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The Synergism of n-Hexane-Induced Neurotoxicity of Methyl Isobutyl Ketone following Sub- 
chronic (90 Days) Inhalation in Hens: Induction of Hepatic Microsomal Cytochrome P-450. 
ABOU-DONIA, M. B., LAPADULA, D. M., CAMPBELL, G., and TIMMONS, P. R. (1985). Toxicol. 
Appl. Pharmacol. 81, I-16. The effect of methyl isobutyl ketone (MiBK) on n-hexane-induced 
neurotoxicity was investigated via inhalation in seven groups of five hens each for 90 days followed 
by a 30&y observation period. One group was exposed to vapors containing 1000 ppm n-hexane 
and another group to vapors having 1000 ppm MiBK. Four groups were exposed simultaneously 
to 1000 ppm of n-hexane and 100, 250, 500, or 1000 ppm MrBK. Another group was exposed 
similarly to ambient air in an exposure chamber and used as a control. Hens continuously exposed 
to 1000 ppm MiBK developed leg weakness with subsequent recovery, while inhalation of the 
same concentration of n-hexane produced mild ataxia. Hens exposed to mixtures of n-bexane 
and MiBK developed clinical signs of neurotoxicity, the severity of which depended on the MiSK 
concentration. Thus, all hens exposed to 1000 ppm n-bexane in combination with 250, 500, or 
1000 ppm MrBK progressed to paralysis. Hens continuously exposed to lOOO/lOO n-hexane/ 
MiBK showed severe ataxia which did not change during the observation period. The neurologic 
dysfunction in hens exposed simultaneously to n-hexane and MiBK was accompanied by large 
swollen axons and degeneration of the axon and myelin of the spinal cord and peripheral nerves. 
The results indicate that the nonneurotoxic chemical MiBK synergized the neurotoxic action of 
the weak neurotoxicant n-hexane since the coneurotoxicity coefficient for joint exposure was 
more than two times the additive effect of each treatment alone. In another experiment, to in- 
vestigate the mechanism of MzBK synergism of n-hexane neurotoxicity, continuous inhalation 
for 50 days of 1000 ppm n-hexane had no effect on hen hepatic microsomal enzymes, whereas 
inhalation of 1000 ppm MiBK for 50 days or a mixture of 1000 ppm of each of n-hexane and 
MrBK for 30 days significantly induced aniline hydroxylase activity and cytochrome P-450 contents 
in hen liver microsomes. Liver microsomal proteins from these hens and from hens treated with 
@-naphthoflavone (P-NF) and phenobarbital (PB) were analyzed by sodium dodecyl sulfate-poly- 
acrylamide gel electrophoresis. While @-NF increased the 55-kDa band (1408%), PB, MrBK. and 
MtBK/n-hexane increased the protein band (49 kDa) (258, 335, and 253%, respectively), indicating 
that MiBK induces chicken hepatic cytochrome P-450. The results suggest that the synergistic 
action of MiBK on n-hexane neurotoxicity may be related to its ability to induce liver microsomal 
cytochrome P-450, resulting in increased metabolic activation of n-hexane to more potent neu- 
rotoxlc metabohtes. 0 1985 Academic Prw. IIIC. 
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mercial-grade hexane which contains 45 to 
86% n-hexane, with isohexanes and cyclo- 
pentanes comprising the remaining constitu- 
ents (Kirk-Othmer, 1966). Commercial-grade 
hexane may also contain small quantities of 
benzene, toluene, xylene, acetone, or chlori- 
nated hydrocarbons. It is interesting that 
MzBK, which is used as a solvent, has become 
an environmental contaminant, resulting from 
improper disposal of industrial waste (Sheldon 
and Hites, 1978). MBK also occurs naturally 
in oranges and grapes (Furia and Bellanca, 
1975). The U.S. threshold limit value (TLV) 
for n-hexane or Mz’BK in work place air is 
150 ppm. 

n-Hexane was implicated in producing cen- 
tral-peripheral distal axonopathy in industrial 
workers and “glue sniffers” (Yamada, 1964; 
Spencer et al., 1980). Continuous inhala- 
tion or prolonged subcutaneous injection 
of n-hexane produced neurotoxicity in rats 
(Schaumburg and Spencer, 1976). In 1972, a 
solvent mixture containing 90% methyl ethyl 
ketone (MEK) and MnBK was introduced in 
the printing of polyvinyl fabrics at a plant in 
Columbus, Ohio. A year later, workers in this 
plant developed neuropathy, and MnBK was 
suspected as the causative agent (Billmaier et 
al., 1974). MnBK is also produced as a me- 
tabolite in vivo of n-hexane in various species 
(Kramer et al., 1974; Abdei-Rahman et al., 
1976). All of these metabolic products are 
more potent in producing neuropathy in lab- 
oratory animals than the parent compound, 
n-hexane (Spencer et al., 1978; Abdo et al., 
1982; Abou-Donia et al., 1982). A prominent 
feature of aliphatic hexacarbon-induced neu- 
ropathy is the formation of large swellings in 
the affected tracts of the spinal cord in rats 
(Schaumburg and Spencer, 1976; Cavanagh, 
1982) and in the hen (Abdo et al., 1982; Abou- 
Donia et al., 1982). Distal portions of the pe- 
ripheral nerves also exhibit axonal swelling and 
degeneration. By contrast, despite claims that 
MBK causes neuropathy in humans (Oh and 
Kim, 1976; AuBuchon et al., 1979), carefully 
performed laboratory studies have failed to 
produce neuropathy in rats (Spencer et al., 

1975) or in cats (Spencer and Schaumburg, 
1976). 

