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The purpose of this project was to study the effects of methyl n-butyl

ketone (MBK) and methyl ethyl ketone (MER) on the peripheral nerves of rats

by correlating the results of electrophysiological, biochemical and morpho-

logical studies. rne major objective was to attempt to elucidate the patho-

genesis of peripheral nerve lesions which might occur and to obtain clues

how best to control or treat them. This is, therefore, the report of the

results of the experiments on Wistar rats using MBK and MEK.

MATERIALS ~~ METHODS

Wistar rats weighing 100 g to 200 g at the start were used. They were

kept in cages in the animal quarters, color-coded, and fed normal Purina Rat

Chow and water which was withheld for both control and eA~erimental groups

during inhalation expo~ures. Ample food pellets were supplemented inside

~. the cages of rats which had developed neuropathy. A total number of 225

Wistar rats were used, and 20 of these an~mals died of intercurrent or post-

operative infection, or anesthesia. T~e individual weights were obtained im-

mediately before and at the beginning of the inhalation exposure and serially

thereafter. Initially, both male and female Wistar rats were used. Since

there was no convincing evidence that either sex would react differently from

each other with the ketones and our preliminary studies at least supported

this, and in order to avoid aberrations in some resu~ts, e.g. the weight,

that might ensue from physiological changes, e.g. pregnancy (although caged

separately, both sexes were combined in the same chamber during exposure),

only male Wistar rats were used in the subsequent studies. Serial clinical

evaluations of all the rats were made throughout the entire experimental

period.

Two Fisher gravity convection incubators (Blue M: enameled steel inner

walls, inner glass door and:inickel~pated shelves)· were used as exposure

-1-



'.

chambers. The insulating material vas removed to facilitate better.regula-

tion of internal temperature which was kept at 21~C to 26°C. E,e internal

oxygen and carbon dioxide concentrations, and relative humidity were kept at

normal levels similar to external ambient conditions. The animals were kept

inside the chambers ior 6 hours daily, 5 days a week. Tne occasionally

missed exposure days were made up by increasing the length of exposure

time in the succeeding days until the total hours lost yere recovered; the

usual schedule was then resumed. Initially, the inhalation phase was pur-

sued up to 4 to 6 week.s for MBK and MEK~ but sl.>bsequently MER exposure -.

vas continued until all the animals showed overt signs of neuro~athy.

The air-ketone mixture was obtained by bubbling pure air into a gas

~ashing bottle containing commercial grades of either MBK or MEK. The

saturated air-ketone mixture was further diluted by pure air through a pair

of flowmeters to obtain the desired concentration and which was then intro-

duced through teflon tubing into the incubators.

In order that we might have a better understanding about how to set our

flo.~eter controls for the proper dilution of the ketones, we made certain

theoretical considerations. With a vapor pressure of 10 mm at zooe for MBK

and 90.6 mm at 25°e for MEK, the theoretical saturation would be about

13,200 ppm for MBK at 20 0 e and 120.000 ppm for MEK at 25°C •. Moreover, by

knowing the flow rate of air bubbling through these ketones, and of the

second diluting air, the concentration of each ketone in parts per million

(ppm) could be estimated. For instance, 1f the flow rate (81) of air bub-

bling through~·the gas washing bott1~ with the ketone was 538 ml!min, and

the flow rate (#2) of the diluting air was 4850 ml/min, the theoretical

concentration being delivered into the chamber would be about 1460 ppm.

These computations were based on the following formula:
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.r Vapor Pressure (e.g. at 20 D C X Flow Rate
--'-=-.;:....::..=-...c-=-:7:-:6:..:0--'-...:'--=----"-"-"'"'-'-~-=---- III

Flow Rate !J2

Initially, the actual concentrations of the ketones in the inhalation

chambers were determined using radioactive labeled material. Through

fragile and cumbersome one-way connections saturated air-radioactive

ketone was obtained by bubbling air through kno~~ quantities of radio-

active material, which was tben:diluted further with air as described above

fer the main set-up. We a11~wed 5 to 10 minutes for the radioactive

material to equilibrate inside the exposure chamber, based on the known

capacity of the chamber (about 18,000 ml3 ) and the total flow rates at the

time. Known amounts of air were drawn from different parts of the exposure

chambers with an airtight syringe containing known quantity of scinti11at-

ing counting solution. After shaking the fluid inside the§yringe. both air

and fluid were emptied into a vial with counting solution for further "trap-

ping" of the radioactive ketone. With this method we obtained a fairly good

correlation with the predicted concentration and shOwed that there was no

significant. difference --in concentrations in various ~partsof_the exposure

chambers. Separate groups of animals were exposed to each ketone; no groups

of rats were exposed to a mixture of both MEK and MBK. Tne concentrations

used for each experiment were: 1) MBK 60 ppm, and MEK 2150 ppm for 6 weeks;

2) MBK 100 ppm, and MER 4740 ppm for 4 weeks; and 3) MBK 1050 ppm and 1460

ppm for 5 weeks. Because of the inherent difficulties of the above tech-

nique (and changes in the circumstances then), gas liquid chromatography

(GLC; HP-7160A) and SKC chemical detect6r-~ tubes specific for ketones were

used for final and definitive experiments.

In the GLC._technique ,=MBK._ trapping:..was._accomp1-ished_by-~_bubbling;~the~ ~
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air sample through a tube with a kn~ amount of acetone which had been pre-

cooled in dry ice. During the recalibration process we observed that the

mean (:! SEM, (SD» MBKtsaturation 'JaB only 6506 .:!:. 400 ppm (SD, 1060 ppm);

for some undetermined reason this value was lower than what was obtained

initially with the previous method. Nevertheless, we were able to test the

predicting value of the above formula (Table 1).

