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Abstract: The aliphatic hexacarbons n-hexane, methyl-n- 
butyl ketone, and 2,S-hexanedione are known to produce 
a peripheral neuropathy that involves an accumulation of 
10-nm neurofilaments above the nodes of Ranvier in the 
spinal cord and peripheral nerve. In this study, rats were 
treated with 0.5% 2,S-hexanedione in drinking water for 
180 days, and their spinal cord neurofilaments were iso- 
lated after development of the neuropathy. Visualization 
by sodium dodecyl sulfate-polyacrylamide gel electro- 
phoresis revealed a significant reduction in content of the 
neurofilament triplet proteins in treated animals and the 
presence of bands migrating at 138K and 260K that were 
not present in control animals. Analysis of the lanes using 
immunoblotting procedures and anti-70K, anti-l60K, and 
anti-2 I OK neurofilament antibodies revealed many cross- 
linked peptides. The 138K band cross-reacted with the 
anti-160K neurofilament antibody. This suggests that the 

138K band is an intramolecular cross-link of the 160K 
neurofilament subunit. In addition to this peptide, there 
were numerous high-molecular-weight peptides immuno- 
reactive with all three neurofilament protein antibodies. 
In addition to cross-linking, there was also a diminished 
amount of immunoreactive breakdown product of all 
three neurofilarnent proteins. This report demonstrates 
direct evidence of 2,5-hexanedione-induced cross-linking 
of neurofilament proteins in vivo, which maybe respon- 
sible for the accumulation of neurofilament proteins 
pathognomic of this neuropathy. Key Words: Neuropathy 
-Neurofilament proteins-Cross-linking-23-Hexane- 
dione-Spinal cord. Lapadula D. M. et al. Cross-linking 
of neurofilament proteins of rat spinal cord in vivo after 
administration of 2,5-hexanedione. J .  Neumchem. 46, 
1843- 1850 (1986). 

Several types of neurotoxicants are known to 
produce a central-peripheral axonopathy that re- 
sults in the accumulation of neurofilaments 
(Spencer and Schaumburg, 1980). These toxicants 
include P,P-iminodiproprionitrile (Griffin et al., 
1978), carbon disulfide (Juntunen et al., 1974), and 
aliphatic hexacarbons (Spencer and Schaumberg, 
1975; Spencer et al., 1975). Methyl n-butyl ketone 
and n-hexane are hexacarbons that have been im- 
plicated in the production of neuropathies in fac- 
tory workers and in glue sniffers (Mendell et al., 
1974; Allen et al., 1975), with the apparent neuro- 
toxic metabolite being 2,5-hexanedione (Kramer et 
al., 1974; Abdel-Rahman et al., 1976; DiVincenzo 
et al., 1976; Abou-Donia et al., 1982). Although the 
production of the neuropathy is apparently related 

to the accumulation of neurofilaments, the mecha- 
nism of how the increase occurs is unknown. 

Several theories have been proposed to explain 
the mechanisms involved in the production of ali- 
phatic hexacarbon-induced neuropathy. Spencer 
and collaborators have proposed that 2,5-hexane- 
dione inhibits energy production by reacting with 
sulfhydryl groups on phosphofructokinase and gly- 
ceraldehyde-3-phosphate dehydrogenase, resulting 
in an inhibition of energy-dependent transport of 
proteins (Sabri et al., 1979; Spencer et al., 1979). 
Subsequently, Graham and Abou-Donia (1980) 
demonstrated that inhibition of the glycolytic en- 
zyme (glyceraldehyde-3-phosphate dehydrogenase) 
by 2,Shexanedione required concentrations in the 
range of 10-50 mM and may involve the formation 
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of a Schiff base on €-amino groups of lysine res- 
idues. Because the concentration range necessary 
for inhibition of glycolytic enzymes in vitro was ex- 
tremely high, a direct effect on neurofilaments was 
postulated. They proposed that the neurofilaments 
were cross-linked by 2,Shexanedione (Graham, 
1980; Graham and Abou-Donia, 1980). However, 
Graham et al. (1982, 1984) were unable to demon- 
strate in vivo formation of cross-links among neu- 
rofilament proteins. The formation of a pyrrole ad- 
duct on bovine serum albumin and various blood 
and nervous system proteins was found by DeCa- 
prio et al. (1982). De Caprio and O'Neill (1985) 
have found high-molecular-weight proteins in cyto- 
skeletal preparations from animals treated with 2,5- 
hexanedione. They have postulated that the hydro- 
phobic interaction of the pyrrole adduct on various 
nervous system proteins accounted for the accu- 
mulation of neurofilaments. The theory of Spencer 
and co-workers was subsequently modified to in- 
clude the formation of a Schiff base or pyrrole ad- 
duct on €-lysine groups of glycolytic enzymes and 
thus inhibiting them (Spencer and Griffin, 1982). 
Another theory accounts for the accumulation of 
neurofilaments by proposing the inhibition of a 
Ca2+-activated protease that normally breaks down 
neurofilaments (Cavanagh, 1982), although no evi- 
dence was presented. Recently, Monaco et al. 
( 1985) have proposed that an acceleration of neuro- 
filament transport may be responsible for the accu- 
mulation of neurofilaments. 