The joint effect of combining drugs has been 
studied as early as 19 10 by Burgi who stated, 
“In combining drugs with the same end-effect, 
the resulting activity is additive when the sites 
of action of the components are identical and 
superadditive if these are different.” He also 
introduced the term “potentiation” to describe 
the augmentative effect of one of the compo- 
nents by the other. Unfortunately, there are 
disagreements in the use of the terms “syn- 
ergism” and “potentiation” in the current lit- 
erature (Hodgson, 1980). In this study, the 
nomenclature of Rentz (1932) is used. Syn- 
ergism or potentiation takes place when the 
combined effect of two or more chemicals is 
more than the algebraic summation of the ef- 
fects of each chemical when used alone. Syn- 
ergism occurs when one component has little 
or no intrinsic effect when used alone, while 
potentiation occurs when both compounds 
possess the same type of activity. 

Because the industrial solvents n-hexane 
and MzBK are commonly used, concurrent 
inhalation of their vapors by workers is pos- 
sible in the work place. Therefore, the effect 
of MzBK on the neurotoxicity of n-hexane was 
investigated as an example of joint action of 
aliphathic solvents. Also, the mechanism of 
their joint neurotoxic action was studied 

METHODS 

Chemicals 

Methyl isobutyl ketone (4-methyl-Z-pentanone, 99.95%) 
was provided by Eastman Kodak Company (Kingsport, 
Tenn.) and n-hexane (99%) was purchased from Phillips 
Petroleum Company (Bartlesville, Okla.). Sodium phe- 
nobarbital (PB) and 8-naphthoflavone @-NF) were ob- 
tained from Sigma Chemical Company (St. Louis, MO.) 
and Mallinckrodt, Inc. (St. Louis, MO.), respectively. 

Birds 

Adult leghorn laying hens (Gallus gallus domesticus), 
14 months old and weighing 1.62 * 0.03 kg (mean * SE) 
were used (Featherdown Farm, Raleigh, N.C.). The hens 
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were specified pathogen free and chemical medication free. 
Hens were kept in single tier stainless-steel inhalation 
chambers in a room controlled for humidity (40 to 60?70) 
and temperature (2 I to 23°C) with a 12-hr light/dark cycle 
before and during the experiment. The chickens were kept 
in this environment to acclimatize for 1 week before being 
randomly assigned to control and treatment groups. They 
were supplied with feed (Layena Chicken Feed, Ralston 
Purina Co., St. Louis, MO.) and water ad libitum. 

Treatment Protocol 

Exposure of hens to n-hexane and MBK. One group of 
five hens was exposed to vapors containing 1000 ppm n- 
hexane and one group of five hens was exposed to 1000 
ppm MlBK, each for 90 days. Four groups (five hens each) 
were exposed simultaneously to 1000 ppm n-hexane in 
combination with 100,250,500, or 1000 ppm MrBK. A 
group of five hens was exposed to ambient air in an ex- 
posure chamber for 90 days and served as a control. Mor- 
ibund hens were killed before the end of the experimental 
period. Surviving birds were kept out of the chambers for 
a 30day observation period. Body weights were monitored 
weekly, and hens were examined daily for neurological 
deficits. 

Induction of liver microsomal enzymes. In another ex- 
periment, groups of five hens were continuously exposed 
to 1000 ppm n-hexane, 1000 ppm MIBK, or a mixture of 
their vapors in inhalation chambers. Another group of 

five hens was exposed to ambient air. One hen from the 
n-hexane/MrBK group died after 30 days and the remain- 
ing birds were killed on that day. The other groups were 
killed after 50 days of exposure. A group of four hens was 
treated with a consecutive 3day ip dose of 80 mg/kg so- 
dium phenobarbital in saline; another group of four hens 
received 80 mg/kg @-naphthoflavone in 5 ml of corn oil 
for 3 consecutive days. A group of four hens was similarly 
treated with corn oil and used as a control. Treated and 
control hens were anesthetized by CO* and killed by de- 
capitation 24 hr after the last dose. 

Generation of n-Hexane and MiBK Vapors 

A portable-type stainless-steel animal inhalation cham- 
ber (Young and Bertke, Co., Cincinnati, Ohio), described 
previously (Abdo et al., 1982), was used to expose the 
chickens to n-hexane and MiBK vapors (Fig. 1). Vapors 
were generated in a 1 -liter three-necked round-bottomed 
flask half filled with either solvent. One neck was connected 
to a tank of compressed pure breathing air, another to a 
500-mI separatory funnel that served as a reservoir for the 
solvent, and the third to a 400-mm condenser. The con- 
denser was connected to the chamber with Teflon tubing. 
Both the condenser and the Teflon tubing were wrapped 
with heating tape that was heated to 50°C to prevent con- 
densation of the solvent vapor. The vapor was swept into 
the chamber by the airtlow from the air tank. The desired 
concentration of vapor was maintained by adjusting the 

