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Alterations in Rat Axonal Cytoskeletal Proteins Induced by in Vitro and in Vivo 2.5- 
Hexanedione Exposure. DECAPRIO, A. P., AND O'NEILL, E. A. (1985). Toxicol. Appl. Pharmucol 
78, 235-247. The neurotoxic rdiketone 2,5-hexanedione (2,5-HD) reacts in vitro and in viva 
with protein lysine e-amine moieties to yield 2,5dimethylpyrrole adducts. It has been hypothesized 
that pyrrole adduct formation in neurofilament (NF) or other axonal proteins may lead to 
increased hydrophobicity, secondary autoxidative crosslinking, or the loss of essential lysine 
amine groups, and that pyrrolylation therefore represents the critical initiating event in y- 
diketone neuropathy. The present investigation was designed to evaluate pyrrole levels and 
other changes in brain stem and spinal cord axonal cytoskeletal proteins from rats receiving 
0.5% 2,5-HD in the drinking water for up to 8 weeks and following recovery. Clinical signs of 
neuropathy were apparent in rats after 5 weeks exposure, while no histopathologicat effects 
were seen until 8 weeks. Cessation of dosing resulted in some recovery from clinical neuropathy 
but virtually no change in histopathologically demonstrable CNS damage. 2,5Dimethylpyrrole 
adduct was detected in serum and axonal cytoskeletal proteins from animals in all exposure 
groups and its formation appeared to reach a plateau in both serum and axonal protein. Assay 
of total protein lysine vs pyrrole content demonstrated an average conversion of ~1% of t- 
amine groups into pyrrole adducts in axonaf protein after 2 weeks exposure. Gel electrophoresis 
revealed discrete new protein bands in brain stem and spinal cord axonal protein preparations 
from treated animals, along with high-molecular-weight, nonmigrating proteinaceous material. 
Concentration of the nonmigrating material appeared to increase in a timedependent fashion. 
A concurrent decrease in the relative amounts of native NF subunit proteins was observed in 
brain stem but not spinal cord. Reversal of these changes was observed 9 weeks after cessation 
of dosing, although residual nonmigrating protein and pyrrole adduct were present. In vitro 

incubation of axonal cytoskeletal protein preparations (pH 7.2, 37°C) with 2,5-HD resulted in 
the formation of high-molecular-weight bands identical to those seen in vivo. These findings 
provide evidence for pyrrole adduct formation and secondary covalent crosslinking in CNS 
axonal cytoskeletal proteins from 2,5-HD-treated animals. D 1985 Academic PRSS. I~C. 

The widely used industrial and commercial 
hydrocarbon solvent n-hexane undergoes 
conversion in animals and humans to the 
neurotoxic metabolite 2,5-hexanedione (2,5- 
HD) (Couri et al., 1978; Perbellini et al., 
1979). This y-diketone is capable of produc- 
ing a characteristic distal accumulation of 
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axonal neurofilaments in susceptible central 
and peripheral myelinated nerve fibers when 
administered to a variety of animal species 
(Spencer and Schaumburg, 1975, 1977). 
Similar neuropathological changes can be 
induced by direct application of 2,5-HD to 
exposed nerve fibers (Politis et al., 1980) by 
intraneural injection of the compound (Grif- 
fin et al., 1983; Zagoren et al., 1983), and by 
its incorporation into the nutrient medium 
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of functionally coupled spinal cord, motor 
nerve, and skeletal muscle tissue culture sys- 
tems (Veronesi et al., 1983). 

The apparent direct axonal toxicity of the 
y-diketones suggests that the axonal cyto- 
skeleton is a potentially important site of 
covalent binding of these compounds. The 
axonal cytoskeleton is the major protein- 
aceous component of axoplasm, consisting 
of a unique system of structural proteins and 
associated enzymes (including the neurofila- 
ment proteins, tubulin, creatine phosphoki- 
nase, and neuron-specific enolase) (Lasek and 
Hoffman, 1976; Brady and Lasek, 1981; Me- 
tuzals et al., 1981). These proteins are initially 
synthesized and organized within the nerve 
cell body and together comprise the slowly 
transported components (SCa and SCb) of 
axoplasm (Black and Lasek, 1980; Grafstein 
and Forman, 1980; Lasek, 1982). The neu- 
rofilament (NF) proteins in particular are 
highly stable and long-lived, and are believed 
to undergo turnover almost exclusively within 
the nerve terminals (Schlaepfer, 1979). It is 
apparent that such a complex system might 
be uniquely susceptible to functional damage 
by covalent binding of xenobiotic chemicals. 

We have previously demonstrated the for- 
mation of 2,5dialkylpyrrole adducts as prod- 
ucts of the reaction of y-diketones with pro- 
tein lysine t-amine groups in vitro and in 
vivo (DeCaprio and Weber, 1980, 198 1; 
DeCaprio et al., 1982, 1983). In vitro studies 
have also indicated that these hydrophobic 
residues undergo secondary reactions to yield 
complex oxidized and polymeric products 
(DeCaprio and Weber, 1980, 198 1; DeCaprio 
et al., 1982; Graham et al., 1982; Anthony 
et al., 1983). We have hypothesized that 
pyrrole adduct formation in NF protein might 
be the critical event leading to pathological 
NF accumulation in this syndrome, as a 
result of physicochemical changes induced 
by the hydrophobic adduct (DeCaprio et al., 
1982, 1983). 