In this article, we have examined the effect of 
2,5-hexanedione administration on the protein 
composition of neurofilament preparations isolated 
from the spinal cord of control and 2S-hexane- 
dione-treated rats. Direct evidence of in vivo cross- 
linking of neurofilament proteins in 23-hexane- 
dione-treated animals is presented. 

MATERIALS AND METHODS 

Chemicals 
2,SHexanedione (98%) was obtained from Eastman 

Kodak Co. (Rochester, NY, U.S.A.). Acrylamide, so- 
dium dodecyl gulfate (SDS), and urea were obtained from 
Bio-Rad Laboratories (Richmond, CA, U.S.A.). Triton 
X-100 (reagent grade) was obtained from Research 
Products International Corp. (Elk Grove Village, IL, 
U.S.A.). Aminomethylcyclohexanecarboxylic acid and 
phenylmethyluulfonyl fluoride were obtained from Sigma 
Chemical Co. (St. Louis, MO, U.S.A.). Staphylococcus 
aiiwifs proteaue V8 was obtained from Miles Laborato- 
ries (Elkhart, IN, U.S .A. ) .  Sepharose CL-6B was ob- 
tained from Pharmacia Fine Chemicals (Piscataway, NJ, 
U.S.A.). Dithiothreitol was obtained from Bachem Inc. 
(Torrance, CA, U.S.A.). Monoclonal antibodies to the 
neurofilament triplet proteins (anti-70K, anti- 160K, and 
anti-210K) were obtained from Boehringer Mannheim 
Biochemicals (Indianapolis, IN, U.S.A.). '251-Protein A 
was obtained from New England Nuclear (Newark, DE, 
U.S.A.). 

Animals 
Male Sprague-Dawley rats (body weight, 200-22s g) 

were obtained from Harlan Sprague Dawley (Indianap- 
olis, IN, U.S.A.). Twenty-three rats were treated with 
0.5% 2,s-hexanedione in their drinking water for 180 
days. Seventeen age-matched rats served as controls. All 
rats were given food and water ad libitum and maintained 
on a 12-h lightidark cycle in a temperature (23-25")- and 
humidity (40-60%)-controIled room. Body weights were 
monitored weekly. 

Neurofilament preparation 
Neurofilaments were prepared according to the 

method of Chiu and Norton (1982). In brief, spinal cords 
from either control or treated animals were removed by 
injection of ice-cold saline. Spinal cords were not pooled 
to obtain 2 g of tissue, but instead spinal cords from indi- 
vidual animals (0.7-0.9 g) were homogenized in 25 ml of 
buffer T, which consists of 50 mM Tris-HCI (pH 6.81, 2 
mM EDTA, 2 mM phenylmethylsulfonyl fluoride, and 
0.5% (vol/vol) Triton X-100 (Chiu and Norton, 1982) in a 
glass-Teflon homogenizer. The homogenate was centri- 
fuged at 13,000 g for 15 min at 4"C, the supernatants were 
discarded, and the pellet was rehomogenized in the above 
buffer made up to 0.9 M sucrose and recentrifuged as be- 
fore. The pellet was saved at -70°C in 2 ml of phos- 
phate-buffer (0.1 M NaH,PO,, pH 7.4). After thawing, an 
aliquot of the cytoskeleton in phosphate-buffer was saved 
for SDS-polyacrylamide gel electrophoresis (PAGE), and 
the rest was processed for gel filtration chromatography 
(Chiu and Norton, 1982). Individual neurofilament bands 
were harvested from a pool of appropriate aliquots. 
Samples were concentrated by use of a protein concen- 
trator. 