FIG. 1. Exposure system for n-hexane/MiBK vapors: right, generation of n-hexane and MiBK vapors: 
center, inhalation exposure chamber; and left, monitoring of vapor concentration. For adetailed description 
see Abdo et al. (1982). 
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heating temperature and the airflow through the solvent. 
No heat was needed to generate n-hexane or low concen- 
ttations of MrBK. However, for 500 and 1000 ppm MrBK, 
the solvent flask was heated by heating the mantel to 65°C. 
To obtain a mixture of n-hexane and MiBK vapors, two 
generating systems were used for each solvent (Fig. 1). The 
Teflon tubings from each condenser were connected 
through a T tube into the mixing port of the chamber. A 
Gow-Mac gas chromatograph (Series 750, Gow-Mac In- 
struments, Bound Brook, N.J.), equipped with a flame 
ionization detector and a 2 m X 2 mm o.d. coiled glass 
column packed with Tenax GC 60/80 mesh, was used to 
measure n-hexane and MrBK concentrations (Abdo et al., 
1982). The retention times for n-hexane and MrBK were 
0.5 and 1.8 mitt, respectively. The vapor concentration in 
the chamber varied a maximum 10%. 

Evaluation of Neurologic Deficits 

Blind observations of hens were made daily inside the 
exposure chamber and when moving freely outside the 
chamber. The neurologic deficits were classified into four 
grades of ataxia prior to onset of paralysis: mild (T,), gross 
(Tz), severe (Tr), and near paralysis (T.,) (Abou-Donia, 
1978). For graphical presentation, the clinical condition 
was assigned numerical values of 0 to 5; 1 to 4 correspond 
to the T, to T4 stages of ataxia, and 5 corresponds to pa- 
ralysis. Zero corresponds to the clinical condition of the 
normal hens. 

Histopathological Procedures 

Hens were anesthetized with COz, followed by opening 
the thorax and perfusing 10% neutral phosphate-buffered 
Formalin through a cannula into the ascending aorta via 
the left ventricle with a pump (Manostat Varistalic Pump, 
Fisher Scientific, Raleigh, NC.). Cervical, thoracic, and 
lumbosacral regions of the spinal cord along with the sci- 
atic, tibial, and peroneal nerves and their branches were 
fixed for at least a week in the buffered Formalin solution 
(Abort-Donia and Preissig, 1976). Cross and parasaggital 
longitudinal sections near the midline were prepared from 
all regions of the spinal cord and peripheral nerves. Fol- 
lowing dehydration in graded ethanol, tissues were 
embedded in paraffin or glycol methactylate. ParatTin sec- 
tions (8 pm) from the spinal cord and peripheral nerves 
were stained with hematoxylin and eosin (H and E) com- 
bined with Luxol fast blue (LFB) or Glees stain. Peripheral 
nerve sections were stained with Holmes’ stain. The glycol 
methacrylate sections of the spinal cord and peripheral 
nerves (1 to 2 rm) were stained with toluidine blue. His- 
topathological examination was done blindly. 

Measurement of Liver Microsomal Enzymes 

Immediately after decapitation of the hen, the liver was 
removed. Hepatic microsomes were prepared, washed, 

frozen, and stored at -70°C (Schenkman and Cinti, 1978). 
Cytochrome P-450 was measured and expressed as mi- 
cromoles of cytochrome P-450 per milligram of protein 
(Omura and Sato, 1964). Aniline hydroxylase activity was 
measured by the Maze1 (197 1) method, with 1.5 pmol of 
NADPH replacing the NADPH-generating system. Liver 
microsomal proteins were determined by the Lowry et al. 
(195 I) method with bovine serum albumin as standard. 

Sodium Dodecyl Sulfate-Polyacrylamide Gel Electropho- 
resis (SDS-PAGE) 

Aliquots from liver microsomal homogenates of hens 
treated with n-hexane, MiBK, or a mixture of their vapors 
along with those treated with PB and @-NF and control 
hens were analyzed by SDS-PAGE. A 20-well O. l% SDS- 
polyacrylamide vertical slab gel ( 10 X 16 X 0.15 cm) (Bio- 
Rad Laboratories) was used to resolve microsomal proteins 
by a modified procedure of Laemmli (I 970), employing 
4% acrylamide in the stacking gel and a 6 to 10% gradient 
of acrylamide in the resolving gel. Final concentrations of 
25 jrg protein/50 pl samples of microsomal proteins were 
prepared containing 1% SDS, 1% fl-mercaptoethanol, 10% 
glycerol, 0.01% bromophenol blue, and 0.125 M Tris-HCl, 
pH 6.8, followed by heating for 5 min in a 90°C water 
bath. The following protein molecular weight markers were 
used: carbonic anhydrase (30,000), ovalbumin (45,000), 
bovine serum albumin (66,200), phosphorylase B (92,500) 
and fl-galactosidase (116,200) (Bio-Rad Laboratories). 
Electrophoresis of 150~pl samples was carried out under 
constant power (7 W/slab) until the tracking dye reached 
the bottom of the gel. The solvent mixture of acetic acid/ 
methanol/water (10/45/45, v/v/v) was used to fix the gels 
which were stained with 0.1% Coomassie blue in the same 
solvent system and destained in fixing solution. Gels were 
soaked for 1 hr in a solvent of glycerol/acetic acid/water 
(l/10/90, v/v/v) and dried on dialysis membrane. Quan- 
tification of each protein band was performed by an LKB 
laser densitometer with a recording integrator (LKB In- 
struments, Inc., Brommo, Sweden). 

