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The purpose of this project was to study the effects of methyl ;-butyl
ketone (MBK) and m=thvl ethyl ketone (MEK) on the peripheral nerves of rats
by correlating the results of slectrophysiological, biochemical and morpho-
logical studies. Tne major objective was to attempt to elucidate the patho-
genesis of peripheral nerve lesions which might occurrand to obtain clugs
how best to4controi or treat them. This is, therefore, the report of the
results of the experiments on Wistar rats uSing MBK and MEK.

5

MATERTALS AND METHODS

Wistar rats weighing 100 g to 200 g at the start were used. _They Wwere
kept in cages in the animal gquarters, color-coded, and fed normal Purina Rat
Chow and water whichvwag wi;hheld for both con;rol #nd experimental groups |
during inhalation expo;ures.. Ample food pelletsbwere supplemented inside
the cages of rats which had developed neuropathy. A total number of 225
Wistar rats were used, and 20 cf these animals died of intercurrent or post-
operative infection, or anesthesia. The 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 convinciﬁg evidence that‘eitﬁer sex wguld react differently from
each other with the ketones aﬁd our preliminary studies at least supported
this, and in order to avoid aberrations in some results, e.g. the weight,
that might esnsue from physiological changes, e.g. pfégnaUCy (although caged
separately, both sexes w?ré combined in thg same chamber during expcsure),
only male Wiétar £ats-;erg uéed in the subséquent studies. Serial_clinical
evaluations of all the rats were ma&e throughout the entire experimental
peribd.

Two Fisher gravity convectiaﬁ incubators_(Blue M: enameledhsteel inner

walls, inner glass door andﬁniCRéltﬁhted shelves) were used as exposure
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' ¢chambers. The insulating mata:iai was removed te facilitare bétter.regula—
tion of internal temperature vhichrwas kept at 21°C to 26°C., The iﬁternai
oxygen and carbon dioxide concentrations, and relative humidicy were kept at
normal levels similar to external ambient conditiens. The animals were kept
inside the chambers for 6 hours daily, 5 days a week. The occasicnally
missed exposure days were made up by increasing the length of expesure
time in the succee&ing days until the total hours lost were recovered; the
usual schedule was then resumed, Iﬁitially, the inhalation phase was pur-
sued up to 4 to 6 wzeks for MBK and MEK, but subsequently ﬁﬁx exposure -
was coqtinued until 211 the animals showed overt signs of neuropathy.

The air-ketone mixture was obtaine& by bubbling pure air into a gas
washing bottle containing commercial‘grades of either MBK or MEK. The
saturacved air-ketope mixture was fqrther diluted by pure air through a pair
of flowmeters to obtaim the desired concentration and which was then intro-
duced through tefloq tubing into the incubators.

In order that we might have a better understandi ng about ‘how to set our
flowmeter controls for the proper dilution of the ketones, we made certain
theoretical considerations. With a vapor pressure ﬁf 10 mm at 20°C for MBK
and 90.6 mm at 25 C for MEK, the theoretical saturation would be about
13,200 ppm for MBK at 20°C and 120,000 pummgg;"ﬁEK aémggmcj “ﬂoreover; by
knowing the flow rate of air bubbling through these ketones, and of the
secpnd diluting air, the concentration of esach ketone in parts per miliion
(ppm) could be estimated. For instance, if the flow raté {#1) of air bub-
bling through. the gas washing bottle with tﬁe ketone was 538 mi/min, and
the flow rate (#ﬁ) of the diluting air was 4850 ml/min, the theoretical
concentration being delivered into the chamber wquld be about £460 ppm.

These computations were based on the following formula:



Vapor Pressure {e.g. at 20°C X Flow Rate
760 : 1

X 1,000,000 = Theoretical
Fiow Rate £2 : Concentration
(ppm)

Initially, the =zctual concentrations of the ketones in the inhalarion
chambers were determined using radioactive labeled material. Through
fragile and cumbersome one-way connections saéurated éir—radioactive

kerone was obtaineﬁ by bubbling air through known quantiiies of radio-
active material,<which was theﬂ:diiéted further with air a2s described above
fer the mais set~up. We allowed 5 to 10 minutes for the radioactive
material . to equili@rate inside the exposure chamber, based on thza known
capacity of the chamber (about 18,000 m13) and the total flow rates at the
time. HKnown amounts of air ware drawn from different parts of‘the exposure
chambers with an airtight syringe containing known~qu5ntity_of scintillat-
ing counting solution. Af;er shaking the fluid inside Fhé§yriqgg,both air
and fluid were emptied into a vial with counting s&lutién for further "trap-
ping” of the radicactive ketone. With this method we obtained a faitly good
correlation with the predicted concentration and showeé that there was no
significant,differepceéin,concentrations-in variouskpérfs_of_the exposure
chambers. Separate groups of aﬁiméls.were'éxpesed to each kefone;AnQ groups
of rats were exposed to a mixture of both MEK an& MBK.: The concent?aéionsv
usad for each experiment were: 1) MBK 60 ppm, and MEK 2150 ppm fof 6 weeks;
2} Hﬁk 10C ppm, and MEK 4740 ppm for 4 weeks; and 3) HEK i050 ppm and 1460
ppm for 5 Weeis. “Because of_tﬁe;inhereqt difficulties of the abave tech-
nigue (and chéngés in the cifcumétaﬁpes fheﬁ),.gas’liquid éhromatography
{(GLC; HP-7160A) and SKC chemical detectdrr tubes specific for ketones were
used for final and definitive experiments.

