal perikarya since more prox-
imal regions would be supplied

Figure 11 — A (upper). Section of an annulospiral ending from the equatorial region of
a nuclear chain intrafusal fiber in the lumbrical muscle of a normal cat. X 20.000.
B (upper). Similar region to A from an ataxic cat chronically intoxicated with
acrylamide. Note the large number of neurofilaments. X 22,500.
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Figure 12 — A (left) and B (right). Contiguous sections of the IA myelinated nerve fiber supplying primary terminal illustrated in
figure 11B which was sited approximately three internodes distal (D) to the extreme right portion of the fiber. One proximal
paranodal region displays marked swelling (*) while more distal nodes @ appear normal. X 560. e- extrafusal muscle fiber. This
figure and figure 13 are light micrographs of tissue fixed with glutaraldehyde followed by osmium tetroxide; 1.um epon sections,
stained with toluidine blue.

Figure 13 — A (left). Swollen axonal profiles 5 in a Golgi tendon organ from the hindfoot of a cat chronically-intoxicated with
acrylamide. X 760.
B (center). Early change (swelling) of motor nerve terminals (arrows) supplying extrafusal muscle fibers in the lumbrical muscle of
a cat with acrylamide neuropathy. X 1,720.
C (right). Advanced changes in the terminal region of a corpuscle sampled close to the muscle illustrated in B. Ultrastructurally,
the axon had lost its axolemma (see also figure 10, Schaumburg et al., 1974) and axoplasmic organelles had been phagocytosed by
inner core cell processes (arrows) (see also figure 9, Schaumburg et al., 1974). X 1,600.
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Figure 14 — A (upper). Motor nerve terminals from the hindfoot of a cat with acrylamide neuropathy. The axon contains an
abnormally large number of neurofilaments and sparse synaptic visicles. This figure and B are electron micrographs of tissue
fixed with glutaraldehyde followed by osmium tetroxide and stained with uranyl acetate followed by lead cetrate. X 23.000.

B (lower). Denervated motor endplate in a lumbrical muscle of a cat with severe acrylamide neuropathy. X 9,600.

Peter S. Spencer et al AUGUST 1974 163

https://doi.org/10.1017/50317167100119201 Published online by Cambridge University Press


https://doi.org/10.1017/S0317167100119201

THE CANADIAN JOURNAL OF NEUROLOGICAL SCIENCES

NORMAL

DEGENERATION

Figure 15 — Diagram to indicate the pattern of change in distal peripheral nerve fibers
before (A), during (B) and after (C) acrylamide intoxication, using Pacinian
corpuscle fibers as examples.

A (upper). Normal Pacinian corpuscle fibers display short internodes preterminally,
and the terminal and ultraterminal portions contain numerous branching filopod
axonal processes.

B (center). Shortly after repetitive dosing with acrylamide, the terminal and
ultraterminal zones contain increased numbers of neurofilaments and filopod
processes are absent (left). More proximally, the same fiber displays paranodal
axonal swelling and myelin retraction. Affected proximal paranodes display less
myelin retraction than affected distal paranodes. More distal paranodes may be
unaffected. In a more severly affected adjacent corpuscle (right), the terminal and
ultraterminal axons are represented by clumps of extracellular neurofilaments and
residual degenerating mitochondria. The preterminal axon has degenerated, and
proximal paranodal axonal disease has spread to involve entire internodes leading to
fiber disintegration.

C (lower). During recovery, both fibers regenerate from the proximal limit of
degeneration () forming short, thinly myelinated internodes. After entering the
corpuscle, the regenerating axon reestablishes relationship with the inner core.
Regions which display paranodal axonal swelling and myelin retraction, but which
did not progress to overt disintegration, have reconstituted and formed short,
intercalated internodes, shorter proximally (b) than distally (a).
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first. In addition, it is assumed ac-
rylamide disturbs the metabolic pro-
cess of all nerve cells, but the degree
of disturbance is such as to impair
first the survival of those axons with
the greatest demand for perikaryal
supplies (Cavanagh, 1964, 1969).
Thus, axonal degeneration would
commence at the distal tips of the
largest and longest axons, with a
temporal, seriate progression of
change proximally pari passu with
increasing perikaryal impairment.
Subsequently, extremities of both
shorter and smaller axons would be
affected and these would similarly
undergo a slow, centripetal degrada-
tion. The proximal limit of this
dying-back process in any one fiber
would then be dependent first on the
fiber diameter and length, and sec-
ondly, on the degree of perikaryal
impairment, which would vary with
the level and duration of acrylamide
intoxication.