Evaluation of the Joint Neurotoxic Action 

Neurotoxicity index (NTIJ. Neurotoxicity of each treat- 
ment was quantified by calculating the neurotoxicity index 
described previously (Abou-Donia et al., 1982). The NT1 
was calculated by ranking the hens, starting with minimal 
changes in the following three parameters: (1) the time of 
onset of neurologic dysfunction, (2) the severity of neu- 
rologic deficit, and (3) the severity and frequency of his- 
topathologic lesions (Jonckheere, 1954). The NT1 was cal- 
culated as the mean of the three ranks of hens in each of 
these three areas. 

Coneurotoxicity coejicient (CNC). The following equa- 
tion was used to determine the coneurotoxicity coefficient 
for two or more neurotoxic agents: 
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experimentally determined 

CNC = 
NT1 for chemicals I, 2, . . , n. 
NTI, + NTIz + . . . + NTI, (1) 

NTI, , NTIz, and NTI. are the neurotoxicity indices for 
chemical 1, 2, and n, respectively. 

When the CNC value is larger than 1, synergism or 
potentiation is indicated, when the CNC is less than one, 
antagonism occurs. The additive effect takes place when 
CNC equals one. 

The joint neurotoxic action produced by exposing hens 
simultaneously to n-hexane and MiBK is measured by 
calculating CNC,,shcx.nc,M,BBK as 

= experimentally determmed NTIn.hurne,,,,BK 

N~~mhcxanc + i’W,muc 
(2) 

where NTI,-, is the neurotoxicity index when n-hexane 
was used alone, NTIMmK is the neurotoxicity index when 
MiBK was used alone, and NTI,,.hs-,MIK is the neuro- 
toxicity index when n-hexane and MiBK were used si- 
multaneously. 

Statistics 

Significance of the difference between the weight and 
liver microsomal cytochrome P-450 of control and treated 
hens was assessed by the two-way ANOVA test. A p value 
of 0.05 or less was considered significant. 

RESULTS 

Body Weight Changes 

Hens exposed to 1000 ppm MiBK weighed 
90.5 + 7.3% of their initial weights when they 
developed leg weakness. These hens regained 
most of the lost weight by the end of the 90- 
day exposure period and continued to gain 
weight during the 30-day observation period 
(Table 1). Exposure to 1000 ppm n-hexane 
caused significant loss of weight at onset of 
ataxia in treated hens. These hens regained all 
the lost weight and weighed 111.9 f 1.7% of 
their initial weight at termination. Hens ex- 
posed to mixtures of n-hexane and MzBK va- 
pors lost weight at onset of ataxia, and except 
for the group given 1 OOO/ 100 ppm n-hexanel 
MzBK, the loss of weight continued through- 
out the experiment. The weight of control hens 
that were exposed to ambient air did not sig- 
nificantly change throughout the experiment. 

Clinical Assessment of Neurotoxicity 

Continuous inhalation of 1000 MzBK 
caused leg weakness in hens after 44 -+ 2 days 

TABLE I 

CHANGE IN WEIGHT OF CONTROL AND TREATED HENS FOLLOWING CONTINUOUS INHALATION OF +HEXANE, 
MiBK, OR A MIXTURE OF n-HEXANE AND MiBK” 

Concentration (ppm) 

n-Hexane MiBK 
Initial wt 

(kg) 
Onset of 
ataxia 

% of initial weight at 

End of 
exposure Termination 

0 1000 1.60 + 0.07 - 97.9 + 3.9 110.0 f  3.3* 
1000 0 1.47 f  0.07 89.1 + 7.5* 87.7 + 3.2* 111.9 f  1.7* 
1000 1OOob 1.43 + 0.09 87.8 + 5.3* 10.9 + 5.1** 68.5 + 5.9** 
1000 500 1.69 + 0.05 80.7 + 3.4** 67.5 f  4.8** 67.5 k 4.8** 
1000 250 1.75 + 0.06 76.6 f  7.0** 65.2 f  7.4** 65.2 + 7.4** 
1000 100 I .69 rf: 0.06 83.2 k 1.4* 80.0 f  2.3** 94.8 f  2. I 

0 0’ 1.62 f  0.03 - 98.3 + 1.5 97.1 t 0.8 

a Hens were continuously exposed to n-hexane, MiBK, or a mixture of n-hexane and MiBK vapors in inhalation 
chambers for 90 days. Surviving birds were kept out of the chambers for a 30day observation period. 

b One hen was killed on Day 17 and another on Day 3 1 when its condition deteriorated. 
c Control hens were exposed to ambient air in an exposure chamber for 90 days and then kept outside the chamber 

for a 3O-day observation period. 
* Significant difference from control p < 0.05. 

** Significant difference from control p < 0.02. 
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(mean + SE). These hens recovered after the 
daily exposure was discontinued. Hens ex- 
posed to 1000 ppm n-hexane showed mild 
ataxia (Fig. 2). The condition of these birds 
did not change during the 30-day observation 
period. 

All hens continually exposed to mixed va- 
pors of 1000 ppm n-hexane and to 100, 250, 
500, or 1000 ppm MiBK developed ataxia af- 
ter a latent period of 10 to 29 days, depending 
on MiBK concentration (Fig. 2). The severity 
and progression of clinical signs also depended 
on MiBK concentration. All hens exposed to 
1000 ppm n-hexane and 250, 500, or 1000 
ppm MiBK developed all stages of ataxia and 
progressed to paralysis. One hen exposed to 
1 OOO/ 1000 ppm n-hexane/MiBK was killed on 
Day 17 and the remaining four were killed on 
Day 31 when their conditions deteriorated. 
Hens continually exposed to lOOO/ 100 ppm 
n-hexane/MiBK showed severe ataxia and 
their clinical condition did not change during 
the observation period. Ambient air/control 
hens remained normal. 