In the. GLC..technique, MBK.trapping was.accomplished by bubbiing-the-:



* air sample through a tube with a knoén amoﬁntrof acetone which had been »re-
cooled in dry ice. During the regglibration process we obsefved that the
maan (i»SEH,l(SD)) EBE#saturation vasbonly 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 vazlue of the éﬁove formula (Table 1).

The sampling fechnique for the GLC was satisfactory for the inlet of
the exposure chambars, with an average concentration of 2027 + 54 ppm
{80, 541 pvm). However, the meihod employed in sampling from within the
chamber was not too satisfactory. Therefore; for this purpese, we used
the SKC chemical datector kit for ketones. The ketone was trapped inside
a calibrated disposable glﬁss tubing in which‘one end was inse;ted into the
chamber and the other connected to a hand pump. A chemical indicator inside
the calibrated tubing gave a yellow color for ketones which could be quanti-
tated with an error of + 20%. Outside the exhaust hood where the chambers
were located the ambient air was negative for ketones by thisg technique
whille exposure was in progress. The average concentrafion within the chamb-
ers was 1480 + 12 ppm (SD, 165 ppm) for the final experiments.

ELECTROPHYSIOLOGY

The technique has been described previously (1 - 4)., Briefly, both
control andfexperimentél rats were anesthetized before the electropﬁysio-
logical studf with intraperitoneally administered pentobarbital sodium

‘(0.01 to 0.04 me/g badf ﬁeight, repéated in smaller dosés during the study
as necessary). One sciatie nerve was surgically exposed and electrically
stimulated at the sclatic notch {proximal) and at the popiiteal fossa (dis-
tal). The threshold énd supramaximal responses of the triceps surae muscle
were. Tecorded. - The.followingsparameters,Qere determined quantitatively: —

current at:-threshold and supramaximal stimulation, . proximal and distal -
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" latencles {motor nerve conduction velocity (MNCV) = distance between the
two voints of stimulation divided,by the difference of latencies) and the
amplitude of the evoked muscle action potential (EMAP). Throughout the
conduction study, the tissuve temperature was maintained at 35°C te 36°C
with & thermoregulating unit.

In serial studies, the nerve contralateral to the initial one ex-
zminad was used; only one conduction study was performed on each merve.
Results of studies of the centrols and of the zxperimental animals were
pooled and comparad by Student t test for statistical significance.

BIOCHEMISTRY

The nerves of control épd experimental znimals were pooled and homo-
genized as préuiously describad (1,5). 'Analysis was performed in duplicate
aliguots. Myelin was prepared by a minor modification of the method of
Korton and Poduslo {6). Sulfatide was assayed by colorimetric method oé
Kean (7) and.munesterified cholestercl by the colorimetric method of Rudel
and Morris {8).

Myelin proteln was determined by the method of Lowrey et al (9) after
overnight incubation in 0.5 N RaCH at 37°C. Whole nerve collagen was esti-
mated by multiplying the nerve hydrexyproline content (10) by a factor of
seven which was-derived by assuming that nerve collagen is one-half base-
ment membrane with a weight ratio of bydroxypfoling to total aﬁino acids of
about 1:6, and 6ne—half ihter;fitial tissue with a weight ratic of hydrozy-
proline to total amino acids of about 1:8 {(11). Total nerve content of
amino acids was determined by the ninhydrin method t12).
| MORPHOLOGY
Routine postmortem examination of the central nervous system was per-

formed -on two_rats:exposed to MBK for 15 weeks showing moderate to severe



v

ciivical signs of neuropathy, and oﬁ two controls., The animals were eutha-
nized by sodium pentobérbital anesthesia followed by perfusion with gluta-

raldehyde in one coﬁparable pair and formalin in the other pair. GSections

df the cersbral cbrtex, hippccampus, diencephalon, cerebellum, medulla, and
cervical, thoracic and lumbar spinal cord wera obtained 2nd stained with

E & E, Nissl, and 3yeliu stains.

The sciatic and pesterior tibial nerves, and the intramuscular nerve

ia

J
0

W i

f

s to the gastrocnemiuvs of 12 controls dnd 17 MBK rats were carefully
discected under a dissecting microscope and then fixed in situ with 3.6%
buffered glutéraldehyde iﬁ phospnate buffer for 10 minutes. After excis-
ion, the narves were fufﬂher fixed in glutaraldenhyde, and then washed in

0.1 ¥ phosphate buffer at a pH of 7.5, The nerves were then post-fixed

with osmium tetroxide for 2 hours, dehydrated,'gmbedded in epoxy, hardened
and sectioned onte glass slides for light, phase and electron microscopy
{(13-14). Additioﬁal segmehts were placed in glycerin for single‘fiber teas—
ing.

RESULTS
CLIKICAL |
In the first experiment, 10 controls (5 males and 5 females) were

weighed, baseline'electroéhysiological studies were performed, and then the
animals were sacrificed in order to obtain tissuve samnles fér baseline bio-
-chemical and morphological studies. Three otﬁar groups of Wistar rats were
identified num£eriﬁg 10 per group wi;h both sexes eéﬁaliy represented in
each group: oﬁe group was>gxposed to‘éo ﬁpm of HBk, another to 2150 pém of
 ﬁEK, and the last se;ved as parallel control. The animals exposed to MBK or
MEK did not‘develop overt signs of neuropathy after 6 weeks on inhalation ex-

posure.;;Ali?the:control-and experlmental animals gained weight steadily; and = -
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‘the group mean weights were not siénificantiy ﬁifferent from one another

(Table 2). The mean weightsrof thg mzle and female rats in the experi-
mental group did not diffar significantly from the controls, The dif-
ference in body welghts between the male and female rats was due to the
high initial weights of the males and not due to sex specific effect af
MEEK or MEK.