It has been alternatively proposed that NF 
accumulation is due to covalent crosslinking 
of neurofilaments, a scheme which was ini- 

tially suggested to occur via a “conjugated 
Schiff base” mechanism (Graham, 1980) 
which was later abandoned in favor of one 
involving autoxidative crosslinking of pyrrole 
adducts (Graham et al., 1982; Anthony et 
al., 1983). A third hypothesis invokes a dis- 
ruption in NF-microtubule (MT) interactions 
as a result of y-diketone exposure to explain 
the observed axonal NF accumulation (Griffin 
et al., 1983). In any case, the net result of 
these NF alterations is thought to be physical 
blockade of axonal nutrient flow and eventual 
nerve degeneration. 

Although pyrrole adduct has been detected 
in whole-brain homogenates from hens ad- 
ministered 2,5-HD (DeCaprio et al., 1983), 
this phenomenon has not been unequivocally 
demonstrated in NF or other axonal proteins 
during exposure to this diketone. The inci- 
dence of 2,5-HD-induced crosslinking or 
other physicochemical changes in axonal 
protein in vivo is similarly obscure, though 
dimerization of the erythrocyte membrane 
protein spectrin has been reported in rats 
after oral exposure to y-diketones (Anthony 
et al., 1983). Crosslinking of NF proteins 
after in vitro y-diketone treatment has also 
been described (Graham et al., 1984). 

The present investigation was designed to 
evaluate the proposed mechanisms of y- 
diketone neuropathy by examining alterations 
in CNS axonal cytoskeletal proteins from 
rats during prolonged oral exposure to 2,5- 
HD and after cessation of exposure. An 
additional aim was to examine protein 
changes in axonal cytoskeletal preparations 
following in vitro exposure to the diketone. 
This report presents evidence for both pyrrole 
adduct formation and the appearance of high- 
molecular-weight protein species in axonal 
cytoskeletal preparations from 2,5-HD-treated 
animals, and describes similar changes as a 
result of in vitro exposure. 

METHODS 

Animals and dosing. Adult, male Wistar rats (Griffin 
Laboratory, New York State Department of Health) 
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(300 to 340 g) were divided into five groups of 10 
animals per group. Groups received 0.5% (v/v) 2,5-HD 
(Eastman Kodak Co., Rochester, N.Y.) in the drinking 
water for 1, 2, 5, or 8 weeks before being killed, or for 
8 weeks followed by 9 weeks of recovery before being 
killed. An additional 12 animals received tap water only 
and served as controls which were killed at the same 
time as those on the recovery regimen (17 weeks). 
Animals were housed individually in plastic cages at 
22°C and 40 to 60% humidity and were allowed access 
to standard rat chow and drinking water, ad libitum. 
Body weights and drinking water consumption were 
monitored weekly and neurotoxic signs were assessed 
twice weekly using a previously described method (Abou- 
Donia. 1978). 

In a separate experiment, five male Wistar rats were 
pair-fed with five animals receiving 0.5% 2,5-HD in the 
drinking water. Water intake in the pair-fed group was 
also matched to animals receiving 0.5% 2,5-HD, in order 
to control for the decreased water consumption com- 
monly seen in these animals (Gillies et al., 1980). Body 
weights and feed and water consumption were monitored 
daily, and animals were killed at 2 weeks. Animals were 
killed by COz asphyxiation and blood was collected into 
nonheparinized tubes by cardiac puncture. Spinal cords 
were removed using a syringe and ice-cold phosphate- 
buffered saline as described by deSousa and Horrocks 
( 1979) and brain stems were dissected from the cerebrum 
and cerebellum. Nervous tissues from all animals in a 
particular dosing group were pooled and stored at -80°C 
prior to subcellular fractionation. Samples of thoracic 
spinal cord and sciatic nerve (tibial branch) from dosed 
and control animals were fixed in 10% phosphate-buffered 
Formalin, pH 7.0, for histopathological analysis. 

Isolation of the axonal cytoskeleton. Axonal cytoskeletal 
preparations were obtained from pooled spinal cords and 
brain stems using the method of Chiu and Norton 
(1982) which avoids disassembly or denaturation of 
neurofilaments during isolation. The proteins isolated 
from these preparations were stable for several months 
when stored at -80°C. 

Analytical methods. Polyacrylamide gel electrophoresis 
(PAGE) in sodium dodecyl sulfate (SDS) was performed 
as previously described (DeCaprio et al., 1982), except 
that electrophoresis was carried out at 30 mA per gel, 
constant current. Staining of PAGE-separated proteins 
for pyrrole adduct and quantitative assay of the adduct 
in serum and axonal protein preparations utilized the 
specific calorimetric reagent pdimethylaminobenzalde- 
hyde (DMAB), with 2,5dimethylpyrrole (Aldrich, Mil- 
waukee, Wise.) as the standard (DeCaprio et al., 1982, 
1983). For the quantitative assay, 1% SDS was used in 
place of guanidine ’ HCI as the solubilizing agent. Protein 
assay was performed using a commercial system (Bio- 
Rad Inc., Rockville Centre, N.Y.). Pyrrole concentrations 
were expressed as nanomoles DER (dimethylpyrrole 
equivalent residues) per milligram protein. Twodimen- 

sional PAGE was performed as described by O’Farrell 
(1975) and silver staining of completed gels utilized a 
commercial reagent system (Bio-Rad Inc.). Assay for 
total protein lysine was performed using the fluorescent 
reagent o-phthalaldehyde (Goodno et al., 1981). Densi- 
tometric quantitation of Coomassie blue-stained gels was 
performed with a Beckman CDS-200 scanning densi- 
tometer. 