Necropsy Observations 

All tissues were grossly examined at ter- 
mination. When tissues of treated and control 

DAYS 

FIG. 2. Neurologic deficits in hens exposed to 1000 ppm 
n-hexane (A), and simultaneous exposure to vapors of 1000 
ppm n-hexane and the following concentrations (ppm) of 
MzBK: 100 (m), 250 (0), 500 (O), and 1000 (0). Neurologic 
deficit rating is described under Methods. The results show 
days before onset of each stage of rieurologic deficit and 
represent X + SE from three hens. 

birds were compared for size, shape, and color, 
no differences were observed. 

Histopathological Changes 

Tissues from spinal cord and peripheral 
nerves of control and treated hens were his- 
tologically examined (Table 2). Sections from 
control hens were normal. Lesions in nervous 
tissues depended on the treatment, concentra- 
tion, and duration of exposure. Continuous 
inhalation of 1000 ppm MiBK for 90 days did 
not induce any histopathological changes in 
the spinal cord or peripheral nerves of treated 
hens. 

The spinal cord of one hen exposed to 1000 
ppm n-hexane showed equivocal histologic 
changes in the lumbar region (Fig. 3). These 
lesions were occasional swollen axons without 
fragmentation, phagocytosis, or myelin loss. 
Although these changes may be early histo- 
pathologic changes in n-hexane neurotoxicity, 
they have rarely been seen in the spinal cords 
of normal birds, and thus may not be related 
to treatment. Another hen of this group ex- 
hibited unequivocal degeneration of the axons 
and myelin in the ventral columns of the tho- 
racic spinal cord. No changes were seen in the 
peripheral nerves. 

Lesions in the nervous tissues of hens ex- 
posed to mixtures of 1000 ppm n-hexane and 
different concentrations of MzBK were de- 
pendent on MiBK concentration, period of 
exposure, and duration of intoxication. Hens 
exposed to 1 OOO/ 1000 ppm n-hexane/MiBK 
were killed after 18 + 3 days (mean * SE) of 
onset of intoxication; only one of these hens 
exhibited equivocal lesions in the ventral col- 
umns of the thoracic spinal cord. By contrast, 
hens exposed to 1000/500 ppm n-hexane/ 
MiBK survived longer: all exhibited signs of 
neurotoxicity for 108 + 1 days, and all five 
hens showed unequivocal changes in all col- 
umns at all levels of the spinal cord. Swollen 
and degenerated axons can be identified in the 
ventral columns of the thoracic spinal cord 
(Fig. 4). Also, extensive degeneration of the 
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axons and myelin is seen in the longitudinal 
(Fig. 5) and cross (Fig. 6) sections of the lumbar 
spinal cord. Four hens from this group showed 
unequivocal histopathological lesions in pe- 
ripheral nerves, and one hen showed markedly 
swollen dystrophic and degenerated axons 
(Fig. 7) in the longitudinal section of the pe- 
ripheral nerve. Hens exposed to 1000/250 n- 
hexane/MiBK showed clinical signs of neu- 
rotoxicity for 96 -+ 2 days; one of these hens 
exhibited equivocal changes in the spinal cord, 
and the other four exhibited unequivocal le- 
sions in the ventral and lateral columns but 
not in the dorsal columns of the spinal cord. 
Two hens from this group showed unequivocal 
changes in the peripheral nerves. Hens exposed 
to 1 OOO/ 100 ppm n-hexane/MiBK developed 
signs of neurotoxicity for a mean of 91 + 1 
days and showed degeneration of the axons 
and myelin in the ventral and lateral columns 
of the spinal cord. Only two hens from this 
group exhibited equivocal histopathologic 
changes in the peripheral nerves. 

Quantijkation of Neurotoxic Efects 

The neurotoxicity index was calculated for 
each treatment in order to compare the neu- 
rotoxic effect produced by exposure to n-hex- 
ane vapor alone and that to simultaneous ex- 
posure to n-hexane in combination with var- 
ious concentrations of MzBK vapors (Table 
3). The NT1 values for exposure to 1000 ppm 
of n-hexane or 1000 ppm MiBK vapor alone 
were 6.2 and 4.2, respectively. When hens were 
simultaneously exposed to 1000 ppm n-hex- 
ane, the NTI value depended on the concen- 
tration of MrBK. Therefore, concurrent ex- 
posure to 1000 ppm n-hexane and 100, 250, 
500, or 1000 ppm MiBK produced NT1 values 
of 19.2, 24.3, 28.1, and 24.6, respectively. 

The coneurotoxicity coefficient was calcu- 
lated to determine the joint neurotoxic action 
of 1000 ppm n-hexane and 1000 ppm MiBK 
as described under Methods: 

(--NC = 24ii 
4.2 + 6.2 

= Z$ = 2.3. 
. 
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FIG. 3. Lumbar spinal cord from a hen continuously exposed to 1000 ppm n-hexane vapor for 90 days. 
This cross section displays a single axonal swelling in the ventral columns. A paraffin-embedded section, H 
and E-LFB, X 52. 