Similar negative clinical results were cbtained using 90 ppm of MBK
and 4740 pﬁm of MEK for & weeks. Né,further experiments werse per%armad
with MEK. Only male rzts were used in this and subseguent experiments.

In the third experiment, 2 concentrations of MﬁK (030 ppm and 1460
ppm)were studied for 5 weeks. ISevéral contrel and experimental animals
succumbed to an intercurrent ivfection. Of those that survivedl(Table 3),
no overt clinical signs of seuropathy were apparent at 5 weeks. Although
the weights of the experimental zniwmals ware 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
vigsibly smaller than the contrels. The intercurrent iliness 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 shdwn several
times to be statistically different at about waeeks of exposure or earlier.
Because the MNCV of both these experimental groups vere decreased (see
below) witﬁout clinica; éigns of néuropathy, the immediate needs at this
point dictéfed that serial studies be performed untillall exposed animals
became symptomatlc, and then again unfil all symptomatic animals have be-

come completely asymptomatic.



In the fourth experiments 4 ggﬁués of fats were exposed to MBK {1480
ppm)} in two serial Batches. The dgvelopment of overt signs of neuropatny
during the expcsure 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
MBE group compared to the controls (Fig. 1}, which was significant as. early
as the seccond week-of expesure (Fig, 2} (p<.05). This difference in weight =
between the control and MBK animals progressively became more prominent as
the controls gained more weight and the HBk rats gained less weight with
continged exposure until the 15th week. The MBKX rats were ﬁisibﬁr smaller
than the cont;ols at 5 weeks of exposure, correlating with the decrease of
gain 1n weight in the former. The emaciation of the MBK rats progressed
steadily during the eﬁposure phase of the experiment with the muscle wasting
becoming more manifest in both Bindlimbs in the last 4 to 5 weeks of exposure
when persistent overt sizns of neuropathy were also present; During the
-immediate post-exposure (recovery) phase, the MBK 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>procedﬁre and sincehthe unoperated MBK animals showed the same
pattern as the operated group. This weight leoss.in the immediate post;expos-
ure -phase-could only be attributed to an inherent*effect of MBK. Thereafter
the weights of the MBK rats increased towards normal (Fig. 2) so that the-
. welght difference between the control and MBK groups was no longer signif;~
ﬁént after the 7th recovery week. The muscle bulk of the hindlimhs pro-
greséively inczeased but was not visibly cﬁmparabléht@ the normal controls

during surgery until the 15th recovery week.
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At the beginniag of the inhalzationm experiﬁents,'the Tats were somewhat
unsteady and drowsy, as if "drunk'. when examined soon after termination of
exposure at the end of the day. These signs would clear up immediately, and
certainly by the next morning the animals were agzain mormal priocr to the ex—

posure regimen. One batch of rats developed a “hyperstartie responsa” to

trivial sound stimuli, traﬁsiEHtly appearing immediately after each exposure,
and altogether dicappearing completely after the 10th week or so of exposure.
This sige did not occur im the szcond bateh.s

The earliest time when clinical signs of neuropathy were barely notice-
able in some rats was oa the 9th to 10th week of exposura. By the 11th to
13th week, 211 the MBK rats showed overt signs of nsuropathy, and there.was
worsening of the signs ;n,the rats which developzd neuropathy earlier. In
211, the clinical signs of:neuropathy were progressive until the termination
of exposure to MBK on the 15th week; in some progression was more rapnid than
others, The earliest signs noticeable were impairment of gait and tendency
to fall one way while the.cége was muved,the;other way. Thare was poor paw
control in the forelimbs while =ating, a2nd in Ehe hindlimts there was poor
positioning of -the paws on walking which progressed later on to "heel-waldng".
Initially, weakness of the proximal muscles of the hindlimbs was suggested by
a certain "waddle" in the gait, followed by “hopping" locomotion, and then-
paraparesis (e.g. difficulty supporting waight"withvthe:hindlimbs>while at-
tempting to reach up for food). Some animals daveloped'virfu?lly complete
paraplegia (dragging the hindlimbs), with overt pazgéis of the forelimbs.
The muséle weakness seemed to be flaccid and worse distalily, (e.g.; forepaws
were fleppy on walking, sometimes the rats were stepping with the dorsum or
gside of the paws). All the znimals demonstratesd the ‘‘tail drop sign",‘de~-

creased or delayed response to'a tail pinch, and some showed diminished or



Selayed avoidance rTeaction te thréat.

Lftar the terminarion of expesure to MBK an the 15th week, the clinical
signs continued to progress for tﬂé next 2 o0 3 weeks in the imwmedliate post-
exposure phese; for the first tima paraparesis became evident in some rats,
and in others with pravipous paraparesis, paraplegia enszued zt this time.

The cliniecal worsening of the MBK rats in the immeéiate past—exposgie_phase
correlated wiAth loss of weig‘;t (Fie. 1,2). 7This weight lcoss in the MBK
group was mzre‘thaﬂ,uhét the epeiated ccnt?ois showsd; the operated rcentrols
vare clinically normal in the 2nd to 3rd p&stmpefative ¢ay. Horeover, the
ungperated MBK asimals not only showed progression of the clinical signs of
neurspathy but also demonstrated weight ioss simllar to the operatead MBK
animals, tbereﬁy indicating that this phenom=non was probzbly an inherent
part of the disorder caused by ¥BK and thar the role of the effect of sur-
gery was at best minimal.

From the 3rd to the 4th recovery weeks, the MBK rats progressively
pained weight (Figs. 1,2} and the clinical sigps 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, l.e., mild avkwardness in gait and tendency to hop irrespect—
ive of whather or not suregery was performed previously. The muséie bulk
- of .the thigh appeared slightly smaliler thén the controls during surgery for
electrophysiological studies at the 10th post-exposure wéek. By the 12th
to 13th pust—exposuie week, clinical racovery was complete in ail MBK rats,
and the muscle bulk during surgery on the 15th week seemed grossly compar—
able in size to the contréls.