In many respects, the features of
the human and animal neuropathy
produced by acrylamide harmonize
with the predictions of this theory of
progressive perikaryal impairment.
Signs and symptoms frequently first
occur in the hindlimbs and forelimbs
in a stocking-and-glove distribution.
Electrophysiologic data indicate
there are earlier and greater distal
changes in the large and very long
hindlimb nerve fibers than in the
equivalent regions of the large but
shorter fibers in the forelimbs, with
concurrent preservation of the prox-
imal portions of nerves in both ex-
tremities. However, recent ultra-
structural studies of experimental
acrylamide neuropathy have indi-
cated the pattern of pathology is
more complex than was apparent by
light microscopy. The earliest ultra-
structural abnormality is seen in
some distal sensory nerve terminals
before the change can be detected in
adjacent motor nerve terminals. This
correlates both with the clinical find-
ing of early sensory deficit, and the
proportionately greater and earlier
impairment of conduction of sensory
nerve fibers than of motor nerve
fibers. Of the nerve terminals ex-
amined in the hindfeet of
acrylamide-intoxicated cats, the
hierarchy of terminal vulnerability

A Review of Acrylamide Neurotoxicity


https://doi.org/10.1017/S0317167100119201

‘ LE JOURNAL CANADIEN DES SCIENCES NEUROLOGIQUES

Figure 16 — A (left). Cross-section of

the ventral root of a cat with ac-
rylamide neuropathy. Mitochondria
within the axoplasm of both large and
small fibers are of normal size. X
3,500.
B (right). By contrast, dorsal root
axons contain enlarged mitochondria,
especially evident in large fibers.
Fixed in glutaraldehyde followed by
osmium tetroxide; stained with uranyl
acetate followed by lead citrate. X
3,500. (Figures 17 and 18, Prineas,
1969b; reproduced by permission).

determined by Schaumburg et al
(1974) was: Pacinian corpuscle
> muscle spindle primary afferent)»
extrafusal motor nerve terminal.
Although this sequence of distal
axon degeneration cannot be ex-
plained on the basis of decreasing
nerve fiber diameter, it may be
reasoned from the theory of peri-
karyal impairment, that the singular
sensitivity of Pacinian corpuscle
axons results from their dorsal root
ganglion cell perikarya each having
to supply a peripheral axon and in
addition, a long central projection
to the gracile nucleus, where axonal
degeneration has also been observed.
Antithetically, the later onset of ax-
onal degeneration in juxtaposed
motor nerve terminals could be cor-
related with the smaller volume of

Figure 17 — A (left). Primary input axon

terminals in the gracilis nucleus of a
cat intoxicated with 220 mg/kg of ac-
rylamide over a period of 3 weeks.
One abnormal terminal (t) is in synap-
tic contact with a dendritic process (d)
of normal appearance. X 10,000.
(Courtesy of Dr. B. Ghetti).
B (right). Swollen terminal axon (a) in
the gracilis nucleus of a cat intoxicated
for 18 days with a total of 340 mg/kg of
acrylamide. In addition to the many
neurofilaments, the axon contains
numerous dense membranous bodies
and many mitochondria. Fixed in
glutaraldehyde followed by osmium
tetroxide; stained with uranyl acetate
followed by lead citrate. X 13,000.
(Courtesy of Dr. B. Ghetti).
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onal degeneration, are comparing
neuron perikaryal amino acid uptake
in normal and in intoxicated animals.
Asbury and colleagues (1973) have
reported evidence of a decreased

axon under the domain of each an-
terior horn cell perikaryon.