Liver Microsomal Enzymes 

Cytochrome P-450. A small amount, 0.19 
+ 0.03 nmol, of cytachrome P-450 per milli- 
gram of protein, was found in liver from con- 
trol hens (Table 4). Inhalation of 1000 ppm 
n-hexane for 50 days resulted in a small (23%) 
increase of cytochrome P-450 that was not 
statistically significant from control hens. By 
contrast, exposure of hens to the same level 
of MiBK significantly increased cytochrome 
P-450, i.e., 558% of control. Inhalation of an 
n-hexane/MzBK mixture for only 30 days in- 
duced liver microsomal cytochrome P-450 to 
378% of control levels. 

Aniline hydroxylase. The effect of n-hexane 

and MiBK vapors on liver microsomal aniline 
hydroxylase activity paralleled the effect of n- 
hexane and MiBK vapors on cytochrome P- 
450 content (Table 4). The largest induction 
of this enzyme was produced by inhalation of 
MiBK (362% of control), whereas simulta- 
neous exposure to n-hexane and MiBK for a 
shorter duration resulted in enzymatic activity 
of 309% of control levels. On the other hand, 
inhalation of 1000 ppm n-hexane for 50 days 
did not affect hepatic microsomal aniline hy- 
droxylase activity. 

Sodium dodecyI sulfate-polyacrylamide gel 
electrophoresis. Microsomal protein profiles 
from control hens and from hens exposed to 
1000 ppm of n-hexane, MiBK, or both exhib- 



FIG. 4. Thoracic spinal cord from a hen simultaneously exposed to 1000 ppm n-hexane and 500 ppm 
MBK vapors for 90 days. This longitudinal section of the ventral columns shows swollen dystrophic axons 
(lower half) as well as axon tracts occupied by phagocytes indicative of Walletian-type degeneration (upper 
half). A methacrylate-embedded section, toluidine blue, X325. 

FIG. 5. Lumbar spinal cord from a hen simultaneously exposed to 1000 ppm n-hexane and 500 ppm 
MBK vapors for 90 days. This longitudinal section of ventral columns documents massive degeneration of 
axons and myelin. A paraffin-embedded section, H and E-LFB, X 100. 

9 
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FIG. 6. Lumbar spinal cord from a hen simultaneously exposed to 1000 ppm n-hexane and 500 ppm 
MZSK vapors for 90 days. This cross section reveals extensive degeneration of the ventral columns. A 
paraffin-embedded section, H and E-LFB, X52. 

ited distinct differences (Fig. 8). Microdensi- 
tometry demonstrated that n-hexane exposure 
produced a quantitatively and qualitatively 
similar hepatic microsomal protein profile to 
that of control hens. Phenobarbital produced 
a significant increase in protein bands of 
49,000 and 52,000 daltons (Table 5). /3- 
Naphthoflavone significantly increased the 
52,000 and 55,000 bands. Exposure to MzBK 
or a mixture of n-hexane and MzBK vapors 
resulted in a significant increase of the protein 
bands that were induced by PB, suggesting an 
induction of cytochrome P-450 (Fig. 8). 

reduced cytochrome P-450-CO complex in 
PB-, MzBK-, and n-hexane/MzBK-treated an- 
imals was determined to be 450 nm, whereas 
it was 448 nm in fl-NF-treated animals and 
451 nm in control hens. 

DISCUSSION 

Liver microsomes from control and all 
treated hens were scanned for cytochrome P- 
450 content. The A,, of the Soret peak of the 

This report establishes that simultaneous 
subchronic exposure to n-hexane and MrBK 
vapors markedly increased the neurotoxic ac- 
tion of the weak neurotoxicant n-hexane. 
Continuous inhalation of 1000 ppm MiBK for 
90 days failed to produce neurotoxicity in 
hens; this finding is in agreement with previous 
findings in rats (Spencer et al., 1975) and cats 
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Frc. 7. Peripheral nerve from a hen simultaneously exposed to 1000 n-hexane and 500 ppm MiBK vapors 
for 90 days. A branch of sural nerve is seen in longitudinal section. Several swollen, dystrophic axons are 
present in the lower right field, while an axon undergoing Wallerian degeneration is present in the upper 
left corner. A methacrylate-embedded section, toluidine blue, X400. 

(Spencer and Schaumburg, 1976). On the taneous exposure to 1000 ppm of n-hexane 
other hand, while inhalation of 1000 ppm IZ- and 250, 500, or 1000 ppm MiBK resulted in 
hexane produced mild neurotoxicity, simul- increased neurotoxic action. 

