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I. HISTORY AND OVERVIEW

The neurotoxic property of certain hexacarbon** solvents was discovered in Japan
in the early 1960s when workers exposed to hexanes*** in the laminating industry
developed a sensorimotor polyneuropathy. Similar outbreaks of neuropathy were sub-
sequently reported in Japan, Europe, and the U.S. Japanese physicians also identified
the first cases of neurological disease in individuals inhaling solvent vapors for their
euphoric properties, a practice which subsequently led to the discovery of ‘‘glue-snif-
fers’’ or ‘‘huffers’’ neuropathy in other countries.

The common thread linking the industrial and glue-sniffers neuropathies was repet-
itive exposure to normal hexane (n-hexane). Although the solvent was repeatedly im-
plicated as the neurotoxic agent, the disease being reproducible in experimental animals
exposed to n-hexane, this idea was resisted in some quarters because the compound
had enjoyed wide usage and was generally regarded as having a low toxicity potential.
This view was reinforced by some experimental studies which failed to produce neu-
ropathy in exposed animals, but was finally overthrown when unequivocal neuropath-
ological damage was demonstrated in exposed rats similar to that reported from ex-
amination of nerve biopsies from patients with industrial or glue-sniffers’ neuropathy.

Another complicating factor was the variety of agents other than n-hexane in the
exposure history of individuals developing neuropathy, e.g., hexane isomers,** methyl
iso-butyl ketone (MiBK), methyl ethyl ketone (MEK), and acetone (all now known to
be unable to produce neuropathy in animals), ethyl acetate, xylene, methanol (able to
produce retinal and optic nerve damage), toluene (reportedly unable to produce neu-
ropathy in man), isopropyl alcohol, n-heptane (once claimed to produce experimental
neuropathy), and n-octane. The possible role of these compounds has only begun to
be investigated, MEK being of principal current interest because of its ability to poten-
tiate the neurotoxic effects of both n-hexane and methyl n-butyl ketone (M nBK). It
now seems clear n-hexane is the least active of the neurotoxic hexacarbon solvents,
and its neurotoxic properties are significantly potentiated by concurrent exposure to
MEK (see Section I11.D). Despite the publication of a few reports specifically implicat-

¢ This work was supported in part by NSF Grant PFR7812701, USPHS Grants OH 00535, and NS 03356,
the American Petroleum Institute and Exxon Corporation.

*¢ Compounds containing six carbon atoms.

***Hiexanes have the formula C,H,, and include n-hexane, 2-methylpentane, 3-methyipentane, 2,2-dime-
thylbutane, 2,3-dimethylbutane, and cyclohexane, and 3-methylpentane (once reported*** to have pro-
duced experimental neuropathy, but found in another study** to lack this property).
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ing MEK in outbreaks of human neuropathy, there is overwhelming evidence to the
contrary from animal studies. MEK also appears able to induce neuropathy in humans
exposed to subneurotoxic levels of n-hexane. Because it would not be surprising if
other compounds displayed the ability to potentiate n-hexane neurotoxicity, it would
appear prudent to minimize human exposure to mixed solvents containing any neuro-
toxic hexacarbon compounds.

The discovery of 2-hexanone (methyl n-butyl ketone, M nBK) neuropathy opened
another chapter in the enlarging view of hexacarbon neurotoxicity. In the same way
as n-hexane neuropathy was discovered, the neurotoxic properties of MnBK only came
to light through industrial accident. Methyl n-butyl ketone was first implicated in 1973
after an outbreak of peripheral neuropathy at a fabric factory in the U.S. The com-
pound recently had been introduced as a substitute for MiBK, used with MEK in the
printing-ink solvents, in compliance with new air pollution regulations. MnBK was
subsequently implicated in other neuropathies affecting spray painters and furniture
finishers, these times in the absence of MEK. These outbreaks provided the impetus
for a large number of experimental studies which confirmed the neurotoxic property
of MnBK and demonstrated its enhanced neurotoxicity in the presence of MEK.

The structural similarity of n-hexane and M nBK suggested the possibility of a com-
mon neurotoxic mechanism. Experimental studies on the metabolism of MnBK and
n-hexane revealed six interrelated metabolites which showed a gradient of neurotoxic
potency correlating with peak serum levels of the common metabolite 2,5-hexanedione
(2,5-HD). This compound also produced the earliest nerve damage in organotypic
nerve tissue cultures. Closely related compounds, in which the carbonyl groups occu-
pied different relative positions in the six-carbon chain, proved unable to induce neu-
ropathy, suggesting that the neurotoxic property of 2,5-HD was associated with the
1,4 (y) spacing of the carbonyl groups. This idea received strong support when 2,5-
heptanedione and 3,6-octanedione were shown to induce the same type of experimental
neuropathy. If this principle holds true for longer chain aliphatic compounds, it may
be appropriate to adopt the eponym y-diketone to describe this type of neurotoxicity
and thereby discard the prefix hexacarbon.

Another major facet of this unfoiding story concerns the mechanism of nerve fiber
degeneration. This problem engaged the attention of neurological scientists because
hexacarbon neuropathy proved to be a useful experimental model of human neurolog-
ical diseases of the dying-back type. Dying-back diseases — now known as central-
peripheral distal axonopathies — are characterized by distal and retrograde axonal
degeneration occurring in long and large fiber tracts in the central, as well as the pe-
ripheral, nervous systems. This pattern of neuropathology probably underlies 2 num-
ber of inherited and acquired conditions of obscure etiologies. The neurotoxic hexa-
carbons were initially helpful for the study of dying-back disease because the
characteristic pathological changes of giant, swollen axons could be readily traced in
time and space. It became clear that experimental hexacarbon neuropathy was a disease
of brain and spinal cord (CNS), as well as peripheral nerves (PNS), an observation
which illuminated some puzzling clinical features of the human disease. Close study
of the spatial-temporal pattern of experimental disease in vivo and in culture showed
that swellings initially developed on proximal sides of nodes of Ranvier in the distal
part of the nerve fiber, later causing fiber breakdown distal to the swelling. Nerves
showing these pathological features were associated with changes in their ability to
convey materials along their length by axonal transport, transported materials becom-
ing blocked above nodes of Ranvier and presumably contributing to the swelling proc-
ess. These observations revolutionized our understanding of the central-peripheral dis-
tal axonopathy produced by neurotoxic hexacarbons and focused attention on the
nerve fiber itself as the likely locus of toxic action, an idea that has recently received
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experimental verification. Biochemical studies have demonstrated the ability of neu-
rotoxic vs. nonneurotoxic aliphatic hexacarbon diketones to inhibit glycolytic enzymes
and bind to other proteins, thereby raising the possibility that axonal transport dys-
function and nerve fiber degeneration are associated with these properties.

II. SCOPE AND DATA BASE

This review synthesizes reports on human hexacarbon neurotoxicity with experimen-
tal evidence on the metabolism and pharmacokinetic fate of hexacarbon compounds,
and behavioral, morphological, physiological, and biochemical data.

The term hexacarbon neurotoxicity was introduced?® to describe the property of n-
hexane and methyl n-butyl ketone to produce structural damage to the central and
peripheral nervous system. This effect should be distinguished from the so-called acute
central nervous system (CNS) effect of these compounds which refers to the narcotiz-
ing properties of high concentrations of these solvents. The acute CNS effect with high
doses of n-hexane is a reversible pharmacological event, probably occurring without
structural breakdown of the nervous system. By contrast, prolonged exposure to rela-
tively low levels of n-hexane or MnBK produces a specific pattern of nervous system
degeneration which is reversible to the extent that damaged nerve fibers can regenerate
and restore functional connections with target organs. This review includes reference
to the acute as well as the subchronic effects (i.e., non-lifetime exposure) of hexacar-

bon compounds. Although n-hexane and M nBK are the principal subjects of this pa-
per, other six-carbon and related seven- and eight-carbon compounds are also men-
tioned (Table 1). Reference is also made to refined petroleum solvents in which hexanes
are present.

The reader is referred elsewhere*-120:142-144.201 for fyll treatment of the acute, revers-
ible CNS effects of n-hexane and methyl n-butyl ketone, the occupational hazard as-
sociated with their use as solvents, their environmental contamination potential and
general toxicology, and the problem of human solvent abuse.

The data base for this review included the foregoing references, the resources of the
Neurotoxicology Information Repository (N.I.R.)* at the Institute of Neurotoxicology
of the Albert Einstein College of Medicine, and papers, abstracts, and communications
submitted in response to personal invitation.

II1. HUMAN HEXACARBON TOXICITY

The only hexacarbons convincingly demonstrated to be neurotoxic following pro-
longed exposure to humans are n-hexane and MnBK. A few cases of neuropathy have
been attributed to MiBK?*-'38 and to cyclohexane,” but these compounds have failed
to produce neuropathy in experimental animals (see Sections VI.B.3 and 4). n-Hexane
and MnBK produce similar neurological syndromes in man'** and a morphologically
identical central-peripheral distal axonopathy in experimental animals.?** Therefore,
throughout the majority of this section, little attempt is made to discriminate between
the human neurotoxicity of these two solvents. This policy reflects the current body
of clinical reports on these two compounds, although there is experimental evidence
showing that the two substances have substantially different neurotoxic potencies. (See
Section VI.B.5.a.)

¢ Information submitted to N.I.R. prior to January 1980.
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A. Usual Sources of Exposure
1. Industry

Serious human exposures during manufacturing or packaging of these substances
have not been reported, probably because these processes are usually totally enclosed.
Hexacarbon solvents are commonly mixed with other solvents such as MEK, MiBK,
acetone, benzene, and toluene. Such solvent mixtures are rarely labeled neurotoxic,
and they are used by small factories where protective devices (masks and gloves),
worker education, and ventilation are frequently of a low standard. The lack of an
organized industrial hygiene program and poor monitoring of the workers’ health
played a role in recent outbreaks of neurotoxicity. In a small factory with no central
medical facility, each affected individual is likely to seek out his own physician as
symptoms appear and, unless a single physician sees several affected workers, the prob-
lem may reach epidemic proportions before it is detected. This combination of factors
has been responsible for industrial outbreaks of hexacarbon neurotoxicity.

Hexacarbon neurotoxicity is a world-wide problem occurring in Italy,
1.22,30,51,52,181,182,191,198 Japan, 70,98-100,139,149,159,212,255-257 Morocco’IBAZ France,18,79.121 and
the U.S.4¢67.23.48.94.128.163.190.241 [y most instances, the presence of n-hexane or MnBK
has been established by chemical analysis but, on occasion,**7?:173.1%8 these hexacarbons
have been implicated on circumstantial grounds.

In Italy and Japan, where shoe-making is sometimes a household industry,* workers
may spend 8 hr or longer a day confined to small, pooriy ventilated rooms with air
levels of n-hexane as high as 2500 ppm.?*’ Inoue and colleagues®® have suggested n-
hexane neuropathy develops in 3 to 7 months after daily 8-hr exposure to 500 to 1000
ppm. Individuals who spend long periods of time in an atmosphere with high levels of
n-hexane gradually accommodate to the odor and the mild euphoric effects.’** How-
ever, a visitor to such a plant is usually immediately aware of the fumes which may be
intoxicating.'s®* Most reports have emphasized the dangers of inhalation of the vapor
(see Section IV.A.l.a). n-Hexane and MnBK are also readily absorbed through the
skin (see Section IV.A.1.b), and a frequent source of worker exposure in the laminat-
ing,?** printing,?*>'*' shoe-making,'®""**” or furniture-finishing®* industries is dermal
contact through the handling of solvent-soaked rags. An additional, well-documented
source of exposure is eating in the work area.?® For these reasons, air samples which
indicate low levels of n-hexane or MnBK in the atmosphere may give an erroneous
impression that these substances are not responsible for an industrial neurotoxic out-

break.?
One of the most carefully investigated incidents of hexacarbon neuropathy occurred

in a fabric factory in Ohio. In mid-August of 1973, a 22-year old man who had been
employed in the print department for 2.5 years, was discovered to have a severe sen-
sorimotor neuropathy.5-72*478!' Since he was otherwise healthy, the disease was
thought to be associated with exposure to a toxic chemical. The individual indicated
that others in the printing shop had had similar symptoms, and an investigation was
begun to identify the extent of the outbreak and which of the 275 chemicals in use was
the causative agent. Plant workers underwent electrodiagnostic tests, including electro-
myogram (EMG) and nerve conduction studies. Of the 1157 workers examined, 19 had
abnormalities which could be associated with peripheral neuropathy. After clinical
evaluation and numerical rating of signs, symptoms, and results of electrodiagnoses,
81 workers were considered within normal limits. Twenty-seven were found to have
other neurologic diseases, and 86 were identified as having toxic peripheral neuropa-
thy. Of the latter group, 38 were from the print shop and the remainder from other

*  An entire symposium was devoted to the problem of neuropathy in the ‘‘shoe-upper’’ making industry
in 1974. A collection'”® of published papers was prepared in association with this meeting.
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FIGURE 1. Month of onset for the 38 cases of peripheral neuropathy among workers ex-
posed to MnBK and MEK in a factory in Ohio. MnBK had been introduced into the factory
between August 1972 and January 1973. (Reprinted from the Center for Disease Control,
Morbidity Mortality Weekly Report, 23,9, 1974.)

departments. Of the neuropathic workers in the printing department, 27 operated the
printing machines, 10 were helpers, and one washed ink pans by hand. Symptoms of
parasthesiae in arms and legs, commonly followed by weakness of hands and legs,
were first noticed between December 1972 and September 1973, most frequently start-
ing in the summer months and improving progressively once the individual was re-
moved from the work environment (Figures 1 and 2).

Information on work practices and production at the plant led to the identification
of MnBK as the likely causative agent. The substitution of MnBK for MiBK as a co-
solvent with MEK was the only major process change which had occurred in the past
7 years; the substitution had begun in August 1972 and was complete by January 1973.
Workers in the printing department were exposed to solvents by skin contact and to
solvent vapors by inhalation. They had not worn respirators or gloves, had eaten in
the work area, washed their hands in the solvent, and used rags soaked with solvent
to clean equipment and machinery. Airborne levels of solvents at the printing machines
were 85 to 763 ppm for MEK, and 2.3 to 156 ppm for MnBK. The recent introduction
of MnBK into this plant and the absence of neuropathy at a similar plant which used
MEK but not M nBK, led to the conclusion that M nBK was the likely neurotoxic agent.
Subsequent experimental studies demonstrated MnBK produced neuropathy in ani-
mals,®%-60.136.22% and that concurrent exposure to MEK accelerated its development.*s®

2. Abuse

The most common cause of hexacarbon neuropathy has been deliberate inhalation
of the vapors from solvents, lacquers, glue, or glue thinners. ‘‘Glue sniffers’’''? or
“‘huffers’'”® are usually underprivileged young males.** The technique is to pour the
solvent into a rag, balloon, plastic bag, or can, and then inhale. The inhaled solvent
may produce a mild euphoria or, more commonly, narcosis. In some cases of chronic
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FIGURE 2. Raites of recovery for Ohio factory workers with neuropathies after exposure to
MnBK had ceased. Points represent total scores of clinical and EMG findings in individual
cases. (Modified from Allen, N., Mendell, J. R., Billmaier, D. J., Fontaine, R. E., and
O’Neill, J., Arch. Neurol., 32, 209, 1975. With permission of the American Medical Associa-
tion.)

abuse, the inhalation periods may last for 10 to 12 hr with a total daily consumption
of half a liter. Exposure periods of 5 to 7 years have occurred in some instances.

With one exception,'*® every documented instance of neurotoxicity associated with
glue sniffing has occurred in an individual exposed to a substance containing n-hex-
ane,®8485.95.112.173.175.204.235.241 The toxic inhalant rarely contains solely n-hexane; rather,
there is commonly a mixture of n-hexane with toluene or other substances such as
hexanes, acetone, ethyl acetate, xylene, MEK, nitropropane or 2-heptanone. In addi-
tion, commercial grades of n-hexane contain varying amounts of other hydrocarbons
as impurities. Thus some investigators initially doubted n-hexane was responsible.
However, nerve biopsies from cases of glue-sniffing neuropathy revealed axonal swell-
ing®''*24! and neurofilament accumulation®® similar to the nerve fiber changes found
in animals exposed to pure n-hexane.'®* Furthermore, there are several well-docu-
mented instances in which individuals had been ‘‘sniffing’’ solvent mixtures without
ill effects, but developed peripheral neuropathy within months of increasing the n-
hexane content of the mixture.?°*?*! On the other hand, in two epidemics of glue-sniff-
ing neuropathy characterized by extreme neurological deficits,”'’® n-hexane was a mi-
nor component. These two reports, one from Tampa, Fla. and the other from Berlin,
suggest the effects of n-hexane in humans may be potentiated by the presence of other
substances in the solvent mixture (see Section II1.D.). The Tampa outbreak is remarka-
ble because only 0.5% n-hexane was demonstrated in the lacquer thinner.!?3-17s

In general, individuals abusively inhaling glue vapors experience a more rapid onset
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of clinical signs than those exposed in industrial settings, and weakness is often a prom-
inent feature of glue-sniffing neuropathy. The combination of a predominantly motor
neuropathy with subacute onset may produce a clinical picture superficially similar to
the Guillian-Barre syndrome.* In severe cases, proximal weakness, respiratory insuf-
ficiency, cranial nerve palsy, and markedly slowed nerve conduction velocities (NCV’s)
strengthen this analogy. The fulminant course of the illness in some individuals may
derive from the higher levels of exposure sustained by glue sniffers in contrast to those
which could possibly exist in industry. One study of glue sniffing estimates that air
levels of n-hexane in the plastic bag containing the solvent reach levels of 44,000 ppm!%¢

There are several proposals for eliminating glue sniffing as a source of neurotoxic-
ity.?' One major manufacturer of model airplane cement adds a small amount of
synthetic oil of mustard to their preparation. Another claims to have developed a
model airplane glue which is nonintoxicating when inhaled.** However, since n-hexane
is a ubiquitous, low-cost, efficient component of adhesives, it is unlikely to disappear
from the list of abused drugs.

B. Effects of Acute Exposure (Table 2)
1. n-Hexane Alone

The reports of short-term human exposure to n-hexane alone are all controlled stud-
ies. It is stated that exposure to an atmosphere containing 500 ppm of n-hexane pro-
duces no effects in humans after 3 to 10 min.**'** Brief exposure to 1400 to 2000 ppm
elicits nausea, headache, and eye and throat irritation’*%°, while levels of 5000 ppm

for 10 min result in giddiness'** and mild narcosis.®® There are no reports of controlled

dermal exposure to n-hexane.

2. Mixtures Containing n-Hexane

There are several controlled studies of human exposure to hexacarbon mixtures,
usually in petroleum naphtha fractions and gasoline. Although CNS effects of a non-
specific nature are reported from all of these studies, it is impossible to be certain if
n-hexane had any role. Exposure to a petroleum-naphtha fraction produced headache
and muscle twitching,*® while inhalation of a 0.25% concentration of gasoline for 1
hr resulted in mild narcosis. Increasing the gasoline concentration in the air to lethal
levels of 1.0% produced ‘‘drunken behavior’’ after 5 min.

Glue sniffers report light-headedness, mild euphoria, and narcosis after prolonged
inhalation of mixtures containing n-hexane. These individuals may be exposed to ex-
ceedingly high levels of ambient n-hexane and, despite the underlying psychopathology
of the chronic drug abuser, such reports probably constitute the best available data
on the acute neurotoxicity of n-hexane. The CNS depression and the absence of sei-
zures, delerium, or other signs of toxic encephalopathy in these individuals is striking.
Only one report® describes hallucinations: the authors conclude these may reflect a
preexisting emotional disorder and emphasize that hallucinations are common among
certain susceptible glue sniffers regardless of the solvent type or the intensity of expo-
sure. In this respect, the human reaction to acute high-level exposure to n-hexane con-
trasts sharply with the response to certain other industrial neurotoxins which produce
a similar pattern of distal axonopathy on prolonged exposure but, on single, high-level
exposure, appear to have a CNS excitant effect. For example, exposure to high concen-
trations of acrylamide monomer causes a severe toxic encephalopathy, while prolonged
low-level exposure to this agent results in a distal axonopathy.

* The underlying primary myelin pathology of the Guillian-Barré syndrome differs markedly from the

primary axonal pathology of hexacarbon neuropathy (but see also Griffin et al.’)
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Table 2
EFFECTS ON MAN OF BRIEF EXPOSURE TO HEXACARBON
COMPOUNDS AND REFINED PETROLEUM SOLVENTS CONTAINING
HEXACARBON COMPOUNDS

Compound* Route Dose Duration Effects Ref.
Hexane Respiratory 5000 ppm 10 min Dizziness, giddi- 162
ness
Respiratory 500 ppm 3—S5 min Innocuous 145
0 Respiratory 5000 ppm 10 min Dizziness, narcosis 68
g Respiratory 1500 ppm Nausea, headache, 12
g eye, and throat ir-
‘2 ritation
o Respiratory 500 ppm No irritation 12
% MnBK Respiratory 1000 ppm Irritating to eyes 197
O and nose
S MiBK Respiratory 100 ppm Headache, nausea 63
g Respiratory  >100 ppm Odor detection 202
€
5 threshold
i= Respiratory  >200 ppm Objectionable 205
(@] 2,5-HD NS Irritation of mu- 28
8 cous membranes
2 Diacetone alcohol Respiratory 100 ppm Objectionable 205
g Mesityl oxide Respiratory 25 ppm Eye irritation 205
3. Respiratory 50 ppm Objectionable 205
§ %\ Cyclohexanone Respiratory 50 ppm Eye irritation 145
S0 Respiratory 75 ppm Objectionable 145
B § Gasoline Respiratory 0.1%—0.25% 1hr Dizziness, throat 58
é s and eye irritation
59 Respiratory  5,000—16,000 ppm 5 min 184
£ g Petroleum ether Respiratory Severe, clonic con- 111
g E vulsions
= Rubber solvent Respiratory  430—2000 ppm 15 min Olfactory fatigue; 37
% eye, nose, and
<_é throat irritation
% Naphtha Respiratory 140—880 ppm 15 min Olfactory fatigue; 36
[a} eye and throat ir-
éﬁ ritation
3 Mineral spirits Respiratory 500 mg/m? Nausea, vertigo 19
'g Respiratory 2500 mg/m? 2hr No effects on psy- 78
[ chological testing
(% Respiratory 4000 mg/m? 50 min Prolonged reaction 78
E time, impaired
3 short-term mem-
o ory
E 140° Flash solvent Respiratory 17—49 ppm 15 min/ Olfactory fatigue 38
-8 day, 2 and eye irritation

days

* Gasoline: mixture of C,-C,, hydrocarbons containing paraffins (1 to 2% n-hexane), olefins, na-
phthenes, and aromatics; petroleum ether: 80% pentane, 20% isohexane, and less than 0.5 vol%
of n-hexane; rubber solvent: C,-C, compounds consisting of paraffins, monocycloparaffins, mon-
oolefins, benzene, and alkyl benzene; naphtha (varnish makers’ and painters’ naphtha): Cs-C,,
compounds containing paraffins (0.3% n-hexane), monocycloparaffins, dicycioparaffins, ben-
zene, alkylbenzenes, indans, and tetralins; mineral spirits: saturated hydrocarbons, olefins, and
aromatics. 140° flash solvent: C,-C,. compounds containing paraffins (1.2% n-hexane), mono-
cycloparaffins, dicycloparaffins, alkyl benzene, benzene, indans, and tetralins.