In vitro studies. Frozen brain stems and spinal cords 
from 10 adult rats (Pel-Freez Biologicals, Rogers, Ark.) 
were processed as described above to obtain axonal 
cytoskeletal pellets. The pellets were homogenized in 100 
mM sodium phosphate buffer, pH 7.2, containing 100 
mM NaCI, 0.1% NaN,, and 2 mM trans4-(aminomethyl)- 
cyclohexanecarboxylic acid (AMCA). Protein concentra- 
tions were adjusted to I mg/ml in the incubation mixtures 
by dilution with the same buffer. Appropriate amounts 
of 2,5-HD were added to aliquots of the homogenate to 
yield diketone:lysine c-amine molar ratios of lOO- 
1OOO:l. Control samples were incubated with distilled 
water in place of 2.5-HD. Samples were incubated at 
37°C in capped glass tubes for the desired time period, 
after which unreacted diketone was removed and deli- 
pidation was accomplished by treatment with ethanol: 
ether as described (Chiu and Norton, 1982). Proteins 
were then extracted using the same method employed 
for the in vivo studies. 

RESULTS 

Toxicological Eflects of 25HD 

Results of clinical and neuropathological 
assessment of rats receiving 0.5% 2,5-HD in 
the drinking water are summarized in Table 
1. All animals exhibited a net body weight 
gain during the study although the rate of 
body weight gain was reduced in 2,5-HD- 
dosed animals. Rats in the recovery group 
exhibited a near normal rate of body weight 
gain after being returned to tap water. The 
average dose of 2,5-HD in treated animals 
based on drinking water consumption was 
300 to 400 mg/kg/day. Animals receiving 
2,5-HD displayed a 17% reduction in drinking 
water consumption and 12% reduction in 
feed consumption compared to controls. Un- 
treated animals which were pair-fed and pair- 
watered with 2,5-HD-treated rats for 2 weeks 
exhibited a similar decrease in body weight 
gain. 
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TABLE 1 

NEUROPATHY AND BODV WEIGHT CHANGES IN RATS RECEIVING 0.5% 2,5-HD IN THE DRINKING WA PER 

Weeks of Number 
exposure of animals 

Body wt at 
termination (g) b 

Clinical 
neuropathy’ 

Histopathological 
damage” 

PNSd CNS’ 
-- 

Control’ 12 628 f 20 None 0 (I 
I 10 355 + 4 (385 f 7) None 0 0 
2 10 362 k 5 (429 + 8) None 0 0 
5 10 378 k 10 (496 + 12) Mild 0 0 
8 10 377 k 13 (542 f 14) Gross/severe i- t-+/t t+ 
Recoveryg 9h 499 + 22 (628 +- 20) Gross 0 t t/t++ 

“0. No observable damage; +, scattered axonal swellings; ++, numerous axonal swellings, some degeneration; 
+++, severe axonal swelling and degeneration. 

b Mean f  SE. Values in parentheses are X -t SE for control group at same time point. 
’ Assessed using scale of Abou-Donia (1978). 
d Damage assessed in terminal branches of sciatic (tibial) nerve. 
’ Damage assessed in thoracic spinal cord. 
‘Terminated at same time as recovery group (17 weeks). 
g Received 25HD for 8 weeks followed by 9 weeks recovery. 
’ One animal died after 3 weeks exposure. 

A time-dependent increase in clinical signs 
of neuropathy (ataxia and hindlimb paralysis) 
was observed in treated animals, progressing 
to moderate to severe levels after 8 weeks 
exposure. No evidence of neuropathy was 
apparent after 1 or 2 weeks exposure, and 
animals on the recovery regimen displayed 
only slight clinical improvement. Neuropath- 
ological damage was only apparent after 8 
weeks exposure to 2,5-HD. Swollen and de- 
generating axons were numerous in the an- 
terior tracts of the thoracic spinal cord from 
these animals, while peripheral nerve damage 
was much less marked. Nine weeks of recov- 
ery after 8 weeks of 2,5-HD exposure resulted 
in reversal of peripheral nerve damage but 
essentially no change in the severity of spinal 
cord damage. 

Isolation of the CNS Axonal Cytoskeleton 

The subcellular fractionation method em- 
ployed was effective in providing samples 
enriched in axonal cytoskeletal proteins using 

a minimum of experimental manipulation. 
This was an important consideration since it 
was recognized that pyrrolylated species might 
differ significantly enough in physicochemical 
properties from native proteins to result in 
their loss during a more extensive purification 
procedure. 