TABLE 3 

NEUROTOXICITY INDEX OF VARIOUS TREATMENTS OF n-HEXANE AND/OR MiBK IN HENS” 

Group ranking within (mean + SE)b 

Concentration (ppm) 

n-Hexane MiBK 
Clinical 

condition 
Onset of 

clinical signs 

Severity of 
histopathological 

changes NTI’ 

0 1000 3.0 f  0.7 3.0 f  0.7 6.5 k 0.7 4.2 + 1.2 
1000 0 8.0 f  0.7 8.0 f  0.7 9.6 + 1.9 6.2 -+ 2.6 
1000 1000 33.0 f  0.7 33.0 f  0.7 7.9 f  1.4 24.6 +- 8.4 
1000 500 28.0 + 0.7 26.0 f  1.4 30.4 f  1.4 28.1 + 1.3 
1000 250 23.0 k 0.7 24.2 f  1.2 25.8 rt 2.5 24.3 f  0.8 
1000 100 18.0 ? 0.7 18.0 f  0.7 21.6 f  1.6 19.2 r 1.2 

’ The exposure schedule is listed in Table I. 
b Hens were assigned ranks within the following categories: clinical condition, onset of clinical signs, and severity of 

histopathological changes. 
’ Neurotoxicity index was calculated as X * SE of the three ranks of hens of each of the three factors. Standard error- 

type calculations were made to provide an indication of the variability among the values contributing to each mean. 
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TABLE 4 

EFFECT OF CONTINUOUS EXPOSURE TO 11-HEXANE, MiBK, OR A MIXTURE OF n-HEXANE AND MiBK VAPORS ON 
CHICKEN HEPATIC MICROSOMAL CYTOCHROME P-450 CONTENT AND ANILINE HYDROXYLASE ACWITY~ 

Cytochrome P-450 content Aniline hydroxylase 
Concentration (ppm) 

Days of pmol/mg of pmol PAP/mg 
n-Hexane MiBK exposure protein f  SE % of protein % 

0 0 50 0.19 f  0.03 100 + 16 0.09 * 0.01 1002 15 
1000 0 50 0.24 + 0.02 123 + 13 0.09 f  0.01 99+ 13 

0 1000 50 1.80 + 0.05 558 f  29* 0.33 ?I 0.04 362 + 40* 
1000 1000 306 0.70 + 0.06 378 + 31; 0.29 + 0.04 309 f  44* 

’ Each treatment consisted of five hens. 
b One hen from this group died after 30 days of simultaneous exposure to n-hexane and MiBK. The other four were - 

morbid and were killed on that day. 
* Significant difference from control p < 0.0 1. 

It is interesting to speculate explanations for 
the synergistic effect of MzBK on n-hexane 
neurotoxicity. n-Hexane, a straight six-carbon 
and 14hydrogen chemical, is chemically un- 
reactive and remains unchanged after treat- 
ment with concentrated sulfuric acid, boiling 
nitric acid, or molten sodium hydroxide (Kirk- 
Othmer, 1966). n-Hexane undergoes oxidation 
by microsomal enzymes to alcohols, primarily 
2-hexanol (Frommer et al., 1974). 2-Hexanol 
is then further oxidized to 2,5hexanediol, 2- 
hydroxy-5-hexanone, 2-hexanone (MnBK), 
and 2,5-hexanedione (2,5-HD) (Kramer et al., 
1974; Abdel-Rahman et al., 1976; DiVincenzo 
et al., 1977). All of these biotransformation 
products of n-hexane are more neurotoxic 
than the parent compound. The metabolic 
product 2,5-HD is particularly interesting 
since it is the most persistent metabolite found 
in serum in vivu; it is also the most potent 
neurotoxic hexacarbon of all n-hexane-type 
chemicals (Spencer et al., 1978; Abou-Donia 
et al., 1982). In fact, it is believed that 2,5-HD 
is the neurotoxic agent responsible for n-hex- 
ane’s and its related chemicals’ neurotoxicity. 
This may explain the weak neurotoxic effect 
of n-hexane in the chicken compared to the 
rat; in the hen liver microsomes, cytochrome 
P-450 content is approximately 25% of that 
in the rat (Lasker et al., 1982; Lapadula et al., 

1984). Furthermore, the fact that MzBK (4- 
methyl-2-pentanone) cannot be metabolized 
to 2,5-HD may also explain its nonneurotoxic 
properties. 

The synergistic action of n-hexane by MzBK 
depended upon (1) MzBK concentration, (2) 
duration of exposure, (3) length of time be- 
tween onset of neurotoxicity signs and ter- 
mination, and (4) severity of the clinical con- 
dition. All of these factors were incorporated 
into the neurotoxicity index that was used to 
quantify the neurotoxic effect of each treat- 
ment. The NT1 value was least in hens given 
MiBK followed by n-hexane alone. On the 
other hand, the NT1 was greatly increased by 
concurrent exposure to the two solvents. Al- 
though NT1 was generally proportional to the 
concentration of MzBK, duration of exposure 
and the length of the intoxication period were 
important factors. 

In order to determine the joint neurotoxic 
action of simultaneous exposure to 1000 ppm 
of n-hexane and 1000 ppm of MzBK, the co- 
neurotoxicity was calculated to be 2.3. Since 
CNC is more than one and MzBK is not neu- 
rotoxic per se, the joint neurotoxic action of 
MzBK on n-hexane is classified as synergism 
(Rentz, 1932; Hodgson, 1980). Although the 
mechanism by which MzBK synergizes the 
neurotoxic effect of n-hexane is not known, 
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FIG. 8. Gels and microdensitometric scans of liver mi- 
crosomes from control hens and hens treated with 1000 
ppm of n-hexane, MIBK, or a n-hexane/MlBK mixture, 
PB, and fl-NF. Band A, IV& = 49,000 is the putative cy- 
tochrome P-450. In MIBK and n-hexane/MiBK-treated 
hens, there was an increase in the A band, indicating an 
induction of cytochrome P-450. Band B corresponding to 
&f, of 52,000 was increased in all treatments. The cyto- 
chrome P-450 content in these gels was (nmol/mg of pro- 
tein): control, 0.19; n-hexane, 0.24; MZtK, 1.09; n-hexane/ 
MIBK, 0.7; PB, 0.32; and 6-NF, 0.61. 

the finding that MiBK induces chicken hepatic 
microsomal cytochrome P-450 suggests that 
MzBK may enhance the metabolic activation 
of n-hexane to the active metabolites men- 
tioned above, leading to more formation of 
the ultimate neurotoxic agent 2,5-HD. 