Current investigations of a nerve
cell body metabolic disturbance,
which precedes onset of distal ax-

A Sw 4} 935 i ¥
Figure 18 — Spinal medulla of a cat chronically intoxicated with acrylamide. A (left).
The gracile nucleus and tract show extensive fiber breakdown. X 350.
B (right). By contrast, the cuneate nucleus and tract in the same animal show no
definite change. 144m epon sections of tissue fixed with glutaraldehyde followed by
osmium tetroxide and stained with methylene blue. X 350. (Figures 4 and S, Prineas,
1969b; reproduced by permission).
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Figure 19 — Mossy fiber terminal (t) from the rostral cerebellar vermis of a cat
intoxicated with 300 mg/kg of acrylamide over a period of 21 days. The terminal
contains an abnormally large number of neurofilaments. X 13,000. Fixed in
glutaraldehyde followed by osmium tetroxide; stained with uranyl acetate followed
by lead citrate. (Courtesy of Dr. B. Ghetti).
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uptake of labeled leucine by anterior
horn cells in mice prior to the ap-
pearance both of clinical signs and
pathologic change in distal in-
tramuscular nerve twigs. In another
study, Hashimoto and Ando (1973)
reported a normal in vitro uptake of
labeled lysine and methionine by
whole lumbo-sacral cord segments
from intoxicated animals. Amino
acid incorporation started to in-
crease after the rats became
paralysed and reached a maximum
value after acrylamide was with-
drawn.

Since some sensory nerve termi-
nals (Pacinian corpuscles, primary
terminals of muscle spindles) are
especially vulnerable in acrylamide
intoxicated cats, future studies
might profitably examine dorsal root
ganglia metabolism and correlate re-
sults with a simultaneous inspection
of the fine structural integrity of
these nerve terminals.

ABNORMAL AXONAL TRANSPORT

Another hypothesis to account for
the dying-back pattern of axonal de-
generation in acrylamide neuro-
pathy assumes neuron perikaryal
anabolism is unimpaired but that ac-
rylamide interferes either with the
mechanism by which materials are
exported from the perikaryon, or
with the axonal transport system by
which materials are conveyed along
the axon to distal sites of utilization.
However, Cavanagh (1973) has sug-
gested the very distal nature of ax-
onal degeneration in acrylamide
neuropathy would probably argue
strongly against its being caused by a
disturbance in the axonal transport
system. It does seem likely a total
breakdown in proximal ==distal ax-
onal transport would cause simul-
taneous proximal and distal axonal
degeneration. However, it could
also be argued that a partial, pro-
gressive impairment of axonal trans-
port which resulted in decreasing
amounts of material arriving per unit
time at distal sites, might initially
produce axonal compromise in those
regions most removed from the
source of supply. Impairment of ax-
onal transport, either by a reduction
in the transport velocity or in the
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volume transported, could account
for distal axonal compromise: if the
usual amount of normal material was
transported at a reduced velocity,
there would be a progressive in-
crease in the delay of arrival of sup-
plies with increasing distance from
the neuron perikaryon. Alterna-
tively, if less material was trans-
ported at a normal rate, and the
proximal portion of the axon was
supplied normally, then insufficient
material might be available to main-
tain the distal axon normally. Thus,
as with neuron perikaryal impair-
ment, abnormal axonal transport
would first jeopardize those axons
with the greatest demand for peri-
karyal supplies.

In analyzing the theory of neuron
perikaryal impairment, it was
reasoned that dorsal root ganglion
cells supplying Pacinian corpuscles,
which have to maintain long
peripheral and central axon
branches, would be most susceptible
to distal axonal degeneration since
dwindling perikaryal supplies would
be divided between each axon
branch. In effect, therefore, the
peripheral axon branch would suffer
because of the presence of the cen-
tral branch, and vice versa. By con-
trast, if acrylamide caused axonal
transport system damage, leaving
neuron perikaryal metabolism unim-
paired, dorsal root ganglion cells
presumably would supply the origin
of each axon branch with a normal
volume of material. In this situation,
therefore, the presence of a long
central axon branch should not af-
fect the fate of the peripheral axon,
since this would be solely deter-
mined by the degree of damage to its
transport system. Thus, the theory
of abnormal axonal transport would
seem to predict that peripheral nerve
fiber distal degeneration would
-occur in strict relationship to
peripheral axonal volume. Since this
prediction is discordant with the
temporal pattern of nerve terminal
degeneration in feline acrylamide
neuropathy, it seems unlikely that
abnormal axonal transport is solely
responsible.