ELECTROPEYSIOLOGY

“The supramaximal current was 10 to 40 times the threshold current, with

-10-



the amount ©of current delivered ¢5 the nerves of control animals comparable

with the experimental -greups (Tables 4-7).

In the firset emperiment (Table 4), the MNCV and the EMAP amplitudes of
the MBK (60 prm) and MEX (2150 ppm) rats were not significantly different
sm ¢he contrels. The mele znd femele veluss for thsse parsmaters within,
gnd between, ¢ach group uere‘essentially similar, suggestcing that aeither

sex was unduly sepnsitive to MBK or MEK at the dose and leangth of time these

chomicals were given., A further irecrezse in the dosage of MBK and MEK at
siightly less z=xposure time {(Tehle 5) did not produce any significant change

in the EMAP or MNCV Ircm the controls.

At this point, we concluded that further experiments with HMEK would be
frulrliess, Therefore, in the third 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 decressed significanﬁly (<;601). This was our first positive
tesult. Therefore, we aimed at studying animals exposed to adequate dosage
of MBK serially as they became symptomatic and later, ag thev recovered from
their neurological deficits.

The results-of the seriz] nerve conduction-studies performed on the
.animals exposed to an ambiesnt MBK conéentration othQSO + 12 ppm {SD, 165
ppr), until all the rats were Symptomatic”éﬁdilater"recovered,”are‘summar-
ized in Table 7. The MNCV of the MBK rats cleaﬁly'decreased from the 5th
week of expesure until the 15th week whean éxposure was terminate& (rig. 3)}.
In the post—-exposure (recoveryj phase it iﬁcreased gradually so that by the
i15th recovery:geek it was back to within normal iimits. In order to further

w ‘
ensure that the decline in MNCV during the inhalation exposure was unrelated

to changes. which might' have:occurred with-age in the controls, and to._the



‘differences In weights of the contreol and ¥MEK énimals,‘the Pearson's r cor-
relation coefficienr of the MNCV (56.5 to 77.5 m/sec) and the corresponding
weichts (108.5 g to 577.5.g) of 8% ccntrol animals, studied at several points
in time during the exposure phase of MEK znd MBK experiments, was 0.2130.
Its critical value was not significant at the .05 alpha significance level,
indicating that ths decrezse 1o MECV of the MBK animals was due to tﬁé pathn-
ologic effect of EﬁK and that any changes in the MNCV of the controls with
age did oot contribute significantlf to the differences between the MNCY of
the control group and MEK animals.

The EMAP amplitude decreased slightly later in the course of exposure
{Table ?), 5 weéks after the MNCV had decrezsed. This decrease in FMAP ampli-
tude tended ta improve in.the recovery phase but was sti]l significantly low-
er than the controls at a time‘when the MNCV was within normal limits and
vhen the MBK rats seemingly had shown full clinical improvement from the MEK.
This observation suggested one or a combiratrion of the following: 1) perma-
nent loss of entire motor uﬁits; 2} full fupctional re-innervation of the
previcesly denervated muscle f£ibers had not vet occurred: 3) that re-innerva-
tion had-occurred but beacause of the immaturity of the nerve sprouts synéhro—

nization was still to occur.

BIOCHEMISTRY

The results of the biqchemical séudies-of the:posterior tibial nerves
of MBK rats were not significantly different frem the controls {Table 8).
The nermal sulfatide and unesterified cho;esterol would indicate that there
wvas no sigﬁificant denvelination, the normal estérifiéd chelesterol would
noint to insignificant myelin degeneration, and the normal am&unt of collagen
#ould ﬁean that there was no significant scarring at 10 and at 15 wveeks of

exposure..-Moreover,:-in the presence.of definite morphologic.changes -at

-12-
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‘these times, these normal data would suggest that the biochemical studies
might not have been sensitive enough to distinguish subtle changes which
could have rasulted from svotty morphoicgical alterations. No binchemical
studies were carried out In the rats exposed to MEX since there ware no
neurologlcal signs and there were no pathological changes in the peripheral
nerves.

MORPHOLOCY

Light micyoscopic examioaticn of sections of the cerebral cortex,

e
1

ippocampus, diencedhalen, cerebellum, medulla, and cerviczl, thoracic
and lumbar spimal cord stained with B & E, Nissl, and myelin stains
showed oo pathologic changes in 2 symptomatic MBK animals at 15 weeks
compared to 2 pormal comtrols.

The’sciatic, posterior tibial, and lateral plantar nerves of three
animals in each of the control, MBK and MEK groups of the first experi-
mentt were sampled. The two micron plastic sectionsrof these nerves were
‘normal by ghase microscopy.

The evolution of the histolegical changes (Fig. 4) in the peripheral
nerves of rats exposed to 1480 ppm of 'MBK were as follows:

A. EXPOSURE PHASE

5 weeks: mild aﬁnormalities were ohbserved equally in the sciatice énd
tibial nerves whi#h included irregularities and increased in-
p0uching§ of myelin sheath, and minor paranodal swelling and
splitting of myelin lamzllae.

10 weeks: éciatic and tibial nerves still equally involved;'above ab-
normaiities persisted with somewhat more myelin wrinkles and

occasional glant axons.

-13-
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15 weeks:

e

sciatic nerve scomewnat more affected than tibial merve;

I

ocal znd parancdal axonal swelling were more prominent,

[

2

in infolding had iacreased, and there was milé amount

&

of myelin debris in all nerves.