The sampling technique for the GLC ~as satisfactory for the inlet of

the eh~osure chambers, with an average concentration of 2027 ± 54 ppm

(SD, 541 P?m). Hcr.,;rever. the method employed in sampling from within the

chamber was not too satisfactory. Tnerefore, for this purpose, we used

the SKC chemical detector kit for ketones. The ketone was trapped inside

a calibrated disposable glass tubing in which one end was inserted into the

chamber and the other connected to a hand pump. A chemical indicator inside

the calibrated tubing gave a yellow color for ketones wnich could be quanti-

tated with an error of + 20%. Outside the exhaust hood where the chambers

~ere located the ambient air was negative for'ketones by this technique

while exposure was in progress. The average concentration within the chamb-

ers was 1480 + 12 ppm (SD,165ppm)-for -the final experiments.

ELECTROPHYSIOLOGY

Tae technique has been described previously (1 - 4). Briefly, both

control and -experimental rats \o,Tere anesthetized before the e1ectrophysio-

logical study with intraperitoneally administered pentobarbital sodium

(0.01 to 0.04 mg/g body weight, repeated in smaller doses during the study

as necessary). One sciatic nerve was surgically exposed and electrically

stimulated at the sciatic notch (proximal) and at the popliteal fos'sa (dis-

tal). roe threshold and supramaxi~l responses ?f the triceps surae muscle

were recorded. The :following'=-parameters~were determinedquantitatively:-

current a L·.threshold- and supramaximal stimulation ,_~proximal and distal- '-
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latencies (motor nerve conduction velocity o·rnCV) == distance between the

~wo points of stimulation divided by the differer.ce of latencies) and the

amplitude of the evoked muscle actioupotential (EK~). Throughout the

conduction study, the tissue temperature was maintained at 3SoC to 36°C

with a thermoregulating unit.

In serial studies, the nerve contralateral to the initial one ex-

c.Tined vas used; only one conduction study was performed on each nerve.

Results of studies of the controls and of the EAperimental aniF~ls were

pooled and compared by Student t test for statistical significance.

BIOCHEMISTRY

The nerves of control and experimental animals were pooled and hooo­

genized as previously descrieed (1.5). Analysis was performed in duplicate

aliquots. Myelin was prepared by a minor modification of the method of

Norton and Podaslo (6). Sulfa tide was assayed by colorimetric method of

Kean (7) and"unesterified choleste.rol by the colorimetric method of Rudel

and Morris (8).

Myelin protein yas determined by the method of LOWTey et al (9) after

overnight incubation in O.S N NaOH at 37°C. h~ole nerve collagen was esti­

mated by multiplying the nerve hydroA7proline content (10) by a factor of

seven which was --derived by assuming that nerve- collagen is one-half base­

ment membrane \o!ith a weight ratio of hydroxyproline to total amino acids of

about 1:6, and one-half interstitial tissue with aveight ratio of hydroxy­

proline to total amino acids of about 1:8 (11). Total nerve content of

amino acids was determined by the ninhydrin method (12).

MORPHOLOGY

Routine postmortem examination of the central nervous system was per­

formed~on-_t'Wo_rats~exPQsed_~t_o_MBK:for IS weeks- shoiiin,~ moderate to severe
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cli~ical signs of neuropathy. and on two controls. The animals ~ere eutha­

nized by sodium pentobarbital anesthesia foll~ed by perfusion with gluta­

raldehyde in one comparable pair and formalin in the other pair. Sections

of the cerebral cortex. hippocampus, diencephalon, cerebellum, medulla, and

cervical, thoracic and lumbar spinal cord ..ere obtained and stained ....ith

R & E, Nissl, and Myelin stains.

~;e sciatic and posterior tibial nerves, and the intramuscular nerve

biigs to the gastrocnemius. of 12 controls a.nd 17 MBK rats were carefully

dissected under a dissecting microscope and then fixed in situ with 3.6%

buffered glutaraldehyde in phosphate buffer for 10 minutes. After excis­

ion, the nerves were further fixed in glutaraldehyde, and then washed in

0.1 M phosphate buffer at a pH of 7.5. The nerves were then post-fixed

with osmium tetroxide for 2 hours, dehydrated, embedded in epoxy, hardened

and sectioned onto glass slides for light, phase and electron microscopy

(13-14). Additional segments were placed in glycerin for single fiber teas­

ing.

RESULTS

CLINICAL

In the first experiment, 10 controls (5 males and 5 females) ~ere

weighed, baselineelectrophysiological studies were performed, and then the

animals vere sacrificed in order to obtain tissue samples for baseline bio-

chemical and morphological studies. Three other groups of Wistar rats were

identified numbering 10 per group with both sexes equally represented 1n

each group: one group was exposed to 60 ppm of MBK, another to 2150 ppm of

MEK, and the last served as parallel control. The animals exposed to MBK or

MEK did not develop overt signs of neuropathy after 6 ~eeks on inhalation ex­

posure. '.:" All ::the:,.contro1:-and experimental_ animals gained ,weightsteadily,,:,.and,::,,".---'"
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'the group mean weights were not significantly different from one another

(Table 2). The mean weights of the male and female rats in the experi-

mental group did not differ significantly from the controls. The d1£-

ference in body ~eights be~een the male and female rats was due to the

high initial weights of the males and not due to sex specific effect of

jYl::BK or MEK.

Similar negative clinical results were obtained using 90 ?pm of MBK

and 4740 ppm of MER for 4 weeks. No_further experiments were performed

with MEK. Only ~le rats were used in this and subsequent experiments.

In the third experiment. 2 concentrations of MBK ~050 ppm and 1460

ppm)were studied for 5 weeks. Several control and experimental animals

succumbed to an intercurrent infection. Of those that survived (Table 3),

no overt clinical signs of neuropathy were apparent at 5 weeks. Although

the weights of the experimental animals were not significantly different

from the controls, the former seemed to have either lost some weight, or

gained less than the latter. Moreover, the experimental animals were

visibly smaller than the controls. The intercurrent illness in this group

might have altered the actual weight difference between the controls and

experimental groups, since, as will be shown subsequently, the weight dif-

ference between the control and experimental groups has been shown several

timest6 be statistically different at abo~t ~-weeks of exposure or earlier.

Because the MNCV of both these experimental groups were 'decreased (see

below) without clinical signs of neuropathy, the immediate needs at this

point dictated that serial studies be performed until all exposed animals

became symptomatic, and then again until all symptomatic animals have be-

come completely asy-mptomatic.