Modified from references 36 and 143.
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3. MnBK

MnBK is irritating to the eves and nose at 1000 ppm.**” No ill effects were found to
occur on exposure to an atmosphere of 100 ppm for 4 or 10 hr, or 50 ppm for 7}2
hr.5¢

4. MiBK

Controlied studies of individuals exposed to MiBK for 3 to 5 min describe levels of
100 ppm as tolerable, while 200 ppm evoked eye, nose, and throat irritation.*** One
report of workers repeatedly subjected to short-term, high-level exposure to an ace-
tone-MiBK mixture described vague CNS (insomnia and headache) GI (nausea and
colitis), and dermatological effects.'?s It is not clear which symptoms were due to ace-
tone and which to MiBK.

5. Other Hexacarbon Compounds
Browning?® reported irritation of mucous membranes as an effect of exposure to
2,5-HD. Eye irritation is reported with cyclohexanone'#* and mesityl oxide,?°*

C. Effects of Subacute and Subchronic Exposure to Substances Containing Either n-
Hexane or MnBK

This section analyzes the clinical findings and laboratory data from reported cases
of hexacarbon neuropathy, the most carefully documented of which appear in Table
3. The cases represent individuals exposed in industry and through solvent abuse. Both
males and females are affected, and the age of onset ranges from adolescence to late
middle-age. Individuals in different countries are exposed to a wide variety of solvent
mixtures and, in many instances, the contents and methods of chemical analysis are
poorly described. Several reports, especially from Japan, appear to be repeated de-
scriptions of the same cases. The quality of the documentation of neurological, clini-
cal, electrophysical, and laboratory data vary considerably, and long-term follow-up
examinations are scarce. With the exception of the thorough clinical study of Alten-
kirch and colleagues,® the Japanese and European reports focus more on working con-
ditions, histopathology, and epidemiology, than on neurology. American reports,
while less oriented towards occupational medicine, are frequently anecdotal and lack
a critical analysis of the data. Exceptions to this are the lucid description of glue-sniff-
ing neuropathy by Korobkin and colleagues''? and the thorough study of the Ohio
MnBK cases.”** The Ohio study stands as a paradigm of the correct approach to an
outbreak of industrial neurological disease.

1. Clinical Picture

An analysis of the clinical findings indicates that hexacarbon neurotoxicity should
be considered in a solvent-exposed worker or glue sniffer with a history of weight loss,
gradual onset distal paresthesiae and weakness, and without ataxia or spasticity. Nerve
biopsy evidence of paranodal, giant axonal swelling strongly supports a diagnosis of
hexacarbon neuropathy.

a. Signs and Symptoms of Nervous System Disease

The most common initial complaint, both in industrial cases and among glue snif-
fers, is an insidious onset of numbness of the toes and fingers. This type of distal
sensory neuropathy is generally the only clinical illness in the least severe industrial
cases. The pattern of sensory abnormality is characteristically symmetrical and in-
volves only the hands and feet, rarely extending as high as the knee. A moderate loss
of touch, pin, vibration, and thermal sensation is usually prominent and may be ac-

RIGHTS

i,



289

October 1980

PIAIOAU] 3AIAU vy,
ul uoIsiA parnyq tAyd
-OI}® [ENDISaI Y1IM SISBD
om) isiuow g Aq sased
16 ut 231d w02 A1340331
‘Jendsoy u1 apiym syiuow

ased auo t—1 10} passasdoud 1oyop
ur Juiuoo|(eq 106€ Ul JUISqE Jo andeod
pue uiams -AY SIX3}Jas 1IIUIUNUOD
[RUOXE 'SUOXE -ur ou ‘sisAjered Ksorend
pue ujpAw $358D -$31 OU (SISRD 213435 1SOW
JO $50| :Sased 24343 3A1) U1 d5u0dS ut A|uo) oy g ur Aydosie
857 15 ur Asdoiq sased -3 OU 104(0¢ Ul JIsw pue ‘e gp UL SSAUNBIM 3D
‘€1T 3AI9U |RIDS UdA3S JO Ot M0{3q UOTIINPUOD  -SNUI [BISIP ‘0400 Ul sudis
‘e ‘Aydone auo ut AU [eau0iad {04508 A10SUDS ‘0588 wy swodwAs
‘001 :Sased aauyy ut $ased 4§ wRload Ul d3sul G MOJ3q JBU K10SUSS JBILIIBUIWAS 3u uanjoy 0L61
—86 Asdoigapsa Ul pIlBASP HOT POIBA3|Y -[n puR UBIPIW—ADN ‘[RISIP JO 12540 [enpesn) wdd 00§z—00S SYuowW 9 "ed -}eul jepues £6 L04pQL ‘QUBXAHY  — 8961
weyd jean
957 wdd ggo1 —00s SYIuow 9-—¢ -ndewreyd 11 9% $6 ‘DURXIH Y 1961
uonezijendsoy
I31j€ iuows | 104 passaid
-01d 119143p ‘s3sEd 313A
-3s ut Jeak | 19))e 219)dwod
-UL £19A0D34 13580 3UO Ul
UOISIA Palin[q 'SISED JWIOS
u1 313A3¢ AYdoire sppsnut
(RISIp 13 JO ssaueam
£Q Pamo][O) SINIWILIX3 %07
noy [re ut swoidwAs £10s ‘auejuadooAd
[9%4 ased s(enu -uds eisip (anadde tood 1Aytous o490y
E1Y4 Aydone suouy  -od Sunsaz jo apnd pue "sso[ 1y3tam ‘ondn Ansnpur ‘augiuad [Adm
‘65t :Asdoig spsnpy {PWION  -WE pIsedddp—ONWT -e) Jo sywyerdwod renuy wdd ppgz spuow gf—¢  Suneunue] 9 100 ¥9 SURXIHY 961
Y Asdorg "qe] redrurD 480 ABojoisAydonaofg SSIUN [eRnul[D PAYY uopeInp adiL Jaqumy oursqng uodas
amsodxyg Joresx

SNOHYVOVXAH
OIXOLOYNAN OL FYNSOdXA AALVAdHY ONIMOTTOL ASVASIA TVOIDOTOUNEN NVIANH 40 SLIOdT Y
£91qEL

‘Ajuo asn [euossed 104
GT/72/20 U0 ,BIUaD UoIewou| DD Ag wodaedyifeayellolul Wwolj papeojumoq ABOJ0DIX0 | UISMBINSY [BON1HD

i,

RIGHTS



in Toxicology

itical Reviews in

CRC Cr

290

pue s13q sased (vasuwt £ 7) paduojord

~(§ uagUNIYS omltt  ADW ‘s3[osnw (eISip
0g1's8 Asdorg SNy {ewioN  |etttoN  ut uone|iqly — OINY
7S fRunON [BULION

(oasu1 "6 ‘TeoU
-01ad) s3°7 UL MO[S

jewiou £19A is ) Ul payst
:Asdoiq aalau -unup £pdrenpow —
s12q1j 193181 ADIN {S2]0snw [eIsIp
p8 :Asdoiqajasnpy [eWION {BWION Ul SUOHRIIQH — DINT
ases

U0 Ul [BULIOU
Asdoiq aa13u
{BINS Sjudw

-ejjoInay

jo uoneIAW

-node pake|d
-S1p saosnw 5w
uj $3A33U 8 01 3ai3U Jeauoldd
spa0 138 ul pamoys [punojoid
-181 pue s12q “3AI3U JRUIN UL PIMO]S
-1y paie|ndue ased  A{ppuw ADWN ‘192j pue
153583 OMI UL auo ut spuey ui sienunod

(917) 6 Asdoiq apasny amedaN  |eutoN uonentigl — OWA

‘A Asdorg “qef AU 480 £3oporshydonsaig

SNOHIVOVXHH DIXOLOYNEIN

Ul 319438 K124 “SAWAIXD
[R1SIp UL SSO| AI0SU3S pue
SSAUNLIM §O 13SUO SNOTPISU|

doip
-100j [ENPISAL SISLD AURUI
Ul 1§3s80 3UI0S Ul AN3dWod
AJI3A0031 {LONEBSUIS JO SSO]
31 isBa1 wr se1sayisased
pue ssauyeam £q pamoj
-10} 550) 3yB1om ‘easneu
‘RIX3IOUE JO 135UO |ENpRID
syjuow g
ut £13A0221 313|dwiod Jsow
-[e ‘paseadde sso| A10suas
3leI3pow pue passasgold
SSAUNBIM {UOHIBSUIS [BW
~10U PUE SINUSIIXD IIMO]
Ul Y LQ UISGR SSAUNEOM
[e1WIUIAS JRISIP 181D
-POW !SANWIIXI 1IMO] JO
SSIUNBIM PUE ‘SSO] 1yBlom
‘andiey Jo 195U0 jenpeln

[Ie ut A13A00
-1 919)dwod LypBusils pue
UONIBSUS |BISIP JO JUSW
-1redwil djvI9pOW 53583
om} ut dOIp-100J SAWAN
X2 [RISIP Ul SS3UNBIM pUB
‘sssuqunu ‘ured jeuiwiop
-qe §o siufedwod jeniuy

SSIUH [BOIUILD

9 *s1eak
£ ‘sypuow
g ‘syluow §

s1edk

01 5}39m

syiuow g|

wdd pOf1—059 Syluow poI g

uopeInp
arnsodxg

3wy
~§jus3no

An
-suput 30yg

Bu
RULEEL D]

Ansapuy
EXUNSLE

adA1

*UIN|OI ! 040f
‘quasdosopyd
4 104$7 ‘UEXSIH Y

53583 XIS INq
0t 12 us Suexayu

] 908 ‘QUBRXIHU
L 7S Re-111:21
-uadofoAy Ay

‘oull
‘aueiuad [Ayw
19489 ‘duolade

€ S0l ‘BUBXOH Y

wquny ouwmIsgNS

OL TANSOIXH AIALVHITI ONIMOTTOL dSVIESIA TVOIDOTOUNIN NVIANH 40 SLIOdHA

(Panunuod) € 3[qeL

‘Ajuo asn [euossed 104

ST/P2/20 Uo Jo1ua) uoifewoju| DA Ag Wo0'a.eoy1[eayewliojul Wolj papeojumoq ABOJ0DIX0 | UISMBIASY [eO1LD

pL6l

L6l

L6l

(Y2

uodas
jo sy

i,

RIGHTS



291

October 1980

sases
1oy 10
ISEIAISIUMOYI U0 UL
DHY 1 9SRINSI  PIAIEARD
0T SUON -UNOYO BWSELG |  UIPlOlg

fewiou
:Asdoiq Iasau
s1aq1) 19818y

s£z :Asdoiq SN |PULON  [BUNMON
sjuaw
B TTILETN
Jo suonew ased
-nade pue Jut 3uo ui
sel -[|oMms [euOX® ui0sd

‘PLE'ZED  Asdoiq 2AIDN

Burpoms
|euoxe :Asdo
-1q 2a19u tAyd
-o1e dnos

UOHIONPUOD 343U pue
Aouaje) 1010U [€ISIP
ur Ayredsep 3wos !(esd
-uad ut ‘Apedoinau
Jo 3318ap o1 jeuotiod
-01d saBuryd ADW

pue DT JO L1l1A25

SaAIAU RIqQU
puE UEIpPaUW Ul P3INP

-1 Kpayiew —A W

S3SBD 3IAAIS UI PIMO[S
K13A (UBIPIW) ADIN
$191§5p 01 uonod
~0xd ut $IANWINXD ||8

{WION PRIBA3[Y Ul UOHEBAJAUIP—DINT

SISBD 21N
-3sJo 37 puE In I

paudwndop
10U 1340321 Nuduned
-unt £101e3tdsal 10 3134
[RIURID OU L100W uey) Bul
~}L11S $S3] $50] A10SUDS 150]
SYLQ syluow ¢ ur eiFapd
-13penb Jeau 0) passasFord
‘SSO] AJOSUIS PUR SSIUNBIM
J7 JO 19560 dINdeQns Ynm
pasredwst A)249A3s 3sed UQ
PAIWNI0P [[9m
10U 1240934 UIWAAJOAUL
A101e01ds21 10 2A13U [RIU
~BJD OU {577] U 35UIS UOH
~RIGIA PUB [EULIDY) PISEILD
-3p ST Ul $SO| XaYJ31 pue
Aydoure 313A3s yim Aysed
-04N3U JOIOM |RISIP APUEBY
-twopaid Jo 135U0 Ndeqng
212425 31
ul 100d *S2SE3 PpI 3y} uf
irej sem A19A0021 jjeldsoy
01 syjuow 7 10) passasSoad
Aydosie pue ssauyeam
ssuonestdwiod A101e0d
-$31 WIOLJ YIEIP UO ‘OMm}
w Ayredorndu dndo ‘1noy
U1 IuAWAA[oAW JBqQING
53583 3214} U] $SO] J0O10W
SN} JIP ‘AWS1IX3 O UO(S
-$3180.d !s50] £105US Py
PUR SSIUNEIM JRISIP O
13SUO IINIBQNS 10 SNOIPISU]
dn-mopoj
WS1-BUO] OU 1SISED D12AIS
ul syIuoW § 131 pood pue
S350 PHIW U 1UIJIIXD K12
-A021 t25BD U0 Ul YIdads
[ewIouqe ssauyeam
Aioyendsar a0 Ayred
-0IN3U [BIURID OU LANPY
-ae]§ pue Aydolie peaids
-apim Qum N33dupendb
2u0 21nsodxa Isuanul
Yum SEENplAIpUl om) 241

‘Ajuo asn [euossed 104
GT/v2/20 Uo JejuaD uoiewlou| Ddo Ag wodaiedyifesyewoul woly papeojumoq ABOJ021X0 | Ul SMBINGY [edND

sos
pey saey
Aew an[g ur
a8ueyd 0 ur
-p1isI1BAA 7 -JJIUSIND

fuy
1A -jjusanin

B0
pry 2arYy
Aew sonboey
ut a8ueyd
pITERS] Burypus
‘uenadun 13nboe]

syyuow

palnhuspy

1ou spunod

-Wwod 1Yyl

945G "SuINjo}
1Sy ‘UBXIHY  pL6]

%gl

‘a1ero0e Ayl

toape ‘duanjoy
LURES AUBXIHY  pL6]

pEl ‘e

JAINQ-0st topg |

*aU0IIIE 10491

‘Juoueiday

-T {%bb *FUIAX
10§70 PUBXIHY  pL6]

auexay
pue auanio) jo
sanixiwt pajeyul
SHSED OM1 13110
SISED T UL 9407
NI b7

i,

RIGHTS



iews in Toxicology

CRC Critical Rev

292

deyosip
1318 syuow
£ wasedde
$6 auoN elwdue dusedy suoN suoN
swsue|
-(JOJINAU Y M Fuimo[s 1u3Isis
P31y sdui -13d *319A3s— A DN
-[|3Mms [eUOXE® *saposnur [BISIp
ZI1°L1 :Asdotq daIaN [BUWJON [BUWION JO UCHEBAIRUAP—ONT
FuImo)s yu)SIs
-13d *319A35— ADIN
o€t *S2[OSNWI {RISIP
65°€T°L'9 JuoN JewioN  [RUHION pateassusp — DN
ol Asdorg “qef redruid) 480 AgojoisAydondarg

-ed pyooeyy pue doap-1003
Alleniuaas tsyjuow 71
191 spuey eam ‘syluous
0] I31je ssauyeam 7
§0 195U0 jenpesd !ssauuay
-unip jo 3uia3y e pue ‘Jug
-1IWOA “BISNBU ‘3YdEPRIH
35U UONIBIQIA PAYs!
-UluIp pue s3] Uy yoies
auseds ‘doap-100j fenprs
-31 1S3 W £13A0933 pood
“yuswsaocidun jenpesd
‘sajosnu eisip Jo Ayd
o118 yjim SFT U1 $S0) uon
-BIQIA PHU PUE SSO] UON
-1s0d 210405 ‘(['y 1d2dx3)
SYL JO S50[ AN talns
-0dx3 Woij [eAOwal 131ye
syuow g Joj uolssadord
TUOSIA PaLIn|q JudIsuRL)
taouatoduw sanTwa)
-X3 [je jo eisayisased [e1
-SIp pue ‘ssauyeam () (el
-SIp UdYI ST UL SSDUYBOM
pue ured 135u0 |enpern
auwos
ul ‘aunsodxa woiy [eacw
-31 131j€ SYIUoW §—¢ 10§
1101J2p Jo uoissasdoud tuon
-dasoudoid pue saxa|3i
Jo 3utreds aaneal 1sow
Ut JRWIOU 01 1940931 MO[S
Yim sFuipur) K1osuas pue
JOJOUT 1SISBI IIIAIS AL
-AOD1 JUD[[IXS Yim K10s
~uas Ajareurmopaad sases
Pitw tAyredornauijod
I0I0UILIOSUIS [EdLIMAS
{RISIp JO 135U0 [ENPRID

ssau[t [edtus)

SNOHIVOVXHH

suey

-0+ ‘suiday
U ‘auexayopIs>
*suriuad [Ayiaw

-f ‘aueiuad
3ut 1AY12Ww-7 “susn
syjuow g -3jIus snjn 1 101 ‘UBXSHY  §r6i
3o pey
3apy Aew
SWOTWAS
o3 10oud
syjuow %01
e12A3s on{8 ‘a1e1a08 1441
u1 38ueyd Su Loy tauanjol
tsieak ¢ -jJrus anin ] 1042 UBXIH Y SL6E
SY2IM

§ WIYIm 35
U0 fsuO

¢ Aol
wdd 971§ -ew $193u0] $$3901d Si6l1
—~iggwddgy —¢  1osyuow g Funung 98 AW NN — b6l
PAdY uonemp adA), RqunN Puesqng uodar
smsodxd - joresg

DIXOLOYNAN OL FINSOdXH AHALVHdHE ONIMOTTOA dSVESIA TVOIDOTOUNHN NVINNH 40 SLIOdTd

(panupuod) ¢ J)qe,

‘Ajuo asn [euossed 104

ST/P2/20 Uo Jo1ua) uoifewoju| DA Ag Wo0'a.eoy1[eayewliojul Wolj papeojumoq ABOJ0DIX0 | UISMBIASY [eO1LD

i,

RIGHTS



293

October 1980

8Tl AUON

I5E1NSIUNOYD
€91 SUON  WINIAS PAIDPIY

Sjuat
-gj1joInau jo
uonenwnd
-3e yiim 3ul
-{(3Mms [euoxe

861 :Asdoiq aarN [runon
suondunf
repnasnw
-04nau ul sjeu
-113) 243U
Josso} ‘Ayd
-o1je :Asdo
-1q apsnut
‘Siuswepjol
-nau jo suors
RILITER]
yum Suljpms
{RUOXE 15315

we -doiq aataN jeuwioN

6€T uON jewioN

auoN

auoN

% 3w
19

‘udr01g

ased
uQ

uy 03w
6

‘uIoig

UoN

12U URIp

-aW Ul paMOs A[R1e

-13pow- A DN S99

-snuI |RISIP Ul uone
ey —oONg

pasnpal
A]91B13pOW suonInp
-u0d [eauciad —A DN

SuoNINPUOd
A105U3S pue 1010w
P3ke]2p—ADI ‘S22
-snuwi [BISIp Jo uone
B —OWa

sases yloq

up paysiuIIp—ADW

‘saposnw [RISIp ‘suolie
“HqU—9OW3

SAWALIXA [|€ JO $3D
-Snw (RISIP Ul SUONE
Sy —ONI

argepeae 10u dn-mof

-)0} wiId-8uo[—paroidun

(e tovisayisased pue ‘dosp

-100) ‘s3] Ul $$0] X3}

-31 fUoNeSUIs pue YJuIns

JO 550] |B2LIIWWIAS [RISIP
31eI3pOW JO 135UO |BNpEID

A2191dwod

P13A0034 SPSB2 ||B 1550]

Klosuas Jo 32132p 1y

pue ‘Xa[Jas SOV JUIsqe

‘ssaueam jedrlatuAs ‘je)
-SIp P[IW JO 1ASUO [enpein

sieak

T 191)8 A12A0931 [€10} J8IU

{{EAOWIAL J31 )€ syjuow

2 103 SN31IP AIosuss

pue 010U jO uoissardosd

{537 Ul uasqe YL ‘ss0)

A10SU3S [BISIP [BUIUIW pue

SSAUNBIM [BILIIDWWAS [81
-SIp 2I3A3S JO 19SUO fenpRID

A1919]dWod PaIIA0d
-31 pue pastedug ssap
ased Iay1o taedwodur 41
-AQJ24 — SUOKBINI|ED pUR
K101 13331 100d *sad
-SSP {RIDR) HBIM ‘STT UI
$sO] uonisod 313A3$ ‘ssau
-)EaMm [RISIp pajyie yim
ased auo ‘Ayredosnduijod
1010WILIOSUSS [EIIIIIWILUAS
{EISIP JO 13SUO SNOIPISU]
jiom Jutaeaj 13yr
A13A0031 [enpeid fsaxay)
-31 UOPU3T SHIYIY pur
1ejpared Jussqe ‘saxa)yal
UOPU2) PIYSILIWIP £S53U
-Yeam JPIsnuI ‘SAUIINXI
13MO] Ul SUOLIBSUAS PJOd
‘uonediisuod "1ysiom pue
21n2dde Jo ssoj ‘eruwosu|
dn-mojjoj yiuow-¢ uo
K12A0334 fenaed sawan
-X3 [BISIP [[€ UY SSauquunu
*sg [eisip ut Aydone
‘spuey pue sgg §O SisA[el