Six proteins associated with the axonal 
cytoskeleton (defined as the slow components 
a and b of axonal transport (Lasek and 
Hoffman, 1976; Black and Lasek. 1980; Gar- 
ner and Lasek, 198 1) comprised the majority 
of material in these preparations: the three 
NF subunit proteins (2 10, 160, and 70 kDa), 
clathrin (180 kDa), tubulin (55 kDa), and 
actin (43 kDa) (Figs. 1 and 2). The 2 IO-kDa 
NF subunit protein was sometimes visualized 
as a doublet in spinal cord preparations (Fig. 
1, lane 1). Brain stem appeared to contain 
relatively less clathrin and more tubulin than 
did spinal cord (Figs. 1 and 2). A substantial 
amount of nonneural glial fibrillary acidic 
protein (GFAP, 51 kDa) was found to co- 
purify with these axonal cytoskeletal prepa- 
rations. Approximately 35 to 40 minor pro- 
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FIG. 1. SDS-PAGE of pooled spinal cord axonal 
cytoskeletal proteins from 2,5-HD-treated rats. Lanes 1 
to 5: Proteins from control, 2, 5, and 8 weeks exposure, 
and 8 weeks exposure followed by 9 weeks recovery, 
respectively. Arrow indicates HMW protein which failed 
to migrate into the gel. Extra discrete protein bands in 
treated animals are indicated by bars, with apparent 
molecular weights of 300, 288, 275, and 168 kDa. Note 
loss of extra bands and reduction in the amount of 
HMW protein after 9 weeks recovery (lane 5). Identifi- 
cation of major proteins based on published data (Lasek 
and Hoffman, 1976; Black and Lasek, 1980, Garner and 
Lasek, 1981): F-fodrin doublet (235/240 kDa); nf- 
neurofilament subunit proteins (210, 160, and 70 kDa); 
C-clathrin ( 180 kDa); MP-microtubule-associated tau 
proteins (57 to 64 kDa); T-tubulin dimer (55 kDa); 
GFAP-glial librillary acidic protein (5 1 kDa); and A- 
actin (45 kDa). Coomassie blue staining of 7.5% acryl- 
amide gel with 5% stacking gel; 100 pg protein each 
lane. 

tein bands were also present, including those 
presumably corresponding to the fodrin 
doublet (230/235 kDa) and several microtu- 
bule-associated tau proteins (57-64 kDa). 
Yields of axonal cytoskeletal proteins were 
approximately 2 mg/g tissue from spinal cord 
and 6 mg/g tissue from brain stem. 

25HD-Induced Changes in CNS Axonal Cy- 
toskeletal Proteins 

Several distinct alterations were observed 
by SDS-PAGE in brain stem and spinal cord 
axonal protein preparations from animals 
receiving 2,5-HD (Figs. 1, 2, 3a, b). The first 
consisted of the appearance of discrete extra 
protein bands primarily in the region of the 
gel above 260 kDa. In spinal cord prepara- 
tions (Fig. l), these extra protein bands ex- 
hibited apparent molecular weights of 168, 
275, 288, and 300 kDa, and similar patterns 
were seen in brain stem preparations (Fig. 
2). These molecular weight values should be 
interpreted with caution, since if the new 
bands represented polymers of native proteins 
then an anomalous migration in this SDS- 
PAGE system may have occurred (Steele and 
Nielsen, 1978). The new protein bands were 
visible on heavily loaded gels as early as 1 
week following the beginning of exposure to 

nf 160 

nf 70 

1 

GFAP 

A 

FIG. 2. SDS-PAGE of pooled brain stem axonal 
cytoskeletal proteins from 2,5-HD-treated rats. Samples 
and legend are the same as in Fig. 1. In addition to extra 
protein bands and nonmigrating material note relative 
reduction in NF-subunit protein concentrations after 5 
and 8 weeks of exposure. 
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a b 

FIG. 3. SDS-PAGE of axonal cytoskeletal proteins. 
(a) Pooled spinal cord (lane 1) and brain stem (lane 2) 
proteins from rats receiving 0.5% 2,5-HD in the drinking 
water for I week. Pooled spinal cord protein from 
control rats (lane 3), 250 pg protein each lane. (b) Pooled 
spinal cord protein from rats receiving 2,5-HD for 2 
weeks (lane 2) and from control rats pair-fed and 
pair-watered to dosed animals (lane l), 200 pg protein 
each lane. (c) Brain stem proteins after in vitro incubation 
for I hr (pH 7.2, 37°C). Control proteins (lane 1) and 
proteins exposed to a lOOO-fold molar excess of 2,5-HD 
to lysine (lane 2), 100 pg protein each lane. Extra discrete 
protein bands in a, b, and c indicated by bars. 

2,5-HD (Fig. 3a). Similar bands could not be 
detected in axonal protein preparations from 
rats allowed to recover for 9 weeks after 8 
weeks of exposure (Figs. 1 and 2, lane 5) or 
from control rats pair-fed and watered with 
dosed animals for 2 weeks (Fig. 3b). 