SDS-PAGE 
Cytoskeletal proteins as well as column fractions were 

monitored by SDS-PAGE. Electrophoresis was per- 
formed by the procedure of Laemmli (1970) with 4% 
stacking and 5-10% or 5 4 %  resolving gels. All samples 
were prepared with a final concentration of 1% SDS, 1% 
p-mercaptoethanol, 10% glycerol, 0.015% bromophenol 
blue, and 0.125 M Tris-HCI (pH 6.8), followed by heating 
for 5 min in a 95°C water bath. Molecular weight stan- 
dards consisted of ovalbumin (45K), tubulin (S3-55K), 
bovine serum albumin (66.2K), phosphorylase B (92.5K), 
P-galactosidase ( I  16K), and myosin (205K). Tubulin was 
prepared by the two-cycle polymerization method of 
Shelanski et al. (1973). All other markers were purchased 
from Bio-Rad. Samples were subjected to electrophoresis 
under conditions of constant power (7.5 Wislab) until the 
tracking dye reached the bottom of the gel. Coomassie 
Blue-stained gels were scanned with laser densitometer 
hooked up to a recording integrator (LKB Instruments, 
Inc., Bromma, Sweden). 

Limited proteolysis of proteins 
The method of Cleveland et al. (1977) was used to gen- 

erate peptide maps of cytoskeletal proteins using 0.02 kg 
of protease. The gel was stained with Coomassie Brilliant 
Blue or by the silver staining procedure of Wray et al. 
(1981). 

Electrophoretic elution of proteins 
Electrophoretic elution of proteins was performed by 

the method of Hunkapillar et al. (1983). Electrophoretic 
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elution was carried out using a soaking buffer of 2% SDS 
in 0.4 M NH,HC03 and 0.1% dithiothreitol. The soaking 
buffer was overlaid with elution buffer (0.1% SDS in 0.05 
M NH4HC0,) and eluted for 16 h. The elution buffer was 
replaced with dialysis buffer (0.02% SDS in 0.01 M 
NH,HC03), and elution-dialysis was continued for an- 
other 24 h. The concentrated, eluted proteins were col- 
lected and subjected to peptide mapping. 

Blotting to nitrocellulose paper and 
antibody detection 

The cytoskeletal proteins were prepared as previously 
described and electrophoresed on 5-7% gradient slab 
gels. The proteins in the gels were subsequently trans- 
ferred to nitrocellulose paper (pore size 0.2 km;  
Schleicher and Schuell, Keene, NH, U.S.A.) according 
to the method of Towbin et al. (1979) as modified by 
O'Callaghan and Miller (1985). After transfer, the nitro- 
cellulose paper was incubated for 1 h in a blocking solu- 
tion of 0.5% gelatin in Tris-buffered saline (200 mM NaCl 
and 50 m M  Tris-HC1, pH 7.4). The nitrocellulose paper 
was then incubated with the primary antibody (diluted 
1:250) in blocking solution with 0.1% Triton X-100. The 
nitrocellulose paper was washed for 30 min in Tris-buff- 
ered saline followed by incubation with the secondary 
antibody (rabbit anti-mouse IgG, diluted 1 :500; Dako, 
Santa Barbara, CA, U.S.A.) in the blocking solution with 
0.1% Triton X-100 for 1 h. The paper was washed, incu- 
bated with blocking solution, and then incubated for I h 
with 1251-protein A in blocking solution with 0.1% Triton 
X-100. The nitrocellulose paper was washed overnight 
with Tris-buffered saline with 0.1% Triton X-100. It was 
then air-dried and exposed to x-ray film. 