15 weeks:

sciatic nerve definitely mﬁré invelved than tibizl nerve’
and psathological changes were more aobvious than 15th week
of irhalation: giant 2xbns ware grossly more abundaant with
endoneurial edema in some fascicles with intact peri-
neurium, myelin debris was moderately abundant; for the
first time, myelinated f£ibers were reduced in number -

the fiber loss im a given fascicle seemed localized to
discrete areas sparing surrounding fibers, and scme clus-

rers of tiny myelinated nerves (regererating nerve sprouts)

were scattered.

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

in number. . _.

-4~



DISCUSSION
When the ptoject'began in the latter vart of 1974, the published

material about MBK and MEK was meager and it did not tell the whole
story. Since then, several ciinical and experimental studies have ap-
pezrad. The results of our studies confirm the report of others that
MBEK causes neuropgthy (15-19) and that MEK alone does not (18,19). One
group (19) reported that when MEK (1125 ppm) was combined with MBKj(ZZS
ppm) at a ratio of 5:1 and given continucusly by ichalation to rats,
clinical paralysis appeéred earlier than when MBK was used alone, and
.the histological changes were alsc enhanced. Another group (iB) gave
150 mg/kg body weight of a 9:1 mixture of MEK and MBK to céts twice daily
by subcutansous injection and showed that the animals did not develop
clinical neuropathy and that the morphologiéal changes in the nerve ap-
peared proportional to the MBK concentration used, although the possibil-
ity that MEK night have enhanced MBK toxicity was not entirely ruled out.

- In 1974, Mendell et al (16) showed thét several species of experimental
aniﬁals exposed continuously te MBK via inhalation route developed peri-
pheral neurcopathy. The interval from the onset of exposure to the ap-
pearance of c¢linical neuropathy varied with. the species used; the interval
was & to 5 weeks in chickens, 5 to 8 weeks in cats and 11 to 12 weeks in
rats. They furtherfshowed'that:nerve.conductioﬁ yelocity.in the cats de-
creased from an average of llS to 50 m/sec, that.changes compatible with
denervation were obtained in EMG of some muscles, and that histologically;
there were focal axonal swelling associated with thin'myelin, accutulation
of neurofilaments wirh loss of meurotubules in the swollen axon, and focal
areas of paranodal demyelination with the myelin breakdown products fre-
quently{observed”iﬁfthe'Schwannfcell‘cytoplasm.-vEssgntially:similar

histological changes-were-observed by Duckett_et_al.(15).using-the scilatic
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nerves of rTats exposed intemitte;'ltiy to 200 ppm of MBK for 6 weeks by in-
halétion. o ’ o ‘ . 1
In 1975, Spenéer e£ al (17) systematically studied both peripherél and
central nervous system of sgveniy symptomatic rats exposed to 1300 ppm of
MBK by inhalation for 4 ﬁonthé given 6 hours dally and 5 days weekly.
They showed morphologically that the most prominent nerve fiber abnormality
in these raté was‘axonal dilatation witﬁ localized fiber swelling which oc-
curred anywhere along,theinerve figer, the .parancdal swelling being as-
sociated with secondary myelin retractlon; there were occaslonal ovoid
formation and evidence of advanced stagé of degeneration in other fibers.
These changes were most apparent in the intraﬁuscular 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 simlilar changes were observedbinitially in the dis-
tal segments of nerve tracts, spreading proximally at later stages (17,18);
occasional anterlor horn cells were ébnormal in the lumboscral spinél
'co¥d (17). Because of the characteristic spatial-temporal disﬁribution of
this disease which produced symmetrical signs, they designated thils condi-
tion—as-"central—periphefal‘diétal axonopathy! (18).
In 1976, Saida et al (19) showed by quantitative techniques tﬁat the
neuropathological signsupreceedea.the_clinicaL signs by several weeks.
Thé earliest changes were the increase in thé numbe; of ﬁeufofilaments and
the inpouchings of the myeii# sheath; the former was ésé&ﬁiétedlwith a
decrease inlnéurotubuleé, aﬂd the neu?ofilaments incfeased witﬁ time,
leading to the development of axonal swelling and secondary thinning of
/myelin;sheath. The results of their study did not reveal any predilection
' of“fhe-éarly:cﬁanges:at_theraxoumterminal,,andnrhe:neurgmuscylarigunctioniig fj .

showed ‘abnérmalities only after a full spectrum of changes had been = L
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observed in the main nerve trunk, nerverrobts 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 inQ
Icreased 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 "centrdkperipheral distal axdnopathy"!may not be
mutually exclqsivé, that is, both may represent epiphenomena of é dis-
turbed axonal transport mechanism ﬁith MBK (20-25) but this remains to be
Aemonstratéd. fhgs, the ultimate mechanlsm that leads to the development
of MBK neuropathy 1s still unsettled.

In the last few years, MBK has'gainéd notoriety as a cause of perij
pheral neurtpathy in man as a result of an outbreak of this.condition in
1573 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 nervé éohdﬁction‘velocity and "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's" (29) neuropathy. The various adhesive compounds on the
market are usually made up of several agents in-various proportions but
the two most significant components which "are thought to produce the

'neurotoxiC>effects-ofﬁgluemare-toluene»and»n—hexaneWCZB,30)1. Toluene -
predominantly causes vatiable picture éf central nervous system dééenera—
tion (34, 35), there is only one case reported with neuropathy attributed to
toluene (36) On the Sther hand,_nfhexane causes a picture which is pre-
dominantly due to its peripherél ﬁeurotdtic effects even}though there may
be'coqcomitant central nervous changes (37); as»the periéheral neurcpathy
recovers,"hyperfrefiexiafand—spasticity may;then@becomefmanifeét“for_tte, _

first time (31), and thesesigns-are probably due tq:the dégeﬁerative e
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effects of n-hexane in tﬁe éentfél nervous system where regeneration is
less likely to occur.