The second type of alteration was the 
presence of diffusely staining, high-molecular- 
weight, nonmigrating protein (HMW pro- 
tein). The concentration of this nonmigrating 
material appeared to increase progressively 
as a function of exposure time. This pattern 
was confirmed by scanning densitometry 
(Table 2), which demonstrated a twofold 
increase in brain stem and a threefold increase 
in spinal cord HMW protein over control 
values after 8 weeks exposure. Residual 
HMW protein was still present 9 weeks after 

cessation of dosing in spinal cord but not 
brain stem (Table 2). HMW protein was not 
detected in axonal cy-toskeletal preparations 
from control rats pair-fed and pair-watered 
with animals receiving 2,5-HD for 2 weeks 
(Fig. 3b). 

The formation of extra protein bands and 
HMW protein was accompanied by an ap- 
parent time-related decrease in the relative 
concentration of the three NF subunit pro- 
teins in brain stem but not spinal cord prep- 
arations. The 2 lo-, 160-, and 70-kDa NF 
subunits were reduced by 44, 35, and 26%, 
respectively, from control values after 8 weeks 
exposure (Table 2), although these changes 
must be interpreted with caution in view of 
the fact that pooled preparations were used. 
A return to near control values was seen 
after cessation of dosing. Relative concentra- 
tions of other proteins (e.g., clathrin, tubulin, 
and GFAP) were unaltered as a result of 
exposure. The lack of marked changes in 
spinal cord NF subunit protein concentrations 
may represent a lack of detection sensitivity 
rather than a specific tissue difference. 

Further evaluation of the high-molecular- 
weight region was performed using overloaded 
gels (Fig. 3a). Protein loads of up to 250 pg 
did not reveal discrete bands above approxi- 
mately 260 kDa in control axonal cytoskeletal 
preparations, indicating that the extra bands 
were not a result of increased synthesis of 
minor native proteins. The presence of a 
time-dependent increase in diffuse, high-mo- 
lecular-weight protein staining density and 
nonmigrating material was confirmed using 
3% acrylamide gels and silver staining (Fig. 
4). Clearance of a portion of this protein was 
apparent after cessation of dosing, although 
a substantial amount of nonmigrating protein 
remained. The lack of sharp discrete bands 
in this PAGE system was most likely due to 
the relatively low resolving power of the 3% 
acrylamide gel used. 

Staining of PAGE-separated proteins with 
DMAB was unable to reveal the presence of 
pyrrole adduct in specific proteins. In addi- 
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TABLE 2 

DENSITOMETRIC QUANTITATION OF BRAIN STEM AND SPINAL CORD AXONAL CYTOSKELETAL PROTEINS 
FROM RATS RECEIVING 0.5% 2,5-HD IN THE DRINKING WATER” 

Protein b 

HMW NF210 NF160 NF70 
Weeks exposure --- 

to 2,5-HD BS SC BS SC BS SC BS SC 

Control‘ 1.2 2.0 8.6 6.6 9.9 4.7 9.2 72 
2 1.4 3.6 7.7 7.3 10.1 5.3 9.0 7.1 
5 2.7 4.8 5.7 6.0 9.9 4.7 7.8 65 
8 2.4 6.1 4.1 5.8 6.4 4.7 6.8 15 
Recoveryd 1.0 4.3 7.8 6.1 8.9 3.9 8.3 6.2 

‘Obtained by densitometric scanning of Coomassie blue-stained PAGE-separated proteins from pooled bram 
stem and spinal cord preparations. Values are expressed as percentage of total protein and represent the mean of 
three determinations for each pooled sample. Standard deviations were ~0.2 in all cases. 

b NF subunit proteins abbreviated as in Fig. 1. BS = brain stem, SC = spinal cord. 
’ Sacrificed at same time as recovery group ( I7 weeks). 
d Received 2.5-HD for 8 weeks followed by 9 weeks recovery. 

tion, two-dimensional PAGE did not dem- 
onstrate significant alterations in the native 
charge of axonal cytoskeletal proteins. This 
lack of observable effects was attributed (as 
described later) to insufficient sensitivity of 
the methods employed in detection of rela- 
tively low levels of pyrrole formation (i.e., 1 
adduct/molecule protein). 

Pyrrole Adduct Formation in 2,5-HD-Treated 
Animals 

Results of the quantitation of pyrrole ad- 
duct in serum and axonal cytoskeletal protein 
preparations are summarized in Table 3. 
Yields of these proteins were too low to allow 
the assay of pyrrole adduct in individual 
animals, thus necessitating the pooling of 
tissues from all animals in a dosing group 
prior to subcellular fractionation. Serum pyr- 
role content appeared to achieve maximum 
concentrations by 2 weeks exposure, after 
which little change in relative concentrations 
was observed. Pyrrole formation in axonal 
cytoskeletal protein also appeared to reach a 
plateau, although detailed time-course com- 

parisons could not be made due to the pooled 
sample method used. Absolute amounts of 
the adduct were comparable in serum and 
axonal protein preparations, reflecting a sim- 
ilar distribution of 2,5-HD to neural and 
nonneural tissue. Cessation of dosing for 9 
weeks after 8 weeks exposure resulted in 
essentially complete loss of detectable pyrrole 
adduct in serum protein, while residual 
amounts were present in both brain and 
spinal cord axonal cytoskeletal proteins. 