-7-
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In the fourth experiments 4 groups of rats were exposed to MBK(l480

ppm) in two serial batches. The development of overt signs of neuropathy

during the exposure phase. and the ultimate recovery from these signs were

consistent in all groups.

The initial objective change was the diminished gain'in weight of the

~K group compared to the controls (Fig. 1). which was significant as early

as the second week of exposure (Fig. 2) (p<.05). This difference in weight <:'

between the control and MBK animals progressively became more promi~ent as

the controls gained more weight and the MBK rats gained less weight with

continued exposure until the 15th week. The HBK rats were visibly smaller

than the controls at 5 weeks of exposure, correlating with the decrease of

gain in weight in the former. The emaciation of the MBK rats progressed

steadily during the exposure phase of the experiment with the muscle wasting

becoming more manifest in both liindlimbs in the last 4 to 5 weeks of exposure

when persistent overt signs of neuropathy were also present. During the

'immediate post-eA7osure (recovery) phase. the MEK animals actually lost

weight (Fig. 1,2), which could not be attributed to the effects of surgery

for.electrophysiological testing since the controls were only minimally af­

fected by the procedure and since the unoperated MBKanimals showed the same

pattern as the operated group. This weight loss_in the immediate post-expos­

ure -phase-could- only"-be attributed to' an inherent- effect of MBK. Thereafter

the weights of the MEK rats increased towards normal (Fig. 2) so that the

weight difference'between the control and MEK groups was no longer signifi­

cant after the 7th recovery week.. rne muscle bulk of the hind1imbs pro­

gressively increased but was not visibly comparable·to the normal controls

during surgery until the 15th recovery week.
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At the beginning of the inhalation experiments,· the rats yere somewha t

unsteady and drowsy. as if "drunk". ""hen examined soon after termination of

eA~csure at the end of the day. Tnese signs would clear up immediately, and

certainly by the next morning the animals were again normal prior to the ex­

posu~e regimen. Ooe batch of rats developed a "hyperstart:le response" to

trivial sound stimuli, transiently appearing immediately after each exposure,

and altogether disappearing completely after the 10th week or so of exposure.

This sign d.id not occur in the second batt:h-.-

~ie earliest time when clinical signs of neuropathy were barely notice-

able in some rats was on the 9th to 10th ~eek of exposure. By the 11th to

13th week, all the MBK rats showed overt signs of neuropathy, and there ~as

worsening of the signs in the rats which developed rieuropathy earlier. In

all, the clinical signs of neuropathy were progressive until the termination

of exposure to HBK on the 15th week; in some progression was more rapid than

others. The earliest signs noticeable yere impairment of gait and tendency.

to fall one way while the .cage was moved the other way. Tnere was poor paw

control in the forelimbs while eating, and in the hindlimbs there was poor

positioning of -the- paws on walking which prog~essed later on to "heel-walking".

Initially, weakness of the proximal_muscles of thehindlimbs was suggested by

a certain "waddle" in the- gait, followed---by "hopping" locomotion, -and then

paraparesis (e. g. difficulty supporting weight__ with the. hindlimbs while at­

tempting to reach up for food). Some animals developed· virtually complete

paraplegia (dragging the hindlimbs), with. overt paresis of the forelimbs.

The muscle weakness seemed to be flaccid and ~orse distally, (e.g., forepaws

were floppy on walking, sometimes the rats were stepping '!<lith the.dorsum or

side of the paws). All t-he animals demonstrated the "tail drop sign", de-·

creased or delayed response toa tail pinch, and some showed _diminished or

-9-



delayed avoidance reaction to threat.

After the termination of expo~ure to MBK on the 15th week, the clinical

signs contiuued to progress for the next 2 to 3 "Weeks in the iYl!IUediat.e post-

exposure phase; for the first time paraparesis became evident in some rats,

and in others with previous paraparesis, paraplegia ensued at this time.

The clinical worsening of the MBK rats in the immediate post-exposn~e phase

correlated ~ith loss of weight (Fig. 1,2). Tnis weight loss in the MBK

group ~as more than what the operated controls showed; the operated controls

were clinically normal in the 2nd to 3rd postoperative day. Moreover, the

unoperated MBK animals not only showed progression of the clinical signs of

neuropath.y also demonstrated weight loss si~ilar to the operated MBK

animals, thereby indicating that this phenomenon was probably an inherent

part of the disorder caused by MRK and that the role of the effect of sur-

gery was at best minimal.

From the 3rd to the 4th recovery weeks, the MBK rats progressively

gained weight (Figs. 1,2) and the clinical signs of neuropathy steadily

resolved. By the 9th to 10th week of recovery, half of the MBK group had

completely recovered clinically, and the other half showed only minimal

motor signs, i.e., mild a~kwardness in gait and tendency to hop irrespect-

ive of ~hether or not surgery was performed previously. The muscle bulk

of the "thigh appeared slightly smaller than the controls during surgery for

electrophysiological studies at the 10th post-exposure week. By the 12th

to 13th pDst-eA~osure week, clinical recovery was complete in all MBK rats,

and the muscle bulk during surgery on the 15th week seemed grossly compar~

able in size to the controls.

ELECTROPHYSIOLOGY

-The supramaximal-currentwas 10 to 40 times the threshold current. with
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the amocnt of current cielivered to the nerves of control animals compaAable

with ~he experimental'groups (Tables 4-7).

In tbe first experi~ent (Table 4), the ~~CV and the ~~ amplitudes of

the MBK (60 ppm) and MEK(21S0 ppm) rats were not significantly different

f~~~ ~he centrols. The male and female values for tn2se para~~te~g ~~thin,

and b~~~een, each group ~ere essentially similar, suggesting that neither

sex ~as unduly sensitive to MBK or MER at the dose and length of time these

chemicals ~~re giv~n. A further incr~ase in the dosage of MBK and ~K at

slightly less exposure time (Table 5) did not produce any significant change

in the E}U2 or MNCV from the centrols.