‘Ajuo asn [euossed 104

s12
syuow | —9 -1ured Kexdg £ AGU N
saduels
weid -qNs J3y)0 Aurw
LW /30 090F <01 umouyun Junuiig 8 pue JueXSH
(00413
3UdlAYIa ‘joy
-0d1e jAdosdost
‘[oueylaW ‘3u3n
1uuUnp -[01 *au0130e
s1edh 7 1anboe 1 HETIN CNTIN
Bl (]
pey 2aey
Kew agueyd
13391 {s1eak 3ul auan
Spue gl  -JusInD 4 -101 ‘JuRXIHU
%65
‘parjroadsun
topg ‘duanol
wdd L0/ € "3UdZUAG
Or—¢€1 ‘suewou 10467, PUBOU
‘wdd grz—os ‘oue) topg ) *aurluad
-uad-u ‘wdd 7p—07 syuow U fopQ) Tauw
‘oueidayu ‘wdd L—6 Aep 3w -day o671
0p7—09 ‘JueXaqU /1Y + TI—§  -UBSP USES 3 ‘UBXIH U

ST/72/20 U0 JesD UoIfewLoU | DAD AQ W0D'31e0y) ealellliojul Wolj papeo|umoq ABOj0DIX0 | UISMaINSY [eanID

9261

9L61

9L61

9L6l

si6l

i,

RIGHTS



iews in Toxicology

CRC Critical Rev

294

sjuaw
-e[)JoInau jo
Furdun)o 10
suoxe Kidws
‘uoOMms
ssatsdolq
75068 Jaldu 1nog

UONBUIAWAL
pue ‘uctess
-u3adas ‘syusut
-ejjoinau
ynum adueyo
[euoxe jueid
tAsdoiq aasaN
sjuaw
-g[ijoInsl jo
uonenWNd
-38 ynm uoxe
1uerd pakerd
-sip (wol
-dwiAs 155}
191§E syjuow
¥ "Bd) puo
-33s oy tew
-10U sem (WO}
-dwifs 1511y
131§% YIuot
1 "B2) [enIUt
ayy :sarsdoiq
8P ALIU OM

88

PEY | Ksdorg

S3IsSBed SASLD JIAADS ut
uaj jo Pa19213p HONINPUO)
auo ug 1eau0Iad ou tssdu

p31BA3|3 -jeam 03 uoruodoid

feuwsoN  uIdloId ul paseddsp—ADW

SSaUNE3M 01 UOl)
-10doad ut pasearddp
—ADN
‘suolIR|[13q)j pue
JeWION JUON  sdaem Aansod—OWH

235 /U
27 01 passudap A1100|
-aa BauoaxI —A DWW

‘sopIsnuw
|BISIP 3WOS Uy uole
[N suoN “HUQY—DOING
“qef {eoruID aso £Boporsfydonsaig

SyIuow g 13158

100d sem s3)dsnm {RISIP Ul
AJIA0D3I 1SANILUBNIXG BYT Uy
uswwoid sa3dueyd druou
-oine 'saisjed 3A13u jetueId
10 K101e31dsas ou issof K1os
-u3s 3A013-3uUI01s YIMm
Aydouie spsaw Fuiyrs
Pue sy L(J JO SsOf ‘sased
u2aAds Wy widadiipenb

yum Ing ‘[aisip Apueu
-1wopaid ‘ssauyeam 2194

-35 JO UONN|OAS dINdEQNG

s3n i aan

-oeodAy ‘sapjue pue savuy
1B JUISqE SIX3[JA 1SIPISARU
few:ixo1d Jo ssauyeam
1431y pue sIPISNU ISM JO
ssauyeam ‘doIp-100§ 813
-18{iq 135u3 MO|3q deIsay)
-s3sAp ‘squiy toddn ayy

JO SSaUNBIM “I3B] PUE SSIU

-Yeam 33 J0 135U |ENpRID

dn-mojjoy widy

-8uof ou — sypuow ¢ 1933e
KI3A0021 2185 1180) SY.LA
[f€ ‘S5O A105UdS plIWw

Yitm Ayiedoanau yoiowm
Apjueunuopazd ‘313485 01
uotssaifoud taeisayisared
PUE SS3UNEIM JEILIIIWUWAS

JRISIP JO 125UO dnIeqng

SSOUIH [B31ULL)

SNOHIVOVXHH

JU2A|0S 03
PoppE NIW
1915e syiuow
¢ "e0 tasnqe

Josieax

sysow Qf

syour g

uonemp
aamsodxg

%il

MW ‘%67

‘auanjo) o8]

‘deraoe [Ay1e

SIDJ 10497 ‘duIzuaq
-JIus 1udAjOS 81 104G | ‘FUBXSH
g ¥ PR ‘NN

J0Yod[E jAInqu

sdysuly ‘auoiade ‘Judfhx
unyuang ] ‘3uan|o} ‘NgY W

oy nqunN uesqng

LL61

9.61

9161

woda
Jorsox

JIXOLOINAN OL ANSOdXH AFd1VIdTd ONIMOTTOL dSVHSIA TVOIDOTOYNAN NVINH 40 w.hmon—m%

(panupuoo) € J[qe,

‘Ajuo asn [euossed 104

ST/P2/20 Uo Jo1ua) uoifewoju| DA Ag Wo0'a.eoy1[eayewliojul Wolj papeojumoq ABOJ0DIX0 | UISMBIASY [eO1LD

i,

RIGHTS



295

October 1980

‘3l
31368 [V 1IUNOD {]33 POOIY P31 *DFH 1A1150]3A UDHIONPUDD J0I0W ‘A DN AYdRIBOAWIOINNIS ‘DN 1358UIB0IPAYIP DR ' HAT X991 uopual dasp "Y1 ANwNND J3ddn ‘g IANwWaNXd 1m0 ‘31 FLON

$19q1y 231w JO

$SO| ‘uUOLIRId Ayredoinsu
-uadap jeuoxe A10su3s Apueuropsid s101e40
091 :Asdotq 3aJaN *JRISIP JO 13SuO snotpisuy s1eak g—¢g ~03P oL i duexaHu  [[6]
sased g

U 1BAK JUO 191JB JUS[[IOXD
AIA0D31 110)0W UBY) 53}
YITW $SO] £I0SUIS :SHLA
[I® JO S50 ‘spuey 3y) Jo sis
-Apesed prodey :doip-100)
pue Aydonie |eisip pjlw
‘AFENIU2AD SAIWINXS

aduey> 1m0) Ul Jeisatpisated pue
|evoxe juerd a3uel jeuwnou SS2UNBIM [RISIP £Q PIMO]
:s315dosq BLLIAUE JUOL MO] 1B UOHIORPUOD -10) ‘BISTIEY ‘SSO] YB1om satl ausn
81181 2AI3U INO 4 -yodAy PN SUON dAlau [B3UOIAA—ADA EIXDIOUE JO JISUO SNOIPISU] syluowr g—¢  -010B} 30YS [3 4]0} ‘JURXOHY 1461

‘Ajuo asn feucssed Jo4
STH72/20 Uo ,eusD uolewlou| DA Ag wodaesyifesyewtioul woJj papeojumoq ABOJ0DIX0 | UISMBINSY [eONLD

ir

RIGHTS



Critical Reviewsin Toxicology Downloaded from informahealthcare.com by CDC Information Center on 02/24/15

For personal use only.

296 CRC Critical Reviews in Toxicology

companied by loss of the Achilles reflex. In mild cases, there is preservation of position
sense and no sensory ataxia, periosteal pain, cranial nerve abnormalities, or autonomic
dysfunction, and the other tendon reflexes are spared. In the more severely involved
industrial cases, weakness and weight loss occurs, occasionally accompanied by anor-
exia, abdominal pain, and cramps in the lower extremities. Reflex loss is usually less
than that observed in other polyneuropathies and, even in the moderate-to-severe
cases, may be confined to the Achilles reflex and finger-jerks. Weakness most com-
monly involves intrinsic muscles of the hands and long extensors or flexors of the
digits. A common complaint in these individuals is difficulty with pinching move-
ments, grasping objects, and stepping over curbs. Cases of pure motor neuropathy are
unusual in industrial cases. Vibration and position senses are only mildly impaired,
and pinprick- and touch-sensation loss is usually confined to the hands and feet. As
the neuropathy becomes more severe, weakness and atrophy dominate the clinical pic-
ture and extend to involve proximal extremity muscles. The glue-sniffing cases reported
by Altenkirch® and colleagues displayed a subacute, distal-to-proximal progression of
weakness early in the course of the disease. Rarely in a few glue sniffers with extremely
severe involvement are ‘‘bulbar’’ or phrenic nerve paralyses present. Blurred vision is
an occasional complaint,''? but objective evidence of visual loss has not been docu-
mented. Optic atrophy has been described in two reports. There is one report of hal-
lucination during glue sniffing and one instance of memory loss. Seizures, toxic deler-
ium, cerebellar ataxia, tremor, or cholinergic symptoms are not documented. No
predisposing conditions exist for hexacarbon neurotoxicity, although one study records
a high incidence of polyneuropathy in older workers.*® A priori, individuals with dia-
betes mellitus, renal malfunction, or an alcohol problem would be expected to be most
susceptible since distal polyneuropathies commonly occur in all three types of pa-
tients.??’ A recent report3® describes slowed motor nerve conduction in ‘‘normal”’
workers in a factory with documented cases of solvent neuropathy. This strengthens
the notion that subclinical and readily reversible nerve damage may be an unrecognized
industrial problem.’

Autonomic disturbances have been reported among the glue-sniffers, but not in the
industrial cases. Prominent among these disturbances is hyperhydrosis of the hands
and feet, occasionally followed by anhydrosis. Blue discoloration of the hands and
feet, reduced extremity temperature, and Mees lines are sometimes present in these
patients.” Impotence has occasionally occurred among glue-sniffers with a moderate
or severe neuropathy, but its relationship to nervous system dysfunction has not been
established.!'?

b. Course

Insidious onset and slow progression are the hallmarks of the industrial cases. In
most instances, this is a reflection of low-level, intermittent exposure. In some of the
glue sniffers, especially those with excessive abuse, a subacute course develops leading,
in the severe cases, to quadriplegia within 2 months of the first symptom. The Guillian-
Barre’syndrome has been a serious diagnostic consideration in these patients.

A universal feature of hexacarbon neurotoxicity is the continuous progression of
disability after removal from toxic exposure. Progression usually lasts for 1 to 4
months and often occurs in the hospital. The degree of recovery in most cases corre-
lates directly with the intensity of the neurologic deficit.'®® Individuals with a mild or
moderate sensorimotor neuropathy usually recover completely within 10 months of
cessation of exposure. Severely affected industrial cases also improve, but sometimes
retain mild-to-moderate residual neuropathy on follow-up examination as long as 3
years after exposure. Such individuals have, on occasion, developed hyperactive knee-
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jerks. This reflex change may reflect the degeneration in the corticospinal tracts that
accompanied the peripheral neuropathy.

Glue-sniffers who sustain an extreme degree of distal atrophy may never recover full
strength, and persistent hyperpathia and autonomic dysfunction have been common
in these individuals.® The rates of recovery from the 1973 outbreak of MnBK neuro-
pathy in Ohio are illustrated in Figure 2. Two reports document residual spasticity in
the lower extremities of these individuals, probably reflecting damage to the corticos-
pinal tracts,*!?1%¢

2. Electrodiagnostic Studies
In general, the degree of electrophysiological abnormality, both electromyographic
and in nerve conduction, parallels the severity of the clinical illness.

a. Electromyography

The electromyographic abnormalities are usually symmetrical and greater in distal
than in proximal muscles. In patients with minimal involvement, positive waves and
abnormal motor unit potentials are often the only findings. Nerve conduction times
and clinical examinations are usually normal at this stage. Allen and colleagues’ de-
tected 37 cases in the Ohio M nBK epidemic without clinical evidence of nervous system
disease, but with the abnormal electrodiagnostic findings mentioned above, they con-
sidered these cases to represent subclinical M nBK neuropathy. It is difficult to chal-
lenge their conclusion, since the authors both eliminated other sources of neurological
illness in the workers and also performed the electrodiagnostic studies with great care.
This study strongly suggests that electromyography of the distal extremities may be an
excellent screening device for populations which risk hexacarbon neurotoxicity. The
more severe cases generally display fibrillation potentials, positive waves, and reduced
amplitude of muscle action potentials. With recovery or stabilization of the condition,
the electromyographic changes disappeared. Residual findings included reduction in
numbers of motor unit action potentials and increased amplitudes.

b. Nerve Conduction Velocity (NCV)

In cases with minimal involvement, both motor and sensory nerve conductions are
usually normal or at the low normal range of velocity. As the clinical illness intensifies,
a progressive slowing of conduction occurs and, in the most extreme cases, distal per-
oneal nerve conduction cannot be elicited. Allen and colleagues’ note that in five cases,
distal latencies were prolonged in the presence of normal peroneal nerve conduction
times. Buiatti and co-workers* studied Florentine shoemakers and found both abnor-
mal motor nerve conduction in ‘‘normal workers’’ and a direct correlation between
the duration of solvent exposure and the slowing of the motor nerve conduction veloc-
ity (MCV). Shirabe and colleagues®** and Korobkin and colleagues'*? (Table 4) describe
in their cases, severe slowing of motor nerve conduction, seemingly out of proportion
to the degree of weakness. The latter report, which also incorporated a detailed study
of a nerve biopsy from their case, concluded that although such profound slowing is
usually associated with primarily demyelinating neuropathies, in n-hexane neuropathy
it probably reflects the paranodal myelin changes caused by the initial axonal swelling
{see Section II1.C.4). The same group subsequently reported?” decrements in nerve
conduction in rats subchronically exposed to MnBK, but without histological evidence
of demyelination. Altenkirch® also demonstrated a severe degree of impairment of
nerve conduction in the Berlin glue-sniffing cases.

There have been few reports of NCV’s in individuals recovering from hexacarbon
neuropathy. In the Ohio MnBK cases with good clinical recovery, the motor NCV
tended to return to normal.®
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¢. Visual evoked potentials (VEP) and Electroretinogram

A study of VEPs and averaged extraocular retinograms recently has been re-
ported.?® The amplitude and the latency of the VEP were both abnormal, and were
interpreted as consistent with axonal degeneration in the CNS visual system. This find-
ing may correlate with the distal axonal degeneration observed in the optic tracts of
animals experimentally intoxicated with 2,5-HD.’** Abnormalities in the electroretin-
ogram are unexplained, but could reflect macular dysfunction.'’®

d. H-Reflex

Bravaccio and associates?*® reported changes in the H-reflex response and, in partic-
ular, the excitability cycle of spinal motoneurons, in cases of n-hexane polyneuropa-
thy. About one half of the cases showed a shorter duration of early inhibition phases,
an increased late facilitation, and a shorter late inhibition phase.

3. Laboratory Findings

In the majority of cases of hexacarbon neuropathy, the cerebrospinal fluid contains
a normal amount of protein, and cells are absent. These findings are compatible with
distal axonal neuropathy.'*s The rare case with elevated cerebrospinal fluid protein
may reflect nerve fiber degeneration which has ascended to the spinal roots.

Clinical laboratory tests reveal no consistent pattern of hematologic, hepatic, or
renal dysfunction, or abnormality of glucose metabolism. The finding, in one study,’
of low erythrocyte acetylcholinesterase levels accompanied by elevated plasma bu-
tyrocholinesterase was not correlated with the presence of neuropathy.®. One case re-
port®® describes aplastic anemia in concert with glue-sniffing neuropathy. This may be
coincidental since the hematologic abnormalities did not appear until 3 months after
discharge from the hospital; alternatively, it could be related to the toluene present in
the glue vapor.

4. Neuropathology Findings

Nerve biopsies from mild cases may be normal, even when examined by electron
microscopy. Occasionally, muscle biopsy from such cases may reveal abnormalities of
neuromuscular junctions or of intramuscular nerve twigs.** The most informative
nerve biopsy results are usually obtained from moderate or severely involved individ-
uals; in these cases, teased myelinated nerve fiber preparations have clearly illustrated
paranodal giant axonal swellings accompanied by myelin retraction.®-*8'-!#8-24! Electron
microscopy reveals the axonal swellings consist of accumulations of 10-nm neurofila-
ments.''*'82 Giant axonal swellings were also found in the fasciculus gracilis of one
case that came to autopsy.'?? Demyelination, remyelination, and normal regeneration
are also reported. These pathological features are identical to the abnormalities ob-
served in experimental hexacarbon neuropathy.??*

D. Potentiation of the Effects of n-Hexane or MnBK by Other Compounds

There are three recent reports of human nervous system damage after exposure to
MEK, allegedly in the absence of either 7hexane or MnBK.%' 7252 None of these re-
ports of MEK neurotoxicity contains a detailed chemical analysis of the solvent or the
atmosphere. Such claims of MEK neurotoxicity should be regarded with skepticism
until further confirmation, especially since there is no evidence of nervous system dam-
age in animals after prolonged exposure to high levels of MEK.45-222

Altenkirch and co-workers®-*® in Berlin have reported experimental and epidemiol-
ogical evidence to suggest that MEK may potentiate n-hexane neurotoxicity. In their
group of glue sniffers, 18 cases of neuropathy occurred several months after the addi-
tion of 11% MEK to the glue and a lowering of the amount of n-hexane from 31% to
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16% . After removing the MEK from the glue, no new cases occurred, except for one
individual who continued to sniff the MEK-containing solvent. Two of the present
authors (H.H.S. and P.S.S.) examined some of the Berlin cases, reviewed the biopsy
and analytical data, and fully concur with the findings of this study. The conclusion
that MEK had a role in the Berlin epidemic is strongly supported by the evidence.
However, it is curious that the solvent abusers failed to develop neuropathy with the
mixture of 31% n-hexane, since they consumed large amounts over the 7-year period
prior to the addition of MEK, and the concentration of n-hexane was the same as was
reported to be toxic in the case of Korobkin and co-workers.''? Two studies'® '®® dem-
onstrate that animals exposed to a combination of n-hexane or MnBK with MEK will
develop neuropathy more rapidly than if exposed to either m-hexane or MnBK alone.
Potentiation of small amounts of m-hexane (0.5%) by other solvent components may
also have been a factor in the Tampa glue-sniffing neurotoxic outbreak.!”* However,
a definitive explanation of the Tampa outbreak will not be forthcoming until all com-
ponents of the implicated solvent are fully tested in animal experiments.'?*2% There
are also reports of peripheral nerve damage after exposure to gasoline'®’-2** and to
partially analyzed hydrocarbon mixtures. The role of neurotoxic hexacarbons in these
cases also remains sub judice.

IV. PHARMACOKINETICS AND BIOTRANSFORMATION

This section discusses the absorption, tissue retention, metabolism, and excretion of
nhexane and methyl n-butyl ketone in man, animals, tissue cultures, and in vitro. n-
Hexane and M nBK are considered together because they are metabolically interrelated
and probably produce nerve damage by common mechanisms.*s Studies in man and
experimental animals are juxtaposed, since widely divergent metabolic pathways have
not been reported.®*-** This section also considers the metabolic modifications induced
by concurrent exposure to MEK and either hexacarbon solvent, and the effects of
pretreatment with other agents that affect liver-oxidation.

A. Man and Experimental Animals
1. Absorption

Exposure to n-hexane or MnBK by respiratory, subcutaneous, or intraperitoneal
routes induces neurological damage in experimental animals. Subclinical neuropathy
was reported in chickens exposed percutaneously to a hexane mixture (35.2% n-hex-
ane), and significant amounts of MnBK will enter dogs and man by this route.>* MnBK
applied to uncovered skin of a guinea pig for 5 days a week for 35 weeks failed to
produce either signs or histological evidence of neuropathy.'**

a. Respiratory

Respiratory uptake in man has been studied for a number of organic solvents includ-
ing n-hexane'*” and MnBK.* Nomiyama and Nomiyama'%’ examined this question in
a group of Japanese men and women aged 18 to 25 exposed to n-hexane (87 to 122
ppm) and other solvents for periods up to 4 hr. Measurement of n-hexane in expired
air showed a mean respiratory uptake of 27.8 + 5.3%, the mean respiratory retention
being as low as 5.6 + 6.2%, the lowest values obtained for seven tested solvents. These
results for n-hexane stand in contrast to those reported for M nBK.3* Experiments with
three human volunteers (22 to 53 years old) and four dogs exposed to 10 to 100 ppm
MnBK revealed a respiratory retention of 75 to 92% and 65 to 68%, respectively.
These data, in part, may account for the significantly greater neurotoxic effect of in-
haled MnBK in man and animals, and the reported failures of n-hexane to induce
neuropathy in animals.”%-'24
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FIGURE 3. Skin absorption of (1-**C)MnBK in male beagles. (1-
“C)MnBK (20 uCi) was diluted with carrier and added to a glass ab-
sorption cell (55.6 m?) secured on the dog’s thorax. Hair was clipped
24 hr before testing. (From DiVincenzo, G. D., Hamilton, M. L.,
Kaplan, C. J., Krasavage, W. J., and O’Donoghue, J. L., Toxicol.
Appl. Pharmacol., 44, 593, 1978. With permission.)

b. Percutaneous

We have not encountered controlled studies of skin absorption of n-hexane, al-
though cutaneous absorption has been suggested as the major route of entry in man,'#’
and was claimed to have caused one outbreak of neuropathy.'**

Skin absorption of MnBK has been examined in man, dogs** (Figure 3), and rab-
bits,?'° and found to be potentially a very significant route of entry. The shaven skin
of dogs absorbed 77 mg in one hour, and human skin absorbed 16 to 27 mg during
the same period.®* Concurrent skin exposure to MEK and MnBK resulted in the ab-
sorption of 75 mg of solvent in 30 min by dog skin and 14 to 19 mg by human skin.
The absorption rate in man ranged from 4.2 to 8.0 ug/min-'‘cm~2 for 97% pure MnBK
and for the 9:1 (vol:vol) MEK:M nBK mixture.**

¢. Oral
Man can absorb (1-*C)MnBK from the gastrointestinal tract.’* Serum 2,5-HD is

present in rats exposed by gavage to any of the six interrelated hexacarbon metabo-
lites.'s¢

2. Metabolism

The metabolism of n-hexane and M nBK has been determined in experimental species
by gas chromatographic separation of serum and urinary metabolites and their analysis
by mass spectrometry.?3:45-53.55.168.254 [t js assumed man metabolizes these compounds
comparably, but few data are available: typical metabolites were not detected in urine
of workers exposed to n-hexane,'®® and *CO, was found in respiratory air of volun-
teers exposed to (1-'*C)M nBK.**

Table 5 summarizes experimental studies of the effects of n-hexane and MnBK on
liver enzymes. Couri and co-workers* have demonstrated that MEK also activates
hepatic microsomal enzyme activities. Hexabarbitol-induced sleep times were reduced
in rats inhaling MEK and MnBK, and this property was related to MEK and not to
MnBK. In vitro studies showed in rats subchronically exposed to MEK/MnBK that
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Table 5
LIVER MICROSOMAL STUDIES IN ANIMALS EXPOSED TO
HEXACARBONS

Duration
Compound Species Route Dose (day) Effect Ref.