In Vitro Studies 

The experimental protocol for in vitro 
incubation of axonal cytoskeletal preparations 
with 2.5-HD was designed to promote reas- 
sembly of neurofilaments and simulate in 
vivo conditions (i.e., physiological salt con- 
centration, pH, and temperature). The addi- 
tion of NaNs and AMCA allowed incubation 
to proceed for several days without significant 
protein degradation. 

In vitro incubation of brain stem protein 
with 2,5-HD at a diketone:lysine t-amine 
molar ratio of 1000: 1 for 1 hr resulted in the 
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TABLE 3 

P~RROLE ADDUCT LEVELSIN PROTEINSFROM RATS 
RECEIVING 0.5% 2,5-HD IN THE DRINKING WATER 

FIG. 4. Silver stain of pooled brain stem axonal 
cytoskeletal proteins separated on a 3% acrylamide gel, 
100 pg protein each lane. Samples and legend are the 
same as in Fig. 1. An increase in diffusely staining 
protein is apparent in the region above the NF 2 IO-kDa 
subunit protein after 5 and 8 weeks diketone exposure 
(lanes 3 and 4), while a partial return to the control 
pattern is seen after 9 weeks recovery (lane 5). 

formation of extra bands and HMW protein 
with a pattern identical to that seen after in 
vivo exposure (Fig. 3~). Assay of pyrrole 
adduct in these samples revealed concentra- 
tions approximately 5- to 1 O-fold higher than 
those encountered after in vivo exposure (Ta- 
ble 4). Continued incubation resulted in a 
relative increase in the amount of HMW 
protein and total pyrrole adduct but no 
change in the pattern of extra protein bands. 
Incubation without 2,5-HD produced a pat- 
tern indistinguishable from protein isolated 
from control animals. 

Estimation of Lysine E-Amine Conversion 

Efforts to detect significant differences in 
total lysine E-amine content between treated 

Pymok adduct levels 
(nmol DERO/mg protein) 

Axonal cytoskeletal 
protein’ 

Weeks exposure 
to 2,5-HD Serum protein c 

Spinal 
cord 

Braill 
stem 

Control‘+ 0.04 f 0.00 (12) ND’(12) ND (12) 
I 1.58 + 0.10 (IO)’ 2.29 (10) 2.20 (10) 
2 3.14 + 0.20 (9)’ 3.22 (10) 4.69 (10) 
5 3.22 k 0.27 (10)’ 4.73 (10) 5.16 (10) 
8 2.73 f 0.15 (9)’ -# 4.38 (10) 
Recovery" 0.07 * 0.00 (9) 0.81 (9) 2.05 (9) 

’ DER = Dimethylpyrrole equivalent residues. Values deter- 
mined using 2.5dimethylpyrrole as standard (DeCaprio et 
al., 1983). 

Ir Mean of two determinations on pooled tissues from (N) 
number of animals. 

‘x?SE(N). 
d Sacrificed at same time as recovery group ( I7 weeks). 
C No detectable pyrrole adduct. 
‘Significantly different from control, p < 0.001 by ANOVA 

and Dunnett’s test. 
g Not determined. 
’ Animals received 2,5-HD for 8 weeks followed by 9 weeks 

recovery. 

and control preparations were unsuccessful 
due to the relatively low levels of conversion 
encountered. To obtain some estimate of the 
average degree of lysine conversion in axonal 
cytoskeletal preparations, pyrrole adduct 
concentrations in samples from exposed an- 
imals were compared with total lysine con- 
centrations in corresponding control prepa- 
rations (Table 4). This method assumed a 
similar molar absorptivity between the 2,5- 
dimethylpyrrole used as a standard in the 
calorimetric assay and the C-N-(2,5-dime- 
thylpyrrolyl) norleucine adduct formed as a 
result of lysine conversion. That this was a 
reasonable assumption is indicated by studies 
using quantitative amino acid analysis of 
bovine serum albumin treated in vitro with 
2,5-HD (DeCaprio et al., 1982; unpublished 
results). 
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TABLE 4 

PVRROLE FORMATION AND LYSINE CONVERSION IN 
AXONAL CYTOSKELETAL PROTEINS EXPOSED IN VIVO 
AND IN VITRO TO 2,5-HD 

Pyrrole Total 
levels” lysine b Percentage 

(nmol DER/ (nmol/mg lysine 
Sample mg protein) protein) conversion c 

In vivo 
Brain stem 4.69 ( 10)d 703.1 (IO)’ 0.7 
Spinal cord 3.22 ( 10)d 827.5 (10)’ 0.4 

In vitro 

Spinal cord 35.33’ 965.4* 3.7 

’ DER = Dimethylpyrrole equivalent residues. Values 
determined using 2,5-dimethylpyrrole as standard. Mean 
of two determinations on pooled tissues from (N) number 
of animaIs. 

’ Mean of two determinations on pooled tissues from 
(N) number of animals. 

’ Expressed as (nmol DER/mg protein)/(nmol lysine/ 
mg protein) X 100. 

d Animals received 0.5% 2.5HD in the drinking water 
for 2 weeks. 

C Determined from control animals pair-fed and 
pair-watered to animals receiving 2,5-HD for 2 weeks. 

‘Axonal cytoskeletal protein preparations were obtained 
from 10 pooled spinal cords and incubated with a 1000: 
I 2,5-HD:lysine molar ratio for 4 hr as described under 
Methods. 

g Determined from control spinal cord preparations as 
described under Methods. 