RESULTS 

Gel electrophoresis of crude neurofilament frac- 
tions isolated from control and 2S-hexanedione-e~- 
posed animals differed significantly. Neurofilament 
fractions from 2,5-hexanedione-exposed animals 
showed a substantial reduction in the amount of 
protein migrating in the 70K, 160K, and 210K 
bands, relative to control fractions (Table l), and 
contained bands migrating at 58K, 138K, and 260K 
that were not present in control fractions (Fig. 1 ; 
260K protein is not visible here because of its low 
amount). The loss of protein in the 70K, 160K, and 

TABLE 1. Comparison of neurofilament proteins o j  
2,5-hexunedione (2,5-HDj-exposed and control anirnuls 

Control 2,5-HD p value 

70K (NFl)  100 t 7 56 5 6 0.01 
160K (NF2) 100 i 14 45 r+_ 3 0.01 
210K (NF3) 100 5 10 32 i 3 0.01 
51K (GFAP) 100 i 9 96 t 6 NS 

Forty micrograms of protein from five individual treated or 
control animals were loaded per well. All lanes were scanned 
twice using an LKB laser densitometer with a recording inter- 
grator. Data are mean ? SEM values. NFl ,  NF2, and NF3, 
neurofilament triplet proteins. All numbers are 5 SE. 

Statistics were performed using a Student's two-tailed t test. 

FIG. 1. SDS-PAGE of treated and control neurofilament 
preparations. Proteins were resolved on 10-well 0.1% SDS- 
polyacrylamide vertical slab gels (10 x 16 x 0.15 cm; Bio- 
Rad Laboratories). Forty micrograms of protein was loaded 
on each lane of a 5-10% gradient resolving gel with a 4% 
stacking gel: NF1, NF2, and NF3, neurofilament triplet pro- 
teins (Mr, 70K, 160K, and 210K, respectively); D, the 138K 
peptide; X, the extra protein band at the 58K position; G, 
GFAP (which is identical in control and 2,5-hexanedione- 
treated animals). Scans were obtained using an L K 6  laser 
densitometer. 

21 OK bands in fractions from 2,Shexanedione-e~- 
posed animals was not an artifact of purification, 
because the major band migrating at 51K, corre- 
sponding to glial fibrillary acidic protein (GFAP; 
Chiu and Norton, 1982), was constant across all 
lanes from treated and untreated animals. The pres- 
ence of GFAP served as an internal control for pro- 
tein extraction efficiency and protein loading in 
each lane during electrophoresis. 

The loss of protein from the three major neurofil- 
ament bands and the appearance of new bands in 
fractions isolated from 2,5-hexanedione-exposed 
animals suggest that the 138K and 260K bands may 
arise by chemical cross-linking of neurofilament 
proteins. The 138K protein was partially purified 
by gel filtration chromatography (Chiu and Norton, 
1982); however, contamination from the 160K band 
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was difficult to remove. To obtain electrophoreti- 
cally pure 138K protein, the method of Hunkapillar 
et al. (1983) was used, in which proteins are puri- 
fied by electrophoretic elution from polyacrylamide 
gel slices. We were able to obtain -0.15 mg of pro- 
tein using this technique. Results from peptide 
mapping (Fig. 2) revealed some homology be- 
tween the 138K protein and the 70K neurofilament 
protein. Because the presence of cross-links in the 
138K peptide will result in the appearance of pep- 
tides not present in  the 70K or 160K neurofilament 
proteins, complete homology would not be ex- 
pected, and more detailed studies to confirm the 
identity of the 138K band were undertaken. 