""Hexane”’ Rat Liver microsomal changes 131
similar to hexobarbital
Rat Incubation Hydroxylation occurred at all 74
with liver carbon atoms yielding
microsomes mixed hexanols
Mouse Respiratory 230 4 Cytochrome P450, cyto- 113
chrome bs, and cytochrome
P450 reductase levels in-
creased in liver microsomes
— enhanced microsomal
monooxygenase system
Rat UDP-glucuronyltransferase 248
activated slightly by hexane
in a liver microsomal sus-
pension
Rat Intraperito- 60 After 8 days, liver microso- 150
neal injec- mg/ mal protein content in-
tion kg/ creased; UDP-glucuronyl-
day transferase activity induced;
increased urinary excretion
of D-glucuronic acid and D-
glucaric acid
Guinea pig Treatment of guinea-pig liver 151
microsomal preparation
with hexane enhanced glu-
curonidation of p-nitro-
phenol and o-aminophenol;
parahydroxylation of ani-
line increased greatly
Rabbit (pre- Incubation Partial uncoupling; increased 231
treated with liver hydroxylation in presence of
with phen- microsomes NADH and NADPH
obarbitol)
Perpluro-n- Formation of enzyme: sub- 231
hexane strate complex with P-450,
triggering reduction and
subsequent oxygen binding
to cytochrome by
Cyclohex- 1:1:1 Monooxygenase system 231
ane stoichiometry for cyclohex-
anol: NADPH: O,
MnBK/ Rat Respiratory 225/ Enhanced hepatic microso- 46
MEK 750 mal activity attributed to
ppm MEK

Expanded from Chemical Industry Institute of Toxicology, Current Status Report, No. 1, n- Hexane, 1977.
With permission.

hepatic enzyme activities were increased, as judged by the enhanced production of p-
aminophenol, formaldehyde, p-aminobenzoate, and sulfanilamide. These findings in-
dicate that prolonged exposure to MEK may induce significant changes in the metab-
olism of a variety of chemicals and drugs. This may help to explain why humans and
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FIGURE 4. p-Hexane metabolism and its link with M nBK metabo-
lism. (From Perbellini, L., De Grandis, D., Semenzato, F., Rizzuto,
N., and Simonati, A., Toxicol. Appl. Pharmacol., 46, 421, 1978.
With permission.)

animals exposed to MnBK or n-hexane, in addition to MEK, develop neuropathy
sooner than if exposed to MnBK or r-hexane alone.

n-Hexane and M nBK share the common metabolite, 2-hexanol, which has a neuro-
toxic potential intermediate between the two parent compounds (Figure 4) (see Section
VI.B.5.a). Studies using liver homogenates from animals treated with phenobarbitone
show 2-hexanol, 2,5-HD, and MnBK appearing as the hydroxylation and oxidation
products of n-hexane.*® 2-Hexanol is metabolized to a methyl ketone'*® (presumably
MnBK) when administered to rabbits. Although 2-hexanol is the principal metabolite
of n-hexane,*’* hydroxylation to l-hexanol and 3-hexanol also occurs to some
degree.?74-166.231 {.Hexanol is successively oxidized to hexanoic acid and foliows the
pathway for B-oxidation of fatty acids.?”'** The metabolic fate of 3-hexanol has not
been reported.

The metabolism of MnBK has been determined only for guinea pigs and rats. Di-
Vincenzo and colleagues® found the metabolites of M nBK administered to guinea pigs
to be 2-hexanol, 5-hydroxy-2-hexanone (5-OH-2-H), 2,5-hexanediol (2,5-HDiol), and
2,5-HD. While the interpretation of metabolic data from serum is complicated, be-
cause the concentration of metabolites depends on such factors as clearance, distribu-
tion in body water, and further metabolic conversions, the following conclusions were
drawn from this study: MnBK is hydroxylated to 5-OH-2-H which is then either oxi-
dized to 2,5-HD or reduced to 2,5-HDiol and, to a small extent, may be converted to
2,5-dimethyl-2-3-dihydrofuran. DiVincenzo and co-workers also examined the meta-
bolic fate of MiBK and MEK and established a principle of major importance to an
understanding of the neurotoxic potential of alkanes: aliphatic ketones are metabolized
both by reduction of the carbonyl group to form a secondary alcohol, and by oxidation
of the subterminal (w-1) carbon atom to form an hydroxylated ketone. In the case of
MnBK, the hydroxylated ketone is oxidized to 2,5-hexanedione. Couri and co-work-
ers*s found M nBK oxidation occurring in the liver microsomal fraction and reduction
in the cytosol fraction (see also Liebman'??).

DiVincenzo and colleagues®® further studied the metabolism of MnBK by exposing
rats by gavage to 20 or 200 mg/kg (1-'*C)M nBK, with and without pretreatment with
200 mg/kg of the unlabeled compound. Radioactive compounds identified in the

RIGHTS



Critical Reviewsin Toxicology Downloaded from informahealthcare.com by CDC Information Center on 02/24/15

For personal use only.

304 CRC Critical Reviews in Toxicology

° 9 0 OH Ond 0 0
¢ CHy € CHyCHCH,C e oplonCrptnon e cryb ey ong
-— HLCH
HOCH,C CHa ChzCH CHy a - oxidotion 3V MTRMTRATTS - ouidation 3~ ek * Reduchon TR
2 - Keto - |- hexanal Methyl nbutyl ketone 5 -Hydroxy-2- hexanone 2,5 - Hexanedione
/
Reduct ?,/ 1. Enolization 1. @ - Oxidation
lO-m"M uction /2. Cyclzation 2 Oxdation .
’
% o 09 o
i
HOB & CH,THCHCHy CH3CHCHaCHaCHLCH3® S Gp N HOE CCHyCH, CHCHy
2-Kato- hexonoic ocid - 2-Kelo-5-hydroxy hexanoic ocid
2~ hexanot 2 5edmetnyi- yedrony
2 Avcor 23 - dihydroturan €0, —= Ureo’
/ b Demrbgnylallm Transomination Oxidotion 1. Decarboxylation
# 2.Oudarion mdohio 2. Oxidation
HO%CH CHyCHZ CH HO@(?:?CH CHaCHpCHY RN Q H
. ;
2-Te=T R Lk CHyN o~ CHy HOC CH,CH,CHCHy
Pentanoic acud 2-Amino hexanoic acid " d
{norleucine) 2,5~ dimethylturan 4-Hydrony pentanaic oc

1 Lactonizahion

[o]

"Designotes compounds OC CHo CH CH CHY
octuolly dentilied as 22 3
metobolites y -Valeroloctone

FIGURE 5. Pathway for the metabolism of (1-'*C)M nBK in the rat. Asterisk (*) designates compounds
actually identified in serum. (From DiVincenzo, G. D., Hamilton, M. L., Kaplan, C. J., and Dedinas,
1., Toxicol. Appl. Pharmacol., 41, 547, 1977. With permission.)

serum were M nBK, 5-OH-2H and 2,5-HD; in the breath, CO, and unchanged M nBK,
and, in urine, 2-hexanol, 5-OH-2-H, 2,5-HD, 2,5-dimethylfuran, y-valerolactone,
urea, and norleucine. Thus in the rat, MnBK is handled by a variety of pathways
including reduction, alpha-oxidation (detoxification), and «-1 oxidation (neurotoxic
activation). 5-Hydroxy-2-hexanone is a key intermediate in metabolic activation, the
neurotoxic compound 2,5-HD and the nonneurotoxic compounds 2,5-dimethylfuran
and delta-valerolactone being formed from this intermediate. Although 5-OH-2-H and
2,5-HD are interconvertible, the reaction (in the guinea pig) favors the formation of
the neurotoxic y-diketone 2,5-HD** (Figure 5).

Prior to renal excretion, some ketonic solvents may undergo conjugation reactions
with glucuronic acid, sulfate, or glutathione. Glucuronic acid conjugation may proceed
via either ketonic reduction to the corresponding secondary alcohol or ketone oxida-
tion to a carboxylic acid derivative. Oral administration of MnBK to rabbits increases
the amount of glucuronic acid in the urine.!*® The general outline of ketone conjuga-
tion reactions is summarized in Figure 6. Rats, guinea pigs, and rabbits exposed to
MnBK vapor excrete 2-hexanol in urine principally as O-glucuronides.*** Cyclohexa-
none administered to rabbits is conjugated and excreted as glucuronide, sulfate ester,
mercapturic acid, and other sulfur-containing metabolites,55-103.242

3. Blood and Serum Clearance

Studies on the clearance of n-hexane, MnBK, 5-OH-2-H, and 2,5-HD from blood,
serum, and tissues have been conducted in man (serum only), and in guinea pigs and
rats.?-31-33.45.53-55 Hymans exposed by inhalation to 100 ppm MnBK show serum con-
centrations of MnBK; the metabolite 2,5-HD appears following exposure.5*

Couri and colleagues*® demonstrated in guinea pigs exposed to n-hexane. (660 mg/
kg single dose) that a peak blood concentration of 200 ug/mif was reached in 30 min.
n-Hexane was lost from blood in two phases: an initial (alpha) rapid elimination with
a half-life (T »2) of about 36 min and a slower (beta) phase of elimination having a 4-
hr half-life (Figure 7). These authors also studied the elimination of MnBK from rat
blood after a single dose of approximately 480 mg/kg MnBK. A peak blood level of
650 ug/m! was reached at 30 min, elimination following an initial alpha phase with a
T ¥4 of 10 min, followed by a beta phase with a T 2 of 7 hr (Figure 8). A comparable
excretion time (6 hr) for MnBK occurs in serum of rats fed 200 ug/kg of MnBK,
although the peak serum concentration in this study was only 38 ug/mf. The MnBK
metabolites of 5-OH-2-H and 2,5-HD increase with time, the former peaking with
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hman, M. S.,
39, 295, 1978.

MnBK at 2 hr and disappearing by 6 hr, the latter peaking at this time, and disappear-
ing at 16 hrs® (Figure 9). Because 2,5-HD seems to be a primary neurotoxin, its pro-
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FIGURE 9. Concentration of MnBK and its metabolites 5-OH-
2-H and 2,5-HD in rat serum after oral administration of 200 mg/
kg of MnBK (From DiVincenzo, G. D., Hamilton, M. L., Kaplan,
C. 1., and Dedinas, J., Toxicol. Appl. Pharmacol., 41, 547, 1977.
With permission.)

longed residence time in rat and guinea-pig serum may be an important contributory
factor in the development of neurological damage from exposure to MnBK and n
hexane.*%* Animals treated with phenobarbitone to activate the microsomal oxidation
system before exposure to n-hexane or MnBK show quantitative changes in blood/
serum metabolites?** and (rats) a reduced susceptibility to neuropathy.? This has not
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EFFECTS OF PHENOBARBITAL PRETREATMENT: ON APPEARANCE IN SERUM OF

MNBK AND METABOLITES FOLLOWING SINGLE INJECTION OF M NBK*

Phenobarbital + M aBK Saline + MaBK
Species Metabolites 50 100 180 5o 100 180
Guinea pig MnBK 1.0 mg 0.4 mg 0.2mg 1.4mg 0.75mg  0.65mg
2-Hexanol 0.12mg 1.4 mg 0.1mg 0.1 mg 0.19mg 0.07 mg
2,5-HD 1.3 mg 1.1 mg 1.0 mg <20.0ng 0.14mg 0.25mg
160 200 160 200
Rat M nBK 0.44 mg 0.3 mg 0.05mg  0.009 mg 1.8 mg 1.0 mg 0.6 mg 0.23mg
2-Hexanol 0.01 mg 0.0l mg 0.01 mg 0.09 mg <20.0ng 0.03mg 0.03mg 0.05 mg
2,5-HD 0.06 mg 0.06 mg 0.90 mg 0.47 mg <20.0ng <20.0 ng 0.07 mg 0.06 mg

50 mg/kg i.p. for guinea pigs and 100 mg/kg i.p. for rats, daily for 3 days.

*  i.p. injection of 160 mg for guinea pigs and 64 mg for rats.

From Abdel-Rahman, M., Hetland, L., and Couri, D., Am. Ind. Hyg. Assoc. 1., 37,95, 1976. With permission.

been fully explained but may be related to the increased urinary clearance of 2,5-HD
in these animals.? Table 6 summarizes the effects of phenobarbital on the blood con-
tent of MnBK and metabolites in guinea pigs and rats exposed to MnBK.

The metabolic basis of the reported’®® MEK enhancement of MnaBK neurotoxicity
has been examined in part. From measurements of blood concentrations of MnBK in
rats exposed to MnBK alone or to MEK/M nBK combinations, it is evident that either
of these solvents may significantly alter the pharmacokinetics of the second agent.?
Continuous exposure of rats to 440 ppm M nBK alone for 1 week or 2 months resulted
in undetectable MnBK blood levels; however, when rats were continuously exposed to
225 ppm MnBK in combination with 750 ppm MEK for one week, MnBK concentra-
tion in blood increased to 9.5 mg%:.? This also raised the concentration of 2,5-HD.
Potentiation of n-hexane neurotoxicity by concurrent exposure to MEK has been es-
tablished,'*-#2 but the metabolic basis has yet to be demonstrated.

Suzuki and co-workers?*® reported n-hexane metabolism to be unaffected by concur-
rent exposure to toluene.

4. Tissue Pharmacokinetics

Bohlen and co-workers?* exposed rats to 170 g/m® hexane (n-hexane?) vapor for 2
to 10 hr and determined the distribution in various tissues. The uptake of hexane into
blood, brain, kidney, and spleen followed an exponential function as predicted by the
mathematical methods of Kety*®® and Mapleson.!* In liver, hexane concentration in-
creased linearly and did not reach saturation. Comparison of the n-hexane partition
coefficient with the lipid content of brain, adrenal, kidney, and spleen indicated a
direct relationship between hexane saturation and lipid content of the organ. However,
blood contained hexane in excess of amounts predicted on the basis of the partition
coefficient of mhexane, or by the lipid content of blood. n-Hexane is cleared from
male Fischer-344 rat tissues 4 to 8 hr after single or repeated exposures to 1000 ppm.*!
In pregnant F-344 rats, a single exposure of 1000 ppm n-hexane for 6 hr gives on day
20 of gestation, a maximum tissue concentration of n-hexane and MnBK immediately
after exposure. Significant levels of n-hexane, MnBK, and 2,5-HD appear in the fetus
and elsewhere’? (Table 7). Repeated exposure to n-hexane (6 hr/day on days 15 to 18
of gestation) resulted in a more rapid appearance of the peak blood level of 2,5-HD
and a more rapid clearance of this metabolite.*

Although comparable pharmacokinetic data are unavailable for MnBK, the tissue
distribution of 2,5-HD has been recently studied by Angelo.'* Two groups of rats re-
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Table 7
DISTRIBUTION OF n-
HEXANE AND
METABOLITES IN ORGANS
AND FETUS OF PREGNANT
RATS®

Maximum
concentration (mg/m#)

Site n-Hexane MnBK 2,5-HD

Blood 0.45 0.70 1.73
Liver 0.84 0.16 1.30
Kidney 0.53 1.04 1.37
Brain 0.04 0.69 3.61
Fetus 0.61 0.51 1.67

*  Administered 1000 ppm n-hexane for 6
hr on day 20 of gestation. Levels of n-
hexane and M nBK were maximal im-
mediately after exposure and less than
10% of peak values after 4 hr, 2,5-Hex-
anedione was maximal at 4 hr, detect-
able at 8 hr, and absent after 24 hr.
Calculated halftimes of 2,5-HD in
blood and fetus were ™ 3 to 4 times
greater than those of n-hexane and
MnBK.

Adapted from Bus, J. S., White, E. L.,
Heck, H. d’A., and Gibson, J. E., Tera-
tol., 17, 42A, 1978, and Bus, J. S., White,
E. L., Tye, R. W., and Barlow, C. S.,
Toxicol. Appl. Pharmacol., 51, in press,
1979,

ceived 2,5-HD containing (‘*C)2,5-HD at a dose of 0.8 and 8 mg/kg and the tissue
distribution of label determined at 11 intervals between 15 min and 3 days (Figure 10).
At 24 hr, label concentration was higher (P < 0.05) at the 8.0 mg/kg dose in blood,
liver, kidney, muscle, fat, lung, and skin, whereas concentrations in sciatic nerve were
similar (P < 0.05) at the two dose levels. These observations are in accord with those
reported by Bus et al.’' who found that 2,5-HD was selectively retained by sciatic nerve
tissue in rats exposed to single or repeated doses of n-hexane, n-hexane and its metab-
olite MnBK disappearing from the nerve by 4 to 8 hr after exposure (Table 8). These
data have been interpreted as indicating that 2,5-HD has a special affinity for periph-
eral nerve tissue. This would be surprising since areas of the brain and spinal cord are
equal to sciatic nerve in their vulnerability to neurotoxic hexacarbons. It will be impor-
tant to explain the apparent discrepancy between residency data for sciatic nerve and
spinal cord,? and brain.*'

5. Subcellular Distribution

DiVincenzo and colleagues®® reported that the subcellular distribution of radioactiv-
ity from (1-'*C) MnBK was similar for liver, kidney, and brain tissue. Incorporation
of radioactivity into lipids and pratein reached a peak at 8 hr and remained unchanged
or decreased at 24 hr (Table 9). Unfortunately, these data offer few clues as to the
site(s) of neurotoxic action.
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FIGURE 10. Concentration of label in different organs after i.p. administration of
(**C)2,5-HD to rats. Muscle was removed from abdomen and thigh, skin was from the
distal region of the ear, and fat was taken from the lumbar region. (Courtesy of Mr.
M. Angelo.)

Table 8
DISTRIBUTION OF 2,5-
HEXANEDIONE IN
MALE FISCHER-344
RATS"

2,5-Hexanedione ug/g

12hr 24 hr
Blood — <0.05
Brain — <0.05
Liver — <0.05
Kidney — <0.05

Nerve  0.63, 0.56 0.48, 0.46

*  After exposure to 1000 ppm n-
hexane 6 hr/day for 1 or §
days.

6. Excretion
a. Normal and Diabetic Subjects

Many ketone solvents are normal constituents of human urine. This was first re-
ported by Tsao and Pfeiffer,>** who found traces of MEK in the urine of healthy
adults. Zlatkis and co-workers?*® subsequently found a variety of acyclic ketones in
normal urine, along with a few additional ketones and cyclohexanone in the urine of
individuals with diabetes mellitus. MnBK and ethyl n-butyl ketone, a seven-carbon
compound probably capable of producing neuropathy,'® is present in nanogram quan-
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Table 9
SUBCELLULAR DISTRIBUTION OF RADIOACTIVITY IN
THE LIVER, KIDNEY, AND BRAIN OF MALE CHARLES
RIVER CD,® COBS® RATS"

Tissue fractions® (dpm % 10%/g tissue wet weight)

Time Recovery
Tissue (hn) OH ASF CLF RNA DNA Protein (%)

Liver 2 118 87 10.3 0 1.8 4.9 88
4 206 155 13.1 0 4.6 13.7 91

8 195 112 26 0 4.5 30 89

24 92 28 23 2 5.5 30 97

Kidney 2 82 55 5.7 1.1 0.4 3.8 80
4 45 102 5.7 0 4.3 10.9 88

8 i34 74 15.9 0 3.6 23.3 87

24 64 20.2 154 0 2.6 20.8 92

Brain 2 48 30 2.7 1.3 0 1.4 74
4 94 66 34 0 1.8 3.0 79

8 81 50 9.7 0 1.8 6.2 84

24 28 12.1 9.9 0 0.8 5.3 100

*  Treated orally with 200 mg/kg of (1-*C) M nBK.

O.H., original homogenate; ASF, acid-soluble fraction; CLF, crude lipid frac-
tion; RNA, ribonucleic acid; DNA, deoxyribonucleic acid. Values are expressed
as the average for two rats.

tities in sera of treated and untreated diabetics with and without neuropathy, and in
similar concentrations in normal individuals.?¢°

b. Exposed Subjects

Controlled studies show that MnBK and n-hexane are each excreted in the breath
as the parent compound or as carbon dioxide, and as the parent compound and other
metabolites in urine. Few excretion data are available for humans exposed to hexacar-.
bon solvents.

Shoe-factory workers exposed to ‘‘commercial hexane’’* excreted metabolites of n-
hexane in urine: 2,5-HD (36% of total), 2,5-dimethylfuran (32%), y-valerolactone
(30%), and 2-hexanol (2%).'%%'*¢ Higher levels of exposure increased the concentration
of all metabolites except y-valerolactone. Perbellini and co-workers*¢* pointed out that,
in their hands, the excretion pattern was different in man and animals: in rats (exposed
to pure n-hexane), 2-hexanol contributed 33 to 55% and 2,5-HD 10 to 20% of the
total urinary metabolites.”®

Controlled studies with (1-'*C)M nBK examined the fate of label after oral adminis-
tration to two human volunteers.** Expired breath was collected for 5 min/hr for 14
hr and at intervals thereafter (Figure 11), and urine samples at 4-hr intervals for 16 hr
and thereafter (Figure 12). Feces were not examined. Volunteers given 0.1 mg/kg (1-
“C)MnBK excreted **CO, which peaked within 4 hr and decreased slowly over 3 to §
days. Most of the radioactivity in urine was found within 48 hr and was completely
eliminated by 8 days. By this time, breath elimination of**CO, averaged 39.5% of the
total dose and the excretion of radioactivity in urine 26.3%. Overall recovery of '“C
was 65.8%; the remainder was presumed to have been incorporated into intermediary

* n-hexane (20 to 60%); a methylpentane (4 to 18%); 3-methylperthane (3 to 16%); cyclohexane (5 to
42%); methylcyclopentane (1 to 15%).
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FIGURE 11. Excretion of radioactivity in the breath by two volun-
teers following the ingestion of MnBK. Two microcuries of (1-
“C)MnBK were mixed with corn oil, placed in a gelatin capsule, and
taken with water. The dose was 0.1 mg/kg of body weight. (From
DiVincenzo, G. D., Hamilton, M. L., Kaplan, C. J., Krasavage, W.
J., and O’Donoghue, J. L., Toxicol. Appl. Pharmacol., 44, 593,
1978. With permission.)
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FIGURE 12. Excretion of radioactivity in urine by two volunteers
following the ingestion of 2 Ci of (1-“C)M nBK. (From DiVincenzo,
G. D., Hamilton, M. L., Kaplan, C. J., Krasavage, W. I., and
O’Donoghue, J. L., Toxicol. Appl. Pharmacol., 44, 593, 1978. With
permission.)

metabolism and/or stored in tissue or fat depots. These data demonstrate that radio-
activity derived from (1-**C) M nBK is excreted more slowly by man than by the rat.

c. Experimental Animals

When mhexane is administered to rats, the following compounds appear in the ur-
ine: n-hexane,* 2,5-HD, 2,5-dimethylfuran,’® 2-hexanol,?7%!%® and 3-hexanol,'® the
amount of 2-hexanol representing 0.5 to 1.2% of the given dose. Phenobarbital pre-
treatment affects 3-hexanol and 2-hexanol* excretion.