At this point, ~e concluded that further experiments with MER would be

fruitless. Therefore, in the t~ird experiment. we used two higher concen-

trations, of MBK (Table 6). The results indicated that although the EMAP

amplitude had not changed significantly from the controls, the MNCV of both

MBK groups had decreased significantly «.001). This was our first positive

result. T~eTefore. we aimed at studying anirr~ls exposed to adequate dosage

of MBK serially as they became symptomatic and later, as they recovered from

their neurological deficits.

The results~-of the serial nerve conduction -studies performed on the

animals exposed to an ambient MBK concentration of_ 1480 ± 12 ppm (SD. 165

ppm), until all the-rats were -symptomatic arid-_later "recovered,-are" summar­

ized in Table 7. The MNCV of -theMBK rats clearly" decreased from the 5th

week of exposure until the 15th week when exposure was terminated (Fig. 3).

In the post-exposure (recovery) phase it increased gradually so that by the

15th recoverY,\o!eek it was back to 'Within normal limits. In order to further

ensure that the decliDe in }lliCV during the inhalation exposure was unrelated

to changes- which might_ have: occurred _wi th-:age, in the controls:. -_and_- to:_the

"-11-



'diff~rences in weights of the control a~d MEK animals, the Pearson's r cor­

relation coefficient of the MNCV (56.5 to 77.5 m/sec) and the corresponding

weights (108.5 g to 577.5 g) of 69 control ani~ls,studied at several points

in tine during the exposure phase of MEK and MBK experiments, was 0.2130.

Its critical value Yas not significant at the .05 alpha significance level,

indicating that the decrease_in MN~v of the HBK animals was due to the path­

ologic effect of ~~K and that any changes in the MNCV of the controls with

age did Dot cODtribute significantly to the differences be~ween the ~mcv of

the control group and MBK animals.

The EMAP amplitude decreased slightly later in the course of exposure

(Table 7). 5 weeks after the MNCV had decreased. T~is decrease in~ ampli­

tude tended to improve in the recovery phase but was still significantly l~w­

er than the controls at a time when the MNCV waS within normal limits and

'When the XBK rats seemingly had shown full clinical improvement from the MBK.

This observation suggested one or a combination of the follow~ng: 1) perma­

nent loss of entire motor units; 2) full functional re-innervation of the

previously denervated muscle fibers had not yet occurred: 3) that re-innerva­

tion had occurred but because of the immaturity of the nerve sprouts synchro­

nization yas still to occur.

BIOCHrnISTRY

The results of the biochemical studies-of the posterior tibial nerves

of MBK rats were not significantly different from the controls (Table 8).

The no~~l sulfatide and unesterified cholesterol 'Would indicate that there

was no significant demyelination. the normal esterified cholesterol would

point to insignificant myelin degeneration, and the normal amount of collagen

would mean that there ~as no significant scarring at 10 and at 15 weeks of

exposure~,----}I-Oreover:.,~:::inthe presenc2c_of __ derinite _illorpho_logic_changes -a t
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'these times, these normal data would suggest that the biochemical studies

mi~~t not have been sensitive enough to distinguish subtle changes ~hich

could have resulted from spotty morphological alterations. No biochemical

studies we~e carried out in the rats £xposed to ~~ since there ~ere no

neurological si~~ and there were no pathological changes in the periphe~al

nerves.

MORPHOLOGY

Light microscopic ex=~ination of sections of the cerebral cortex,

hippocampus, diencephalon, cerebellum, medulla, and cervical, thoracic

andlt..'icl::ar spinal cord stained ~ith H [. E, Nissl, and myelin stains

shOwed no pathologic changes in 2 S)~pto~tic MBK animals at 15 yeeks

compared to 2 normal con~rols.

Tne sciatic, posterior tibial, and lateral plantar nerves of three

animals in each of the control~ MBK and MEK groups of the first experi­

ment were sampled. .The two micron plastic sections of these nerves were

normal by phase microscopy.

rne evolution of the histological changes (Fig. 4) in the peripheral

nerves of rats exposed ~~ 1480ppm of'MBK were as follows:

A. EXPOSURE PHASE

5 weeks: mild abnormalities were observed equally in the sciatic and

~ibial nerves which included irregularities and increased in­

pouchings of myelin sheath, and minor paranodal swelling and

splitting of myelin lamellae.

10 weeks: sciatic and tibial nerves still equally involved; above ab­

normalities persisted with someuhat mo~e myelin wrinkles and

occasional giant axons.
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15 weeks: sciatic nerve somewhat more affected than tibial nerve;

focal and paranocal axonal ~welling were more prominent.

myelin infolding had increased. and tbere ~as illild a~unt

of myelin debris in all nerves.

B. RECOvERY PHASE:

10 ;,;eeks: sciatic nerve definitely more involved than tibial nerve'

and pathological changes were more obvious than 15th week

of i~~alation; giant axons were grossly more abundant with

endoneurial edema in some fascicles with intact peri­

neurium. myelin debris was moderately abundant; for the

first time. myelinated fibers were reduced in number -

the fiber loss in a given fascicle seemed localized to

discrete areas sparing surrounding fibers, and some clus­

ters of tiny myelinated nerves (regenerating nerve sprouts)

were scattered.

15 weeks: same as above; the clusters.of tiny nerves had increased

in number .._.
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DISCUSSION

When the project began in the latter part of 1974, the published

material about MBK and MEK was meager and it did not tell the whole

story. Since then, several clinical and experimental studies have ap­

peared. The results of our studies confirm the report of others that

MBK caUSes neuropathy (15-19) and that MEK alone does not (18,19). One

group (19) reported that when MER (1125 ppm) was combined with ~mK'(225

ppm) at a ratio of 5:1 and given continuously by inhalation to rats,

clinical paralysis appeared earlier than when ~~K was used alone, and

.the histological changes were also enhanced. Another group (18) gave

150 mg/kg body weight of a 9:1 mixture of MEK and MBK to cats twice daily

by subcutaneous injection and showed that the animals did not develop

clinical neuropathy and that the morphological changes in the nerve ap­

peared proportional to the MBK concentration used, although the possibil­

ity that MEK might have enhanced MBK toxicity was not entirely ruled out.