The marked induction of cytochrome P-450 
by exposure to MiBK alone or MrBK/n-hex- 
ane but not by n-hexane alone was confirmed 
with SDS-PAGE. Continuous inhalation of 
n-hexane for 50 days did not induce liver mi- 
crosome cytochrome P-450; this finding is in 
contrast to previous reports that continuous 
exposure of mice for 24 days to 2.5 to 3% ppm 
n-hexane induced the liver contents of this en- 
zyme (Kramer et al., 1974) and may be at- 
tributed to species differences. The induction 
of cytochrome P-450 was dependent on the 
exposure to MiBK. Aniline hydroxylation, 
which is a cytochrome P-450-mediated reac- 
tion, also increased with the inhalation of 
MiBK alone or in combination with n-hexane. 
These results are consistent with a previous 
study which demonstrated that daily ip injec- 
tions of MnBK or technical-grade MBK, for 
3 days, equally induced hen liver microsomal 
cytochrome P-450 (Abou-Donia et al., 1985). 

MiBK induced the same band as pheno- 
barbital, and it is concluded that MiBK in- 
duced PB-type cytochrome P-450. The present 
study confirms our previous results &asker et 
al., 1982; Lapadula et al., 1984) as well as 
others (Ehrich and Larson, 1983) that in the 
chicken the hepatic microsomal cytochrome 
P-450 content is approximately one-fourth 
that of the rat. The results of this investigation, 
however, do not show which form of cyto- 
chrome P-450 was induced by MiBK. In rats 
at least six forms of cytochrome P-450 were 
induced by phenobarbital, in addition to three 
more proteins present in 3-methylcholan- 
threne-treated or untreated animals (Guen- 
gerich, 1978, 1979). Some of these forms of 
cytochrome P-450 exhibited the same appar- 
ent molecular weight on SDS-PAGE. Since 
very little is known about hepatic microsomal 
cytochrome P-450 in chickens, further work 
is in progress to characterize the various forms 
of this enzyme in the hen when untreated and 
when induced with phenobarbital or MiBK. 
Preliminary results, with rat liver microsomal 
antibodies, suggest that hen hepatic cyto- 
chrome P-450b is induced by exposure to 
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TABLE 5 

CHANGES OF PROTEIN BANDS FROM SDS-PAGE OF LIVER MICROSOMAL FRACTIONS FROM TREATED HENS’ 

Protein 
band Control &NF 

Treatment’ 

PB n-Hexane MiBK n-hexane/MiBK 

49,000 lOOk 8 83? 17 258 + 36* 98+ 17 335 + 25* 253 + 27* 
52,000 100 +_ 10 165 f  12* 279 -c 23* 130 f  23 451 * 45* 492 f  54* 
55,000’ 100+-25 1408 + 292* 91 f42 163 + 76 139 f  74 136 f  85 

’ Results are expressed as percentage of control of microdensitometry scans. Values are X f  SE from five hens except 
n-hexane/MiBK where four hens were used. 

b Treatments: fl-NF = 80 mgjkg, ip, for 3 days; PB = 80 mg/kg, ip, for 3 days; n-hexane, 1000 ppm. inhalation for 
50 days; MiBK = 1000 ppm, inhalation for 50 days; n-hexane/M!BK. 1000 ppm each, inhalation for 30 days. 

’ Except for @-NF treatment, this band was faint in other treatments which resulted in large standard errors when 
quantified by the densitometer (see Fig. 8). 

* Significantly different from control values + SE, p < 0.02, n = 5. 

MBK (unpublished results). Furthermore, the 
induction of cytochrome P-450 could con- 
ceivably have occurred from the action of 
MzBK metabolites, e.g., 4-methyl-2-pentanol 
and/or 4-hydroxy-4-methyl-2-pentanone, 
which were reported as metabolites of MiBK 
in guinea pigs (DiVincenzo et al., 1976). 

Although the action of MiBK on inducing 
chicken hepatic microsomal cytochrome P- 
450 might provide some insight into the 
mechanism of MiBK-synergized n-hexane 
neurotoxicity, alternate mechanisms may also 
be operating. For instance, MzBK might in- 
duce a local trauma to the nervous tissue 
which, by increasing vascular permeability, 
accelerates the entry from the circulation of 
n-hexane or its active metabolites, leading to 
locally enhanced neurotoxic effects similar to 
those proposed for 2,5-HD (Simonati et al., 
1983). 

Abou-Donia et al., 1985). Therefore, because 
of the ability of the nonneurotoxicant MzBK 
to synergize the neurotoxic action of n-hexane, 
it is prudent to minimize human exposure to 
mixed solvents containing MiBK and n-hex- 
ane or other neurotoxic chemicals prone to- 
ward metabolic activation, e.g., EPN (Abou- 
Donia, 1981). This is particularly important 
in lieu of the estimate that 436,000 workers 
in 43,000 plants are potentially exposed to 
MzBK (SRI International, 1978). 
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