Rats inhaling 2-methylpentane or 3-methylpentane, excrete 2-methyl-2-pentanol and
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Table 10
EXCRETION OF RADIOACTIVITY (UNITS
NOT STATED) IN RATS DOSED WITH M NBK*

Collection period (hr) Urine  Expired air Feces Total

0—6 10.3
6—12 8.9
12—18 10.0
18—24 2.6
0—24 31.8 12.7 2.0 46.5
24—48 4.8 0.05 2.7 7.6
48—72 3.5 0.02 3.2 6.7
0—72 40.1 12.8 7.9 60.8

Effect on Rats Exposed to M n BK of Pretreatment With Phenobarbital®

Phenobarbital + MnBK Saline + MnBK

Treatment Hydrolyzed Nonhydrolyzed Hydrolyzed Nonhydrolyzed

MnBK 0.5mg <30ng 1.4mg <30ng
2-Hexanol 1.7mg <20 ng 2.7mg <20 ng
2,5-HD 2.4mg <20 ng 0.3mg 0.3mg

Dosed i.p. with 12 uCi *H-M nBK
100 mg/kg i.p. daily for 3 days — on excretion of hexacarbons follow-
ing i.p. injection of 64 mg M nBK

b

From Abdel-Rahman, M., Hetland, L., and Couri, D., Am. Ind. Hyg.
Assoc. J., 37,95, 1976. With permission.

3-methyl-2-pentanol, respectively. None of these compounds was found in control
rats.’®

MnBK elimination by experimental species is summarized in Table 10 from the work
of Abdel-Rahman and colleagues.? These investigators recovered in a 3-day period
61% of an administered dose of tritiated MnBK; pulmonary excretion accounted for
12.8%, with 40.1% and 7.9% appearing in the urine and feces, respectively. Pretreat-
ment of rats with phenobarbital halved the urinary concentration of MnBK and 2-
hexanol, and (in rats) increased the amount of 2,5-HD 8-fold. In comparably treated
guinea pigs, MnBK excretion was increased by 3-fold, 2-hexanol by 2-fold, and 2,5-
HD by 22-fold.? Angelo* found that rats injected intraperitoneally with '*C-labeled
2,5-HD excreted approximately equal amounts of Iabel in air and urine (approximately
40%) and only 1.45% in the feces. Urinary components in M nBK-exposed guinea pigs
include MnBK, 2-hexanol, and 2,5-HD?** and in male Charles River rats, 2-hexanol
(22%), S-OH-2-H (21%), 2,5-HD (14%) 2,5-dimethylfuran (6%), y-valerolactone
(5%), amino acids, and urea.>?

d. Tissue Cultures

Spencer and co-workers?*® studied 2,5-HDiol and 2,5-HD in tissue culture models
of the nervous system (see Section VI.B.5.h.(i)). The test agents were each introduced
into the nutrient fluid maintaining the culture and demonstrated to produce a similar
pattern of slowly evolving nerve fiber degeneration comparable to that found in hu-
mans and animals with hexacarbon neuropathy. Similar results were obtained by Ve-
ronesi and colleagues®® 25! with all six of the metabolically interrelated hexacarbon
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Table 11
ORGANOTYPIC TISSUE CULTURE STUDY OF NEUROTOXIC HEXACARBONS®*
Metabolites
Neurotoxic  Neurotoxic
Test hexacarbon nHexane 2-Hexanol 2,5-HDiol MnBK 5-OH-2-H  2,5-HD in vitro in vive

nHexane X + + + + +
2-Hexanol X + + + + +
2,5-HDiol x x + + +
MnBK + + x + +¢ + + +
5-OH-2-H + X 4+ + + +
2,5-HD + + + +

Note: Analyses were performed by Dr. G.D. DiVincenzo.

2.85m M of each test compound was administered in the nutrient fluid to cultures twice weekly for 5 weeks, Hexacarbon compounds
in nutrient fluid before (x) and after (+ ) exposure to tissue cultures are indicated.
Traces found in tissue, not in nutrient fiuid.

metabolites. By comparing the composition of fresh and exhausted nutrient fluid using
gas chromatography-mass spectrometry (GC-MS), it was possible to determine the
metabolic capacity of nervous tissue in vitro. The data shown in Table 11 are consistent
with the thesis that 2,5-HD is a common neurotoxic agent.'®

V. THE REGULATION OF HUMAN EXPOSURE TO NEUROTOXIC
HEXACARBONS

A. Occupational Exposure Potential
1. Uses of Hexacarbon

n-Hexane is widely used as a solvent and is a natural component of gasoline. U.S.
production of n-hexane and other C, hydrocarbons totaled approximately 387 million
Ibin 1973.2¢7

Methyl n-butyl ketone was used as a solvent substitute for MiBK until its neurotoxic
properties were discovered in 1973.'%* MEK is a widely used ketonic solvent; demand
in 1978 was expected to reach 622 million b in the U.S. Cyclohexanone (see Section
VI.B.4), used in the nylon industry, was produced at the rate of 638 million Ib. U.S.
sales for diacetone alcohol in 1973 were 51 million 1b.!*® Occupations with potential
exposure to alkanes and ketones are listed in Table 12. Uses of ketones are listed in
Table 13.

2. Exposure Limits
Occupational exposure limits for some hexacarbon compounds and MEK are listed
by country in Table 14.

3. n-Hexane and M nBK Relative Neurotoxicity

n-Hexane administered by inhalation is considerably less neurotoxic than equivalent
exposure to MnBK. This is related to two factors: (1) the respiratory retention of n-
hexane in man is 5.6 * 5.7%,'*” whereas that of MnBK is 75 to 92%3* (i.e., 6 to 16
times), and (2) n-hexane is probably not a primary neurotoxic agent, the neurotoxic
properties of n-hexane and M nBK being attributable to their common metabolite 2,5-
HD, of which MnBK by gavage produces in the serum of single-dosed rats a concen-
tration 4.6 times larger than that produced by an equivalent dose of m-hexane.'s®* The
neurotoxicity index (see Section VI.B.5.a) of MnBK in the Charles River rat has been
estimated to be 12.5 times that of n-hexane.'s®

The present recommended U.S. (N.1.O.S.H.) Time Weighted Average Concentra-
tion Limit for exposure to MnBK is 1 ppm!'** and 100 ppm for n-hexane.!*? This level
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Table 12

OCCUPATIONS WITH POTENTIAL EXPOSURE TO KETONES, AND TO

ALKANES INCLUDING N-HEXANE!42.144

Alkanes

Adhesive workers
Automobile fuel handlers
Aviation fuel handlers
Cabinet finishers
Degreasing workers
Farm-fuel handlers
Furniture makers
Glue-fabrication workers
Gluing machine operators
Laboratory workers, chemical
Lacquerers

Lacquer makers
Laminators

Leather cementers

Metal degreasers

Petrochemical process workers
Petroleum distillation workers
Petroleum extraction workers

Petroleum refinery workers
Plastics manufacturing workers
Polyethylene laminating workers
Printers

Printing ink production workers

Resin makers

Rubber-cement workers

Shoe-factory workers

Solvent workers

Spray painters

Stainers

Stain makers

Synthetic chemical production workers
Synthetic rubber workers

Thermometer makers, low temperature
Varnish makers

Vegetable oil extraction workers
Vinyl production workers

Modified from References 142 and 144.

Ketones

Acetic acid makers

Acetic anhydride makers

Acetone workers

Acetylene cylinder fillers

Adhesive makers

Adipic acid makers

Benzene workers

Bronzers

Butanone workers

Celluloid makers

Cellulose acetate makers

Cellulose cement makers

Chloroform makers

Cleaning compound
makers

Colorless synthetic resin
makers

Cosmetic makers

Dewaxers

Diacetone alcohol mak-
ers

Dope workers

Drug makers

Dyemakers

Electronic equipment
cleaners

Electronic equipment
dryers

Explosive makers

Fungicide makers

Garage mechanics

Glycol makers

lodoform makers

Ketone manufacturers

Lacquerers

Lacquer makers

Lacquer remover work-
ers

Leather workers, artifi-
cial

Lubricating oil dewaxers

Mesityl oxide makers

Metal cleaners

Methyl #butyl ketone
makers

Methyl methacrylate
workers

Nylon makers

Qil processors

Organic chemical syn-
thesizers

Painters

Paintmakers

Paint remover workers

Paraffin processors

Pentanone workers

Perfume makers

Pesticide makers

Petroleum refinery
workers

Photographic film mak-
ers

Printers

Raincoat makers

Resin makers

Rubber cement workers

Rubber workers

Shoemakers

Smokeless powder mak-
ers

Solvent workers

Stain makers

Textile makers

Varnish makers

Varnish remover work-
ers

Vinyl raincoat makers

Wax makers

of n-hexane produces no morphological or functional evidence of neuropathy in rats
exposed for the equivalent of a human working day for over 6 months, 24

At the time of going to press, the American Conference of Government Industrial
Hygienists has established a Threshold Limit Values (T.L.V.) for MnBK of S ppm and
recommended a T.L.V. for n-hexane of 25 ppm.% The basis for setting a 5 to 1 ratio
for the T.L.V. for n-hexane and M nBK is not apparent from the above data; indeed,
it seems clear that a scientific rationale for comparison will only be obtained when the
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Table 13
MAJOR AND MINOR USES OF KETONES
Major uses Ketone(s) Minor Uses Ketone(s)
Application solvent Intermediate in the 2,5-HD

synthesis of perfume
ingredients and
other materials

Coatings
Cellulosic, vinylic, and All aliphatic ketones Preparation of che-
acrylic resins and acetophenone lates
Tanning agent
Solvent for inks
Solvent for wood
stains
Gasoline additive
Coatings
Alkyl, epoxy, and other All aliphatic ketones Solvent for inks, pes- Cyclohexanone
natural and synthetic and acetophenone ticides, and for
resins cleaning and de-
greasing metals and
leathers
Adhesives MEK, MiBK In paint removers as
a spotting and relus-
tering agent
Selective extraction Solvent for textile
dying
Sludge solvent in oil
for piston-type air-
craft lubrication
Lube oil/wax refining MEK, MiBK Component in castor Diacetone alcohol
diisobutyl ketone oil-based hydraulic
fluids
Rare metal refining MiBK, diisobutyl Solvent for inks, pes-
ketone, mesity! ticides, and wood
oxide stains, paint and
rust removers
Chemical intermediate Viscosity index im-
prover for lube oils
Product
g-caprolactam Adipic Cyclohexanone
acid

Modified from References 120 and 144.

peak serum levels of 2,5-HD generated from orally administered equimolar concentra-
tions of the two solvents are established for man. It will also be important to establish
the degree of potentiation of neurotoxicity during concurrent exposure to MnBK or
n-hexane and to other chemicals or drugs. MEK has this property and has been used
as a solvent in conjunction with n-hexane and methyl n-butyl ketone. Experimental
studies indicate that (1) 2,5-HD levels increase with concurrent exposure to MEK and
MnBK vs. MaBK alone, and (2) neuropathy appears almost 3 times more rapidly in
rats exposed to a mixture composed of 83% MEK and 17% MnBK compared to an
equivalent concentration of 100% MnBK.!'”s With n-hexane, neuropathy appears 1.6
times more rapidly in rats concurrently exposed to a mixture of 10% MEK and 90%
rhexane, compared to 100% r-hexane alone.'® These figures are based on the appear-
ance of weakness and should be more accurately assessed in the rat by morphological
and/or nerve conduction studies.
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Table 14

NATIONAL LIMITS (MG/M?) FOR HUMAN EXPOSURE
TO N-HEXANE AND SOME KETONES

Hexane MnBK MiBK MEK  Cyclohexanone Diacetone alcohol

Australia — 410 410 590 200 240
Belgium — 410 410 590 200 240
Bulgaria — — — 200 10 —
Finland 1800° 410 410 590 200 240
D.D.R. — — — 300 — —
F.D.R. — 410 400 590 200 240
Hungary — — —_ 200 — —
ltaly —_ — 300 400 200 —
Japan 360° — 410 590 100 —
Netherlands — 100 410 590 200 240
Poland 400 200 200 200 20 20
Romania 1500° 200 200 200 100 150
Sweden - — 210 440 — —
Switzerland — 410 410 590 200 240
U.S.S.R. — — — 200 10 —
Yugoslavia 1800° 410 410 200 200 240
U.S. 100
1978 Federal — 410 410 590 200 240

Standards

(29 CFR

1910.1000)
NIOSH Rec- 100 4 200 590 100 240

ommended

®  Values for straight chain isomers.

Modified from References 142 and 144,

Another important factor not accounted for by a Threshold Limit Value for work-
room air is exposure to these solvents by skin contact. There is strong evidence that
significant amounts of MnBK can be absorbed through the skin of man,** and one
report'*® suggested the same may be true for n-hexane. DiVincenzo and colleagues®*
combined their observations on respiratory and skin absorption of M nBK to calculate
the relative importance of concurrent skin and respiratory exposure to this solvent:
the total dose of MnBK absorbed during 1 hr by an individual breathing 25 ppm M nBK
and working with hands immersed in the solvent, would be 314 mg, of which only
30% would be derived from respiratory absorption and 70% percutaneously.

4. 2,5-Hexanedione

Water-soluble 2,5-HD enjoys a minor use in industry (Table 13) compared to the
more volatile solvents. The majority of experimental evidence is compatible with the
idea that 2,5-HD is a primaryneurotoxic compound.

B. Environmental Exposure

Man is exposed to small amounts of m-hexane in automobile exhaust®? (Table 15),
and to residual n-hexane and ketones in foodstuffs (Table 16). Worker exposure to
these compounds is considered in Table 12.
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Table 15
PREDOMINANT HYDROCARBONS IN
AUTO EXHAUST

Fraction of total exhaust
hydrocarbons, vol %

62-Car  15-Fuel Engine-
Hydrocarbon survey study variable study

Methane 16.7 18 13.8
Ethylene 14.5 17 19.0
Acetylene 14.1 12 7.8
Propyiene 6.3 7 9.1
n-Butane 5.3 4 2.3
Isopentane 3.7 4 2.4
Toluene 3.1 5 7.9
Benzene 2.4 — _
n-Pentane 2.5 — -
m- and p-Xylene 1.9 — 2.5
I-Butene 1.8 3 6.0
Ethane 1.8 — 2.3
2-Methylpentane 1.5 — —
nHexane 1.2 — —
Isooctane 1.0 — —
All others 22.2 30 26.9

From Chemical Industry Institute of Toxicology, Current
Status Rep. No. 1, 1977. With permission.

VI. EXPERIMENTAL TOXICOLOGY

A. Effects of Brief Exposure to Hexacarbons
1. Hexanes

The effects of brief exposure to large concentrations of ‘‘hexane’’ are listed in Table
17. Narcotization is a well-demonstrated effect. Cyclohexane is reported''® to be more
toxic in 14-day-old rats than in young adult animals. Further details on the acute ef-
fects of hexane can be found in the N.1.O.S.H. Criterion Document for Alkanes.'*?

2. Ketones

The reader is referred to the U.S. Environmental Protection Agency document on
ketonic solvents'?® for detailed information on the acute toxicity of ketones. The pri-
mary response to the inhalation of ketone vapors is progressive narcosis with loss of
corneal, auditory, and equilibratory reflexes, as well as a general depression of vital
signs such as heart rate, respiratory rate, and body temperature. These qualitative sim-
ilarities were noted by Specht and co-workers,?!*2'* who exposed guinea pigs to a num-
ber of ketones including MnBK, MiBK, 2,5-HD, and cyclohexanone. Behavioral
changes seen in rats exposed to MnBK are probably associated with its narcotizing
property.'** Information on the acute inhalation toxicity of MnBK gives no indication
of its chronic neurotoxic property; MiBK and 2-heptanone which have failed to pro-
duce neuropathy in animals,'#7-222-24° are more narcotizing to rats upon single exposure
to high concentrations.

3. Refined Petroleum Solvents

The effects of acute exposure to large concentrations of refined petroleum solvents
containing hexacarbon compounds are listed in Table 17. Further details are available
in the N.1.0Q.S.H. Criterion Document on Refined Petroleum Solvents. '+
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Table 16

RESIDUAL HEXANE IN VEGETABLE OILS,
AND KETONES FOUND IN FOODSTUFFS

Compound Foodstuff

Hexane Crude soybean oil
Crude cotton-seed oil
Crude peanut oil
Refined soybean oil
Refined cotton-seed oil
MnBK White bread
Toasted oats
Milk
Cream
MiBK Oranges
MEK Cheeses
Milk
Cream
Milk fat

Concentration (ppm)

5503500
35—5000
20
150—170
5—80

0.007—0.011
0.017—0.018

0.3
0.077—0.079
0.154—0.177

8

Roasted barley
Bread

Honey
Chicken

Corn silage
Oranges

Black tea

Rum

Tobacco

From Chemical Industry Institute of Toxicology, Current Sta-
tus Rep. No. 1, 1977, With permission.

B. Effects of Repetitive or Continuous Exposure to Hexacarbons (Table 17)

Several studies have examined the subacute and subchronic (neuro)toxicity of hexa-
carbon compounds (Table 18). The majority has been concerned with the effects of n-
hexane and methyl n-butyl ketone, and the interactive effect of MEK on adult animals.
It is apparent from these studies that the duration of respiratory exposure to these
solvents has a marked effect on the incidence and speed of onset of neuropathy. For
example, whereas rats continuously inhaling 400 to 600 ppm of n-hexane develop path-
ological evidence of neuropathy after 7 weeks,'*? no changes are found in rats exposed
intermittently to 500 ppm for 30 weeks; giant axonal swellings do appear in rats ex-
posed intermittently to 5000 ppm for 14 weeks.’®

1. Hexane Isomers

Egan and co-workers®® examined the nervous system of Sprague-Dawley rats ex-
posed continuously for up to 6 months to a 500 ppm mixture of hexane isomers*
largely free of neurotoxic n-hexane. A detailed neuropathological examination failed
to reveal structural damage; by contrast, littermates inhaling 500 ppm of MnBK devel-
oped severe neuropathy and central and peripheral nervous system damage.

2. Refined Petroleum Solvents
Carpenter and colleagues®® found no significant changes in rats or dogs breathing
naphtha intermittently for 64 weeks or 8 to 37 ppm 140° aliphatic flash solvent inter-

*

2,3-Dimethylbutane (60 ppm), 2-methyipentane (618 ppm), 3-methylpentane (525 ppm), methyl cyclo-
pentane (431 ppm), cyclochexanone (109 ppm), and n-hexane (5.3 ppm).
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Table 17

October 1980

EFFECTS ON ANIMALS OF SHORT-TERM EXPOSURE TO
HEXACARBON COMPOUNDS AND REFINED PETROLEUM SOLVENTS
CONTAINING HEXACARBONS

Compound

Hexane

T}

—

A

N

N

=}

c

S

o)

5]

O

c

3=

o]

€

S

E

Q

[a)]

o

& M nBK

1S

8

g2

c

£06

B8

T

e c

58

€8

55

B8

g

(=]

E .