Blotting to nitrocellulose revealed several high- 
molecular-weight species showing immunoreac- 
tivity to the 70K, 160K, and 210K antibodies (Figs. 
3 and 4). There was also immunoreactivity of all 
three antibodies to material that did not enter the 
gels. Reactivity to the 70K antibody revealed sev- 
eral high-molecular-weight species; however, no 
band was present in the 130K-160K region. The 
138K peptide cross-reacted with the 160K neurofil- 
ament antibody. There also appeared to be at least 
three well-defined bands that reacted with the 
anti-160K antibody at higher molecular weights, as 
well as a smearing of immunoreactivity at the top of 
the resolving gel. The 210K antibody revealed at 
least one well-defined higher-molecular-weight 
band as  well as material that did not enter the re- 

FIG. 3. lmmunoblots of cytoskeletal proteins from control 
(C) and treated (T) animals to anti-70K (A), anti-1 60K (a), and 
anti-210K (C) antibodies. lmmunoreactive material that did 
not enter the stacking gel (S) is evident in all three immuno- 
blots from treated animals as well as higher-molecular- 
weight proteins. The diminished content of immunoreactive 
breakdown products is evident in immunoblots from treated 
animals. X-ray film was exposed for 2 h at -70°C. 

solving gel. At higher protein loads, immunoreac- 
tive material that did not enter the stacking gel was 
also evident. Another finding that is shown by the 
immunoblots was a diminished amount of immu- 
noreactive breakdown product, which was most ev- 
ident in the 70K neurofilament protein. Control 
samples had a significant amount breakdown 
product; however, these products were virtually 
nonexistent in preparations from treated animals. 

DISCUSSION 

Chemical cross-linking of neurofilament proteins 
has been suggested to be the primary mechanism 
through which aliphatic hexacarbons exert their 
neuropathic effect (Graham, 1980; Graham and 

ViVO cross-linking of neurofihlent  proteins could 
not be demonstrated in y-diketone-treated animals 

FfG. 2. Peptide maps of the 70K, 138K, and 160K proteins. 
The presence of sequence homology of the 70K and 138K 
proteins are demonstrated, as well as the differences be- 
tween all three proteins: A, an area unique to the 160K pro- 

blet found in the digests of both the 138K and 70K proteins; 
D, a second region of homology between the 70K and 138K 

tein not found in either the 70K or 138K digests; B, a dou- Abou-Donia, 1980). direct evidence of in 

protein digests C, a major peptide generated in the 138K 
digest not present in either the 70K or 160K protein; P, the 
protease band as determined from blank lanes with the pro- 
tease alone. The gels were stained by the method of Wray et 
al. (1981). 

by Graham et al. (1984), evidence has been pre- 
sented on in vitro cross,linking ( ~ ~ ~ h ~ ~  et al., 
1984). In addition, DeCaprio and o’Neill (1985) 
have demonstrated the appearance of high-molec- 
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FIG.  4 .  l m m u n o b l o t  o f  
anti-70K antibody to cytoskel- 
eta1 protein from control (C) 
or treated (T) animals. X-ray 
film exposure was for 6 h to 
demonstrate higher-molec- 
ular-weight cross-links. 

ular-weight proteins in cytoskeletal preparations 
from 2,Shexanedione-treated animals. 

The accumulation of 10-nm filaments is pathog- 
nomic of neurotoxicity produced by 2,Shexane- 
dione and the related hexacarbons n-hexane, 2,5- 
hexanediol, and methyl-n-butyl ketone (Spencer 
and Schaumburg, 1975, 1980; Spencer et al., 1975). 
The accumulation of neurofilaments above the 
nodes of Ranvier in peripheral nerve results in the 
formation of giant axonal swellings. The Wallerian- 
type degeneration that ensues is secondary to the 
formation of these swellings. It appears that the 
blockage caused by the neurofilaments is directly 
responsible for the axonal damage that occurs. 

SDS-PAGE analysis revealed a diminished 
amount of neurofilament triplet proteins. This de- 
crease could presumably be due to a number of po- 
tential sources. If the neurofilaments are being 
cross-linked, there would most likely be a loss of 
neurofilament protein on gel electrophoresis. A 
second possibility is that the reduction in content of 
the neurofilament proteins reflects an overall de- 
crease in the amount of neurofilament protein 
present in the spinal cords, not due to cross-linking 
but merely due to a loss of protein in the distal part 
of any axons undergoing Wallerian-type degenera- 
tion. Although the second possibility could not be 
entirely ruled out, similar cytoskeletal preparations 
isolated from hens with organophosphorus com- 
pound-induced delayed neurotoxicity, which pro- 
duces a distal axonopathy with a Wallerian-type de- 