MBK and n;hexane may have soééthing 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 solqble metabo-
lite of MBK iﬁ experimentai animals, 2, 5-hexaned{ione, produces identical neﬁro-
toxic effects as MBK. The chemical agent 2, 5-hexanedione is also a.major
metzbolite of n-hexane in guinea pigs (3?). Thus, MBK and n—ﬁexane neuro-
pathy ﬁay have a common metabolic 6rigin.- In any event, the ultimate bio—
chemical substrate of the pathogeneticlmechanism of MBK toxicity remains
to beidgtermined.

There is no question, therefore, about the neuroto#icity of MBK; The
morphological changes have been intensively investigated and although there
might have been differences in methods, experimentaltdesigns, ﬁorpholégical
parameters and‘experimental animals used, Beveral 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 relationéhiﬁ of the dose and thé length of time of exposure,
-and 3) that the dommon denOminato; 15 the development of "giant axonal®
' neuropa;hy. Although there 1s coﬁéiderable_iﬁformation about the morpho-
logical changes during the period of intoxication (15-19), and exéept for
.the single cat which was allowed to recover for ﬁ—i/z months (19),:tﬁe‘
évoiution ;f the morﬁhqlégical changes during iﬁe recovery ﬁhage haé not
yet been stﬁdied systematically. if would seem that information gainéd
during the recovery phasg could givé more precise meaning for the changes
observed in human nerve giopsies which are ordinarily obtained several

veeks or months after discontinuation of the intoxicating material, and — -

could explain some of the differences observed—-such a; predominance~of -
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axonal loss in some reporta and of "pgiant axonal” change in others, etc.

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

Another parameter which has not been in;estigated systematically is
the evolution of the electrophysiological abnormality during the intoxica-
tion and recovery phases, especially in relation to the evolution of the
clinical and morphologicai pictures. This method could be helpful in
giving objective assessment ¢f the clinical course and posaibly some in-
sight as to the relative.involvemeﬁt of the axon, myelin sheath, or both.
To date there has notrbeen any systematic biochemical study of the nervous
system in MBK neu;opathj; however, oﬁf results did not give any clue as to
the basic blochemical mechanism of the disorder.

Our results clearly>shdﬁed the following: MBK was neurotoxic to the
peripheral nerves and MEK was‘not; bothEelectrophysiological and mo;pho—
logical changes antedatgd the a?pearance of clinical signs of neuropathy;
the MNCV progressivel&”ﬁé&reaég&'ﬁﬁfii'tﬁéméﬁdﬁ of inhalation exposure and
anq then gradualli_nprmglizéd>in‘pag§iLglrwith the regression of clinical
signs; EMAP amplitude decreased at a lgqer_qate than MNCV and showed‘only
partial recovery; the ciinié;i éiégéi;6¥géﬁedﬁfransient1y for 2 to 3 weeks
in the initial pos;—intoxiéatioﬁ perip&t$efbrevsteady recovery took place;
and the morphological‘changes‘increasgdidéf?ng$the intoxication phase and
progressed somEfméfe;durihg tHe:réééﬁerf*pﬂase‘reaphing its maximum changg
on the lth Tecovery week, athﬁ tiﬁe when thg animals were only minimally
affected clinically and the HNCV.ﬁad shgqp somé imbrovement; the blochemical

studies were normal. Sinte the bio heﬁical studies were normal in the
,1_::?%.:;:‘.-?2%‘;5;-:‘. e TETL v ; - R TR

G i R AL

clinically involved animaléuii was cons aered that further inveétigation,

1.e., in vivo radiocactive MBK.incorpora;igE,rwogld not be scientifically

CanERLL LN

fruitful;;""; o . o e e

-20-



agent priof to steady recovery is Q Qell kﬁown clinical phenomencn iﬁ
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 differenceé (16). Moreover, Allen et al (28)
reported that the electrical phenomena worsened before showing steady
improvement; we did not study the Mycv of our rats at the time this
phenomenon occurréd but subsequently our data is compatible with theirs.
The interesting morphological oﬂéervationrin'this s;pdy7i§‘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 i
signs. It is possible that either MBK or its metabolite 2, S—hexanedione‘
may remain in the tissue for a long time’after cessatidnrof the intoxica-
fion process thereby maintaining the toxic effect on the.nerves} This
seems not likely since clinical and electrical improvement were evident
at this time. It is concéivab}é that this delayed and somewhat paradoxi- E
...._..cal appearance of,the,severe,mofphologiéal abnormalities'mAy“be,somehow
related to the disturbed axonal flow'mechanisms; nevertheless, this is
speculative -and remains fo be proven. The other important morphological
&eviee-__Observation_ iSTthe__abs.ence‘;,of;.s.igns;;o._i’;,nervé, sprouting during the intoxica- ::_ - ... _.. Jﬂ
tion phase;—only«minimal‘regenerative»chéngeszerenobserved-10-weéks After- —— %
cessation-of MBK e#poéuré-when~recovery—Qés Qeli*uqdeflw;y:‘ The»évidenceL -

3

Qﬁwﬁaida,et”alﬂ(19IJOf_incneaaingwneu:ofilaments,early“inwthew;oxiémégﬁteﬁ_v_;,;w_;Jfﬁwf_f

with decreasing néurottbules; the evidence of‘Spencer and Schaumbufg (18)
for their “centfai—pe;iphefal Aistal axéﬁopathyﬂ, and our‘present evidence

e -0f lack. Of_.regeneﬁat ive. cgpacity _of..the..nerve during intoxication. with-MBK - —pomooo o
would fit very niceiy within the concept of "dying-back" phenomenoﬁ (40).