% MiBK

[a]

>

jo2]

°

Q

o

8

'_

c

% 2,5-HD

é Diacetone

= alcohol

R

5 Mesityl
oxide
Cyciohexa-
none

Species

Mouse

Mouse
Mouse
Mouse

Mouse
Mouse
Mouse
Mouse
Mouse
Mouse
Rat
Rat
Rat
Rat

Rat

Rabbit
Rat

Guinea pig

Guinea pig
Rat
Rat

Mouse
Guinea pig

Rat
Guinea pig
Rabbit

Rat
Rat

Guinea pig

Rat

Guinea pig
Guinea pig
Guinea pig

Guinea pig

Rat

Route

Respiratory

Respiratory
Respiratory
Respiratory

Respiratory
Respiratory
Respiratory
Respiratory
Respiratory
Respiratory
Oral
Respiratory
Intraperitoneal
Respiratory

Oral
Dermal

Inhalation

Inhalation

Inhalation
Respiratory
Respiratory

Respiratory
Respiratory

Oral
Dermal

Dermal

Oral
Oral

Oral

Respiratory
Respiratory
Respiratory
Dermal

Dermal

Respiratory

Dose

64,000 ppm

51,120 ppm
42,600 ppm

42,600—34,
080 ppm
36,920 ppm
34,080 ppm
32,000 ppm
28,400 ppm
16,000 ppm

8,000 ppm
1—49 mt/kg
8,000 ppm
10.914 g/kg
<5,000 ppm

2.59 g/kg
4.85 g/kg
8,000 ppm

6,000 ppm

2,300 ppm
4,000 ppm
Saturated
vapor
20,000 ppm
10,000 ppm
30,000 ppm
2.7 g/kg
6.4 g/kg
13.6 g/kg

4.0g/kg
1.12 g/kg

1.0g/kg

500—2,500
ppm
13,000 ppm

5,000 ppm
1.9g/kg
0.43 g/kg

2,000—
4,000 ppm

Duration

$ min

9 min
127 min
2hr
127 min
123 min

5 min
2hr
5 min
5 min

4hr

>0.5 hr

4hr

6.6 hr

13.5 hr
4hr
0.5 hr

0.5 hr
4 hr

8 hr
0.17—

1hr
5.4 hr

4 hr

Effects Ref.
Respiratory ar- 236
rest by
2.5—4.5 min
Death after 76
spasms
Loss of reflexes 76
and death
Death 121
Death 76
Light narcosis 76
Deep anesthesia 236
“Lying down”’ 121
No anesthesia 236
No anesthesia 236
LD, studies 110
Death 210
LDy, 177
Lethal to some 210
animals
14.day LDy, 210
14-day LDy, 210
Lethalto allan- 210
imals
Lethal to 2/10, 214
and 10/10 by
72 hr of expo-
sure
No deaths 197
Death 135
Death 209
Death 202
Lethal to most 214
animals
14-day LDy, 208
14-day LD,, 208
14-day LD, 207
14-day LDy, 207
14-day LD,, 134
Lethal tosixan- 35
imals within 14
days
30—100% mor- 21!
tality
0—100% mor- 211
tality
Coma and death 215
14-day LDy, 35
Death after 3—9 203
hr
Anesthesia after 153
1—5hr
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Table 17 (Continued)

EFFECTS ON ANIMALS OF SHORT-TERM EXPOSURE TO
HEXACARBON COMPOUNDS AND REFINED PETROLEUM SOLVENTS
CONTAINING HEXACARBONS

Compound Species

Cyclohexa- Guinea pig
none
Rat
Mouse
Rabbit
Mouse
Naphtha Rat
Rat
Mouse

Cat

Dog

Dog

140 Flash Rat
Solvent

Rat

Mouse

Cat

Dog
Rubber Rat

solvent
Rat

Mouse
Cat

Dog

Route

Respiratory
Oral
Oral
Oral
Oral
Respiratory
Respiratory
Respiratory

Respiratory

Respiratory

Respiratory

Respiratory

Respiratory

Respiratory
Respiratory
Respiratory
Respiratory

Respiratory

Respiratory
Respiratory

Respiratory

Dose
4,000 ppm
1.54g/kg
1.4g/kg
1.6—1.9g/

kg
2.78 g/kg
25,000 ppm
15,000 ppm
7,700 ppm
4,100 ppm

3,400 ppm

1,700 ppm

1,620 ppm

461 ppm

56—1906
ppm

1,588 ppm
33—280
ppm
180,000 ppm
9,800—
24,000 ppm
63,000 ppm
12,400 ppm

3,300—
6,300 ppm

Duration

7.6 hr

4 hr

1 min
4 hr

2hr

4 hr

340 min

8 hr

8 hr

2—8
min

4 hr

1 min
4 hr

4 hr

Effects

3/10 died after 4
hr

14-day LDy,

LDse

LD

24 hr LDy

Death

Loss of motor
coordination,
death

Decreased respi-
ration

CNS depressant
effect

Eye irritation,
tremor, poor
coordination

No significant
effect

Sluggish move-
ment, tremor,
death

Loss of coordi-
nation and
death in some

No respiratory
tract irritation

No CNS depres-
sant effect

Transitory lacri-
mation

Convulsions,
death

Loss of motor
coordination
and death at
high level

Respiratory
tract irritation

CNS depressant
effect

Loss of motor
coordination

Ref.

153
153
152
242
39
36
36
36
36

36

36

38

38

38

38

38

37

37

37

37

37

Gasoline: mixture of C,-C,, hydrocarbons containing paraffins (1 to 2% n-hexane), olefins, na-
phthenes, and aromatics; petroleum ether: 80% pentane, 20% isohexane, and less than 0.5 vol% of n-
hexane; rubber solvent C,-C, compounds consisting of paraffins, monocycloparaffins, monoolefins,
benzene, and alkyl benzene; naphtha (varnish makers’ and painters’ naphtha): C,-C,, compounds con-
taining paraffins (0.3% n-hexane), monocycloparaffins, dicycloparaffins, benzene, alkylbenzenes, in-
dans, and tetralins; mineral spirits: saturated hydrocarbons, olefins, and aromatics; 140° flash solvent:
Cs-C,, compounds containing paraffins (1.2% n-hexane), monocycloparaffins, dicycloparaffins, alkyl
benzene, benzene, indans, and tetralins.

RIGHTS

i,



Table 18

October 1980

321

EFFECTS ON ANIMALS OF SUBACUTE OR SUBCHRONIC EXPOSURE TO
HEXACARBON COMPOUNDS

Compound
n-Hexane
n
o
N n-Hexane
S mixture
S nHexane
o
5]
(6]
c
°
8
£
S
E
Q
3
= n-Hexane/ n-
o]
c Pentane 1:1
o]
o
g mHexane
o C
£0
88
T
£ c
53 nHexane
€%
58
3
g
o
E
8 mHexane
B
o
g n-Hexane
(e}
|_
£
g
b mHexane/MEK
14 9:1
8
© n-Hexane

Species

Pigeon

Chicken
Mouse
Mouse
Mouse

Mouse
Mouse

Rat (Crl:
COBS, ®
CD®/
(SD) BR)

Rat

Rat

Rat

Rat

Rat

Rat
Rat

Rat

Route

Respiratory

Dermal

Respiratory
Respiratory
Respiratory

Respiratory

Respiratory

Respiratory

Respiratory

Respiratory

Respiratory

Respiratory

Respiratory

Respiratory

Respiratory

Respiratory

Dose

3,000 ppm

1 g/kg/day

1,000—2,00
0 ppm

250—

2,000 ppm

500 ppm

100—
2000 ppm
3—30 ppm

125 ppm

500 ppm,
1500 ppm

5000 ppm

10,000 ppm

10,000
ppm total

2,060 ppm

3,000 ppm

1,500—3,00
0 ppm

500 ppm

Duration

S hr/day, 5
days/week
for 17
weeks

65 days

6 days/week
for 1 year
6 days/week
for 1 year
6 days/week
for 1 year
6 days/week
for | year

N.S.

21 hr/day
for 6
months

9hr/day, 5§
days/week
for 30
weeks (500
ppm) or 14
weeks (1500
ppm)

9 hr/day, 5§
days/week
for 14 days

8 hr/day, 7
days/week
for 19
weeks

8 hr/day, 7
days/week
for 19
weeks

S hr/day, §
days/week
for 6
months

12 hr/day,
16 weeks

10 months

6 months

Effects Ref.

No functional, electrophys- 70
iological, or pathological
change *

Histological damage to 71
nerves

Muscular atrophy and mus- 140
cle fibrillation potentials

Higher strength duration 140
curves with higher doses

Abnormal posture and mus- 140
cle atrophy

No neuropathy at 100 ppm, 140
mild at 250 ppm; muscle
atrophy at 500 ppm

Changes in motor chronaxy 25
and structural changes in
cerebral cortex

No morphological changes 124
in central or peripheral
nervous system

No morphological changes 75
in sections or teased fibers
fixed by systemic perfusion
with glutaraldehyde

Giant axonal degeneration 75

Hindlimb weakness after 8 10
weeks

Hindlimb weakness after § 10
weeks

Reduced nerve conduction 244
velocity

*’Disturbed’’ nerve conduc- 238
tion velocity and residual
latency of tail nerve

Axonal neuropathy: distal 245
nerves more damaged than
proximal

Absence of central or pe- 124
ripheral nervous system
damage
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Table 18 (continued)

EFFECTS ON ANIMALS OF SUBACUTE OR SUBCHRONIC EXPOSURE TO

Compound

n-Hexane

nHexane
(0.5%)
n-Hexane

ane

2-Methyl

pentane, or

3-Methyl pen-
tane

For personal use only.

Cyciohexane

M nBK
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Hexane isomers
(0.3%) n-hex-

Species

Rat

Rat

Rat

Rat
Rat

Rat

Rat
Rat

Guinea
pig
Rat

Rat

Rat

Chicken

Rat

Rat

Rat

Rat

Rat
Rat

Rat

HEXACARBON COMPOUNDS
Route Dose Duration Effects Ref.
Respiratory 2,000 ppm  Intermit- Giant axonal changes 57
tently fora
few months
Respiratory 850 ppm 143 days Sciatic nerve demyelination 118
and degeneration; my-
oneural junctions intact
Respiratory 400— 2—23 weeks Axonal swellings after 42 192
600 ppm days; neuropathy after 45
to 69 days
Respiratory N.S. 900 hr Neuropathy 133,240
Subcuta- N.S. 4 months Dying-back neuropathy 101
neous (Prefunctional)
Subcuta- 650 mg/g/ 5 days/week Giant axonal swellings in 225,226
neous day for 35 CNS and PNS
weeks
Oral 0.1—0.2 N.S. Drop in motor conduction 237
ml/day velocity in tail nerve
Oral N.S. 10—13 Slight weight loss 117
months
Respiratory 150 mg/1 I hr/day for Extinction of electroretino- 21
30 days gram
Respiratory 100 ppm 6 months No CNS or PNS changes 124
Respiratory 1500 ppm, 9hr/day,5 No morphological signs of 75
days/week neuropathy in giutaralde-
for 14 hyde-perfused tissue sec-
weeks tions and teased nerve fi-
bers
Respiratory 1500 ppm 9hr/day,5 Nomorphological signsof 75
days/week neuropathy in glutaralde-
for 30 hyde-perfused tissue sec-
weeks tions and teased fibers
Respiratory 200— 4—5weeks  Neuropathy after 35 days 138
100 ppm
Respiratory 6,500 6 hr/day, 5 Decrease in MCV after 5§ 27
1,060 ppm  days/week weeks; neuropathy after 10
for 5—15 weeks
weeks
Respiratory 1,300 ppm 6 hr/day, 5 Neuropathy after 10—12 178,229
days/week weeks; CNS and PNS nerve
for 7 weeks  fiber degeneration
Respiratory 1,050—1,46 6 hr/day, 5 Decrease in MCV by § 50
0 ppm days/week  weeks; neuropathy after
for 15 11—13 weeks; nerve fiber
weeks changes
Respiratory 976 ppm 6 hr/day,5 Hindlimb dragging; reduc- 104
days/week tion in nerve conduction
for 6 velocity
months
Respiratory 700 ppm 11 weeks Neuropathy 108
Respiratory 400— 58 weeks  Neuropathy in 60 days 138
600 ppm
Respiratory 600 ppm 9 days Pathological changes in 225,226
CNS and PNS
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Compound

MnBK

n

—

3

g MnBK/MEK

© IR

c

o MnBK

o

5]

(6]

c

°

8

£

S

E

Q

ja}

(@)

)

£

Q

@

>

£5

88

T

£ c

58

€%

52

3

g

°

c

3

o

B

o

3

x

(e}

|_

£

[

8

3

o4

3 MuBK/MEK

'5 1:9
MnBK
MiBK

Species
Rat
Rat
Rat
Rat

Rat

Rat
Rat

Rat

Rat
Rat

Rat

Rat
Rat

Rat

Cat

Cat

Cat

Cat

Cat

Dog

Monkey

Monkey

Mouse

Table 18 (continued)
EFFECTS ON ANIMALS OF SUBACUTE OR SUBCHRONIC EXPOSURE TO
HEXACARBON COMPOUNDS

Route
Respiratory
Respiratory
Respiratory
Respiratory

Respiratory

Respiratory
Respiratory

Respiratory

Respiratory
Respiratory

Oral

Oral
Oral

Oral
Respiratory

Respiratory

Respiratory

Subcuta-
neous
Subcuta-
neous

Subcuta-
neous

Respiratory
Respiratory

Respiratory

Dose

330 ppm

225 ppm
200 ppm

200 ppm +
2,000 ppm
100 ppm

100 ppm
100 ppm

100 ppm

60 ppm
50 ppm

(1,000 ppm
for 4 days)
68—406
mg/kg

0.1—0.2
mi/d

0.25—1%

1 g/kg/day
600—400

ppm
400 ppm

100 and 330
ppm

150 mg/kg/
day

150 mg/kg/
day (total)

150 mg/kg/
2 days

1,000 ppm

100ppm

20,000 ppm

Duration

72 weeks

42 days

8 hr/day, 5
days/week

5—8 weeks

6 hr/day, 5
days/week
for s
months

4 weeks

72 weeks

10 months

6 weeks
6 months

1 day/week
for 6
months

N.S.

13 months

60 days

Twk + 4Y2-
month re-
covery

6 hr/day, §
days/week
for 4—S
months

8.5 months

8.5 months

2 times
daily, §
weeks

6 hr/day, 5
days/week
up to 6
months

6 hr/day, 5
days/week
up to 10
months

0.33 hr/day
for 15 days

October 1980 323

Effects Ref.

Functional and histological 115
evidence of neuropathy
after 30 weeks

Paralysis 188

Functional and histological 60
signs of neuropathy

Functional and histological 60
evidence of neuropathy

No neuropathy 129

No evidence of neuropathy SO

No histological or functional 115
signs of neuropathy

Reduced nerve conduction 104
velocity

No evidence of neuropathy 50

Nerve conduction velocity 234
reduced by 10 m/s

Reduced fixed-interval per- 14
formance; no neuropathy

Decreased conduction veloc- 237
ity in rat tail nerve

Functional and morphologi- 117
cal signs of neuropathy

Peripheral neuropathy 96

Neuropathy after 33 days 138

Paralyzed after exposure; 188
able to walk on recovery

No functional or histological 179
signs of neuropathy

Peripheral neuropathy with 222
CNS and PNS damage

No functional signs of neu- 222
ropathy; minor PNS
changes

Neuropathy 179

Decreased conduction veloc- 104
ity

Decreased conduction veloc- 104
ity

10/14 died 202
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Table 18 (continued)

EFFECTS ON ANIMALS OF SUBACUTE OR SUBCHRONIC EXPOSURE TO
HEXACARBON COMPOUNDS

Compound
MiBK
n
o
A
g 2,5-HD
o
c
o]
o
5]
(6]
c
°
®
£
S
E
Q
[a)]
O
&
£
o]
@
B>
2%
88
Tz
£ c
58
€%
é E 2,4-Hexane-
= dione
% 2,3-Hexane-
<_é dione
% Cyclohexanone
[a)
)
o
3
x
(e}
|_
£
[
8
3
14
8
5

Mesityl oxide

1-Hexanol

Species

Rat

Various
Mouse
Rat

Rat

Rat
Rat

Rat

Rat

Rat

Cat
Rat
Rat

Rat

Mouse

Rabbit

Monkey

Rat

Rat

Guinea
pig

Rat

Route

Respiratory

Respiratory
Oral
Oral
Oral

Oral
Oral

Oral

Oral and
subcuta-
neous

Subcuta-
neous

Oral

Oral

Oral

Intubation

Intubation

Respiratory

Respiratory

Respiratory

Respiratory

Respiratory

Intraperito-
neal

Dose

1,500 ppm

100—200

ppm
1%

1%

520 mg/kg/
day

0.5%, 1%

0.05 m¢,
0.1 m¢

0.5%

230—S520
mg/kg/
day

340 mg/kg/
day

0.5%
0.5%
0.5%

0.05—5.0
mg/kg/
day

280 mg/kg/
day

190—3082
ppm

605 ppm

50-—500pp
m

300 ppm

50—500
ppm

102.5 mg/
kg/day

Duration

6 hr/day, 5
days/week
for 5
months

14 days

13—23
weeks
13—23
weeks

2 months

12 weeks

6—19 weeks

5 days/week
for 23
weeks

136 days

7 weeks
7 weeks

6 months

25 days

6 hr/day, §
days/week
for 3—10
weeks

6 hr/day, §
days/week
for 10
weeks

8 hr/day,
10—30 ex-
posures

2 hr/day, 30
days

8 hr/day,
10—42 ex-
posures

6 days/week
for 30
weeks

Effects

No neuropathy signs

No neurological signs; kid-
ney changes noted
Neuropathy after few weeks

Neuropathy after few weeks
Neuropathy

Neuropathy

Decreased nerve conduction
velocity

Neuropathy with CNS and
PNS degeneration

Neuropathy with CNS and
PNS degeneration

Peripheral neuropathy of
giant axonal type

Neuropathy and CNS dam-
age
No functional changes

No functional changes

Changes in conditioned re-
flexes; degenerative
changes in nervous system
and other organs claimed

Decline in work capacity

Slight narcosis at high levels

Conjunctival congestion

Death at 500 ppm

Leucocytosis; hypertrophy
of liver, spleen, kidney
2/10 died at 500 ppm

Decrease in sensory nerve
conduction only

Ref.

229

126,127,
249
172
172
179

141
237

219,220,
225,226,

230
225,226

179

193
216,224
216,224

152

152

243

243

206,211

102

102,211

168
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Table 18 (continued)
EFFECTS ON ANIMALS OF SUBACUTE OR SUBCHRONIC EXPOSURE TO
HEXACARBON COMPOUNDS

Compound Species Route Dose Duration Effects Ref.
2-Hexanol Rat Intraperito- 101.2mg/ 6 days/week Motor nerve conduction ve- 168
neal kg/day, for 20 locity decreased; giant ax-
151 mg/ weeks, (2 onal neuropathy
kg/day for 14
weeks only)
1,6-Hexanediol  Rat Oral 0.5% 12 weeks No functional changes 216,224
2,5-Hexanediol Rat Oral 0.5% 14 weeks, 29 Neuropathy with CNS and 216, 224
weeks PNS degeneration

Note: Respiratory exposures were continuous unless otherwise stated. N.S. means not stated.

mittently for 73 weeks.?® Neuropathological examination, which can detect subclinical
damage, was not performed in these studies.

3. MiBK

Prolonged exposure to MiBK has not produced neurological damage in Sprague-
Dawley rats. Spencer and co-workers??® found glycogen-filled axonal mitochondria
and Schwann cell sequestration in tibial and ulnar nerves without fiber breakdown in
rats exposed to 1500 ppm MiBK intermittently for 6 months. These subclinical changes
may have been related to the small (0.9%) contamination of MnBK in the MiBK sol-
vent, or to nerve changes which normally occur in aging rats.*®?

4. Cyclohexanone and Cyclohexane

According to one source,'?® ““marked changes in conditioned reflex activity accom-
panied by degenerative morphological changes of nervous system, liver, stomach and
spleen’’ were reported!*?* in rats inhaling 5 mg/kg/day of cyclohexanone.

According to another source,'® both cyclohexanone and cyciohexane have been re-
ported’** to ‘‘cause experimental neuropathies’’. However, in a detailed investigation,
Frontali and co-workers’ failed to find morphological evidence of neuropathy in rats
subchronically exposed to cyclohexane.

5. n-Hexane, MnBK, 2,5-HD, 2,5-HDiol, 5-OH-2-H, and 2-Hexanol
a. General

Peripheral neuropathy (Figure 13) develops in a number of species upon subchronic
exposure to any of these six metabolically related neurotoxic hexacarbons. The relative
neurotoxicity of these compounds in Charles River CD® COBS® rats (2,5-HD > 5-
OH-2-H > 2,5-HDiol > MnBK > 2-hexanol > n-hexane) has been attributed to differ-
ential serum levels of their common metabolite 2,5-HD.*!¢ The neurotoxic index (N.1.),
calculated by dividing the time-to-severe-neuropathy** for MnBK into that for each
of the other for compounds, is directly related to the peak serum concentrations of
2,5-HD***: viz, N.I.2,s.00 = 3.3 N.Ls.on2n = 2.6; N.Ls,s.mpiar = 1.9; N.Lprsx = 1.0;
N reraner = < 0.7; NUL osorane = < 0.08'%¢ The relatively low neurotoxicity of n-hex-

* Not available for review.

** Calculated as mean duration of intoxication for onset of hindlimb paralysis with dragging of one or
both hindfeet in a group of 5 or more animals.

***Calculated as mean peak serum levels in 3 to 5 animals repetitively sampled over 24-hr-period after a
single oral dose of test compound.
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FIGURE 13. Rat with severe hexacarbon neuropathy displaying a pro-
nounced hindlimb footdrop. (From Spencer, P. S. and Schaumburg, H. H.,
J. Neuropathol. Exp. Neurol., 36, 300, 1977. With permission.)

ane accounts for some studies’’* which failed to produce neuropathy by subchronic
exposure.

Hexacarbon neuropathy has been produced by various routes (except dermal'') in
the pigeon, chicken, mouse, guinea pig, rat, cat, dog, and monkey (Table 18). Pigeons
failed to show any evidence of neuropathy after subchronic intermittent exposure to
3000 ppm of n-hexane.” Chickens may be somewhat more susceptible to neuropathy
than other species,'®® and giant axonal changes have been reported following dermal
exposure to a solvent mixture containing n-hexane.”!

Sprague-Dawley rats are more severely affected by 2,5-HD than the Wistar variety
or mice.'”? Guinea pigs die after 8 weeks of drinking 0.5% 2,5-HD?, whereas rats
tolerate this dose well for at least 14 weeks.?'¢ The basis for this differential sensitivity
has not been determined. Differences in response with respect to age or sex have not
been reported.

b. Body Weight and Other Changes

Weight loss or failure to gain weight normally has been reported to precede or ac-
company hexacarbon neuropathy. An increased rate of body weight gain during ex-
posure to MnBK, 2-hexanol, or 2,5-HD was found by Abdel-Rahman and colleagues.?
Testicular atrophy may also precede the onset of 2,5-HD neuropathy.'®’

One study*® has examined n-hexane for perinatal toxicity. With the exception of a
delayed postnatal growth, no significant changes were noted in Fischer-344 rats ex-
posed to 1000 ppm of n-hexane (6 hr/day, on days 8 to 16 of gestation). The nervous
system was not examined histologically, so that it may be premature to conclude that
the tested levels of n-hexane are free of teratogenic effects.

c. Behavioral Changes

Short-term administration of neurotoxic MnBK (oral) and nonneurotoxic methyl
amyl ketone (i.p.) showed that both solvents caused a reduction in the response rate
of rats trained on a multiple schedule of reinforcement.'*'°*!°¢ This was attributed to
CNS depression in the form of a mild narcosis.'® Narcosis and excessive salivation
was also noted in cats injected subcutaneously with M nBK.???

d. Evoked Response
Johnson and colleagues'® recorded visual evoked potentials from monkeys exposed
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FIGURE 14, Effect of MnBK (MBK) on the latency of components N, (upper) and
P, (lower) averaged visual evoked potential. (From Johnson, B. L., Anger, W. K.,
Setzer, J. V., Lynch, D. W., and Lewis, T. R., Proc. Ist Ann. NIOSH Scientific Symp.,
Cincinnati, Pathotox Publ., 11l. 1978, With permission.)

to 100 ppm and 1000 ppm MnBK and found that latencies for component waves were
increased after 4 months (Figure 14). They suggested these findings represented the
electrophysiological consequences of terminal giant axonal changes found in the optic
tract of animals with hexacarbon neuropathy.'*?