The average amount of lysine conversion 
in axonal cytoskeletal protein preparations 
from treated animals was < 1% after 2 weeks 
exposure (Table 4). Approximately 4% of 
lysine e-amine groups were converted to pyr- 
role adducts during in vitro incubation of 
spinal cord axonal proteins with a lOOO-fold 
molar excess of 2,5-HD to lysine for 4 hr. 
Total lysine concentrations were similar be- 
tween in vivo and in vitro control prepara- 
tions. 

DISCUSSION 

An acceptable molecular mechanism of 
action for the neurotoxic y-diketones must 
account for the neuropathological effects, 

structure-activity relationships, and apparent 
direct axonal toxicity of these compounds. 
Although covalent reaction and formation of 
substituted pyrrole adducts in axonal protein 
has been suggested as the primary causative 
factor in this neuropathy (DeCaprio and 
Weber, 1980: DeCaprio et al., 1982), the 
events occurring between appearance of the 
adduct and actual nerve degeneration remain 
obscure. As discussed below, several mecha- 
nisms have been proposed to link these phe- 
nomena based upon the potential conse- 
quences of pyrrole formation in NF and/or 
other axonal proteins. 

Alkyl pyrrole derivatives are quite suscep- 
tible to autoxidation and polymerization 
(Schofield, 1967; Jones and Bean, 1977). a 
finding which has been confirmed in vitro 
using various protein preparations (DeCaprio 
and Weber, 1980, 1981; DeCaprio et ul., 
1982; Graham et al., 1982, 1984; Anthony 
et al., 1983). As proposed by Graham et al. 
(1982) autoxidation of pyrrole adducts in 
NF protein could ultimately result in covalent 
crosslinking between neurofilaments. This 
reaction would presumably have an adverse 
effect upon normal functioning of these cy- 
toskeletal elements which would not be easily 
reversed. 

Alternatively, formation of aromatic pyr- 
role adducts in NF subunit proteins might 
result in an increased hydrophobic interaction 
between these proteins (DeCaprio et al., 1982. 
1983). Alterations in the tertiary structure of 
the NF subunit proteins would also be ex- 
pected to accompany conversion of cationic 
lysine t-amine functions into uncharged pyr- 
role moieties. Such changes might be suffi- 
cient to disrupt NF function or transport and 
cause NF accumulation without (or prior to) 
actual covalent crosslinking. 

As an additional possibility, induction of 
neuropathy might be due to disruption of 
the normal relationships between neurofila- 
ments and other cytoskeletal components, 
particularly microtubules (Griffin et a(., 1983). 
Since NF-MT interactions are believed to be 
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mediated by specific proteins (Ellisman and 
Porter, 1980; Letenier et al., 1982), conver- 
sion of lysine moieties on one or more of 
these proteins into pyrrole adducts might 
irreversibly alter cytoskeletal organization. 
This is a particularly exciting possibility in 
view of the observed rapid segregation of 
neurofilaments and microtubules after the 
direct exposure of nerve fibers to 2,5-HD 
(Griffin et al., 1983; Zagoren et al., 1983). 
The ultimate result of any one of these 
schemata would be NF accumulation, reduc- 
tion of nutrient transport along the axon, 
and distal axonal degeneration. 

The present report describes evidence for 
both pyrrole adduct formation and covalent 
crosslinking in axonal cytoskeletal proteins 
from 2,5-HD-treated rats. These phenomena 
were observed in brain stem and spinal cord 
after only 1 week of exposure, indicating the 
ease with which they can occur in vivo. It 
appears possible that the new discrete protein 
bands and the HMW protein respectively 
represent various dimeric and polymeric 
combinations of NF subunit proteins. For- 
mation of the HMW protein was accompa- 
nied by a relative decrease in the amount of 
native NF subunit proteins in brain stem 
preparations, suggesting a progressive con- 
version of monomeric protein with increasing 
exposure time. This decrease was partially 
reversed after cessation of exposure. In ad- 
dition, the HMW protein displayed the strong 
affinity for silver stain which is characteristic 
of NF protein (Gambetti et al., 1981). A 
similar selective vulnerability of NF protein 
has been reported in rat sciatic nerve exposed 
in vitro to y-diketones (Graham et al., 1984). 
It is unlikely that the extra bands represent 
novel proteins synthesized by the neuron in 
response to stress induced by decreased feed 
and water consumption, since pair-fed and 
pair-watered control animals displayed no 
similar changes. Characterization of these 
proteins will ultimately require the use of 
more specific anaiytical techniques. 

Quantitation of pyrrole adduct revealed 
that its concentration reached a plateau in 
serum protein and in brain stem and spinal 
cord axonal cytoskeletal protein. Absolute 
serum protein pyrrole concentrations in this 
study (0.04 to 3.22 nmol/mg) were compa- 
rable to those reported for hemolysate protein 
from rats receiving 1% 2,5-HD in the drinking 
water (0 to 1.86 nmol/mg) (Anthony et al., 
1983). In contrast, significant pyrrole adduct 
was not detected in “axonal pad’ proteins 
from rats receiving 1% 2,5-HD in the water 
for 3 weeks (Anthony et al., 1983), compared 
with demonstrable adduct in axonal cytoskel- 
eta1 preparations as reported here. This dif- 
ference may be related to variations in the 
sensitivities of the pyrrole assays used in 
these studies. The finding of similar absolute 
pyrrole adduct concentrations in serum and 
axonal cytoskeletal protein confirms previous 
reports of the wide distribution of both di- 
ketone (Anthony et al., 1984) and pyrrole 
adduct (DeCaprio et al., 1983) after 2,5-HD 
exposure. Thus, the target-organ specificity 
of this compound cannot be the result of its 
selective distribution to or uptake by nervous 
tissue. 