generation in the spinal cord (Abou-Donia, 19811, 
did not demonstrate any alteration in cytoskeletal 
protein content (authors’ unpublished data). In ad- 
dition, if there were fewer cytoskeletal proteins 
present, there would have been an increase in the 
amount of other proteins loaded onto the lanes. The 
internal control of GFAP is important in this re- 
spect. Chiu and Norton (1981, 1982) have demon- 
strated that GFAP is a major component in this 
preparation. Thus, if there were a decrease in the 
amount of neurofilament protein loaded onto the 
gels, there would be a concomitant increase in 
GFAP content. Furthermore, in a nervous system 
undergoing Wallerian type degeneration, an in- 
crease in GFAP level due to a reactive gliosis would 
be expected (Latov et al., 1979; O’Callaghan and 
Miller, 1985). Because no alteration in the GFAP 
content was observed, either one of two explana- 
tions is possible. The GFAP may also be cross- 
linked and therefore decreased in content, and at 
the same time a reactive gliosis is occurring that 
would increase the GFAP level in the preparation. 
The net result would be an absence of change on 
SDS-PAGE analysis. The other alternative is that 
Wallerian-type degeneration in these animals is 
minimal, with little or no change in GFAP content 
occurring, in which case the GFAP content would 
indicate that neurofilament proteins are present in 
the gels in an altered state, i.e., cross-linked, and 
are not migrating with their normal electrophoretic 
mobilities. 

Similar patterns of protein staining have been 
seen by Selkoe et al. (1982a,hj in neurofilament 
proteins from patients with Alzheimer’s disease or 
in neurofilaments cross-linked by transglutaminase. 
These investigations, as well as the work of 
Graham et al. (1982, 1984) on in vitro cross-linking, 
suggest that diminished protein staining is indica- 
tive of either in vitro or in vivo protein-protein 
cross-linking . 

To confirm the hypothesis that the neurofila- 
ments are present in an altered state, immunoblots 
of the three neurofilament proteins were obtained. 
The immunoblots demonstrated unequivocally that 
there was a significant amount of cross-linked neu- 
rofilament protein. Not only are there new bands 
migrating at higher molecular weights that are reac- 
tive with all three antibodies, but there was also a 
significant amount of immunoreactive product that 
did not enter the gels. However, one cannot esti- 
mate the amount of cross-linked product present in 
the immunoblots, because it is entirely possible that 
even more cross-linked products are present but 
were not revealed due to blockage of the epitope by  
the cross-linking. From these immunoblots, it is ap- 
parent that the 58K protein was not of neurofila- 
ment origin and may be vimentin, which would be 
produced in response to a gliosis (Latov et al., 
1979; Chiu and Norton, 1981). 

J .  Neurocheni., V d .  46. No. 6. 1986 
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Studies of the polymerization of purified neurofil- 
ament proteins in vitro have demonstrated that all 
three neurofilament proteins are capable of assem- 
bling into filaments in vitro (Geisler et al., 1984, 
1985; Minami et al., 1984). However, other investi- 
gators have proposed that although all three neuro- 
filament proteins are capable of forming filaments, 
the 70K subunit forms the backbone of the neurofil- 
ament whereas the 160K and 210K subunits are ac- 
cessory proteins (Heimann et al., 1985). In either 
case, a perturbation such as cross-linking may alter 
the interaction between the neurofilament proteins. 