Abdel-Rahman and co-workers® reported a decrease in the pupillary response of
guinea pigs receiving MnBK, 2,5-HD, or 2-hexanol in their drinking water for periods
up to 214 weeks. Proptosis and a misshapen cornea were also found in the 2-hexanol
group. The origin of these changes is unknown.

e. Electrodiagnostic Studies
(i.) Nerve Conduction Velocity (NCV)

Several experimental studjes?0*167.168.234.245 have reported early (preclinical) and pro-
gressive reduction in conduction velocities of sciatic and ulnar nerves in animals receiv-
ing neurotoxic hexacarbons. These changes have been ascribed to focal demyelination
accompanying giant axonal swelling, although one recent report®” has emphasized that
nerve conduction changes precede demyelination and may be associated with an early,
slight attenuation of large-diameter nerve fibers. Streletz and co-workers** found
slowing (77% of normal) of the sciatic-tibial NCV of Wistar rats exposed to 50 ppm
of MnBK, S days a week for 6 months.

The NCV of the tail nerve of the rat is reduced following subchronic exposure to n-
hexane, but remains normal in animals inhaling n-pentane or n-heptane.*** Perbellini
and co-workers's® exposed rats to intraperitoneal injection of 2-hexanol or 1-hexanol
and determined weekly the conduction velocity of the tail nerves. Sensory nerve con-
duction was reduced in rats with neuropathy after 8 months of treatment with 1-hex-
anol, although clinical neuropathy was absent. Both motor and sensory NCVs were
reduced in rats treated with 2-hexanol. The amplitude of the sensory action potential
was also reduced in both groups, while distal motor latency was reduced only in the
2-hexanol group.

Johnson and co-workers'® sequentially examined motor nerve conduction velocity
in the ulnar and sciatic tibial nerves, and the amplitude of evoked muscle potentials
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FIGURE 15. Effect of MnBK (MBK) on the maximum motor NCV (m/sec, of
sciatic-tibial nerves in monkeys (upper) and rats (lower). (From Johnson, B.L., An-
ger, W.K., Setzer, J.V., Lynch, D.W., and Lewis, T.R., Proc. Ist Ann. NIOSH
Scientific Symp., Cincinnati, Pathotox Publ., Ill. 1978. With permission.)
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FIGURE 16. Effect of MnBK (MBK) on the maximum motor NCV (m/sec of the
ulnar nerve in monkeys (upper) and rats (lower). (From Johnson, B.O., Anger,
W K., Setzer, J.V., Lynch, D.W., and Lewis, T.R., Proc. Ist Ann. NIOSH Scien-
tific Symp., Cincinnati, Pathotox Publ., Hi. 1978, With permission.)
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(MAP) in monkeys and rats inhaling 100 ppm and 1000 ppm of MnBK 6 hr/ day, 5
days/week for periods up to 1 year (Figures 15 and 16). The NCV of high-dosed pri-
mates showed a progressive decrease beginning at 3 months, a value of 63% of normal
(33 m/s) being obtained at 9 months. Decrements began in the 100 ppm groups at 9
months, and were significantly (P<0.025) reduced by 12% after 1 year. Ulnar NCV
diminished after 4 months, and was 64% of normal after 6 months in the high-dose
group.

(ii.) Muscle Action Potentials (MAP)
Animals exposed to 1000 ppm MnBK showed a continuous decrease in MAP ampli-
tude which became significant statistically after 6 months of exposure (Figure 17).
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FIGURE 17. Effect of MnBK (MBK) on the peak-to-peak (P—P) amplitude in mv
of evoked muscle action potentials (MAP) from stimulation of the sciatic nerves of
monkeys (upper) and rat (lower). (From Johnson, B. O., Anger, W. K., Setzer, J. V.,
Lynch, D. W., and Lewis, T. R., Proc. Ist Ann. NIOSH Scientific Symp., Cincinnati,
Pathotox Publ., Ill. 1978. With permission.)

Hexanol, in common with other aliphatic alcohols, increased the amplitude and du-
ration of miniature end-plate potentials at the toad neuromuscular junction.’”” There
was a prolongation of the decay phase of miniature end-plate currents, perhaps due
to a change in the dielectric constant of the post-synaptic membrane. Various n-alkan-
ols are able to block nerve conduction, possibly by interacting with target proteins.!s°
Motor nerve terminal function has also been examined in rats treated with 2,5-HD.3

(iii.). Electroencephalography

No effects were found in monkeys exposed to 1000 ppm MnBK.'%* n-Hexane-in-
duced Stage 2 narcosis in rats decreased the frequency and amplitude of rapid waves
in common with other solvents.*¢

f. Functional Signs

Experimental animals exposed to neurotoxic hexacarbons initially show no struc-
tural changes in the nervous system. With continuous or repeated intermittent expo-
sure, animals develop progressive structural changes concurrently in the central and
peripheral nervous systems,'0422!223.226 The rate of onset of damage and the amount
of degeneration found are both a function of the duration and degree of exposure.
Experimental neuropathy has been studied most thoroughly in the rat — the species
of choice for most studies of hexacarbon neurotoxicity.

Chickens develop neuropathy after 4 to 5 weeks of continuous exposure to 100 to
200 ppm of MnBK. Sprague-Dawley rats exposed continuously to 400 to 600 ppm of
n-hexane display morphological damage after 42 days, with weakness appearing at 8
to 10 weeks of exposure. Neuropathy fails to develop in Wistar rats exposed to 700
ppm of n-hexane 8 hr/day, 7 days/week, for 20 weeks.®? Comparable data have been
reported by Frontali and Colliagner.” 2,5-Hexanedione induces neuropathy in Charles
River rats 3.3 times more rapidly than MnBK and 4 times faster than n-hexane; 6.6
mM/kg of 2,5-HD administered by gavage daily, 5 days/week, will produce neuropa-
thy in 2 to 3 weeks.%¢

RIGHTS



Critical Reviewsin Toxicology Downloaded from informahealthcare.com by CDC Information Center on 02/24/15

For personal use only.

330 CRC Critical Reviews in Toxicology

Peripheral nerve damage is associated with impairment of nerve conduction, both
of which antedate onset of functional weakness by weeks or months. Weakness always
develops symmetrically and, in the rat, first affects the hindlimbs and then the fore-
limbs.?2* Signs of increasingly severe murine neuropathy include: (a) placing of the
surface of the distal hindfeet flat on the ground and, later, eversion of the feet and
the development of a waddling gait, (b) inability to extend the hindlimbs when the
animal is held off the ground by the tail, (¢) muscular atrophy and hindlimb footdrop,
and (d) weakness of the upper extremities. Rats exposed to 2,5-HD develop an orange-
brown discoloration of the skin and hair,* rough fur, muscle-wasting of hindquarters
and abdominal musculature, impaired respiration, and increased lacrimation.?!57-219
Cutaneous discoloration also occurs in rats inhaling n-hexane.?

Cats developing M nBK neuropathy display weakness of the hindquarters which re-
sults in a crouching, unsteady gait, later progressing to a severe hindlimb footdrop.?*?
Eventually, cats became unable to walk and drag themselves with weakened forelimbs.
Cessation of intoxication may be associated with a slight functional deterioration, and
then a slowly progressive recovery. Peripheral nerves are able to regenerate and rein-
nervate the musculature, strength is regained, and the animals can walk. If the disease
has been severe, the gait of recovered animals may show an ataxic or spastic compo-
nent, which is probably associated with permanent damage to the cerebellum and de-
scending motor tracts of the spinal cord, respectively.'®?

8. Neuropathological Findings
(i.) General

The pattern of structural damage underlying hexacarbon neuropathy falls into the
category of a central-peripheral distal axonopathy.??' These conditions are so-named
because distal portions of vulnerable axons in the central and peripheral nervous sys-
tem undergo retrograde degeneration (die-back), producing structural and functional
disconnection in the neuraxis. Many neurotoxic chemicals produce these diseases, and
for this reason they are frequently used to create experimental models of the naturally
occurring genetic and metabolic distal (‘‘dying-back’’) axonopathies such as Frie-
dreich’s ataxia*® and diabetic and uremic polyneuropathies.?'®2?! The study of experi-
mental hexacarbon neuropathy revealed new insights into the pattern of nerve fiber
degeneration and the distribution of the disease in the peripheral and central nervous
systems.?25-22¢

(ii.) Distribution of PNS Nerve Damage

Nerve fiber vulnerability in central-peripheral distal axonopathies is proportional to
some function of fiber length and axon diameter. Thus long and large nerve fibers in
the central and peripheral nervous system commence distal degeneration at similar
times; later, shorter and smaller myelinated fibers participate in the degeneration proc-
ess, and eventually unmyelinated fibers may become involved.?*”

The differential vulnerabilities of nerve fibers causes a stereotyped distribution of
nervous system damage to develop.'®*22' In the hindlimb of intoxicated rats, degener-
ation is seen first in the branches of the tibial nerves supplying the calf muscles, second
in plantar nerve branches supplying the flexor digitorum brevis muscle, and later in
the sensory plantar nerve branches innervating the digits (Figure 18).22¢ With time, the
disease process moves up affected nerve fibers, axonal degeneration ascends the plan-
tar and tibial nerves, while the degeneration in the tibial, peroneal, and sural nerves
ascends the sciatic nerve. The special vulnerability of the very large-diameter fibers

*  Graham® attributes the discoloration to the formation of a stable chromogenic Schiff base by 2,5-HD
and skin proteins. (See Section VI.B.5.1.)
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FIGURE 18. Gross dissection of the sciatic/tibial/plantar nerve and some associated intrinsic hindfoot
muscles of the rat. The sciatic nerve (sc) branches into the sural (s), peroneal (p), and tibial (t) branches. At
the level of the popliteal fossa, the tibial nerve gives a branch to the medial head of the gastrocnemius (m),
a branch to the lateral head of the gastrocnemius (i), plantaris and soleus, and a cluster of branches accom-
panying the posterior tibial blood vessel to flexor hallicus longus, tibialis posterior, and flexor digitorum
longus (v). Distally, the posterior tibial nerve (pt) branches into lateral plantar (Ip) and medial plantar (mp)
nerves. The medial plantar nerve supplies three digits and a branch to the flexor digitorum brevis muscle
(d). The lateral plantar nerve supplies two digits and, in addition, supplies the lumbrical muscle (x) with a
delicate branch. Degenerative changes in murine hexacarbon neuropathy first appear in v,/ and m, which
then ascend to tand sc. Subsequently, changes appear in mp and Ip, ascend ptand later appear in fand sc.
Similar retrograde spread starts in p and s, and then ascends sc. (Fixed in glutaraldehyde and osmium
tetroxide, dehydrated and embedded in epoxy resin; Magnification x 1.8.) (From Spencer, P. S. and Schaum-
burg, H. H., J. Neuropathol. Exp. Neurol., 36, 300, 1977. With permission.)

which leave the tibial nerve at the knee causes degeneration to appear in the sciatic
nerve before similar changes appear more distally in the posterior tibial nerve at the
ankle — a paradox which led to an early, erroneous claim that hexacarbon neuropathy
was not a dying-back type of neuropathy.’*® After prolonged intoxication, these inde-
pendent, ascending waves of nerve degeneration contribute to the overall pattern of
damage in the sciatic nerve. Nerve fiber changes ascend the sciatic nerve and, in se-
verely affected animals, may be found in the dorsal and ventral roots. These areas
display a spectacular pattern of demyelination in animals with long-standing axonal
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Table 19

PATHOLOGY AND DISTRIBUTION OF
PERIPHERAL NERVE DAMAGE IN RATS WITH
HEXACARBON NEUROPATHY

Histological features
Giant axonal swellings
Paranodal demyelination
Fiber corrugation
Intercalated, remyelinated segments
Chains of myelin ovoids
Axonal regeneration and myelination during in-
toxication

Ultrastructural features
10-nm neurofilament proliferation in axons

Neurotubules grouped together, sometimes form-
ing a core

Honeycombed, interdigitated Schwann cell/axon
profiles

Mitochondrial remnants filled with dense particles

Distribution of degeneration

Early, multifocal, distal distribution

Proximal, temporal spread up affected nerve
trunks

Involvement of sensory plantar nerve branches to
digits

Involvement of plantar muscle nerves

Involvement of tibial nerve branches to calf mus-
cles

Tibial nerve branches to calf muscles most vulner-
able

Involvement of dorsal roots and dorsal root gan-
glia

Involvement of ventral roots

Involvement of anterior horn cells

CNS changes present when first PNS changes de-

Characteristic
Common
Common
Frequent and late
Frequent and late
Frequent and late

Pronounced fo-
cally

Frequent

Very common

Common

Pronounced

Characteristic

Late

Early
Earliest

Characteristic
Minimal
Involved late

Minimal
Yes

tected

Modified from Spencer, P.S. and Schaumburg, H.H., J. Neuropathol.
Exp. Neurol., 36, 300, 1977. With permission.

disease.” Dorsal root ganglion neurons and anterior horn cells usually are spared.
Sensory and motor nerve terminal degeneration seems to commence after changes are
advanced in the distal, nonterminal part of the fiber.'%2?s Atrophy of muscle fibers
follows denervation.

(iii.) Distribution of Central Nervous System Damage

The long ascending and descending spinal cord tracts are first affected: degeneration
appears in the rostral part of the gracile tract (and subsequently in adjacent parts of
the shorter cuneate tract) and the caudal part of lateral, ventrolateral, and ventrome-
dial tracts (Figure 19) (Table 20). As the disease advances, degenerative changes spread
retrograde; dorsal column changes appear in the cervical and then the thoracic seg-
ments of the spinal cord, whereas, in descending tracts, changes first appear in lumbar
segments and later in thoracic regions.??® Degeneration is also found in the cerebellar
white matter and distal optic nerve corresponding to distal breakdown of spinocere-
bellar and optic tracts, respectively; giant axonal changes have also been described in
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FIGURE 19. Diagrams of cross sections of
medulia oblongata (upper) and lumbar spinal
cord (lower) showing areas of maximum nerve
fiber vulnerability in the gray (¢} and white (X)
matter.

the mammillary bodies.'** Spastic gait and impaired vision and memory, respectively,
are believed to represent the human correlates of this pathological substrate found in
animals, 194198

(iv.) Sequence of Nerve Fiber Changes

The evolution of nerve fiber degeneration has been determined by examining single
isolated nerve fibers and nerve sections from rats and cats at various stages of intoxi-
cation. Axonal degeneration seems to begin by increases in the number of axonal 10
nm neurofilaments'®” which accumulate distally in swellings on the proximal sides of
nodes of Ranvier (Figure 20).?** Paranodal swelling occurs concomitantly with shrink-
age and myelin corrugation of the adjacent, more distally located internode. The en-
larged nodal and paranodal axons displace the paranodal myelin sheaths, leaving den-
uded axonal swellings in the vicinity of nodes of Ranvier. Schwann cells appear at the
denuded regions, the axon swelling attenuates, and remyelination of the denuded axon
then takes place. At some axonal swellings, axonal reconstitution and remyelination
fail to occur; instead, the length of nerve fiber between the swelling and nerve terminal
undergoes a more-or-less simultaneous breakdown, as if the fiber had been transected
at the position of the axonal swelling (Figures 21 and 22).2%s

The hallmark of hexacarbon neuropathy is the presence of giant axonal swellings
containing filaments ultrastructurally and immunocytochemically indistinguishable
from normal 10 nm neurofilaments (Figures 23-25). This pattern is not a specific re-
sponse to hexacarbon intoxication; for example, giant axonal swellings are also char-
acteristic of carbon disulfide neuropathy and may be seen in slowly evolving experi-
mental acrylamide neuropathy.?*! Neurofilaments are composed of three major
polypeptides (200 daltons, 145 daltons, and 68 daltons) which move constitutively
along the nerve in the slowest phase (Imm/day) of axonal transport. Their accumula-
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Table 20

TYPE AND DISTRIBUTION OF CENTRAL
NERVOUS SYSTEM DAMAGE IN CATS WITH
HEXACARBON NEUROPATHY

Histological features
Scattered giant axonal swellings
Fiber breakdown late

Ultrastructural features
10-nm neurofilament proliferation in axons
Honeycomb, interdigitated oligodendrocyte/axon
profiles

Distribution of pathology
Distal in long ascending and descending tracts in-
itially
Proximal in long ascending and descending tracts
later
Involvement of shorter tracts later
Involvement of cerebellar vermis

Involvement of mammillary body
Involvement of lateral geniculate body

Involvement of medulla oblongata
Dorsal spinocerebellar tracts
Ventro-lateral (vestibulospinal?) tracts
Pyramidal tracts
Gracile tracts and nuclei
Cuneate tracts and nuclei

Involvement of spinal cord
Ascending tracts
Dorsospinocerebellar tracts
Gracile tracts

Cuneate tracts

Descending tracts

Lateral columns (corticospinal and
vestibulospinal?)

Ventrolateral and ventromedial (vestibulospinal
and reticulospinal?)

Spinal gray
Rexed laminae V through dorsal Vi

Rexed laminae ventral VII

Characteristic
Characteristic

Pronounced
Present

Characteristic
Characteristic

Characteristic

Early in white
matter

Late

Late

Characteristic
Late

Late

Early

Late

Té6 and rostrally

Frequent at
C1—Cé6

C1 only

C4, increasing in
severity to LS
C4, increasing in
severity to LS

Preterminal and
terminal
changes at
C4—S3

C6—L5S

Modified from Spencer, P.S. and Schaumburg, H.H., J. Neuropathol.

Exp. Neurol., 36, 300, 1977. With permission.

tion proximal to nodes of Ranvier and sparseness distal to these regions is suggestive
of a progressively multifocal blockade of the slowest phase of axonal transport. Many
other organelles accumulate in degenerating axons including mitochondria, some filled
with glycogen granules, decorated particles, and clear-core vesicles of synaptic-vesicle
proportions.??* Many of these ‘‘trapped”’ or effete organelles seem to be sequestered
and selectively removed from the axon by invagination of a sheet of the adaxonal
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FIGURE 20. Figures 20 to 22 show sequence of PNS nerve fiber degeneration in murine 2,5-HD neuro-
pathy. (P) and (D) mark the proximal and distal positions respectively of each nerve fiber. Bright field
micrographs of tissue fixed in glutaraldehyde and osmium tetroxide, dehydrated and embedded in epoxy
resin. Figure 20 shows consecutive lengths of a single teased myelinated nerve fiber displaying multifocal
giant axonal swellings (s), paranodal demyelination (d), segmental remyelination (r) and myelin corrugation.
(Magnification x 150.) (From Spencer, P. S. and Schaumburg, H. H., J. Neuropathol. Exp. Neurol., 36,
276, 1977. With permission.)

@r

FIGURE 21. Consecutive lengths of single teased fiber undergoing complete distal breakdown. The inter-
face (i) between the distal, degenerating portion and the proximal preserved portion is marked by a massively
swollen axon. Early stages of ovoid formation are present distal to the swollen region. (From Spencer, P.
S. and Schaumburg, H. H., J. Neuropathol. Exp. Neurol., 36, 276, 1977. With permission.)

Schwann cell (PNS) or oligodendrocyte (CNS) cytoplasm.'®®22! Neurotubules are often
segregated with normal mitochondria and endoplasmic reticulum into channels pene-
trating the mass of neurofilaments (Figure 25).

Schwann cells also show structural changes in hexacarbon neuropathy, and it has
been suggested that the changes are not merely reactive.'’> However, proximal and
distal parts of individual nerve fibers would have to be examined to distinguish a pri-
mary Schwann cell event from a reaction to distal axonal injury. Schwann cell abnor-
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FIGURE 22. Single teased myelinated™fiber showing advanced degeneration. Note the interface (i) between
the proximal myelinated fiber with multifocal swellings, and the distal, degenerated portion. (From Spencer,
P.S. and Schaumburg, H. H., J. Neuropathol. Exp. Neurol., 36, 276, 1977. With permission.)

FIGURE 23.. Giant axonal swelling (a) of a myelinated nerve fiber in the sciatic nerve of rat with hexacar-
bon neuropathy. (One micrometer epoxy cross sections stained with toluidine blue; light micrograph; mag-
nification 1600.)

malities include increased cytoplasm, focal enlargements containing cytoplasmic fila-
ments which lack side arms, vesicular complexes, lamellated bodies, osmiophilic
droplets,'’? and filament-filled inner loops of Schwann cells.'72-23°

(v.) Recovery From Nerve Fiber Damage

Three structural mechanisms seem to participate in the recovery process: reconsti-
tution, remyelination, and regeneration. Reconstitution occurs when a neurofilament-
filled swollen axon or axon terminal (Figure 24) shrinks to a more normal size and
avoids the cycle of breakdown and repair. Reconstitution of a swollen and demyeli-
nated paranodal axon allows the axon to become remyelinated. Regeneration refers to
the process of axon sprouting from the end of the intact portion of a degenerated
fiber, longitudinal growth, and reestablishment of end-organ connection. All three
processes can probably occur during intoxication. Postexposure regeneration of pe-
ripheral nerve fibers is responsible for the reestablishment of muscle strength and sen-
sory function in animals and man recovering from hexacarbon neuropathy.
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FIGURE 24. Terminal axonal swellings (arrows) abutting neurons (n) and their dendrites in the sacral
spinal cord of a cat with severe MnBK neuropathy. (One micrometer epoxy cross sections $tained with
toluidine blue; light micrograph; magnification x 550.)

h. Tissue Culture Studies
(i.) Organotypic

A model of hexacarbon neuropathy has been established using combination tissue
cultures??®250:25% (Table 21). These are composed of spinal cord, dorsal root ganglia,
motor and sensory nerves, and striated muscle which develop structural and functional
associations in vitro analogous to those which normally occur between these compo-
nents in vivo. Cultures were maintained in a lying drop of nutrient fluid which was
replaced twice a week. After the culture was mature (8 to 12 weeks in vitro), as evi-
denced by large-diameter myelinated fibers innervating spontaneously twitching mus-
cle fibers, the hexacarbon compound could be introduced into the nutrient fluid. All
six neurotoxic hexacarbon metabolites produced distal axonopathy in vitro, but path-
ological changes were most closely followed in the case of 2,5-HD. The following se-
quence of events was recorded in living motor nerve fibers during periods of up to 1
year of intoxication and recovery: 1. giant axonal swellings filled with neurofilaments
(Figure 25) developing on the proximal sides of distal nodes of Ranvier, 2. associated
paranodal myelin retraction, 3. proximal spread of paranodal swelling, 4. distal degen-
eration and muscle denervation, and 5. remyelination of denuded proximal internodes.
These events, summarized in Figure 26, reproduced the pattern and timing of slowly
developing hexacarbon neuropathy found in subchronically intoxicated animals.?*®

(ii.) Neuroblastoma Cell Cuitures

MnBK, n-hexane, and 2,5-HD, but not MiBK or MEK, produced a reproducible
series of cytotoxic effects in neuroblastoma cells and caused a dose-dependent inhibi-
tion of cellular proliferation'®® (Figure 27). Cytotoxic effects included multinucleation,
cytoplasmic vacuolation, decrease in the extension or maintenance of cell processes,
and fine structural alterations of the rough endoplasmic reticulum. One striking fea-

RIGHTS LI MN Kiy



Critical Reviewsin Toxicology Downloaded from informahealthcare.com by CDC Information Center on 02/24/15

For personal use only.