In 1974, Mendell et al (i6) showed that several species of experimental

animals exposed continuously to MBK via inhalation route developed peri­

pheral neuropathy~ The interval.from the onset of exposure to the ap­

pearance of clinical neuropathy varied with the species used; the interval

was 4 to 5 weeks in chickens, 5 to 8 weeks in cats and 11 to 12 weeks in

rats·. They further-:showed·that-cnerve .conduction velocity in the cats de­

creased from an average of 115 to 50 m/sec, that changes compatible with

denervation were obta·ined in EMG of some muscles, and that histologically,

there were focal axonal swelling associated with thin myelin, accumulation

of neurofilaments with loss of neurotubu1es in the swollen axon, and focal

areas of paranoda1 demyelination with the myelin breakdown products fre­

quent1y~observed-iri~-theSchwa:nn-ce11- cytoplasm. ··Essentially~simi1ar

histo1og-icaLchanges- were.:cobserved by Duckett_.et_aL (15) :using.=:Xhe_ sciatic.
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nerves of rats exposed intermittently to 200 ppm of MBK for 6 weeks by in-

halation.

In 1975, Spencer et a1(17) systematically studied both peripheral and

central nervous system of seveniy symptomatic rats exposed to 1300 ppm of

MBK by inhalation for 4 months given 6 hours daily and 5 days weekly.

They showed morphologically that the most prominent nerve fiber abnormality

in these rats was axonal dilatation with localized fiber swelling which oc-

curred anywhere along the nerve fiber, the paranodal swelling being as-

sociated with secondary myelin retraction; there were occasional ovoid

formation and evidence of advanced stage of degeneration in other fibers.

These changes were most apparent in the intramuscular and distal portions

of all peripheral nerves although scattered changes could be seen anywhere

along the nerve up to the level of the posterior root ganglia. In the

central nervous system similar changes were observed initially in the dis-

tal segments of nerve tracts, spreading proximally at later stages (17,18);

occasional anterior horn cells were abnormal in the 1umboscral spinal

cord (17). Because of the characteristic spatial-temporal distribution of

this disease which produced symmetrical signs, they designated this condi-

tion as ·"centra1-peripheral, distal axonopathy~' (18).-

In 1976, Saida et al (i9) showed by quantitative techniques that the

neuropathologic~l sig~s_preceeded_the-clinica~ signs by several weeks.

The earliest changes were the increase in the number of neurofilaments and

the inpouchings of the myelin sheath; the former was associated with a

decrease in neurotubules, and the neurofi1aments increased with time,

leading to the development of axonal swelling and secondary thinning of

myelin'sheath. The results of their study did not reveal any predilection

showed .abnormalities only after ii' full spectr.um of changes had been.:,
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observed in the main nerve trunk, nerve roots and intramuscular nerves.

They did not observe any changes; including chromatolysis, in the anterior

horn cells and dorsal root ganglion. However, the suggestion that the in-

creased neurofilaments with decreased neurotubules which appeared initially

in the main nerve trunk and later in the distal nerve twigs (19) and the

implications of the term "centr~peripheraldistal a~onopathynmay not be

mutually exclusive, that is, both may represent epiphenomena of a dis-

turbed axonal transport mechanism with MB~ (20-25) but this remains to be

demonstrated. Thus, the ultimate mechanism that leads to the development

of MBK neuropathy is still unsettled.

In the last few years, MBK has gained notoriety as a cause of peri-

pheral neuropathy in man as a result of an outbreak of this condition in

1973 in a coated fabrics factory in Ohio (26). MBK neuropathy has been

reported since then among spray painters (27). The clinical picture and

course, decrease in nerve conduction velocity and i'giant axonal" change,

are fairly similar in MBK neuropathy as in the neuropathy due to glue

sniffing-(28-33) variably named with such exotic terms as "giant axonal"

(32) or "huffer'sll (29) neuropathy. The various adhesive compounds on the

market are usually made up-'of several agents in various proportions but

the two mostsignifica-nf---components which-are thought to produce the

neurotoxic effects of--glue--are - toluene-and-- n-hexane-{28, 30).. _Toluene

predominantly causes variable picture of central nervous system degenera-
- -

tion (34,35); there is only one case reported with neuropathy attributed to

toluene (36). On tlhe other hand, _n-hexane causes a picture which 1s pre-

dominantly due to its peripheral neurotoxic effects even though there may

be concomitant central nervous changes (31); as the peripheral neuropathy

recovers_, __hyper-:l'efl-exia- and- spas t-ici ty may..::~hen--bec-Ome-manifest--for- the -

first time (31), and these---signs -are probably due to -the degenerative
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effects of n-hexane in the central nervous system where regeneration is

less likely to occur.

MBK and n-hexane may have something in common in the production of a

neuropathy which appear to have similar clinical and pathological features.

Spencer and Schaumburg (38) have shown that the major water soluble metabo-

lite of MBK in experimental animals. 2. 5-hexanedione. produces identical neuro-

toxic effects as MBK. The chemical agent 2. 5-hexanedione is also a major

metabolite of n-hexane in guin~a pigs (39). Thus t MBK and n-hexane neuro-

pathy may have a common metabolic origin. In any event. the ultimate bio-

chemical substrate of the pathogenetic mechanism of MBK toxicity remains

to be determined.

There is no question. therefore. about the neurotoxicity of MBK. The

morphological changes have been intensively investigated and although there

might have been differences in methods, experimental designs, morphological

parameters and experimental animals used t several consistent points have

emerged: 1) that the morphological changes antedate the development of

clinical signs. 2) that the appearance of clinical signs are determined by

the inverse relationship of the dose and the length of time of_exposure,

and 3) that the common denbminator is the development of "giant axonal"

neuropathy. Although there is considerable information about the morpho-

logical changes during the period of intoxication (15-19), and except for

the single cat which was allowed to recover for 4-1/2 months (19)tthe

evolution of the morphological changes during the recovery phase has not

yet been studied systematically. It would seem that information gained

during the recovery phas~ could give more precise meaning for the changes

observed in human nerve biopsies which are o!dinarily obtained several

weeks or months after discontinuation of--the---intoxicating material, and

could explain some of the differences observed---such as predominance--of-

-18-
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axonal loss in some reports and of "giant axonal" change in others, etc.