An additional important finding in the 
present investigation is evidence for the partial 
clearance of adduct and reversal of axonal 
protein changes after cessation of y-diketone 
exposure. The mechanisms behind these phe- 
nomena are unclear, although such altered 
protein could conceivably be removed from 
axons by glial cell invasion (Spencer and 
Schaumburg, 1976). In addition, Cavanagh 
(1982) reported that NF masses that were 
able to reach the nerve terminal during 2,5- 
hexanediol intoxication could be cleared by 
normal NF proteolysis. Such a mechanism 
might account for a portion of the observed 
pyrrole adduct clearance in the present study, 
but it is questionable whether the recovery 
period (63 days) was long enough to allow 
for sufficient transport of altered cytoskeletal 
protein into the nerve terminals for process- 
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ing. This would be particularly true for axons 
in which the rate of NF transport had become 
reduced as a result of y-diketone exposure 
(Griffin et al., 1984). Further research is 
necessary to determine whether an in situ 
process may exist to remove pyrrolylated or 
crosslinked protein within the axon. 

Results from this study indicate that ~1% 
of the total lysine t-amine functions in axonal 
cytoskeletal protein were converted to pyrrole 
adducts as a result of 2,5-HD exposure. If it 
is assumed that these adducts were equally 
distributed among the various axonal pro- 
teins, then it can be calculated from amino 
acid composition data (Chiu et al., 1983) 
that the 70-, 160-, and 210-kDa NF subunit 
proteins would have contained ~0.4, 1.4, 
and 2.0 adducts/molecule, respectively. Al- 
though it is difficult to conceive of significant 
increases in NF protein hydrophobicity oc- 
curring as a result of such low pyrrole adduct 
concentrations if these estimates are accurate. 
it is possible that certain axonal proteins are 
more susceptible to pyrrolylation by 2,5-HD 
than are others. Such a phenomenon has 
been demonstrated in vitro using purified 
proteins (DeCaprio et al., 1982). Current 
studies are examining the degree and specific 
sites of pyrrolylation of individual axonal 
proteins after in vitro y-diketone exposure 
and during 2,5-HD neuropathy. 

Based upon our in vitro findings which 
demonstrated an apparent requirement for 
high diketone concentrations and certain ini- 
tiating factors, we have previously argued 
(DeCaprio et al.. 1982, 1983) against a pro- 
posed mechanism involving NF protein 
crosslinking (Graham et al., 1982) in this 
neuropathy. Although it now appears that in 
vivo axonal protein crosslinking does occur 
in y-diketone neuropathy, it must be recog- 
nized that such covalent crosslinking could 
be incidental to the actual neurotoxic mech- 
anism. As discussed previously, data from 
direct-injection studies have demonstrated 
rapid (within 5 min) reorganization of neu- 

rofilaments and microtubules into a pattern 
similar to that seen after prolonged systemic 
exposure (Griffin et al., 1983; Zagoren et al, 
1983). Significant covalent crosslinking could 
probably not have occurred during this short 
time period, suggesting that neurotoxicity 
might be the result of pyrrole formation 
itself. 

It is possible that conversion of particular 
lysine amine functions into pyrroles early in 
the syndrome may produce critical axonal 
protein alterations which are not clinically 
manifested until later on. A promising target 
for such modification is the 210-kDa NF 
subunit protein, which contains a relatively 
high proportion of lysine residues in its car- 
boxy-terminal “tail” region (Geisler et ui., 
1983). This region is believed to participate 
in NF-MT interaction and may also represent 
the cross-bridge structures normally seen be- 
tween neurofilaments (Ellisman and Porter, 
1980). Results from the present investigation 
suggest that the NF 2 lo-kDa subunit protein 
may be particularly vulnerable to changes 
induced by 2,5-HD exposure. 

Substantial evidence is now available that 
pyrrole formation in axonal protein is a 
necessary step in the mechanism of action of 
the y-diketones. However, it is not yet pos- 
sible to determine if it alone is sufficient to 
induce neuropathy or if secondary oxidation 
and crosslinking are also required. Anthony 
et al. (1983) reported the enhanced neurotoxic 
potential of 3,4-dimethyl-2,5-hexanedione 
(DMHD), a y-diketone which produced more 
proximally located axonal swellings than 
those encountered with 2.5-HD. This deriv- 
ative exhibited both an increased rate of 
pyrrole formation and potential for autoxi- 
dation and crosslinking as compared to 2,5- 
HD, suggesting that either process might he 
critical to neuropathy. Resolution of this 
question will require the use of y-diketonr 
derivatives which readily form pyrroles that 
are less susceptible to autoxidation. 
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