One interesting finding from this study is the 
identity of a 138K protein observed in the gels from 
treated animals. Peptide map analysis of this pep- 
tide revealed an apparent similarity to the 70K neu- 
rofilament protein; however, antibodies to the neu- 
rofilament proteins clearly demonstrate that this 
band was derived from the 160K neurofilament 
protein. Although the 160K neurofilament subunit 
is known to undergo proteolysis in its transport 
down the axon, producing several smaller frag- 
ments (Nixon et al., 1982, 1983), the 138K protein 
was apparently not one of the fragments. Nixon et 
al. (1982, 1983) found that as the 160K (NFZ) pro- 
tein is transported down the nerve, i t  undergoes 
proteolysis; however, its peptide mapping pattern 
was not altered. In all gels, at least two proteins of 
M, between 150K and 160K were seen in both con- 
trol and treated animals. These bands may be the 
proteolytic products seen by Nixon et al. (1982). 
However, the 138K protein was distinctly found 
only in treated animals, with no corresponding pro- 
tein band in control animals. The uniqueness of the 
band indicates that it is probably an intramolecular 
cross-linked product of the 160K neurofilament 
protein. Such intramolecular cross-linked proteins 
would appear electrophoretically at a lower molec- 
ular weight. Intramolecular cross-linking by 2 3 -  
hexanedione had previoudy been observed in vitro 
(Graham et al., 1982). Because neurofilament pro- 
teins have previously been shown to have remark- 
ably similar, although not ideztical, peptide maps 
(Chiu and Norton, 1981), the similarity of the pep- 
tide mapping patterns of the 138K peptide and the 
70K neurofilament subunit is not totally surprising. 
The absence of any protein band in the 120K- 170K 
range to cross-react with the anti-70K neurofila- 
ment antibody suggests that it is unlikely that there 
is 70K-70K protein cross-linking. 

The extra protein bands found in this study were 
the products of protein cross-linking; however, the 
mechanism by which this occurs  is unknown. 
There have been two postulated mechanisms of 
cross-linking by 2,5-hexanedione. The first, pre- 
sented by Graham and Abou-Donia (1980), pro- 
posed protein cross-linking by the formation of a 
conjugated Schiff base on the €-amino groups of ly- 
sine. In this theory, it is only necessary for two ly- 
sine groups to come into proximity to one another, 
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with one of them already bound to 2,Shexane- 
dione. The other theory, presented by Graham et 
al. (1982, 1984), used the formation of pyrrole, 
which was found by DeCaprio et al. (1982), to ex- 
plain the proposed cross-linking. In this theory, the 
2,5-hexanedione derivative of the lysyl residue of 
neurofilaments, N-(2,5-dimethylpyrrole)norlysine, 
undergoes autoxidation and cross-links with an- 
other pyrrole derivative molecule, resulting in the 
cross-linking of two neurofilament proteins. This 
would be an extremely rare event and would most 
likely not lead to formation of enough cross-linked 
product to be visible on SDS-PAGE. However, 
these mechanisms are not mutually exclusive, and 
both mechanisms may be acting in this case. 

Another finding in this report is a reduction of 
the amount of immunoreactive breakdown product 
present in the untreated animals. Three possible 
causes of this reduction are (a) binding of the hexa- 
carbon to neurofilament proteins blocks the site of 
action of proteases responsible for the normal deg- 
radation of the neurofilaments, (b) the hexacarbon 
directly inhibits the action of the protease (Ca- 
vanagh, 1982), o r  (c) the binding of the hexacarbon 
to the degradation product blocks the epitope. The 
blocking of the epitope is unlikely to occur, because 
the anti-70K antibody reacts with the 70K subunit 
protein from treated animals. The present studies 
do not ascertain which of these is occurring. How- 
ever, this finding raises some interesting questions 
as to the mechanism of the neuropathy. The mecha- 
nism of 2,5-hexanedione-induced neuropathy may 
not only result from protein-protein cross-linking, 
but may also be due to a prevention of action of the 
proteases responsible for the breakdown of the neu- 
rofilament proteins. At protein loads of twice the 
control level, there was still a decreased amount of 
immunoreactive breakdown product in the treated 
animals. Therefore, not only is the hexacarbon 
cross-linking the neurofilament proteins, but it is 
also inhibiting the breakdown of the non-cross- 
linked protein. 

In summary, we have found evidence for in vivo 
cross-linking of neurofilaments to occur in 2,5-hex- 
anedione-treated rats. Although more work needs 
to be done to confirm the nature of the cross-links, 
i.e., cross-linking between different neurofilament 
subunits (e.g., 70K to 160K), as well as the molec- 
ular mechanism behind the cross-linking, the evi- 
dence presented supports the theory that neurofila- 
ment cross-linking is occurring in hexacarbon- 
treated animals. Further studies are underway to 
determine the relative contribution of cross-linking 
and prevention of breakdown of neurofilament pro- 
teins in the pathogenesis induced by 25hexane-  
dione. 
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