It would make-sense for-~the-nerve—fiber to-be-unable-to-send-off sprouts-to- - N

”wwwmw”w,neinnerxate;denerva;ed;musclexﬁihensuwhileche?mainwaxcnﬁisastilirexposedw_aﬁ_m_mf“mwm e

i ) HBK*toxicitx;é;Thus,Tthe:ab9ence%ofzsign850fcregenerativefcapabilitj~'~f =
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while the toxic process is still in ﬁrogreés Seemslthefefore to be an implicit
requisite of "dying-back" pheﬁomenon, 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 conducfion velociﬁy 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‘cliuicgl neurcpathy ought to be far ad-

vanced before the MNCV decreases. However, in MBK neuropathy of rats we ob-
1.

taiued an early decrease in MNCV. Nerve conduction vélocity decreases when
the myelin sheath 1s altered biochemically or physically (1-4, 42-44) so
that internodal capacitance and transverse resistaﬁce are modified; para-
nodal myelin change or demyelination may be more effective in slowing nerve
impulses than totallinternodal demyelination (44). It is possible that the
myelin inpouchings and splitting of myelin lamallae early in the course of
MBK neuropathy can explainvthe decreased'HNCV; The current evidence is fhat
the eérly 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. decreased ﬁNCV,-be—
cause when- this finding-was observed ih our recoveriﬁgfréts, the eari@gr
decreage in MNCV had begun‘;p_improve,:the MNCV was most severely impaiféq
at a time when‘quch<ioss was not evidept; and therMHCV.progressivelj normal-.
iied despite thé'evidence of axonal 1033;-‘Whéther or ﬁot tﬁe ;ffééted bu£
seemingly intact axon con&ucted abnofmally because of altera;ioﬂ in ité
ionié,content or flow characteristics is only specﬁlative; Baker et 317(45)
have shown that replacement'of internal potassiqm by glucose'resulted in
increased'internal.re§1stivityfof_thesaxon:winhfaéieaﬁltantd&eCteaae_in -

.conduction velocity.
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34

Regardless of the explanatiégifor thelalteratioﬁ of the MNCV, it re-
mained to be the .closest parallel of the clinical progression and recovery.
As for the axonal change,,tﬁe beffer electrical correlative was the altera-
tion of the EMAP amplitude. There was some suggestiwve improvement on the
10th week of reéovery but it still remained significantly lower even at

15 weeks when glinical recovery appeared complete.
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" SUMMARY

MBK produced peripheral neuropathy in rats; MEK did not. Both
electrophysiological and mofpholoéical parameters, and the decreased:
weight gain,_anteaafed‘the appearance of clinical signs of neuropathy.
The MNCV progressively decreased uﬁtil the end of inhalation expcéure
and then gradually normali;ed thereafter in parallel with the regression
of clinical signs; The EMAP a?plitude decreased at a later time fh#n
the change in ENCV Eut the amplitude did ﬁot 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 morpholeogical changes increased during the intoxication phase and
progressed some more during the recovery phaée reaching its maximum

on the 10th recovérvaeek'when one-half of the animals were completely
recovered and the other half showing only minimal clinical deficits and
the MNCV had shoﬁn some improvement. The biochemical studies did not

show any-evidence of-demyelination; Wallerian-degeneration or fibrosis. -
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Table 1. Comparison of Predicted Theoretical
and Actual MBK Values.

FLOW RATE (ml/min) ‘ CONCENTRATION (ppm)
- +=:via MBK: = J.diluting aib.:.wow @ - -  Theametical* - | - Actual (GLC) - - —n-— = -
1. 263 4850 353 355
2. 263 6950 . 246 187
3. 538 2860 | 124 - 1851
4, 538 4850 1 a2 1286
5. 538 6950 | . 504 | ‘ é53
6. 1156 2860 - 2628 2707
7. 1156 4850 | 1551 | 11
8. 1156 :6950 | 1082 1338

\

* Used average—-of 6;506—ppm for formula-(see text) - --- -
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Table 3. Third Experiment - Mean Weights

___ _Group Mean Weights (g) _.. ._.._ __. __.__

Experimental Groups..| n _,j - .
'at Onset at 5 Weeks :
) E
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 -

-




R ' Table 4. MBK and MEK Fxperiment for 6 Weeks -
- S Flectrophysiological Studies,
Experimental Stimuli Potential MNCV
Emmy 07 L GrOupS;.‘,:.‘ - . -1 m(mA) Tt ‘)_m- (mA) AR mPlitude: (mv) o] e :<m/sec) "-
I Controls: .
a) Female Rats| 5 | 0.1 0 1.2 + .04 26.0 % 4.1 68.9 + 2.3
Feo e u A ' 4 (:08) ‘(8.2) ‘;i.(li'qﬁ)
b) Male Rats 5 | 0.1+.01 1.2% .03 26.6 + 2.7 66.6 + 2.4
(.03) (.07Y (6.1) (5.4)
¢) Both 10 0.1 # .007 1.2 % ,02 25.4 + 2.3 67.6 + 1.6
A A P IR I PSRN ( .02) KPRV (107) (6‘.'8) A(A'g)
II MBK (60 ppm):
a) Female Rats 5 0.1 = .01 1.1 = .04 23,0 + 4.2 63.6 = 1.9
PINV LS Sese s emnn | =+ (.03) e (209) (9.5) TE.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)
¢) Both 10 [ 0.1 % .01 1.1 .02 22.2 + 2.3 64.0 +'1,1
e . TR A -(:07) (7.3)° TUT(3.5) ¢
III MEK (2150 ppm)’
a) Female Rats | 5 0.1+0 .1+ .06 26.0 + 5.5 64,0 + 1,1
- G s #oaraz sl ‘ [ R P . ‘ 1o- ;,(.14)‘ ] (12.4) _,“,(2'&) .
b) Male Rats- .| 5 | 0.1 £°.02 1.2 % .02 |- 24.0 4.4 | 66.9 + 2,2
- (.04) - (.05) 9.9y — (5.0)
¢) Bath 10 | 0.1+.,01 1.1% .02 25,02 3.4 | 65.4 % 1.3
AN s L . e [ N \;(:03) "._ij Is (:07) J\J‘\_ #(1'0:‘6)‘ h_ LIESR A ;_h-(z;:o) 1
~37- -




MBK and MEK Fxperiment for &4 Weeks -
Electrophysiological Studies.