(15-19,28,30-33).

Another parameter which has not been investigated systematically is

the evolution of the e1ectrophysio10gica1 abnormality during the intoxica-

tion and recovery phases, especially in relation to the evolution of the

clinical and morphological pictures. This method could be helpful in

giving objective assessment of the clinical course and possibly some in-

sight as to the relative involvement of the axon, myelin sheath, or both.

To date there has not been any systematic biochemical study of the nervous

system in MBK neuropathy; however, our results did not give any clue as to

the basic biochemical mechanism of the disorder.

Our results clearly shOwed the- following: MBK was neurotoxic to the

peripheral nerves and MEK was not; both electrophysiological and morpho-

logical changes antedated the appearance of clinical signs of neuropathy;

the MNCV progressively'aecreased uiitll. the end.. of inhalation exposure and

and then gradually normalized in~ara11elvith the regression of clinical

signs; EMAP amplitude decreased at a later date than MNCV and showed only

partial recovery; the clinical signs worsened transiently for 2 to 3 weeks

in the initial pos~-intoxicationperiod-hefore--steady recovery- took place;

and the morphological changes increasedd~ting the intoxication phase and
..-

progressed som.e--more-during the _recovery phase -reaching its maximum change

on the 10th recovery week, at a time when the animals were only minimally

affected clinically and the MNCV had shown some improvement; the biochemical

studies were normal. Since the biochemical studies were normal in the

clinically involved animals it was_considered that further investigation,

i.e., in vivo radioactive MBK incorporation, would not be scientifically
, ~•. _":!~\';:':"" -' \'." :.~.'"j ..,~~.:-,;

The tl1.nicar-wors_enfng ,-1mmediately-=after removal---of the intoxicating
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agent prior to steady recovery is a well known clinical phenomenon in

intoxications with several industrial agents (26,28,31). The temporal

differences of our result in rats from that of Allen et al (28) in humans

might be due to species differe,nces (16). Moreover, Allen et aI, (28)

reported that the electrical phenomena worsened before showing steady

improvement; we did not study the MNCV of our rats at the time this

phenomenon occurred but subsequently our data is compatible with theirs.

The interesting "mo~ho1ogical observation in 'this study" is the progres-

sion of the histological changes until the 10th recovery week when about

half of the animals had recovered and the other half showed only minimal

signs. It is possible that either MBK or its metabolite 2, S-hexanedione

may remain in the tissue for a long time after cessation of the intoxica-

tion process thereby maintaining the toxic effec~ on the nerves. This

seems not likely since clinical and electrical improvement were evident

at this time. It is conceivable that this delayed and somewhat paradoxi-

related to the disturbed axonal flow mechanisms; nevertheless, this is

speculative -and remains to be proven. The other important morphological

tion phase; -only--minimal-regenerative-changeswere--observed --lO-weeks after

cessation --of MBKexposure when -recovery- was well- u~der-way;_ The evidence:- -

with decreasing neurotubules, the evidence of Spencer and Schaumburg (18)

for their "central-peripheral distal axonopathy':', and our present evidence

.----->--l -~-.---r

___ . __~ _~_,of,._lack-.oL.regenetativ.e.capaci.ty .,oL~the.,nerve _during_ int.oxication. wi.th.·MBK- -;0--.--" ... - ..
I

would fit very nicely within the concept of "dying-back" phenomenon (40).

It would make~sensefor=-:the-='"nerve.:.e;f~ibet'-to-'-:be..:.unab-l'e--to'-'-Bend·'-of--f--sprouts~t-o--c_-~-,---,,"'

" to MBK-toxicitY':'i~---,:Thus,-~the-=,absence==of-=-s-i-gns~f=--regenerative=capabi-l·ity--._-
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while the toxic process .is still in progress seems ~therefore to be an" implicit

requisite of "dying-back" phenomenon, and our result would be supportive of

this concept.

In the ultimate analysis, the available major morphological evidence in

MBK neuropathy indicates axonal degeneration. The explanation given for the

decrease in nerve conduction velocity in axonal neuropathies has been to in-

voke the notion of secondary demyelination, or at least a secondary myelin

change (41). In this context, ,the c1inic~1 neuropathy ought to be far ad-

vanced before the MNCV decreases. However, in MBK neuropathy of rats we ob-
./ ,

tained an early decrease in MNCV. Nerve conduction velocity decreases when

the myelin sheath is altered biochemically or physically (1-4, 42-44) so

that internodal capacitance and transverse resistance are modified; para-

nodal myelin change or demyelination may be more effective in slowing nerve,

impulses than total internodal demyelination (44). It is possible that the

myelin inpouchings and splitting of myelin lamellae early in the course of

MBK neuropathy can explain" the decreasedMNCV. The current evidence is that

the early increase of neurofilaments (19) may not be directly related to the

alteration of nerve conduction (4). Selective loss of large myelinated

fibers (30) may not be an adequate explanation for~the-decreasedMNCV,be-

cause when- this -finding-was observed in our recovering_rats, the earlier

decrease in _MNCV had begun to.improve,=-the MNCV was most severely impaired

at a time when such loss was not evident; ~n? the MNCV progressively normal--

ized despite the 'evidence of axonal loss. Whether or not the affected but

seemingly intact axon conducted abnormally because of alteration in its

ionic content or flow char~cteristics is only speculative; Baker et a1 (45)

have shown that replacement of internal potassium by glucose resulted in

increased- internalresls tlvitY"~of _the:axon :with. -a.:;,r.esultant~decrease_ in

conductio~"velocity.
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Regardless of the explanation for the 'alteration of the MNCV, it re-

mained to be tbe~closest parallel of the clinical progression and recovery.

As for the axonal change, ,the better electrical correlative was the 'altera-

tion of the !MAP amplitude. There was some suggestive improvement on the

10th week of recovery but it still remained significantly lower even at

15 weeks when clinical recovery appeared complete.

~:.-
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.. SUMMARY

~·I.

• • •. r', ,;', .

MBK produced peripheral neuropathy in rats; MEK did not. Both

electrophysiological and morphological parameters, and the decreased'

weight gain, antedated the appearance of clinical. signs of neuropathy.