338 CRC Critical Reviews in Toxicology

m’\—Bf;,‘ "\. o
A ‘\”14‘!-:;:‘

g L) o 2% 1:’5¥J
3 .' {ts
'3
} '&‘- \m\ . .-"534:;
0 __. . ¥ s :‘-‘-l.‘._ vl

,'t‘---; q“ qu. RS ':', ."“'"i'\,‘
AR T

“‘\

L o L S AU S e "QJ
¥y { "h"\ e '1 ‘. ¥ k - .Y *‘ s "’
- —‘ ﬁ J’ ? - P “‘:'
¢ _;.‘ r-,'._ ."v -\n‘._o.-,-
. b - - 3 x -
A PR w w Wi i _’_i

‘P AT,y .
c'ul s ,.l\.; g W
' ‘A,kf"\ h_a."' Yo,
. -...n‘a.-.-,“.'lv
i .

FIGURE 25. Part of a swollen myelinated axon containing a network composed of an abnormally large
number of 10 nm neurofilaments. Organotypic cord-ganglion-muscle combination tissue culture chronically
exposed to 2,5-HD. (Thin epoxy cross section stained with uranyl acetate and lead citrate; electron micro-
graph; magnification x 66,000.)

‘ure was an absence of neurofilament proliferation, which lends indirect support to
‘he idea that neurofilaments accumulate focally in axons??® rather than proliferate.*?’

I. Axonal Transport Studies

Mendell and co-workers'?®’ studied fast axoplasmic transport in rats exposed to
M nBK by injecting lumbar dorsal root ganglia or spinal cord anterior horns with *H-
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Table 21
SUMMARY OF TISSUE CULTURE STUDIES ON EFFECTS OF HEXACARBON
COMPOUNDS
Type Compound Dose Duration Effect Ref.
CNS-PNS-muscle  2,5-HD N2.6mM 4 weeks—1 Duplication of giant axonal distal 228
combinations year plus nerve fiber changes and degener-
ation, with proximal demyelina-
tion and remyelination more
proximally
CNS-PNS-muscle n-Hexane, 2.8mM 5—6 weeks Giant axonal changes in all be- 251
combinations MnBK, 2,5-HD, tween 2-5 weeks; relative potency:
$-OH-2-H, 2,5- 2,5-Hd = MnBk>5-OH-2-H =
HDiol, 2-hex- 2,5-HDiol> 2-hexanol = n-hexane
anol
Cord-ganglia M nBK 3 months Unspecified changes 83
2,5-HDiol 103g/m! 2-3 days Focal axonal swellings containing 258
neurofilaments; later, Schwann
cell and neuronal degeneration
Neuroblastoma nHexane 0.1%—2% Days Reproducible series of cytotoxic 199
effects and inhibition of prolifer-
ation at higher doses; LDy, =
2%
Neuroblastoma MnBK, 2,5-HD 0.02%—0.16%  Days Cytopathological and growth in- 199
hibiting effects; 2,5-HD 25%
more active than MnBK
Dorsal root gan- MnBK, 2,5-HD 800—1600 ug/m? 2—3 days Nonspecific cytotoxic effects 83
glia (dissociated)
Dorsal root (dis- MnBK, 2,5-HD 200—400 pg/m! Lipid granulation 83
sociated)
Neuroblastoma MnBK, 2,5-HD 2001200 ug/mt Up to 11 days Lipid vacuoles in cytoplasm; 83
Hela cells extension of neurites with 2,5-HD;
Glioma cells depression of uridihe uptake by
2,5-HD
Neuroblastoma MiBK 0.1%; 0.2%; 10 days No effect on cell structure; inhibi- 83
0.5% tion of proliferation; cell death
FIGURE 26. Diagram of the process of retrograde
nerve fiber degeneration (distal dying-back axonopathy)
in myelinated nerve fibers innervating muscle in cord-
ganglia-muscle combination tissue cultures. Axonal
swellings filled with neurofilaments (a) develop on the
proximal sides of nodes of Ranvier (n). Compiete fiber
breakdown later occurs distal to a swelling (right pair).
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FIGURE 27. (A) Effects of MnBK (MBK), MiBK and MEK on cell multiplication in neuroblastoma cul-
tures. (B) Effects of varying concentration of n-hexane on cell multiplication in neuroblastoma cultures.
Cell numbetrs are expressed as number of attached cells per 25 cm? of the flask. (From Selkoe, D. J., Luck-
enbill-Edds, L., and Shelanski, M.L., J. Neuropathol. Exp. Neurol.,37, 768, 1978. With permission.)

leucine and following the wave of label during its passage down the sciatic nerve. The
mean downflow rate for motor nerve fibers was significantly impaired, and the degree
of impairment correlated with the severity of the neuropathy (Figure 28). The rate of
fast axonal transport in sensory fibers was also reduced. Griffin and co-workers’! ex-
amined the distribution of fast transported material in serial cross-sections of single
nerve fibers and demonstrated a focal blockade in the region of the paranodal axonal
swelling (Figure 29). These studies suggest that the impediment of fast axoplasmic
transport is related either to the increased numbers of neurofilaments, which might
produce areas of axonal blockage,® or to a blockade of both rapidly and slowly trans-
ported components-at the node of Ranvier.?'®

Jj. Effects on 24 nm Neurotubules

Neurotoxic hexacarbons do not seem to affect neurotubules. Quantitative morpho-
logical determinations of the number of neurotubules per unit cross-sectional myelin
area of peripheral nerve fibers are comparable in normal and MnBK-intoxicated
rats."?” p-Hexane, MnBK, and 2,5-HD have no effect on the polymerization of tubulin
subunits and do not cause microtubule disassembly.'*® *H-colchicine binding activity
of brain and sciatic nerve is also normal.'*

k. Effects of Direct Application to Nerves

Application of MnBK directly to the sciatic nerve results in a circumferential distri-
bution of Wallerian degeneration.'*” Similar resuits are obtained with 2,5-HD and 2,4-
HD although, with the systemically neurotoxic diketone 2,5-HD, enlarged demyeli-
nated and neurofilament-filled axons also appear several days after the application of
the toxin.”* This result suggests that high levels of 2,5-HD can specifically block neu-
rofilament transport, and may offer insight into the mechanism of giant axonal swell-
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FIGURE 28. Changes in axonal transport of materials in
sciatic nerve of rats with hexacarbon neuropathy. Graphs
show pattern of down flow of transported label 4 hr after
injection of (*H)leucine into the L,-L, segments of the ven-
tral horn of the spinal cord. The activity present in § mm
(MM) segments of cord, roots, and sciatic nerve is given on
the ordinate in logarithmic divisions in cpm. (A) represents
a normal control animal, (B) a partially paralyzed rat, and
(C) a severely paralyzed rat. (Redrawn from Mendell, J.R.,
Sahenk, Z., Saida, K., Weiss, H. S., Savage, R., and
Couri, D., Brain Res., 133, 107, 1977. With permission.)

ing seen in systemic intoxication. The observed wallerian degeneration appears to be a
nonspecific solvent effect on the nerve fibers.

1. Biochemical Studies
(i.) Energy Transformation (Glycolysis)

This area of biochemical investigation?'® was stimulated by neuropathological and
axonal transport studies®'-2>* which revealed the special vulnerability of nodes of Ran-
vier, where the dual functions of nerve impulse conduction and axonal transport pu-
tatively make these regions large consumers of chemical energy. Sabri and co-work-
ers'® found that crystailine and endogenous PNS and CNS glyceraldehyde-3-
phosphate dehydrogenase (GAPDH), a major regulatory enzyme in glycolysis on
which fast axonal transport is known to depend,'®” was inhibited in vitro by MnBK
and 2,5-HD as a function of hexacarbon concentration and duration of preincubation
of toxin and enzyme in vitro. At a hexacarbon concentration of 50 mM, with 10 min
preincubation at 37°C, MnBK was approximately 5 times more active on GAPDH
from rat brain (approximately 100% inhibition) than 2,5-HD (approximately 20% in-
hibition). Graham and Abou-Donia®® have shown that the inhibition of GAPDH by
2,5-HD is irreversible, proceeding via a reversible enzyme-inhibitor intermediate. Sabri
and colleagues'®® subsequently demonstrated hexacarbon inhibition of crystalline and
brain phosphofructokinase (PFK), the major control step in glycolysis. Under condi-
tions similar to those used for the assay of GAPDH, 2,5-HD produced a twofold
greater inhibition than equimolar concentrations of MnBK (Table 22). The effects of
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FIGURE 29. Abnormalities in the fast axonal transport of
label along (left to right) a single myelinated nerve fiber (top)
focally swollen with neurofilaments proximal to a node of
Ranvier (arrow). *H leucine was injected into the Ls ventral
horn of a rat with 2,5-HDiol neuropathy and the incorporated
radioactivity transported down the sciatic nerve past the posi-
tion of the swelling. Electron autoradiographs of skip serial
transverse sections (TS) were prepared and the grain number
(center) and density per unit area (lower) plotted in relation to
each sampled position on the fiber. Grains accumulated in the
swollen region as illustrated. (From work described in Griffin,
J. W., Price, D. L., and Spencer, P. S., J. Neuropathol. Exp.
Neurol., 36, 603, 1977. With permission of Dr. J. Griffin.)

Table 22

PHOSPHOFRUCTOKINASE (PFK)

EFFECT OF 2,5-HD AND MnBK ON THE ENZYME ACTIVITY OF THE
CRYSTALLINE GLYCOLYTIC ENZYMES GLYCERALDEHYDE-3-
PHOSPHATE DEHYDROGENASE (GAPDH) AND

GAPDH-* PFK*
(umol of NADH formed/min/ (umol of FDP formed/min/mg
Sample mg of protein) of protein)
Enzyme + Buffer (Control) 16.77 = 1.1 144.5 £ 5.6
Enzyme + 2,5-HD 7.17 £0.67 320x1.2
Enzyme + 2,5-HD + DTT 1433+ 1.5 142.5 +4.7
Enzyme + MnBK 2.87+0.19 126.4 + 3.7
Enzyme + MnBK + DTT 19.64+3.4 154.6 £ 7.3

« 50 ut of crystalline GAPDH (0.7 mg protein/m1) were preincubated with 17 mM 2,5-HD or 17
mMM nBK for 20 min at 37°C with and without the addition of 0.02 M dithiothreitol (DTT).

® 100 ut of crystalline PFK (I mg protein/m{) and 100 uf of 2,5-HD (80 mM) or MnBK (50 mM)
were incubated at 37°C for 20 min with and without the addition of DTT. In the control experi-
ment, 2,5-HD or MnBK was replaced by an equivalent volume of buffer. Enzyme activity of
GAPDH was measured according to the method described by Sabri and Ochs;'® PFK activity was
determined as described by Sabri and co-workers. '*
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Table 23
EFFECT OF n-HEXANE AND ITS
METABOLITES ON CRYSTALLINE ENZYMES
GAPDH, PFK, AND LDH

umol of NADH oxidized or
reduced/mg of protein

Hexacarbon GAPDH PFK LDH
Buffer control 9913 247.8 + 10.2 80.6
n-Hexane 9.5+0.4 256.2+13.6 91.4
2-Hexanol 8.5+0.7 246.3+11.6 75.3
2,5-Hexanediol 7.4+0.4 262.8 +22.6 88.7
5-Hydroxy-2-hexanone® 8.5+0 194.4+16.5 90.5
Methyl n-butyl ketone 3.8+0 175.6 £21.6 86.0
2,5-Hexanedione 540 116.7 £ 17.7 80.6

Note: Crystalline GAPDH, PFK and LDH (1 mg/m{) were each
preincubated for 20 min at 37°C with each solvent prepared
in appropriate buffer at a final concentration of 25mM. In
the control the hexacarbon was replaced by an equivalent
amount of buffer. Enzyme activities of GAPDH and PFK
were determined as described in the footnotes of Table 22.
LDH activity was determined as described by Sabri and co-
workers, '#¢

Courtesy of Dr. G. D. DiVincenzo.

the six interrelated hexacarbon metabolites are shown in Table 23. While the concen-
trations of toxin used in these experiments are significantly higher than those likely to
be encountered under physiological conditions, much lower concentrations (in the
range 1 mM) also result in significant (25% for GAPDH) inhibition of enzyme activity,
if the period of preincubation of enzyme and toxin is prolonged from minutes to hours
(2 hr).**” Dithiothreitol, a sulfhydryl providing reagent, protected GAPDH and PFK
but failed to restore activity once the enzyme was inhibited. The neurotoxic hexacar-
bons failed to inhibit the enzyme activity of lactic dehydrogenase, succinic dehydrogen-
ase, succinic dehydrogenase, or transketolase.?!”

2,5-HD causes a slight loss of respiratory control in liver mitochondria.?®

The activity of GAPDH and PFK was unaffected by the neurologically inactive com-
pounds 2,4-hexanedione, 1,6-hexanediol, and acetone.

(ii.) Lipid Metabolism

Gilles and associates®? found in Fischer 344 rats with advanced neuropathy, a de-
creased incorporation of (1-'*C) acetate into triacylglycerides (32%), total sterols plus
diacylglycerides (54%), C-30 hydrocarbons (55%) and digitonin-precipitable sterols
(55%). It is not known whether these changes in lipid metabolism are associated with
the causation of nerve fiber breakdown, or merely mirror the nerve fiber degeneration.

(iii.) Chomophore Generation

Graham?® has demonstrated that 2,5-HD forms a stable chromophore in reaction
with e-amino acids of proteins (GAPDH, bovine serum albumin, chicken egg-white
ovalbumin) and poly-L-lysine. The absorption spectrum (... = 475nm) and fluores-
cent properties (Accirarion = 370 t0 380nM; Amision €q 435 and 545 nm) are characteristic
of a conjugated imine or Schiff base. An orange chromophore developed in the pres-
ence of 2,5-HD but not with acetone. The rate of appearance of the chromophore
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increased with 2,5-HD concentration, temperature, and incubation time. Rapid reduc-
tion was observed after the addition of NaBH, or Na,S;0..

6. Relationship of Chemical Structure to Neurotoxic Activity

The six metabolically interrelated hexacarbons listed in Section VI.B.5 all produce
neuropathy when administered to experimental animals. The hierarchy of neurotoxic
potential in the rat, i.e., 2,5-HD > 5-OH-2-H > 2,5-HDiol > MnBK > 2-hexanol > n-
hexane, is in proportion to the peak serum values of 2,5-HD that each compound
generates.'s®

The relative neurotoxic activity of the six interrelated hexacarbon compounds was
also investigated in a tissue culture model of hexacarbon neuropathy (see Section
VL.B.5.h). Veronesi and co-workers®! traced the fate of the applied neurotoxin by
examining the nutrient fluid by GC-MS before and after exposure to the tissue culture.
2,5-HD appeared in the exhausted nutrient fluid with each metabolite, and 2,5-HD
and MnBK were the most potent agents in vitro.

The specific molecular configuration of hexacarbon compounds that produce pe-
ripheral neuropathy has been investigated in experimental animals. Spencer and col-
leagues'®223-224 showed that Sprague-Dawley rats exposed to the hexacarbon aliphatic
diketones 2,4-hexanedione and 2,3-hexanedione, or to the heptacarbon ketones 3,5-
heptanedione and 2-heptanone, failed to develop neuropathy, in contrast to 2,5-HD
and 2,5-HDiol. These data supported the suggestion of DiVincenzo and co-workers®®
that 2,5-hexanedione is a primary neurotoxic agent, the property being related to the
y-spacing of the carbony! groups. Spencer and associates emphasized the importance
of examining for neurotoxic properties the commercially unavailable diketone 2,5-hep-
tanedione, the 7-carbon y-diketone analogue of 2,5-hexanedione, and 2,6-heptane-
dione, the presumptive $-oxidation product of n-heptane (an alkane formerly alleged?**
to possess neurotoxic properties). 2,5-Heptanedione and 2,6-heptanedione were sub-
sequently synthesized by the Rochester group and administered to Charles River rats
by gavage.'®* 2,6-Heptanedione given in ascending doses from 500 to 1000 mg/kg/day
for 13 weeks did not produce neuropathy, whereas 2,5-heptanedione at doses of 1000
and 2000 mg/kg/day produced neuropathy with neuropathological alterations identi-
cal to those produced by 2,5-hexanedione. 3,6-Octanedione also produced an experi-
mental giant axonal neuropathy.'s® Although the type of neurotoxic change appeared
identical with the 6-, 7-, and 8-carbon y-diketones, the neurotoxic potency decreased
with increasing length of the carbon chain. '

VII. THEORIES OF HEXACARBON NEUROTOXICITY

A. Interruption of Energy Metabolism

Defective energy metabolism is one explanation for the mechanism by which neuro-
toxic hexacarbons produce nerve fiber degeneration. The idea is attractive because a
number of other neurotoxic compounds and vitamin deficiency states which produce
peripheral neuropathy may affect various loci in energy transformation pathways, the
common net effect being defective synthesis of chemical energy (Figure 29). Two the-
ories point to a defect in energy transformation: one*'® implicates glycolytic enzymes,
the second,'®® a coenzyme required for pyruvate metabolism. Another hypothesis*®
suggests that y-diketones behave as ionophores and thereby divert energy metabolism
away from the maintenance of axonal transport and impulse conduction. All three
ideas require the toxin to act directly on the nerve fiber (reported in Section VI1.B.5.1).

1. C oehzyme Interference
Schoental and Cavanagh'®® suggested that thiamine might be rendered inactive if
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2,5-HD were to fit into the available space between a thiol in the apoenzyme and the
amino group of the thiamine molecule. Such a firm bridge would destroy thiamine
function by inhibiting the reversibility of the enzyme-substrate binding. This would
destroy its function as a cofactor for pyruvate decarboxylase which in turn would
disrupt energy metabolism.

2. Enzyme Inhibition

Spencer and colleagues®'® suggested that neurotoxic compounds such as carbon di-
sulfide, acrylamide and hexacarbons might bind to enzymes distributed along nerve
fibers, causing a dose-dependent inhibition of enzyme activity. Kurita'*® postulated a
similar mechanism. The neuronal perikaryon, which is responsible for maintaining
enzyme in the normal axon, would be unable to resupply the elevated demand for
enzyme in the nerve fiber exposed to neurotoxic hexacarbons. Proximal portions of
the nerve fiber would receive an adequate resupply of enzyme, such that supplies to
the distal axon would become deficient. An inadequate supply of glycolytic enzymes
arriving in the distal portion of the fiber would lead locally to diminished energy sup-
plies, axonal transport abnormalities, and nerve fiber degeneration.

3. Ionophore Hypothesis

Stereological models of aliphatic diketones reveal the neurotoxic 1,4-diketones may
have unbonded gaps between adjacent carbonyl groups identical to those displayed by
the (ester) carbonyls of the potassium ionophore valinomycin.* Nonneurotoxic diones
such as 2,4-hexanedione have much longer unbonded gaps (Figure 30). If y-diketones
such as 2,5-HD were to act as ionophores at the nodal axonal membrane, striking
abnormalities might develop in ion balance and energy conservation.

The ionophore hypothesis thus explains disruption of nerve fiber integrity by meta-
bolic interference at the level of the surface membrane of the axon. Location of the
hexacarbon in nerve membranes might account for the increased membrane fluidity
reported'*! to occur after systemic treatment with 2,5-HD.

B. Neurofilament Binding

The hallmark of neuropathies produced by neurotoxic hexacarbons, as well as by
acrylamide and carbon disulfide, is the formation of axonal swellings containing an
abnormally large number of 10 nm neurofilaments. Savolainen'®® has suggested that
hexacarbons, like carbon disulfide and acrylamide, might bind to neurofilaments and
affect their normal (unknown) function(s). Graham?®’ has proposed that 2,5-HD reacts
with e-amino groups of neurofilaments to form a conjugated imine.

Any theory that postulates a direct effect on neurofilaments must explain their initial
accumulation in the distal part of the nerve fiber. One possibility is that neurofilaments
are denatured slowly and progressively during their course along the axon, so that
eventually they are unable to be transported further. The neurofilaments exposed for
the longest time, i.e., those at the distal end of the longest nerve fibers would be the
first to be affected. With time, neurofilaments in more proximal regions would become
similarly affected.

C. Metal Chelation
Goldstein’ has suggested MnBK and 2,5-HD produce cell toxicity (unspecified) by
chelating mitochondrial calcium.

VIIL. CONCLUDING REMARKS
The subject of hexacarbon neuropathy comprised less than 1% of J.B. Cavanagh’s
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FIGURE 30. Possible conformations for the sterochemical
structures of (A) 2,4-hexanedione, (B) 2,5-HD, and (C) the
ionophore valinomycin.*® Double-headed arrows show spacing
between adjacent carbonyl groups is identical for 2,5-HD and
valinomycin; this is required in the latter to form coordination
bonds with ions, thereby allowing the molecule to act as an
ionophore.

1973 review article** on peripheral neuropathies. The foregoing summarizes the inten-
sive investigation of hexacarbon neurotoxicity, most of which has occurred during the
past 6 years. This period has been marked by a close collaboration of scientists and
physicians from the toxicological and neurological communities. As a result of their
combined efforts, we may stand at the brink of understanding for the first time the
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precise molecular mechanisms by which a compound can elicit axonal degeneration.
Such information appears likely to lay the groundwork for determining the causation,
prevention, and treatment of many other polyneuropathies.
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