Experimental Stimuli Potential MNCV
Groups n ™ (mA) = . SM (mA) Amplitude (mV) (‘m/sec)r

1. Control 8 0.1 +.03 1.2 % ,02 18.2 + 1.3 65.0 + 1.8
: (.09) (.05) (3.7) (5.1) -
2. MK | 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)

A |



Table 6. MBK Experiment for 5 Weeks -
"~ . Electrophysiological Studies.

-

Experimental ‘ Stimuli Potential MNCV

Groups |n ™ (mA) . sM (ma) ‘ Amplifudé (mV)‘ ' (m/sec{‘

1. Controls at

a) Day 0 . |8 0.1 2,02 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) ¢.07) (5.2) (3.9)
2. MBK at 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)

02001286, % 2.1, oo 5402 125 o caea -
; g

- b)_1200 ppwm. . 1 Z..) 0 0.1 2 ..01, . 1.2
, - . R " (5.6) (3.1)

% Either MBK value vs control: p < .001 o




~_ Table 7. Cumulative:Electrg¥hysiological Data . . . . ’ o
; o N o Lo PR ok
. Experimental .. -  Stimull - Potential MNCV =
Group n | TM (mA) SM (mA) Amplitude (mV) (m/sec) “ “
© A. Conmtrols - Day 0| 8 [ 0,12 + .02 | 1.21 + .01 | 21.3 + 3.3 64.3 + 2.0 o
- (.05) (.03) (9.4) (5.7) o
- - 4
B. Gassing Phase i
1. 5th Week . o i
a) Controls 8 | 0.11 + 009 1.32 + ,02 23.3 £ 1.8 : 65.5 + 1.4 i
(.02) (.07) (5.2) (3.9) ;
b) MBK 9 | 0.12 + ,009| 1.22 = ,02 21.4 £ 1.7 52.7 + 2.3 !
I . <. (.03).  o...(.0D) (5.2) S .-(6.8) . K
p 4 NS <.001 ‘
2. 10th Week. ‘ , ‘ g
*a) Controls 9 | 0.14 % .01 | 3,7 + .09 23.0 £ 1.3 68.6 * 2.4 :
. (.03 (.27) - (3.9) (7.2) 1
.. .byMBE. . 1.9.1.0.10 £ ,01 13,7 +..10 16.5 £ 2.0 | .45.0 + 1.7 |
(.05) (.31) (6.0) (5.0) !
P <.025 <.001 |
3. 15th Week |
a) Controls 10 0.11 + ,009] 3.31 + .22 23,8 + 2.8 66.5 + 1.2
. e vl e €002) o LT L L s (8.8) L (3. o s e
b) MBK 10 | 0.12 + .009| 3.14 + ,17 7.2 + 1.6 40,9 * 2.6
. (.03) (.56) (5.2) (8.2)
P <.001 <.001
} C. Post.=.Gassing . . S PRI vy [T =‘
{Recovery) Phase
1. 5th Week . ,
a) Controls 9-]0.,12 + ,01 | 3.36 ¢ .17 27.0 £ 2.9 69.6 + 1.9
T (.03) (.52) (8.7) (5.8)
b) MBK - - 9 {.0.10.%..01 | 3.98 =_.11 13,0 +.3.1. | 47.2 +1.4
A VDT PR PR g o) RPN NPT AL ) TR NSRRI RPN (1) S QP
P _— - . <.01 ©<,001 o :
2, 10th Week I BRI R L N
a) Controls 9 | 0,10 + .02 | 3.40 16 | 21.5 = 2.6 66.9 £ 1.2 |
‘ (.06) C (43 U (7.8) (3.6) ,
el omwn-R}MBE. .. 1 & fO,Iiv:_fcl;.;3.30_:;.10wfr;_L3.é,:,l;sy,tr,,51;2_tﬁ2;1,.,f-.,ﬁew_,,u
S .02) (.27) 1 (5.0) . (5.6)
P a 3 <.025 <001
3. 15th Week : o : ,
~ a) Controls '9 | 0.10 = .02 | 3.20 * .12 25.6 + 2.1 67.1 + 1.7
O S bodaes G086 foil36) L. 6.2) .| ... (5. D) -
. b) MBK 9 | 0.14 + ,01 | 4.00 = .24 16.3 + 1.7 62.3 = 2.4
: -~ (.04) C(.73) (5.1) (7.3)
P ‘ ‘ <. 005 <. [~ - NS
.:..
‘ -~ 40- B




. Table 8.

terior Tibial Nerves.

-

Biochemical Analysis of Pos
Experimeniai, Collagéhw ) Unesterified T Esterifiediii: A
Group n (% Total Protein) Cholesterol* | Sulfatide* | Cholesterol#*

A. 15 Weeks of

Gassing

1. Control 5| 267, ' 18.7 2.6 2.1

2. MBK 5 257 | 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

* nM/uM Amino Acids