The MNCV progressively decreased until the. end of inhalation exposure

and then gradually normalized thereafter in parallel with the regression

of clinical signs. The EMAP amplitude decreased at a later time than

the change in MNCV but the amplitude did not normalize with full clinical

recovery. The clinical signs worsened transiently for 2 to 3 weeks in

the initial post-intoxication phase before steady recovery occurred.

The morphological changes increased during the intoxication phase and

progressed some more during the recovery phase reaching its maximum

on the 10th recovery week when one-half of the animals were completely

recovered and the other half showing only minimal clinical deficits and

the MNCV had shown some improvement. The biochemical studies did not

show any-evidence'-of- demyelination, 'Wallerian-degeneration- or _fibrosis •
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Fig. 4 Electron microscopic section of·tibial-nerve of MBK animal.
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Table 1. Comparison of Predicted Theoretical
and Actual MBK Values.

CONCENTRATION (ppm) .FLOW RATE (m1/min)

-: 'L - - '- ~ ,.:_via MBK, -CC,' ' -,-dUuti,ng ai I', __ ,. c-o='.', ," "_ -.L:::"'_:': _-. Thecsetica1*.. - , . Ac tua! o(GLC) .- -

{ ,

l. 263 .4850 353 355

2. 263 6950 246 ,187
:

3. 538 2860 1224 1851

4. 538 4850 722 1286

5. 538 6950 504 953
< ' - - -

6. 1156 2860 2628 2707

7. 1156 4850 1551 1881

8. 1156 :·6950 1082 1338

* Used 'av-erage~of--h',-5tl6-ppm for formula--:-( see- text~-
--,
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Table 3. Third Experiment - Mean Weights

i.,
,

f:

.- Experimental_Groups_~ - - -n.~..f ________ .. __ Group.Mean Weights (g) -- -- - -- --_.- -- -~. - .- -"-

'at Onset at 5 Weeks
,

A. Controls 9 150.6 ± 2.6, 8.3 328.6 ± 21.2, 60.0
, , ,

B. MBK 1050 ppm 8 148.4 ± 2.8, 9.6 292.0 ± 13.7, 36.2

C. MBK 1460 ppm 9 146.7 ± 3.7, 12.9 291.0 ± 12.4, 37.1

NB: Mean ± SEM, SD
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Table 4. MBK and MEK Experiment for 6 Weeks ­
,R~ectrophysio1ogica1 Studies.

~' ",: . .:, .. '
' .....'."-,

::"L' •

:.0.'

n

Experimental Stimuli Potential MNCV

i';'\ .... " ,Groups,,_·;,~ . .A··n , ", 'IM'·(mA)· ,. J-SM' (rnA) , n Amplitude:' (mV) " c·."~ =(m/sec), .'--

I Controls:

a) Female Rats 5 0.1 ± 0 1.2 ± .04 24.0 ± 4.1 68.9 ± 2.3
'r. ,/" ;,.,-.J"'-;; - c7\ .... , , ,

':(~O8) . (8.2) '(4.6) ,

, (. ~.

b) Male Rats 5 0.1 ± .01 1.2 ± .03 26.6 ± 2.7 66.6 ± 2.4
( .03) ( .07) (6.1) (5.4)

c) Both 10 0.1 ± .007 1.2 ± .02 25.4 ± 2.3 67.6 ± 1.6
,"J T-.",,:,l"" .. "'(.02) • J' (~O7) (6'~8)

~ , "(4.9)

II MBK (60 ppm):

a) Female Rats 5 0.1 ± .01 1.1 ± .04 23.0 ± 4.2 63.6 ± 1.9
, , ~.·7 I , ...... r.'\rI·, : . ~ "'(.03) , ,"", . (';09)- , " ' "'(9'~5) , '"'{4.3)

b) Male Rats 5 0.1 ± .02 1.1 ± .02 21.4 ± 2.4 64.3 ± 1.4
(.04) ( .04) (5.4) (3.0)

c) Both 10 0.1 ± .01 1.1 ± .02 22.2 ± 2.3 64.0 ± 1.1
.... _ .# .... f' '., - , ,o'. (.04) - . "-(;07) (7~-3) : '~--'(3.5)

III MEK (2150 ppm):

a) Female-Rats· 5 0.1 ± 0 1.1. ± .06 - . 26.0.± 5.5 64.0 ± 1.1
!, . : .... _ ,J1 .'..:1 J , ~ -- . . ":.;. -, :',-'(~14) (12.4) • - 1 .•, (t .4)

, , ;

.. "

b) Male Rats- . 5 .0.1 ±: .02 1.2 ± .02 24.0 ±-4.4 66.9 ± 2.2
( .04) ----- (.05)'- ... (9.9) -'''''' (5.0)

-

c) Both 10 0.1 ± .01 1.1 ± .02 25.0 ± -3.4 65.4 ± 1.3
.. ,. .. ~. r ~ .~ ""J '".... ~ . . ~' . ,. ..~. .,,-,-- (:03) ." ~- . h""'( ;07): ., . -:' -~(lO:6)' ". '" -- ~ - h{4 :0) "
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Table 5. MBK and MEK F.xperiment for 4 Weeks ­
Electrophysiological Studies.

Experimental Stimuli Potential MNCV

Groups n TM (mA) - SM (mA) Amplitude (mV) (m/sec).
1. Control 8 0.1 ± .03 1.2± .02 l8.2± 1.3 65.0 ± 1.8

( .09) ( .05) (3.7) (5.1)
, , , J ,

2. MBK 8 0.1 ± .01 1.2± .02 19.2 ± 1.7 61.8 ± 1.6
100 ppm ( .02) ( .07) (5.0) (4.7)

3. MEK 9 0.1 ± .01 1.2± .01 22.9 ± 3.7 61.9 ±1.2
4740 ppm (~04) ( .03) ( 11.0) (3.5)

; , , ] ,
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Table 6. MBK Experiment for 5 Weeks ­
Electrophysio1ogic'a1 Studies.