Two studies have examined the
efficacy of axonal transport in cats
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intoxicated with acrylamide. By
examining the movement of a peak
of radioactivity, derived from the
labeling of neuron perikaryal pro-
teins with 3H-leucine, Pleasure and
colleagues (1969) compared the slow
component of axonal transport in
dorsal and ventral roots of normal
cats and cats with acrylamide
neuropathy. The absence of slow
axonal transport in most intoxicated
animals was implicated as the pos-
sible cause for distal axonal degener-
ation. In a subsequent report, Brad-
ley and Williams (1973) studied both
the fast and slow components of ax-
onal transport from dorsal root gan-
glia along the proximal regions of
the sciatic nerve of cats with mild to
moderate signs of peripheral
neuropathy. Contrary to the findings
of Pleasure et al., this study found
no difference in slow axonal trans-
port between acrylamide-intoxicated
animals and controls. There was a
decrease in the velocity of the crest
of fast axon transport in the
acrylamide-intoxicated cats, but
Bradley and Williams stated this re-
duction was unlikely to be responsi-
ble for the distal fiber degeneration
present in these animals.

It would be useful in future studies
examining axonal transport in
acrylamide-intoxicated animals to
determine the temporal movement
of radioactivity along the entire
length of axon, including the sites of
early terminal axon degeneration.
For example, it might be feasible to
compare the transport times of
radioactive label from spinal ganglia
to Pacinian corpuscles in the feet of
normal and intoxicated animals,
prior to the onset, and during early
distal axonal degeneration.

DIRECT AXONAL COMPROMISE

Some recent ultrastructural ob-
servations of animals with experi-
mental acrylamide neuropathy can-
not be explained by either the theory
of perikaryal insufficiency or axonal
transport system damage. For ex-
ample, since both of these theories
predict that distal axonal changes
would appear in longer fibers before
shorter fibers of the same modality
group, neither can account for the

https://doi.org40.1017/50317167100119201 Published online by Cambridge University Press

simultaneous axonal degeneration
found in Pacinian corpuscles of
forepaws and hindpaws of intoxi-
cated cats (Schaumburg et al., 1974).
Perhaps the major obstacle confront-
ing both of these explanations of the
dying-back process produced by ac-
rylamide intoxication, is the obser-
vation that initial axonal pathology is
multifocal and is not confined to
the axonal extremity: i.e. when
neurofilamentous change is seenin a
sensory nerve terminal, paranodal
neurofilamentous accumulations can
be demonstrated on the same fiber in
propinquity to the terminal, while
concurrently, dorsal root axons dis-
play neurofilamentous hyperplasia
and mitochondrial enlargement
(Prineas, 1969b; Schaumburg et al.,
1974).

It is possible to explain these ob-
servations by a third theory; that
acrylamide might exert a direct,
local toxic effect along the entire
axon, other than by vitiating the
axonal transport system. This third
explanation of the dying-back pro-
cess in acrylamide neuropathy is
based on the assumption that the
axon has vulnerabilities not shared
by the perikaryon (Prineas, 1969a).
If for example, acrylamide inacti-
vated a substance (reacted with a
protein?) in the axon which was re-
quired for normal axonal integrity,
and the re-supply of this substance
was dependent on perikaryal export,
this alone could explain why the
distal parts of neurons maintaining
the greatest volume of axon degen-
erate first. In addition, a local toxic
action of acrylamide on the axon
might explain the pronounced nerve
damage around blood vessels of
systemically intoxicated rats (Su-
zuki and Pfaff, 1973). Moreover,
since preterminal portions of Paci-
nian corpuscles are richly vas-
cularized, the idea could also explain
the simultaneous Pacinian corpuscle
axon degeneration in fore and hind-
feet of intoxicated cats (Schaumburg
et al., 1974).

The demonstration that label from
systemically-injected (*4C)-acryl-
amide accumulates more in the dis-
tal half of the sciatic nerve than in
the proximal half is compatible with
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this concept of a local toxic action of
acrylamide (Ando and Hashimoto,
1972). In an elegant series of experi-
ments, Ando (1973) has elucidated
the mechanism responsible for this
differential distribution of ac-
rylamide. After a solution containing
14C-acrylamide and 3H-leucine was
injected into the rat sacral canal, a
large amount of the activity of both
muclides was found in the proximal
parts of the sciatic nerve. When the
nerve was ligated at the level of the
ischial tuberosity, (*H) label, but not
(14C) label, accumulated above the
ligature, while in the peripheral parts
of the sciatic nerve, (*4C) activity
gradually increased with time. In
conclusion, Ando stated that ac-
rylamide seems to accumulate in
nerves directly from the blood-
stream.
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