Experimental Stimuli Potential MNCV

"
,

Groups n 'I'M (mA) "SM (mA) Amplitude (mV) (m/sec)..
"'

1. Controls at

a) I?CiY, O~, . 8 0.1 ± .02 _1.2 ± ...01 21.3 ± 3.3 64.3 ± 2.0 ,,
( .05) ( .03) (9.4) (5.7)

b) 5 Weeks 8 0.1 ± .01 1.3 ± .02 23.3 ± 1.9 65.5 ± 1.4*
( .02) ( .0.7) (5.2) (3.9)

, J ;

2. MBK a.t 5 Weeks
-

a) 1460 ppm 9 0.1± .01 1.2 ± .02 21.4 ± 1.7 . 52.7 ± 2.3*
( .03) ( .07) (5.2) (6.8)

, ~ .;---;""" 1 . b )=.~,~0Q.RRW-,' , Z~" ' -, ~Q.~.1 ± .• 0).,," " _J...2 t ,;l2,,< .~ 28,.6. ±. 2 •.1., -.--;0 o:':!: ".." 5.4.:.,2 ± ,1·.• 2;,,", ~
~.,

( .02) (.07) (5.6) (3.1)

* Either MBK va1uevs control: p < ~001
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,n TM (rnA) SM (rnA) Ampli tude (mV)
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Table 7 •

:;, ......~ .If. ":. -. ~' ' ~.":;.' .: ,~<~:",:_~, ..., :.) :'~

,- ..... L'" , ' '''', ~.'-'.' .',.,.L'._;.<:_c;...,;,'t.... :?,..~'. ~:. ""-""';,\;-';.,,-,
, Q

Cumulative~E1ectrophysio1ogica1 Data

MNCV
(m/sec)

""<'~:~1
, :,;'J

,.:.,

. I
. I,

A. Controls - Day 0 8 0.12 ± .02
( .05)

1.21 ± .01
( .03)

21.3 ± 3.3
(9.4)

64.3 ± 2.0
(5.7)

'. !
I

I

B. Gassing Phase
1. 5th Week

a) Controls

b) MBK

p

8

9

0.11 ± .009 1.32 ± .02
(.02) (.07)

0.12 ± .009 1.22 ± .02
_ (.03). . ..• _ , (. 07)

23.3 ± 1.8
(5.2)

21.4 ± 1.7
','0"" (5.• 2)

NS

c 65.5 ± 1.4
(3.9)

52.7 ± 2.3
., ...(6 .8) •

<.001

2. 10th Week
'a) Controls

p

9 0.14 ± .01
( .03)

_0.10 ± ~Ol

( .05)

3.7 ± .09
( .27)

__ .3.1 1-,.• 10.
( .31)

23.0 ± 1.3
(3.9)

16.5 ± 2.0
(6.0)
<.025

68.6 ± 2.4
(7.2)

.. 45.•0 ± 1...1
(5.0)
<.001

3. 15th Week
a) Controls

b) MBK

p

10
'1 1·": '\.

10

0.11 ± .009 3.31 ± .22.
"'.' (.02) "_-' 'J' (.71) ,
0.12 ± .009 3.14 ± .17

(.03) (.56)

23.8 ± 2.8
• "~J (8.8)

7.2 ± 1.6
(5.2)
<.001

66.5 ± 1.2
. " " (3.7) .,. ,

40.9 ± 2.6
(8.2)
<.001

""4."'"lW· )

.. ~ 1'"- 'l' 'V",;"" -~- •• <.. ••, :h !

27.0 ± 2.9 69.6 ± 1.9
(8.7) (5.8)

..13..0.. ±_3 __L.__ 47.2 ± 1.4
J, '- '''~1' (9.2) J •• -' "" .,.(4.0) O! .. : ,.'

<.01 <.001 ".;,

3.36 ± .17
( .52)

3.98.± _•.11
,,.. .'.35) ,

._ 'l- -,.~ III :.a. '+"~'" ,-

9 0.12 ± .01
(.03)

9 _O.lO..±, .01
; l:c ,.'"" ,. ,._.-.,.(.03) ...~.'"

b) MBK -

p

, 'r'·"C. ,P.ost.,~ ..Gassing :
(Recovery) Phase
1. 5th Week

a) Controls

2. 10th Week
a) Controls 9

p

0.10 ± .02
( .06)

..,0,.15,_~.",OL.

, ( .02)

.3.40"± .14 .-21.5 ± 2.6.
( .43) (7.8) '- -- .. -

~.3.30_~..:.10-:-[. ,_13.4 ,±,1.9.~,:,_

(.27) (5.0)
<.025

66.9 ± 1.2'
0.6)

,.~51·.. 2 .. ±...,2~1,,,,::--, [-.~'-'-'"

(5.6)
. <.001

3. 15th Week
a) Controls

b) MBK

p

9 0.10 ± .02
• . __, (.06) -', ,_

9 0.14 ± .01
(.04)

3.20 ±.• 12
,,. _ . (.36) ,
4.00 ± .24

(.73)

25.• 6 ± 2.1
;c~ • - _ (6. 2) ..--' '

16.3 ± 1.7
__, (5.1)

<.005 __ ,

67.1 ± 1.7
- "" ....( 5.1) _.

62.3 ± 2.4
(7.3)

NS
~ .. , ,

"'.,-':' .' " ::.,

. - -:,:..: ...... ~.
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Table 8. Biochemical Analysis of Posterior Tibial Nerves.

'.'.'.... '

......

I,
.;,
_I'.

.~ .. ." .. -.... ' - ." ....... ~l1....... ·..,.

Experimental Collagen Unesterified Esterified
Group n (% Total Protein) Cholesterol* Sulfatide* Cho1esterol*

A. 15 Weeks of
Gassing

, I
, , I.

1. Control 5 261.. 18.7 2.6 2.1

2. MBK 5 25% 24.7 3.8 1.2

,B. 10 Weeks of ._, " , .. - - " --,' .... -., ',' ,

Gassing
,

1. Control 5 28% 26.1 4.2 1.4.
2. MBK 5 30% 22.5 2.7 2.2

l. , , ! ! ,

* nM/~ Amino Acids
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